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EHD1 promotes CP110 ubiquitination by centriolar
satellite delivery of HERC2 to the mother centriole

Shuwei Xie', Naava Naslavsky® & Steve Caplan®?®”

Abstract

Primary cilia are sensory organelles that coordinate diverse signal-
ing pathways, controlling development and homeostasis. Progres-
sion beyond the early steps of ciliogenesis requires the removal of
a distal end protein, CP110, from the mother centriole, a process
mediated by Eps15 Homology Domain protein 1 (EHD1). We show
that EHD1 regulates CP110 ubiquitination during ciliogenesis, and
identify two E3 ubiquitin ligases, HECT domain and RCC1-like
domain 2 (HERC2) and mindbomb homolog 1 (MIB1), that interact
with and ubiquitinate CP110. We determined that HERC2 is
required for ciliogenesis and localizes to centriolar satellites, which
are peripheral aggregates of centriolar proteins known to regulate
ciliogenesis. We reveal a role for EHD1 in the transport of
centriolar satellites and HERC2 to the mother centriole during
ciliogenesis. Taken together, our work showcases a mechanism
whereby EHD1 controls centriolar satellite movement to the
mother centriole, thus delivering the E3 ubiquitin ligase HERC2 to
promote CP110 ubiquitination and degradation.
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Introduction

Primary cilia are evolutionarily conserved microtubule-based struc-
tures that extend from the surface of the plasma membrane of most
mammalian cells. Unlike the motile cilia that function in fluid move-
ment in airway epithelial and other cells, the primary cilium is
immotile and serves as a signaling hub that controls development
and homeostasis. Indeed, impaired primary ciliogenesis can lead to
multiple types of developmental disorders known as ciliopathies,
including Bardet-Biedl syndrome (Novas et al, 2015), Joubert syn-
drome (Brancati et al, 2010), polycystic kidney disease (Ghata &
Cowley Jr., 2017), retinal degeneration and a variety of other mala-
dies (Fliegauf et al, 2007).

In the intracellular ciliogenesis pathway common to most fibro-
blasts and retinal pigmented epithelial (RPE-1) cells (Sorokin, 1962),
the generation of the primary cilium is induced by environmental
cues that lead to the formation of a microtubule-based axoneme that
extends from the older of the two centrioles, the mother centriole
(m-centriole), which forms the basal body (Gerdes et al, 2009). One
of the early events in generation of the primary cilium is the docking
of Myosin-Va-containing precilliary vesicles on the distal append-
ages of the m-centriole, suggesting regulation of ciliogenesis by the
endocytic pathways (Wu et al, 2018). Indeed, ciliogenesis is a multi-
step process that is controlled by a variety of endocytic regulatory
proteins. For example, the Eps15 Homology Domain protein, EHD1,
is recruited to the centrosome by its interaction partner MICAL-LI,
which in turn is anchored to the centrosome by interactions with y-
tubulin (Lu et al, 2015; Xie et al, 2019; Jones et al, 2022). Through
its EH domain, EHD1 binds to the SNARE protein SNAP29 (Rotem-
Yehudar et al, 2001; Xu et al, 2004). EHD1 has also been implicated
in the removal of CP110, a crucial negative regulator of ciliogenesis,
from the m-centriole to facilitate fusion of distal appendage vesicles
and generation of the ciliary vesicle (CV; Lu et al, 2015). Additional
endocytic regulators are key to the next steps of ciliogenesis, and a
“RAB cascade” takes place in which ARL13b and RAB11 recruit an
effector known as RABINS to the ciliary membrane, leading to the
activation of RAB8 and driving the later stages of ciliogenesis
(Knodler et al, 2010).

CP110 is one of the major negative regulators of primary cilio-
genesis, and along with its interaction partner, CEP97, must be
removed from the m-centriole prior to extension of the axoneme
and ciliary growth. CP110 is also key to centrosome biology and its
phosphorylation by cyclin-dependent kinases promotes centrosome
duplication (Chen et al, 2002). In addition to micro RNAs (Cao
et al, 2012; Walentek et al, 2016), a variety of proteins have been
proposed to interact with and/or regulate CP110 removal from the
m-centriole, including KIF24 (Kobayashi et al, 2011), CEP104 (Jiang
et al, 2012), Talpid3 (Kobayashi et al, 2014), CEP290 (Kobayashi
et al, 2014), CEP164 (Cajanek & Nigg, 2014), Centrin2 (Prosser &
Morrison, 2015), M-Phase Phosphoprotein 9 (Huang et al, 2018),
Centrobin (Ogungbenro et al, 2018), Tau-tubulin Kkinase-2-
dependent phosphorylation of CEP83 (Lo et al, 2019), CEP78
(Goncalves et al, 2021), NUDCL2 (Liu et al, 2021), linear ubiquitin
chain assembly complex (LUBAC; Shen et al, 2022), and ENKD1
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(Song et al, 2022). While the majority of these proteins are thought
to be involved in the removal and/or degradation of CP110, the pre-
cise mechanisms of CP110 removal from the m-centriole and its pro-
teolytic degradation remain poorly understood.

Results

Recent studies suggest that the removal of CP110 from the m-
centriole leads to its degradation. To address this idea, we serum-
starved RPE-1 cells for 0, 0.5, 1, 4, 6, and 24 h to induce primary
ciliogenesis and then assessed total CP110 protein content in each
set of cells. As demonstrated, CP110 protein expression progres-
sively decreased between 0.5 and 6 h of serum starvation,
remaining significantly lower than the baseline 0 time point even at
24 h (Fig 1A and quantified in B), suggesting that serum starvation
promotes degradation of CP110 over time. To determine whether
CP110 undergoes ubiquitination upon serum starvation, RPE-1 cells
were serum-starved for 4 h in the presence of the proteasomal
inhibitor MG132. As shown, compared with cells grown in the pres-
ence of serum, MG132 treatment stabilized CP110 levels detected in
the lysate in serum-starved cells (Fig 1C input; see similar levels in
both lanes). However, upon immunoprecipitation with anti-CP110
antibodies, a significantly increased level of ubiquitinated CP110
was detected in the serum-starved/MG132-treated cells compared
with cells maintained in media with serum (Fig 1C, left panel, see
immunoprecipitation; quantified in D).

We next addressed the impact of inhibiting proteasomal degrada-
tion on removal of CP110 from the m-centriole upon serum starva-
tion. RPE-1 cells were either grown for 4 h in the presence of serum,
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in the absence of serum, or in the absence of serum with MG132
treatment (Fig 1E). As observed, in the presence of serum, cilia were
rarely detected (Fig 1E, left column, quantified in F) and CP110 was
observed on both centrioles over 80% of the time (Fig 1E, left col-
umn, quantified in G). Upon 4 h of growth in the absence of serum,
primary cilia were generated (Fig 1E, middle column, quantified in
F) and CP110 was retained on the m-centriole about 20% of the
time (Fig 1E, middle column, quantified in G). However, when
serum-starved cells were also treated with MG132, few cilia were
detected (Fig 1E, right column, quantified in F) and the percentage
of cells that retained CP110 on both centrioles was similar to
nonstarved cells at ~80% (Fig 1E, right column, quantified in G).
Since MG132 treatment has been linked to apoptosis and cell cycle
in some cell lines (Han et al, 2009; Lee et al, 2021), we assessed
whether MG132 treatment impacts cell cycle in RPE-1 cells
(Fig EV1). As shown, MG132 treatment does decrease the percent-
age of cells found in GO/G1 and increase the percentage of cells in S
phase (Fig EV1B; quantified in C), compared with mock-treated cells
(Fig EV1A; quantified in C). However, the reduction in G0/G1 cells
upon MG132 treatment represents only a ~25% decrease, whereas
there is a ~5-fold (500%) decrease in primary ciliation. Accordingly,
for any reduction in primary ciliation observed upon MG132 treat-
ment, only about 5% can likely be attributed to decreased cells in
GO0/G1 phase. These data show that MG132 treatment leads to
impaired CP110 removal from the m-centriole, raising the possibility
that CP110 ubiquitination and degradation are required for primary
ciliogenesis in serum-starved cells.

We have previously shown that the endocytic regulatory protein,
EHDI, is required for normal primary ciliogenesis and for the
removal of CP110 from the m-centriole (Lu et al, 2015; Jones

Figure 1. EHD1 depletion impairs CP110 ubiquitination, which is required for CP110 removal from the m-centriole and ciliogenesis.

A Serum starvation induces CP110 degradation. RPE-1 cells were either mock-treated or serum-starved for 0.5, 1, 4, 6, and 24 h and then lysed and subjected to
immunoblotting with anti-CP110 antibodies (top panel) and anti-actin antibodies (loading control; bottom panel).
B Graph shows CP110 levels normalized to actin. Normal distribution was determined by the Shapiro-Wilk normality test.

