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ABSTRACT

Protein degradation at the centrosome, the primary microtubule organizing centre of the cell, is
critical to a myriad of cellular processes. Perturbation of the ubiquitin proteasome system causes
the formation of an inclusion, or aggresome, at the centrosome. By systematic microscopy
analysis, we have placed a subset of centrosomal proteins within the aggresome. Centriolar
satellites, proteinaceous granules found in the vicinity of centrosomes, also became incorporated
into this structure. Through high-resolution quantitative analysis, we have defined aggresome
assembly at the centrosome, demonstrating a requirement for satellites in this process.
Furthermore, a module consisting of CP110-CEP97-CEP290 was required to recruit aggresome
components early in the pathway and senescent cells were defective in aggresome formation due
to limiting amounts of CP110. Finally, satellites and the CP110-CEP97-CEP290 module were
required for the aggregation of mutant huntingtin. The accumulation of protein aggregates is
central to the pathology of a range of human disorders. These data thereby reveal new roles for
CP110, its interactors, and centriolar satellites in controlling cellular proteostasis and the

aggregation of disease relevant proteins.
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INTRODUCTION

Centrosomes serve as both the main microtubule organizing centre and template for primary cilia
formation, thereby involving them in multiple critical cellular functions (Conduit et al., 2015;
Joukov and De Nicolo, 2019). The centrosome is a highly dynamic non-membrane bound
organelle consisting of a pair of centrioles surrounded by pericentriolar material (PCM). In
addition, a number of proteinaceous granules, called centriolar satellites, are found in close
proximity to the centrosome (Kubo et al., 1999). Satellites are required for the correct assembly
and functioning of centrosomes, and are implicated in multiple processes throughout the cell
(Gheiratmand et al., 2019; Odabasi et al., 2019; Quarantotti et al., 2019). The centrosome
contributes to a range of diverse cellular events in part through acting as a scaffold for localized
protein degradation via the Ubiquitin Proteasome System (UPS; Kimura et al., 2014; Vora and
Phillips, 2016). UPS machinery complexes localize to the centrosome (Fabunmi et al., 2000;
Wigley et al., 1999), with protein degradation at the centrosome regulating processes such as cell
cycle control (Clute and Pines, 1999; Math¢ et al., 2004; Raff et al., 2002), cell fate acquisition
(Fuentealba et al., 2008; 2007; Vora and Phillips, 2015), neuronal cell morphogenesis (Kim et al.,
2009; Puram et al., 2010; 2013), immune system function (Antén et al., 1999; Hung et al., 2003;
Lacaille and Androlewicz, 2000), and cellular stress responses (Vertii et al., 2015; Vidair et al.,
1993). However, the specific function of centrosomal components in the regulation of proteostasis

remains unclear.

If the capacity of the UPS is exceeded, through a decrease in proteasomal activity or increase in
misfolded polypeptides, cells accumulate proteins into an inclusion, called the aggresome, at the
centrosome (Johnston et al., 1998). The organization of potentially toxic protein species into a
single location serves a protective function, while also facilitating their clearance by autophagy
(Fortun et al., 2003; Hao et al., 2013; Wong et al., 2008). Aggresome formation is an active process
that requires intact microtubules, the motor protein dynein, and the microtubule deacetylase
HDACS6 (Garcia-Mata et al., 1999; Johnston et al., 2002; Kawaguchi et al., 2003). In addition to
ubiquitinated proteins, aggresomes are rich in proteasomal subunits, chaperone proteins, ubiquitin
ligases and ubiquitin-binding proteins (Choi et al., 2020; Fusco et al., 2012; Garcia-Mata et al.,
1999; Mao et al., 2017; Mishra et al., 2009; Wigley et al., 1999; Zhang and Qian, 2011; Zhou et

al., 2014b). Some centrosomal proteins have also been shown to accumulate in aggresomes (Chiba
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etal., 2012; Johnston et al., 1998; McNaught et al., 2002; Szebenyi et al., 2007), along with PCM1,
the major structural component of centriolar satellites (Didier et al., 2008). Similar to the
aggresomal assembly pathway, satellites require microtubules and dynein for their association with
centrosomes (Dammermann and Merdes, 2002; Kubo et al., 1999). Growing evidence implicates
satellites as mediators of protein stability via both autophagy and the UPS (Joachim et al., 2017;
Wang et al., 2016). The satellite proteins OFD1 and BBS4 interact with UPS subunits, with
depletion of either leading to the loss of proteasomal machinery from the centrosome and
deficiencies in proteasome-dependent pathways (Gerdes et al., 2007; Liu et al., 2014). Moreover,
changes in the cellular proteome in satellite-deficient cells highlights satellites’ function as
regulators of global proteostasis (Odabasi et al., 