CP110 is ubiquitinated upon serum starvation. RPE-1 cells were either grown in media with serum, or serum-starved in the presence of the proteasomal inhibitor,
MG132 for 4 h. Cells were then lysed and immunoprecipitated with anti-CP110, and then immunoblotted with anti-ubiquitin antibodies (left panel; IP: CP110). The
anti-ubiquitin antibodies were then stripped by incubating the nitrocellulose membrane with 3 M guanidine thiocyanate for 3 min. The membrane was then

Graph shows ubiquitinated CP110 normalized to total CP110 immunoprecipitated. Normal distribution was determined by the Shapiro-Wilk normality test.
Inhibition of proteasomal degradation leads to CP110 stabilization on the m-centriole and impaired ciliogenesis. RPE-1 cells on coverslips were either grown in
media with serum, serum-starved for 4 h in the absence of MG132, or serum-starved for 4 h in the presence of MG132 prior to fixation and immunostaining with
antibodies for acetylated tubulin (to detect cilia) and anti-CP110 antibodies. (E) Representative micrographs showing MG132 treatment impedes removal of CP110
from the m-centriole and impairs ciliogenesis. Bar, 10 um. (F) Graph quantifying percent of cells displaying primary cilia. Normal distribution was determined by
the D’Agostino and Pearson normality test. (G) Graph quantifying percent of cells with CP110 retention on the m-centriole. Assumption of normality was not met
by the D’Agostino and Pearson normality test, and the Mann—Whitney test was used to determine statistical significance (P-values).

EHD1 depletion prevents CP110 degradation upon serum starvation. (H) Mock-transfected RPE-1 cells or EHD1 siRNA-transfected RPE-1 cells were grown in media
containing serum, or serum-starved for 4 h in the absence or presence of MG132, and then lysed, separated by SDS—PAGE and immunoblotted with anti-CP110
antibodies (upper panel) or anti-actin antibodies (loading control; lower panel). Validation of EHD1 depletion is shown in the right panel. () Graph displaying densi-
tometric analysis of the intensity of the CP110 bands shown in H normalized to actin (means and P-values are representative of three independent experiments).

C
reblotted with anti-CP110 (right panel; input).
E-G
H, I
Normal distribution was determined by the Shapiro-Wilk normality test.
), K

EHD1 depletion prevents CP110 ubiquitination upon serum starvation. (J) Mock-transfected RPE-1 cells or EHD1 siRNA-transfected RPE-1 cells were grown in
media containing serum, or serum-starved for 4 h in the presence of MG132, immunoprecipitated with anti-CP110 antibodies, and then immunoblotted with anti-
ubiquitin antibodies (IP: CP110; left panel). The blot was then stripped and reimmunoblotted with anti-CP110 antibodies (right panel). (K) Graph displaying densito-
metric analysis of ubiquitinated CP110 bands from the left panel of (J) normalized to total CP110 immunoprecipitated. Normal distribution was determined by the
Shapiro-Wilk normality test.

Data information: All gels portrayed are representative of three individual biological experiments, and graphs displaying standard deviation and P-values are from three
individual experiments. More than 50 cells were quantified for each experiment. Statistical significance was calculated with an unpaired two-tailed t-test for normally
distributed samples, or by the Mann—Whitney two-tailed test for samples that did not meet the assumption of normality.

Source data are available online for this figure.

2 of 17

EMBO reports 24: e56317 | 2023 © 2023 The Authors



Shuwei Xie et al

EMBO reports

A B =0, C . w
_ — IP: CP110  input £
serum starvation (h): > 27 . =
kDa @ R MG132: - + & + = 22509 00
0 05 1 4 6 24 € Bl : & 8 '
150 S°E Serum: + - T -__kDa I Bz
CP110| m= e a s 3 = s
100 g Sm- B 5o © Srso
. 50 = E f . v G g 2100
ACHN] s s e e -8 oo 2 S
7 & i 5% s
o
05 1 4 6 24 CP110-Ub CP110 8 .
serum starvation (h) MG132: - +
Serum: 4+
E F G
MG132: = = +
Serum:
S
o} p=0.3131
£ 100 £ o
s £ p<0.0001 Ecm p=0.4671
08 w 0= p<0.0001
[&] D 100

© 3o 2

et o @ (e}

= 2E " 22 .

o 8ax Sa

5] o O
a8 0 o 0
MG132: - -+ MG132: - -+

= 0 4 4 0 4 4

E Serum starvation (h) Serum starvation (h)

@)

20 0.2746
H | ey p=0.0641
Ez | [|ps0.0001 T
Mock  EHD1 siRNA 25 T T
MG132: - - + - - + Sg"
Serum: + + kD koa EHDT ° g
. - - - Mock siRNA = 8 5
150 75| ?5
LF11D - = Fioo 5 EHD1 o —L
L5 Act MG132: - - + - - +
Ctin : .

. | 374 Serum starvation (h): 0 4 4 0 4 4
Aelin i Mook EFDT SIRNA
J K - p<0.0001 p=0.0004

£  250-
o5
- > 1
IP: CP110 input o5 200
EHD1siRNA: - - + - -+ gg 1504
MG132: - + + = + + @ ‘é’
Serum: _+ - - + - = KkDa £33 1001
) gE
- -o o
150 5% s0-
--g
L =~ oo S 0
CP110-Ub CP110 EHD1 siRNA: - - 4+
MG132: - + +
Serum: + - -
Figure 1.
© 2023 The Authors EMBO reports 24: e56317 | 2023

30f17



EMBO reports

et al, 2022). However, the mechanism by which EHD1 functions in
this capacity remains unknown. To evaluate whether EHD1 is
required for CP110 degradation, we compared the levels of CP110
upon serum starvation in the presence or absence of MG132, in
mock-transfected or EHD1 siRNA-transfected RPE-1 cells (Fig 1H).
In the mock-transfected cells, serum starvation led to a decrease in
CP110 levels (Fig 1H; compare lanes 1 and 2 from the left, and
quantified in I). However, MG132 treatment again preserved the
levels of CP110 in the serum-starved cells (Fig 1H; lane 3 from the
left). In the EHD1 siRNA-transfected cells, no significant decrease in
CP110 levels was observed upon serum starvation, in the absence
or presence of MG132 (Fig 1H; lanes 4 and 5 from the left, and
quantified in I). Moreover, whereas serum starvation in the pres-
ence of MG132 led to increased levels of ubiquitinated CP110, upon
EHD1 depletion the CP110 ubiquitination was ablated (Fig 1J, left
panel, and quantified in K). Collectively, these data support a role
for EHD1 in the regulation of CP110 ubiquitination and degradation
leading to primary ciliogenesis.

In addition to the recent identification of endocytic regulatory
proteins such as EHD1 (Lu et al, 2015; Jones et al, 2022), MICAL-L1
(Xie et al, 2019), and the retromer complex (Xie et al, 2022), studies
have implicated centriolar satellites as crucial regulators of primary
ciliogenesis (Kubo et al, 1999; Stowe et al, 2012; Conkar et al, 2017;
Odabasi et al, 2019; Aydin et al, 2020). Accordingly, we hypothe-
sized that centriolar satellite integrity might be required for CP110
ubiquitination. To address this notion, we depleted cells of PCM1
(Fig 2A; bottom panel), a key centriolar satellite component whose
ablation disrupts the generation of centriolar satellites (Dammer-
mann & Merdes, 2002; Kubo & Tsukita, 2003). As demonstrated,
depletion of PCM1 led to a significant decrease in the level of
ubiquitinated CP110 in serum-starved cells that were treated with
MG132 (Fig 2A; quantified in B). We next analyzed the impact of
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PCM1 depletion on the removal of CP110 from the m-centriole in
serum-starved cells. Upon serum starvation, mock-treated RPE-1
cells typically displayed CP110 localization primarily to the daughter
centriole, and primary cilium generation was frequently observed
(Fig 2D-G; quantified in C). However, upon PCM1 depletion, CP110
remained associated with the m-centriole and primary cilia were
rarely observed (Fig 2H-K; quantified in C).

It has been demonstrated that centriolar satellites are dynamic
and are localized both peripherally to the centrosome and at the
centrosome itself, and they may serve as reservoirs that supply the
centrosome with regulatory proteins (Aydin et al, 2020). Since endo-
cytic regulatory proteins such as EHD1 and centriolar satellites
appear to similarly regulate CP110 ubiquitination, removal from the
m-centriole, and primary ciliogenesis, we next hypothesized that
EHD1 might regulate centriolar satellite trafficking and access to the
m-centriole, potentially controlling ciliogenesis through the trans-
port and provision of key proteins required for the process. To ini-
tially address this idea, we depleted EHD1 from RPE-1 cells (Fig 2P)
and measured the PCM1-marked centriolar satellites proximal to the
cilia or centrioles in mock-transfected and EHDI1-depleted cells
(Fig 2L-O; quantified in Q). As shown, whereas PCMI1-marked
centriolar satellites were frequently visible in the immediate radius
of the centrosome region, few centriolar satellites were observed in
the proximity of the centrosome/centrioles upon EHD1 depletion.
Moreover, dynamic movement of PCM1-containing centriolar satel-
lites could be observed toward (and away) from the centrosomal
region in Mock-transfected cells with a mean particle velocity of
~0.12 ym/s and a mean displacement of ~7 pm over 10 min
(Movie EV1 and Fig EV2A-C; quantified in G and H). However,
movement was sharply curtailed upon EHD1 depletion, with many
centriolar satellites showing a limited range of motion that appears
more random and less directed with a mean particle velocity of

Figure 2. PCM1-marked centriolar satellites are required for CP110 ubiquitination and its removal from the m-centriole, and centriolar satellite distribution

is regulated by EHD1.

A, B PCM1-depletion impedes CP110 ubiquitination upon serum starvation. (A) Mock-transfected RPE-1 cells were maintained in media with serum, and both mock-
transfected and PCM1 siRNA-transfected cells were serum-starved for 4 h in the presence of MG132 prior to lysis and immunoblotting with anti-CP110 antibodies
(second panel from top), or first immunoprecipitated with anti-CP110 antibodies and then immunoblotted with antibodies to detect ubiquitinated CP110 (top
panel). Bottom panels depict the efficacy of PCM1 depletion upon PCM1 siRNA-transfection, with actin as a loading control. (B) Graph displaying densitometric
analysis of ubiquitinated CP110 levels (from the upper panel of A) normalized to total CP110 immunoprecipitated. Normal distribution was determined by the

Shapiro-Wilk normality test.

C-K PCM1 depletion impairs the removal of CP110 from the m-centriole. (C) Graph displaying the percentage of mock-transfected and PCM1 siRNA-transfected RPE-1
cells with CP110 removed from the m-centriole upon 4 h of serum starvation. Assumption of normality was not met by the D’Agostino and Pearson normality test,
and the Mann-Whitney test was used to determine statistical significance (P-values). (D-G) Serum-starved mock-transfected RPE-1 cells on coverslips were fixed
and immunostained with antibodies directed against acetylated tubulin and CP110 and displayed primary cilia generation (marked by acetylated tubulin; D, F and
inset in G) and removal of CP110 from the m-centriole (E-G; see arrow marking CP110 only on the daughter centriole). Bars, (D—F), 10 um. Bar, (G), 5 um. (H-K)
Serum-starved PCM siRNA-transfected RPE-1 cells on coverslips were fixed and immunostained with antibodies directed against acetylated tubulin and CP110 and
displayed limited ciliogenesis (H, ] and inset in K) and failure to remove CP110 from the m-centriole (I-K; see arrows identifying CP110 on both centrioles). Bars (H—

J), 10 pm. Bar (K), 5 pm.

L-Q EHDZ1 regulates the distribution of centriolar satellites to the centrosomal region. Mock-transfected RPE-1 cells on coverslips were serum-starved and immunos-
tained with antibodies against acetylated tubulin and PCM1 (L; see inset in M), and EHD1 siRNA-transfected cells on coverslips were serum-starved and immunos-
tained with antibodies against acetylated tubulin and PCM1 (N; see inset in O). Bars (L and N), 10 um. Bars (M and 0), 1 um. (P) Anti-EHD1 antibodies were used
in immunoblotting to validate EHD1 depletion in the RPE-1 cells. (Q) Graphical representation of the mean PCM1 intensity (centriolar satellite intensity) proximal
to the centrosome region in serum-starved RPE-1 cells that were mock-transfected or transfected with EHD1 siRNA oligonucleotides. The P-values are calculated
for all nonciliated and ciliated mock-transfected cells compared to all EHD1 siRNA nonciliated and ciliated cells. Note that as expected, among the EHD1-depleted
cells, there are minimal cells that display ciliation. Assumption of normality was not met by the D’Agostino and Pearson normality test, and the Mann-Whitney test

was used to determine statistical significance (P-values).

Data information: All gels portrayed are representative of three individual experiments, and graphs displaying standard deviation and P-values are from three individual
biological experiments. At least 30 cells were quantified for each experiment. Statistical significance was calculated with an unpaired two-tailed t-test for normally dis-
tributed samples, or by the Mann—-Whitney two-tailed test for samples that did not meet the assumption of normality.

Source data are available online for this figure.
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~0.02 ym/s and a mean displacement of ~1 pym over 10 min
(Movie EV2 and Fig EV2D-F; quantified in G and H). These data
support the notion that EHD1 controls centriolar satellite transport
to the centrosomal region, which in turn may be required for ubiqui-
tination of CP110.

Given the idea that centriolar satellites may be required for
CP110 ubiquitination, we hypothesized that these satellites may
host a select E3 ligase that is transported to the m-centriole to
ubiquitinate CP110 and promote ciliogenesis. We therefore sought
to test the potential role of two E3 ligases that had been previously
identified as components of centriolar satellites: HECT domain and
RCC1-like domain 2 (HERC2; Quarantotti et al, 2019) and mind-
bomb homolog 1 (MIB1; Villumsen et al, 2013; Cajanek et al, 2015;
Wang et al, 2016; Tozer et al, 2017), along with Cullin3, an E3 ligase
previously implicated in ciliogenesis (Kasahara et al, 2014; Nagai
et al, 2018) but not identified as a centriolar satellite component.
Accordingly, we individually depleted Cullin3, HERC2, and MIB1
from RPE-1 cells (Fig 3A) and then assessed the level of CP110
ubiquitination in serum-starved cells treated with MG132 (Fig 3B,
quantified in C). As demonstrated, serum-starved cells displayed a
significant level of CP110 ubiquitination compared with cells with
serum (Fig 3B; compare lanes 1 and 2, quantified in C). However,
depletion of HERC2 or MIB1 (but not Cullin3) led to dramatically
reduced CP110 wubiquitination, similar to nonstarved cells,
suggesting that HERC2 and/or MIB1 may be required for CP110
ubiquitination.

We next hypothesized that if HERC2 and MIB1 are capable of
ubiquitinating CP110, they might assemble in a protein complex. To
test this, we performed co-immunoprecipitation experiments to
determine whether CP110 interacts with each of these E3 ligases, as
well as Cullin3. As demonstrated, whereas CP110 antibodies precip-
itated CP110, no Cullin3 was observed precipitating with CP110
(Fig 3D, left panel). However, CP110 antibodies pulled down both
HERC2 and MIB1 (Fig 3D, middle and right panels), suggesting that
these ligases interact with and ubiquitinate CP110.

Given the potential roles of the centriolar satellite E3 ligases
MIB1 and HERC2 in CP110 ubiquitination, we reasoned that either
or both proteins might be required for the removal of CP110 from
the m-centriole and generation of the primary cilium. To test this,
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RPE-1 cells were either mock-transfected, or depleted of MIBI,
HERC2 or both MIB1 and HERC2 together (Fig 4A). We then serum-
starved cells on coverslips and assessed primary cilia generation
and CP110 removal from the m-centriole (Fig 4B—M; quantified in N
and O). As demonstrated, both mock-transfected cells (Fig 4B-D)
and MIB1-depleted cells (Fig 4E-G) displayed ciliogenesis in 40—
65% of serum-starved cells (quantified in N). Similarly, CP110 was
removed from the m-centriole in ~80% of mock-transfected and
MiIB1-depleted cells (Fig 4B-G; quantified in O). Alternatively,
HERC2 depletion prevented primary cilia generation (Fig 4H-J;
quantified in N) and limited the removal of CP110 from the m-
centriole (Fig 4H-J; quantified in O). Interestingly, depletion of both
HERC2 and MIB1 together led to impaired ciliogenesis and removal
of CP110 from the m-centriole similar to depletion of HERC2 alone
(Fig 4K-M; quantified in N and O). Taken together, these data sug-
gest that HERC2 is a crucial centriolar satellite E3 ligase that is
required for CP110 ubiquitination, its removal from the m-centriole,
and generation of the primary cilium.

Given the potentially significant role for HERC2 in the regulation
of primary ciliogenesis, we next hypothesized that EHD1 may con-
trol HERC2 transport on centriolar satellites and thus regulate its
distribution and interaction with CP110. Therefore, we reasoned
that EHD1 depletion might lead to reduced interactions between
HERC2 and CP110. To address this, we depleted RPE-1 cells of
EHD1 and compared the ability of CP110 antibodies to co-
precipitate HERC2 from mock-transfected and EHD1-depleted cells
(Fig 5A and B). As demonstrated, HERC2 could be observed precipi-
tating with CP110 in mock-transfected cells, but not EHD1-depleted
cells. To support the notion that EHD1 regulates HERC2 and
centriolar satellite movement to the centriolar region, we first dem-
onstrated that HERC2 displayed partial co-localization with the
centriolar satellite marker, PCM1 (Fig 5C and D). We then measured
the level of HERC2 in the radius of the centrosome in the presence
of serum, and after serum starvation for 10 min, 2 h, and 4 h, and
observed a progressive increase in HERC2 localization to the
centriolar region over time (Fig 5E). Finally, to address whether
EHD1 was required for the redistribution of HERC2 from the periph-
ery to the centriolar region upon serum starvation, we depleted
EHD1 and measured HERC2 recruitment to the centriolar area. As

Figure 3. Depletion of HERC2 or MIB1 impedes CP110 ubiquitination upon serum starvation.

A Validation of siRNA depletion. RPE-1 cells were mock-transfected or transfected with siRNA oligonucleotides to impair translation of Cullin3, HERC2, or MIB1. 72 h
later the cells were lysed, subjected to SDS—PAGE and immunoblotted. Immunoblotting with anti-actin antibodies was done as a loading control.

B HERC2 or MIB1 depletion impairs CP110 ubiquitination. RPE-1 cells were grown in serum (first lane from left), or with MG132 in the absence of serum for 4 h (second
lane from left), transfected with Cullin3 siRNA oligonucleotides and treated with MG132 in the absence of serum for 4 h (third lane from left), transfected with HERC2
siRNA oligonucleotides and treated with MG132 in the absence of serum for 4 h (fourth lane from left), or transfected with MIB1 siRNA oligonucleotides and treated
with MG132 in the absence of serum for 4 h (fifth lane from left). Cells were lysed and immunoprecipitated with anti-CP110 antibodies, and the resultant immuno-
precipitates were immunoblotted with anti-ubiquitin to identify ubiquitinated CP110 (upper panel). The blot was then stripped and reimmunoblotted with anti-

CP110 to reveal the amount of CP110 pulled down from the lysate (lower panel).

C Graph displaying densitometric analysis of ubiquitinated CP110 bands normalized to total CP110 immunoprecipitated. Normal distribution was determined by the
Shapiro-Wilk normality test, and statistical significance was calculated with an unpaired two-tailed t-test.

D CP110 interacts with HERC2 and MIB1, but not Cullin3. RPE-1 cells were lysed and immunoprecipitated with beads only or anti-CP110, and then subjected to SDS—
PAGE and immunoblotting with CP110 to validate the immunoprecipitation (lower panel of each gel) and either Cullin3 (left gel, upper panel), HERC2 (middle gel,
upper panel) or MIB1 (right gel, upper panel). 7% of inputs are shown on the left of each gel.

Data information: All gels are representative ones from three individual biological experiments. Graph displays mean densitometry representing ubiquitination of CP110
from three individual experiments, bars indicate standard deviation, and statistical significance was calculated with an unpaired two-tailed t-test, since the Shapiro-Wilk

test indicated a normal distribution.
Source data are available online for this figure.
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demonstrated, EHD1 depletion led to a significant decrease in the
level of HERC2 at the centriolar region (Fig 5G and H; quantified in
F). Collectively, these data support the notion that EHD1 serves
to regulate the access of centriolar satellite proteins, such as HERC2,
to the centriolar region where it ubiquitinates CP110 in response to
serum starvation.

© 2023 The Authors

Thus far, our findings suggest that HERC2 is a key E3 ligase that
localizes to centriolar satellites and is actively transported to the
centriolar region to affect the ubiquitination of CP110, its removal
and degradation, and the generation of the primary cilium. To fur-
ther test this model, RPE-1 cells on coverslips were mock-
transfected, CP110 depleted, or HERC2 depleted (Fig 6A-C;
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knockdowns validated in E). Upon serum starvation, about 50% of
cells displayed a primary cilium (Fig 6A; quantified in F). When
CP110 was depleted, this allowed unrestrained ciliary generation
and nearly 100% of cells generated a primary cilium when serum-
starved (Fig 6B; quantified in F). On the contrary, knockdown of
HERC2 expression dramatically reduced cilia generation to about
threefold lower than the levels observed in mock-transfected cells
(Fig 6C; quantified F). To further validate that HERC2 functions via
ubiquitination and control of CP110 removal from the m-centriole,
we depleted both HERC2 and CP110 from RPE-1 cells (validated in
Fig 6E). When simultaneous knockdown of both HERC2 and CP110
was done, the impaired ciliogenesis observed with HERC2 depletion
alone was rescued and the level of ciliogenesis approached 100% of
cells, similar to CP110 depletion alone (Fig 6D; quantified in F).
Knockdown of CP110 alone or CP110 together with HERC2 also led
to a small but significant increase in cilia length (Fig 6G). Overall,
these data imply that HERC2 functions upstream of CP110, and its
involvement in ciliogenesis stems from its ability to ubiquitinate
CP110 and induce its proteasomal degradation.

Discussion

The removal of CP110 along with its interaction partner, CEP97,
from the m-centriole represents a crucial stage of regulation in the
generation of the primary cilium (Spektor et al, 2007; Tsang
et al, 2008; Kobayashi et al, 2011). It is therefore not surprising that
a variety of different mechanisms have been proposed for CP110
removal from the m-centriole, including putative vesicular transport
pathways, and proteolytic mechanisms for its degradation. Despite a
growing number of proteins recently identified having involvement
in the regulation of this process (Kobayashi et al, 2014; Prosser &
Morrison, 2015; Huang et al, 2018; Lo et al, 2019; Goncalves
et al, 2021; Liu et al, 2021; Shen et al, 2022; Song et al, 2022), infor-
mation remains sparse on the precise mechanisms by which CP110
removal is accomplished, and how these proteins/mechanisms
might be coordinated.

Several endocytic regulatory proteins have also been linked to
CP110 removal from the m-centriole. Most notably, Rabll and
EHD1 both regulate primary ciliogenesis and CP110 removal from
the m-centriole (Knodler et al, 2010; Lu et al, 2015), as do MICAL-

Shuwei Xie et al

L1 (Xie et al, 2019) and the retromer complex (Xie et al, 2022).
However, in addition to endocytic proteins, centriolar satellites have
also been directly implicated in ciliogenesis (Kubo et al, 1999; Stowe
et al, 2012; Lee & Stearns, 2013; Villumsen et al, 2013; Odabasi
et al, 2019; Prosser & Pelletier, 2020). Despite these exciting find-
ings, it is unclear what role the centriolar satellites play in facilitat-
ing ciliogenesis. Moreover, whether endocytic regulatory proteins
coordinate control of ciliogenesis with centriolar satellites remains
unknown.

Here, we describe a novel mechanism to explain a coordinated
role for the endocytic regulatory protein, EHD1, with centriolar sat-
ellites in the delivery of HERC2 to the m-centriole. We have demon-
strated that this E3 ligase interacts with CP110 to affect its
ubiquitination, thus targeting the latter for proteasomal degradation
and facilitating ciliary vesicle growth and ciliogenesis (see Fig 7).
Ubiquitination of CP110 has been described for the process of cen-
trosome duplication and homeostasis by the SCF(Cyclin F) ubiquitin
ligase complex (D’Angiolella et al, 2010; Li et al, 2013) and by the
EDD-DYRK2-DDB1YP™®P complex (Hossain et al, 2017). However,
only very recently has ubiquitination been identified as a require-
ment for CP110 removal from the m-centriole by the linear ubiquitin
chain assembly complex (LUBAC; Shen et al, 2022). We have identi-
fied the E3 ligase HERC2 as crucial for the ubiquitination of CP110,
its removal from the m-centriole, and primary ciliogenesis. HERC2
was previously identified as an interaction partner for CP110 on the
centrosome (Al-Hakim et al, 2012), it has been identified as a poten-
tial component of centriolar satellites (Odabasi et al, 2019), and a
recent study supports a role for it in ciliogenesis (Quarantotti
et al, 2019). Our data, while supporting a mechanism in which
HERC?2 is delivered to the m-centriole by centriolar satellites, do not
rule out potential coordination between HERC2 and LUBAC; indeed,
it is possible that linear chain ubiquitination may first require a reg-
ulated step of ubiquitination by HERC2 on an g-amino group of a
lysine residue on CP110. In such a scenario, both ligases would be
required for effective CP110 removal from the m-centriole, and
depletion of either ligase would prevent effective primary ciliogen-
esis. Indeed, an initial series of experiments demonstrates that
knockdown of the LUBAC component HOIP (Fig EV3A) does not
interfere with the interaction between HERC2 and CP110
(Fig EV3B), suggesting that LUBAC function may be downstream of
HERC2 activity. A study just published also indicates a role for

Figure 4. Depletion HERC2 but not MIB1 impairs primary ciliogenesis and CP110 removal from the m-centriole.

A Validation of siRNA depletion. RPE-1 cells were mock-transfected or transfected with MIB1 siRNA oligonucleotides, HERC2 siRNA oligonucleotides, or transfected
simultaneously with oligonucleotides directed against both MIB1 and HERC2. Lysates were collected, subjected to SDS—-PAGE and immunoblotted with the desig-
nated antibodies as shown. Anti-actin antibodies were used as a loading control (lower panel).

B-M (B-D) Mock-transfected cells, (E-G) MIB1 siRNA-transfected cells, (H-J) HERC2 siRNA-transfected cells, or (K—~M) MIB1 and HERC2 siRNA-transfected cells on cover-
slips were fixed and immunostained with antibodies against acetylated tubulin (insets; C, F, I, L: merged field; B, E, H, K) and CP110 (insets; D, G, J, M: merged field;

B, E, H, K). Bars (B, E, H, K), 10 um. Bars (C, D, F, G, I, |, L, M), 2 pm.

N Graph displaying the percentage of ciliated RPE-1 cells upon serum starvation for mock-transfected, MIB1 siRNA-transfected, HERC2 siRNA-transfected and simul-
taneous MIB1 siRNA-transfected and HERC2 siRNA-transfected cells. Normal distribution was determined by the D’Agostino and Pearson normality test.

(o] Graph displaying the percentage of RPE-1 cells with CP110 on a single centriole upon serum starvation for mock-transfected, MIB1 siRNA-transfected, HERC2
siRNA-transfected and simultaneous MIB1 siRNA-transfected and HERC2 siRNA-transfected cells. Normal distribution was determined by the D’Agostino and Pear-

son normality test.

Data information: All gels are representative ones from three individual experiments. Graphs show standard deviation and P-values from three independent biological
experiments. More than 100 cells were quantified for each experiment. Statistical significance was calculated with an unpaired two-tailed t-test.

Source data are available online for this figure.
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ubiquitination of the octameric BBSome, a complex that regulates
receptor trafficking within the primary cilium (Chiuso et al, 2023).
Accordingly, a complete understanding of the orchestration of
HERC2, LUBAC, and potentially additional E3 ligases in CP110
ubiquitination and removal remains an important goal of future
studies.

While our data support a multistep process in which centriolar
satellite movement to the centrosome region is controlled by EHD1,
thus regulating HERC2 delivery to CP110 at the m-centriole, we rec-
ognize that the mechanism by which EHD1 controls centriolar satel-
lite movement along microtubules remains to be elucidated.
Previous hints at EHD1’s potential role in the regulation of the
microtubule network arise from several directions. First, we have
previously shown that the distribution of endosomes within the cell
is dramatically altered upon EHD1 depletion (Caplan et al, 2002).
This distribution pattern could result from indirect effects on the
microtubules via the EHDI1 interaction partner MICAL-L1 and its
binding protein, CRMP2, the latter which interacts with tubulin
dimers and kinesin to negatively regulate dynein-based transport
(Rahajeng et al, 2010). Moreover, MICAL-L1 interacts directly with
v-tubulin (Xie et al, 2019). EHD1 also regulates cytokinesis and cen-
tral spindle formation hinting at a role in microtubule regulation
(Reinecke et al, 2015). Most recently, EHD1 has been identified in
an interaction with the TUBB3 gene product and postulated to affect
microtubule instability (Huang et al, 2020). Whether EHD1 directly
affects microtubule dynamics remains an important future goal.

Our study connects between endocytic regulation, centriolar sat-
ellite movement/distribution and the delivery of a key centriolar
satellite-localized E3 ubiquitin ligase, HERC2, to the m-centriole
region. HERC2 subsequently ubiquitinates CP110 and spurs its
removal from the m-centriole to facilitate ciliogenesis. Particularly,
compelling is the requirement for EHD1 in centriolar satellite mobil-
ity and HERC2 localization to the centrosomal region and the failure
of CP110 to undergo ubiquitination in the absence of EHD1. In addi-
tion, the ability of CP110 knockdown to override HERC2 depletion
and allow ciliogenesis to proceed strongly supports the notion that
the role of HERC2 in ciliogenesis is to ubiquitinate and remove
CP110 from the m-centriole. Overall, our study further elucidates

Shuwei Xie et al

the role of centriolar satellites and EHDI in ciliogenesis and pro-
vides new insight into the mechanism of CP110 removal upon its
ubiquitination by the E3 ligase HERC2.

Materials and Methods
Antibodies and reagents

Primary and secondary antibodies used in this study were rabbit
anti-human Ubiquitin (P37, cat. no. 58395; Cell Signaling Technol-
ogy, Danvers, MA), rabbit anti-human PCM1 (G2000, cat. no. 5213;
Cell Signaling Technology), rabbit anti-human acetylated tubulin
(K40, cat. no. 3971; Cell Signaling Technology), rabbit anti-human
Cullin3 (cat. no. 2759; Cell Signaling Technology), mouse anti-
human acetylated tubulin (cat. no. T7451; Sigma-Aldrich, St. Louis,
MO), rabbit anti-human MIB1 (cat. no. HPA019100; Sigma-Aldrich),
rabbit anti-human CP110 (cat. no. 12780-1-AP; Proteintech, Rose-
mont, IL), mouse anti-human HERC2 (cat. no. 612366; BD Biosci-
ences, Haryana, India), mouse anti-human PCM1 (cat. no. sc-
398365; Santa Cruz Biotechnology, Dallas, TX), and rabbit anti-
human EHD1 (cat. no. ab109311; Abcam, Somerset, NJ), mouse
anti-human pan-actin (cat. no. NB600-535; Novus, Littleton, CO),
rabbit anti-HOIP (cat. no. PA5-114380; Invitrogen, Waltham, MA),
goat anti-mouse horseradish peroxidase (HRP), (cat. no. 115-035-
003; Jackson ImmunoResearch Laboratories, West Grove, PA), don-
key anti-rabbit HRP (cat. no. NA934V; GE Healthcare, Pittsburgh,
PA), Alexa 568-conjugated goat anti-mouse (cat. no. A11031; Life
Technologies, Carlsbad, CA), and Alexa 488-conjugated goat anti-
rabbit (cat. no. A11034; Life Technologies). The proteasome inhibi-
tor MG132 was obtained from Millipore (St. Louis, MO).

Cell culture and treatments

Fresh original stock from the human epithelial cell line hTERT RPE-
1 (ATCC-CRL4000) was grown at 37°C in 5% CO, in DMEM/F12
(Thermo Fisher Scientific, Carlsbad, CA) containing 10% fetal
bovine serum (FBS; Sigma-Aldrich), 2 mM L-glutamine, 100 U/ml

Figure 5. EHD1 is required for HERC2 localization to the m-centriole and binding to CP110.

A EHD1 is required for the interaction between HERC2 and CP110. RPE-1 cells were mock-transfected or transfected with EHD1 siRNA oligonucleotides for 72 h. Cells
were lysed and immunoprecipitated with anti-CP110 or beads only (control) and separated by SDS-PAGE along with 7% of the lysate (input). After transfer to nitro-
cellulose, antibodies were used to detect CP110 (lower panel) and HERC2 (upper panel).

B Immunoblotting of mock-transfected and EHD1 siRNA-transfected cells demonstrating the efficacy of EHD1 depletion. Actin was used as a loading control.

C,D HERC2 partially localizes to PCM1-containing centriolar satellites. RPE-1 cells were serum-starved for 4 h, fixed and immunostained with antibodies against PCM1
(red) and HERC2 (green). The micrographs show a single representative cell (C) and an inset (D). Bar (C), 10 um. Bar (D), 1 pum.

E RPE-1 cells were serum-starved for 0, 10 min, 2 h, or 4 h, fixed and immunostained with anti-HERC2 antibodies to quantify centrosomal HERC2. Quantification
was done by drawing a circular region of interest of 2.5 um in diameter around the centrosome/basal body of each cell and measuring the intensity of HERC2
localized to this area. Assumption of normality was not met by the D’Agostino and Pearson normality test, and the Mann-Whitney test was used to determine sta-

tistical significance (P-values).

F Mock-transfected or EHD1 siRNA-transfected RPE-1 cells were serum-starved for 4 h, fixed and immunostained with anti-HERC2 antibodies to quantify centro-
somal HERC2 as described in (E). Assumption of normality was not met by the D’Agostino and Pearson normality test, and the Mann—-Whitney test was used to

determine statistical significance (P-values).

G, H Representative micrographs of RPE-1 cells on coverslips that were mock-transfected (G) or EHD1 siRNA-transfected (H) and immunostained with antibodies to
acetylated tubulin (red) or HERC2 (green). Dashed yellow regions of interest highlight the centrosomal area. Arrows denote the HERC2 signal observed in each

micrograph. Bars, 1 pum.

Data information: All gels are representative ones from three individual experiments. Graphs show standard deviation and P-values from three independent biological
experiments. More than 50 cells were quantified in each experiment. Statistical significance was calculated with the Mann-Whitney two-tailed test for samples that did

not meet the assumption of normality.
Source data are available online for this figure.
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penicillin/streptomycin and 1x nonessential amino acids (Thermo-
Fisher Scientific, Waltham, MA). All cell lines in the laboratory are
also grown in 100 pg/ml Normocin (Fisher Scientific, Waltham,
MA) to prevent mycoplasma and other contamination and routinely
tested for mycoplasma contamination. To induce ciliogenesis, RPE-1
cells were incubated in DMEM/F12 with 2 mM L-glutamine, 1x non-
essential amino acids and 0.2% FBS for the indicated times. The
pEGFP-N-PCM1 construct was a kind gift from Andreas Merdes
(Université Toulouse III, Toulouse, FR). For live-cell imaging, RPE-1
cells were transfected with 1.5 pg of DNA construct using Lipofecta-
mine 2000 (Invitrogen, Carlsbad, CA) for 24 h in antibiotics-free cul-
ture medium according to the manufacturer’s protocol. Small
interfering siRNA (siRNA) oligonucleotides targeting human EHD1
(5’-CCAAUGUCUUUGGUAAAGAIAT][dT]-3/), human HERC2 (5'-
GAAUCAGCAGCUACGAUAA[AT][AT]-3'), human MIB1 (5'-CUGUU
AGAGUCUCGUAGGA[dT][dT]-3’), human PCM1 (5-CAGACUU
CCCUCCAGGCUA[AT][dT]-3’), and human HOIP (5-GAGAUGUGCU
GCGAUUAUA[AT][dT]-3') were purchased from Sigma-Aldrich.
ON-TARGETplus SMARTpool siRNA targeting human CP110 (5'-
GGACAUACCUAUACGAACU-3, 5'-GCAAUUAUCACUACUCAUA-3/,
5'-UGAGAGAGGCGCACACAUA-3’, 5-GUACGGUAUUCAUGACAUA-
3') were synthesized by Dharmacon (Lafayette, CO), 200 nM of oli-
gonucleotides were transfected in RPE-1 cells with Lipofectamine
RNAi/MAX (Invitrogen, Carlsbad, CA) for 72 h in the absence of
antibiotics, as per the manufacturer’s protocol. The efficiency of
knockdown was determined by immunoblotting.

Cell cycle analysis

Mock- and MG132-treated RPE-1 cells were collected, washed with
PBS, and then fixed with 70% ethanol at 4°C for 1 h. The fixed cells
were washed with PBS, and stained with Telford Reagent
(0.115 mM EDTA, 13.4 mg RNAse A (93 U/mg), 0.0748 mM Propi-
dium Iodide, and 1% TX-100 in 500 ml PBS) at 4°C overnight and
subjected to flow cytometry analysis at the UNMC Flow Cytometry
Research Facility.

Co-immunoprecipitation
Mock- or EHD1-siRNA-treated RPE-1 cells growing in 100 mm dishes

were lysed in lysis buffer containing 50 mM Tris-HCIl pH 7.4, 150 mM
NaCl, 1 mM MgCl,, 1% Triton X, and freshly added protease inhibitor

Shuwei Xie et al

cocktail (Roche, Basel, Switzerland). Cell debris was eliminated by
centrifugation at 1889 g at 4°C for 10 min. The cleared lysate was col-
lected, and 7% of the sample lysates were taken directly as input con-
trols. The rest of the lysates were subjected to overnight incubation
with anti-CP110 antibodies at 4°C. Protein G-agarose beads (GE
Healthcare) were added to the lysate-antibody mix and left to rock at
4°C for 2 h. Samples were then washed three times with washing
buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM
MgCl,, and 0.1% Triton X-100. Protein complexes were eluted from
the beads by boiling the sample for 10 min in the presence of 4x load-
ing buffer containing 250 mM Tris-HCI pH 6.8, 8% SDS, 40% glycerol,
5% p-mercaptoethanol, and 0.2% (w/v) Bromophenol Blue. Eluted
proteins were detected by immunoblotting.

Immunoblotting

Cells in culture were washed three times with prechilled PBS and
harvested with a rubber cell scraper. Cell pellets were resuspended
in lysis buffer containing 50 mM Tris-HCI pH 7.4, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, and freshly added protease
inhibitor cocktail (Roche) for 1 h on ice. The cell lysates were then
centrifuged at 1889 g at 4°C for 10 min. The concentration of pro-
tein from each sample was measured with Bio-Rad protein assay
(Bio-Rad, Hercules, CA), equalized, and eluted by boiling with 4x
loading buffer. Proteins from either cell lysates or immunoprecipita-
tions were separated by SDS-PAGE on 10% gels and transferred
onto nitrocellulose membranes (GE Healthcare, Chicago, IL). Mem-
branes were blocked for 30 min at room temperature in PBS
containing 0.3% (v/v) Tween-20 (PBST) and 5% dried milk and
then incubated overnight at 4°C with diluted primary antibodies.
Protein-antibody complexes were detected with HRP-conjugated
goat anti-mouse-IgG (Jackson Research Laboratories, Bar Harbor,
ME) or donkey anti-rabbit-IgG (GE Healthcare) secondary antibodies
for 1 h at room temperature, followed by enhanced chemilumines-
cence substrate (ThermoFisher Scientific). Imnmunoblot images were
acquired by iBright Imaging Systems (Invitrogen).

Ubiquitination assay
To measure level of CP110 ubiquitination during ciliogenesis, RPE-1

cells were first serum-starved in the presence of 10 pM MG132 for
4 h and then harvested and lysed with lysis buffer containing

Figure 6. CP110 depletion overrides the ciliogenesis defect observed upon HERC2 depletion.

A-D RPE-1 cells on coverslips were mock-transfected (A), transfected with CP110 siRNA oligonucleotides (B) transfected with HERC2 siRNA oligonucleotides (C), or trans-
fected with both CP110 and HERC2 siRNA oligonucleotides (D). Cells were fixed and immunostained with acetylated tubulin to detect primary cilia (yellow arrows).

Bars, 10 pm.

E Immunoblot demonstrating the efficacy of depletion for CP110 (middle panel), HERC2 (top panel), and simultaneous CP110 and HERC2 depletion (middle and top

panels). Actin was used as a loading control (bottom panel).

F Graph displaying the percentage of RPE-1 cells with primary cilia (quantified from the experiments depicted by the representative micrographs in A-D). Assumption
of normality was not met by the D’Agostino and Pearson normality test, and the Mann—Whitney test was used to determine statistical significance (P-values).

G Graph depicting the mean length of primary cilia from serum-starved RPE-1 cells that were mock-transfected, transfected with HERC2 siRNA oligonucleotides,
transfected with CP110 siRNA oligonucleotides, or transfected with both CP110 and HERC2 siRNA oligonucleotides. Assumption of normality was not met by the
D’Agostino and Pearson normality test, and the Mann—Whitney test was used to determine statistical significance (P-values).

Data information: Graphs show standard deviation and P-values from three independent experiments. The micrographs (A-D) and immunoblots (E) are representative
ones from the three individual biological experiments. More than 50 cells were quantified in each experiment, although fewer ciliated cells were observed and measured
under the HERC2 knockdown condition. Statistical significance was calculated with the Mann-Whitney two-tailed test for samples that did not meet the assumption of

normality.
Source data are available online for this figure.
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Figure 7. Model for the removal of CP110 from the m-centriole upon initiation of ciliogenesis.

Upon serum starvation or initiation of ciliogenesis, EHD1 mediates microtubule-dependent trafficking of centriolar satellites carrying HERC2 to the centriolar region. This
in turn facilitates an interaction between HERC2 and CP110 on the m-centriole, leading to its ubiquitination and degradation in the proteasome. As a result, the ciliary
vesicle forms and the axoneme is extended to generate the primary cilium. Figure prepared using BioRender software license # AF256M906P.

150 mM NacCl, 50 mM HEPES-KOH pH 7.2, 1 mM MgCl,, 1% Triton
X-100, and freshly added protease inhibitor cocktail (Roche) for 1 h
at 4°C. Cell debris was cleared by centrifugation, and the superna-
tants were incubated with anti-CP110 antibody overnight at 4°C.
Protein G-agarose beads (GE Healthcare) for 4 h at 4°C. Protein G-
agarose beads (GE Healthcare) were added to the lysate-antibody
mix and left to rock at 4°C for 2 h. Samples were then washed three
times, eluted, and subjected to immunoblotting. Anti-CP110 anti-
body was used to reveal the amount of Immunoprecipitated CP110
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from each sample, and anti-ubiquitin antibody was used to detect
ubiquitinated-CP110.

Immunofluorescence and microscopy imaging
Cells plated on coverslips were fixed in 100% Methanol at —20°C
for 5 min, followed by three rinses with PBS buffer. For immunoflu-

orescence staining, cells were first permeabilized in 0.5% Triton X
plus 0.5% BSA in PBS for 30 min and then stained with appropriate
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primary antibodies diluted in PBS buffer containing 0.1% Triton X
and 0.5% BSA for 1 h at room temperature. PBS washes were
applied to remove unbound primary antibodies. Cells were then
incubated with fluorochrome-conjugated secondary antibodies for
1 h at room temperature and washed three more times in PBS. Cov-
erslips were mounted in Fluoromount G Mounting medium (South-
ernBiotech). Imaging was performed with a Zeiss LSM 800 confocal
microscope (Carl Zeiss, Jena, Germany) using a Plan-Apochromat
63x/1.4 NA oil objective and appropriate filters, as previously
described. Image acquisition was carried out with Zen software
(Carl Zeiss). Z-slices were z-projected with ImageJ (National Insti-
tutes of Health, Bethesda, MD). Images were cropped, and adjusted
for brightness (whole-image adjustment) with minimal manipula-
tion for better presentation. Particle tracking analysis was done with
Imaris 9.9.1 software (Oxford Instruments, UK) using an autoregres-
sive motion tracking algorithm with appropriate threshold. For
quantification, three independent experiments were carried out, and
the number of samples collected for quantification is described in
the text.

Statistical analysis

Data obtained from Image] were exported to GraphPad Prism 7
(GraphPad, San Diego, CA). Bar graphs were created representing
the mean and standard deviation from data obtained from three
independent experiments. Normal distribution was assessed with
the D’Agostino and Pearson normality test, unless sample size
was too small, in which case we used the Shapiro-Wilk test for
normality (method of Royston (Royston, 1995)). Statistical signifi-
cance was calculated with an unpaired two-tailed t-test for normal
distribution and with the Mann—-Whitney nonparametric two-tailed
test for non-normal distributions. No blinding was done in the
experimentation.

Live-cell imaging

Mock- or EHD1-siRNA-treated RPE-1 cells on 35 mm glass-bottom
tissue culture dishes (MatTek, Ashland, MA) were transiently trans-
fected with PCM-1-GFP for 24 h, and then serum-starved in DMEM/
F12 with 2 mM L-glutamine, 1x nonessential amino acids and 0.2%
FBS for 15 min at 37°C. The cells were imaged in prewarmed Opti-
MEM medium (Gibco) containing 2 mM L-glutamine with a Zeiss
LSM 800 confocal microscope (Carl Zeiss, Jena, Germany). Images
were obtained every 5 s for 10 min with the pinhole set to obtain z-
sections of 1 um. Images and videos were cropped, adjusted for
brightness (whole-image adjustment), and time-stamped with mini-
mal manipulation for presentation. For quantification, we performed
three independent experiments. pEGFP-N-PCM1 (Dammermann &
Merdes, 2002) was a kind gift from Dr. Andreas Merdes (Université
Toulouse III, Toulouse, France).

Data availability

No data from this manuscript require deposition in a public
database.

Expanded View for this article is available online.

© 2023 The Authors

EMBO reports

Acknowledgements

The authors are very grateful to Dr. Andreas Merdes (Université Toulouse I11,
Toulouse, France) for the kind gift of the pEGFP-N-PCM1 construct. This work
was supported by NIH grants RO1GM133915 and R35GM144102 from the
National Institute of General Medical Sciences (SC). Cell cycle analysis was done
with the assistance of the UNMC Flow Cytometry Research Facility, which is
administrated through the Office of the Vice Chancellor for Research and
supported by state funds from the Nebraska Research Initiative (NRI) and The
Fred and Pamela Buffett Cancer Center’s National Cancer Institute Cancer Sup-
port Grant PA30036727. Major instrumentation has been provided by the Office
of the Vice Chancellor for Research, The University of Nebraska Foundation, the
Nebraska Banker’s Fund, and by the NIH-NCRR Shared Instrument Program.

Author contributions

Shuwei Xie: Conceptualization; formal analysis; validation; investigation;
methodology; writing — original draft; writing — review and editing. Naava
Naslavsky: Conceptualization; formal analysis; supervision; investigation;
visualization. Steve Caplan: Conceptualization; formal analysis; supervision;
funding acquisition; methodology; writing — original draft; project
administration; writing — review and editing.

Disclosure and competing interests statement
The authors declare that they have no conflict of interest.

References

Al-Hakim AK, Bashkurov M, Gingras AC, Durocher D, Pelletier L (2012)
Interaction proteomics identify NEURL4 and the HECT E3 ligase HERC2 as
novel modulators of centrosome architecture. Mol Cell Proteomics 11:
M111.014233

Aydin 0Z, Taflan SO, Gurkaslar C, Firat-Karalar EN (2020) Acute inhibition of
centriolar satellite function and positioning reveals their functions at the
primary cilium. PLoS Biol 18: e3000679

Brancati F, Dallapiccola B, Valente EM (2010) Joubert syndrome and related
disorders. Orphanet | Rare Dis 5: 20

Cajanek L, Nigg EA (2014) Cepl64 triggers ciliogenesis by recruiting tau
tubulin kinase 2 to the mother centriole. Proc Natl Acad Sci USA 111:
E2841—E2850

Cajanek L, Glatter T, Nigg EA (2015) The E3 ubiquitin ligase Mibl regulates
Plk4 and centriole biogenesis. / Cell Sci 128: 1674 —1682

Cao |, Shen Y, Zhu L, Xu Y, Zhou Y, Wu Z, Li Y, Yan X, Zhu X (2012) Mir-129-
3p controls cilia assembly by regulating CP110 and Actin dynamics. Nat
Cell Biol 14: 697 —706

Caplan S, Naslavsky N, Hartnell LM, Lodge R, Polishchuk RS, Donaldson |G,
Bonifacino JS (2002) A tubular EHD1-containing compartment involved in
the recycling of major histocompatibility complex class | molecules to the
plasma membrane. EMBO | 21: 2557 —2567

Chen Z, Indjeian VB, McManus M, Wang L, Dynlacht BD (2002) CP110, a cell
cycle-dependent CDK substrate, regulates centrosome duplication in
human cells. Dev Cell 3: 339-350

Chiuso F, Delle Donne R, Giamundo G, Rinaldi L, Borzacchiello D, Moraca F,
Intartaglia D, lannucci R, Senatore E, Lignitto L et al (2023) Ubiquitylation
of BBSome is required for ciliary assembly and signaling. EMBO Rep 24:
e55571

Conkar D, Culfa E, Odabasi E, Rauniyar N, Yates JR III, Firat-Karalar EN (2017)
The centriolar satellite protein CCDC66 interacts with CEP290 and
functions in cilium formation and trafficking. J Cell Sci 130: 1450 —1462

EMBO reports 24:e56317 2023 15 of 17


https://doi.org/10.15252/embr.202256317

EMBO reports

Dammermann A, Merdes A (2002) Assembly of centrosomal proteins and
microtubule organization depends on PCM-1. J Cell Biol 159: 255266

D’Angiolella V, Donato V, Vijayakumar S, Saraf A, Florens L, Washburn MP,
Dynlacht B, Pagano M (2010) SCF(cyclin F) controls centrosome
homeostasis and mitotic fidelity through CP110 degradation. Nature 466:
138-142

Fliegauf M, Benzing T, Omran H (2007) When cilia go bad: cilia defects and
ciliopathies. Nat Rev Mol Cell Biol 8: 880—893

Gerdes JM, Davis EE, Katsanis N (2009) The vertebrate primary cilium in
development, homeostasis, and disease. Cell 137: 32—45

Ghata J, Cowley BD Jr (2017) Polycystic kidney disease. Compr Physiol 7:
945-975

Goncalves AB, Hasselbalch SK, Joensen BB, Patzke S, Martens P, Ohlsen SK,
Quinodoz M, Nikopoulos K, Suleiman R, Damso Jeppesen MP et al (2021)
CEP78 functions downstream of CEP350 to control biogenesis of primary
cilia by negatively regulating CP110 levels. Elife 10: e63731

Han YH, Moon HJ, You BR, Park WH (2009) The effect of MG132, a
proteasome inhibitor on Hela cells in relation to cell growth, reactive
oxygen species and GSH. Oncol Rep 22: 215-221

Hossain D, Javadi Esfehani Y, Das A, Tsang WY (2017) Cep78 controls
centrosome homeostasis by inhibiting EDD-DYRK2-DDB1(Vpr)(BP). EMBO
Rep 18: 632—-644

Huang N, Zhang D, Li F, Chai P, Wang S, Teng |, Chen | (2018) M-phase
phosphoprotein 9 regulates ciliogenesis by modulating CP110-CEP97
complex localization at the mother centriole. Nat Commun 9: 4511

Huang J, Lan X, Wang T, Lu H, Cao M, Yan S, Cui Y, Jia D, Cai L, Xing Y (2020)
Targeting the IL-1beta/EHD1/TUBB3 axis overcomes resistance to EGFR-TKI
in NSCLC. Oncogene 39: 1739—1755

Jiang K, Toedt G, Montenegro Gouveia S, Davey NE, Hua S, van der Vaart B,
Grigoriev |, Larsen ], Pedersen LB, Bezstarosti K et al (2012) A proteome-
wide screen for mammalian SxIP motif-containing microtubule plus-end
tracking proteins. Curr Biol 22: 18001807

Jones T, Naslavsky N, Caplan S (2022) Differential requirements for the Eps15
homology domain proteins EHD4 and EHD2 in the regulation of
mammalian ciliogenesis. Traffic 23: 360373

Kasahara K, Kawakami Y, Kiyono T, Yonemura S, Kawamura Y, Era S,
Matsuzaki F, Goshima N, Inagaki M (2014) Ubiquitin-proteasome system
controls ciliogenesis at the initial step of axoneme extension. Nat
Commun 5: 5081

Knodler A, Feng S, Zhang J, Zhang X, Das A, Peranen |, Guo W (2010)
Coordination of Rab8 and Rabl11l in primary ciliogenesis. Proc Natl Acad
Sci USA 107: 6346 —6351

Kobayashi T, Tsang WY, Li J, Lane W, Dynlacht BD (2011) Centriolar kinesin
Kif24 interacts with CP110 to remodel microtubules and regulate
ciliogenesis. Cell 145: 914 -925

Kobayashi T, Kim S, Lin YC, Inoue T, Dynlacht BD (2014) The CP110-
interacting proteins Talpid3 and Cep290 play overlapping and distinct
roles in cilia assembly. J Cell Biol 204: 215-229

Kubo A, Tsukita S (2003) Non-membranous granular organelle consisting of
PCM-1: subcellular distribution and cell-cycle-dependent assembly/
disassembly. J Cell Sci 116: 919928

Kubo A, Sasaki H, Yuba-Kubo A, Tsukita S, Shiina N (1999) Centriolar
satellites: molecular characterization, ATP-dependent movement toward
centrioles and possible involvement in ciliogenesis. / Cell Biol 147:
969980

Lee JY, Stearns T (2013) FOP is a centriolar satellite protein involved in
ciliogenesis. PLoS ONE 8: 58589

16 of 17 EMBO reports  24: 56317 | 2023

Shuwei Xie et al

Lee HK, Park SH, Nam M| (2021) Proteasome inhibitor MG132 induces
apoptosis in human osteosarcoma U20S cells. Hum Exp Toxicol 40:
1985-1997

Li J, D’Angiolella V, Seeley ES, Kim S, Kobayashi T, Fu W, Campos El,
Pagano M, Dynlacht BD (2013) USP33 regulates centrosome biogenesis
via deubiquitination of the centriolar protein CP110. Nature 495:
255-259

Liu M, Zhang W, Li M, Feng ], Kuang W, Chen X, Yang F, Sun Q, Xu Z, Hua |
et al (2021) NudCL2 is an autophagy receptor that mediates selective
autophagic degradation of CP110 at mother centrioles to promote
ciliogenesis. Cell Res 31: 1199-1211

Lo CH, Lin IH, Yang TT, Huang YC, Tanos BE, Chou PC, Chang CW, Tsay YG,
Liao JC, Wang W] (2019) Phosphorylation of CEP83 by TTBK2 is necessary
for cilia initiation. J Cell Biol 218: 3489 —3505

Lu Q, Insinna C, Ott C, Stauffer J, Pintado PA, Rahajeng ], Baxa U, Walia V,
Cuenca A, Hwang YS et al (2015) Early steps in primary cilium assembly
require EHD1/EHD3-dependent ciliary vesicle formation. Nat Cell Biol 17:
531

Nagai T, Mukoyama S, Kagiwada H, Goshima N, Mizuno K (2018) Cullin-3-
KCTD10-mediated CEP97 degradation promotes primary cilium formation.
J Cell Sci 131: jcs219527

Novas R, Cardenas-Rodriguez M, Irigoin F, Badano JL (2015) Bardet-Bied|
syndrome: is it only cilia dysfunction? FEBS Lett 589: 34793491

Odabasi E, Gul S, Kavakli IH, Firat-Karalar EN (2019) Centriolar satellites are
required for efficient ciliogenesis and ciliary content regulation. EMBO Rep
20: e47723

Ogungbenro YA, Tena TC, Gaboriau D, Lalor P, Dockery P, Philipp M, Morrison
CG (2018) Centrobin controls primary ciliogenesis in vertebrates. J Cell Biol
217:1205-1215

Prosser SL, Morrison CG (2015) Centrin2 regulates CP110 removal in primary
cilium formation. J Cell Biol 208: 693701

Prosser SL, Pelletier L (2020) Centriolar satellite biogenesis and function in
vertebrate cells. J Cell Sci 133: jcs239566

Quarantotti V, Chen JX, Tischer ], Gonzalez Tejedo C, Papachristou EK,
D'Santos CS, Kilmartin JV, Miller ML, Gergely F (2019) Centriolar satellites
are acentriolar assemblies of centrosomal proteins. EMBO | 38: €101082

Rahajeng J, Giridharan SS, Naslavsky N, Caplan S (2010) Collapsin response
mediator protein-2 (Crmp2) regulates trafficking by linking endocytic
regulatory proteins to dynein motors. J Biol Chem 285: 31918 —31922

Reinecke |B, Katafiasz D, Naslavsky N, Caplan S (2015) Novel functions for the
endocytic regulatory proteins MICAL-L1 and EHD1 in mitosis. Traffic 16:
48-67

Rotem-Yehudar R, Galperin E, Horowitz M (2001) Association of insulin-like
growth factor 1 receptor with EHD1 and SNAP29. J Biol Chem 276:

33054 —33060

Royston PA (1995) Remark on algorithm AS 181: the W-test for normality. J R
Stat Soc 44: 547 —551

Shen XL, Yuan JF, Qin XH, Song GP, Hu HB, Tu HQ, Song ZQ, Li PY, Xu YL, Li S
et al (2022) LUBAC regulates ciliogenesis by promoting CP110 removal
from the mother centriole. J Cell Biol 221: 202105092

Song T, Yang Y, Zhou P, Ran |, Zhang L, Wu X, Xie W, Zhong T, Liu H, Liu M
et al (2022) ENKD1 promotes CP110 removal through competing with
CEP97 to initiate ciliogenesis. EMBO Rep 23: e54090

Sorokin S (1962) Centrioles and the formation of rudimentary cilia by
fibroblasts and smooth muscle cells. J Cell Biol 15: 363377

Spektor A, Tsang WY, Khoo D, Dynlacht BD (2007) Cep97 and CP110 suppress
a cilia assembly program. Cell 130: 678 —690

© 2023 The Authors



Shuwei Xie et al

Stowe TR, Wilkinson CJ, Igbal A, Stearns T (2012) The centriolar satellite
proteins Cep72 and Cep290 interact and are required for recruitment of
BBS proteins to the cilium. Mol Biol Cell 23: 33223335

Tozer S, Baek C, Fischer E, Goiame R, Morin X (2017) Differential routing of
Mindbomb1 via centriolar satellites regulates asymmetric divisions of
neural progenitors. Neuron 93: 542 —551

Tsang WY, Bossard C, Khanna H, Peranen J, Swaroop A, Malhotra V, Dynlacht BD
(2008) CP110 suppresses primary cilia formation through its interaction with
CEP290, a protein deficient in human ciliary disease. Dev Cell 15: 187 —197

Villumsen BH, Danielsen R, Povisen L, Sylvestersen KB, Merdes A, Beli P, Yang
YG, Choudhary C, Nielsen ML, Mailand N et al (2013) A new cellular stress
response that triggers centriolar satellite reorganization and ciliogenesis.
EMBO J 32: 30293040

Walentek P, Quigley IK, Sun DI, Sajjan UK, Kintner C, Harland RM (2016)
Ciliary transcription factors and miRNAs precisely regulate Cp110 levels
required for ciliary adhesions and ciliogenesis. Elife 5: e17557

Wang L, Lee K, Malonis R, Sanchez |, Dynlacht BD (2016) Tethering of an E3
ligase by PCM1 regulates the abundance of centrosomal KIAAO586/Talpid3
and promotes ciliogenesis. Elife 5: €12950

© 2023 The Authors

EMBO reports

Wu CT, Chen HY, Tang TK (2018) Myosin-Va is required for preciliary vesicle
transportation to the mother centriole during ciliogenesis. Nat Cell Biol 20:
175-185

Xie S, Farmer T, Naslavsky N, Caplan S (2019) MICAL-L1 coordinates
ciliogenesis by recruiting EHD1 to the primary cilium. J Cell Sci 132:
jcs233973

Xie S, Dierlam C, Smith E, Duran R, Williams A, Davis A, Mathew D,
Naslavsky N, lyer J, Caplan S (2022) The retromer complex regulates C.
elegans development and mammalian ciliogenesis. / Cell Sci 135:
j€s259396

Xu Y, Shi H, Wei S, Wong SH, Hong W (2004) Mutually exclusive
interactions of EHD1 with GS32 and syndapin Il. Mol Membr Biol 21:
269-277

® License: This is an open access article under the
terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in
any medium, provided the original work is properly
cited.

EMBO reports 24:e56317|2023 17 of 17


http://creativecommons.org/licenses/by/4.0/

	 Abstract
	 Introduction
	 Results
	embr202256317-fig-0001
	embr202256317-fig-0002
	embr202256317-fig-0003

	 Discussion
	embr202256317-fig-0004

	 Materials and Methods
	 Antibodies and reagents
	 Cell culture and treatments
	embr202256317-fig-0005
	 Cell cycle analysis
	 Co-immunoprecipitation
	 Immunoblotting
	 Ubiquitination assay
	embr202256317-fig-0006
	 Immunofluorescence and microscopy imaging
	embr202256317-fig-0007
	 Statistical analysis
	 Live-cell imaging

	 Data availability
	 Acknowledgements
	 Author contributions
	 Disclosure and competing interests statement
	 References
	embr202256317-bib-0001
	embr202256317-bib-0002
	embr202256317-bib-0003
	embr202256317-bib-0004
	embr202256317-bib-0005
	embr202256317-bib-0006
	embr202256317-bib-0007
	embr202256317-bib-0008
	embr202256317-bib-0009
	embr202256317-bib-0010
	embr202256317-bib-0011
	embr202256317-bib-0012
	embr202256317-bib-0013
	embr202256317-bib-0014
	embr202256317-bib-0015
	embr202256317-bib-0016
	embr202256317-bib-0017
	embr202256317-bib-0018
	embr202256317-bib-0019
	embr202256317-bib-0020
	embr202256317-bib-0021
	embr202256317-bib-0022
	embr202256317-bib-0023
	embr202256317-bib-0024
	embr202256317-bib-0025
	embr202256317-bib-0026
	embr202256317-bib-0027
	embr202256317-bib-0028
	embr202256317-bib-0029
	embr202256317-bib-0030
	embr202256317-bib-0031
	embr202256317-bib-0032
	embr202256317-bib-0033
	embr202256317-bib-0034
	embr202256317-bib-0035
	embr202256317-bib-0036
	embr202256317-bib-0037
	embr202256317-bib-0038
	embr202256317-bib-0039
	embr202256317-bib-0040
	embr202256317-bib-0041
	embr202256317-bib-0042
	embr202256317-bib-0043
	embr202256317-bib-0044
	embr202256317-bib-0045
	embr202256317-bib-0046
	embr202256317-bib-0047
	embr202256317-bib-0048
	embr202256317-bib-0049
	embr202256317-bib-0050
	embr202256317-bib-0051
	embr202256317-bib-0052
	embr202256317-bib-0053
	embr202256317-bib-0054
	embr202256317-bib-0055
	embr202256317-bib-0056
	embr202256317-bib-0057
	embr202256317-bib-0058
	embr202256317-bib-0059


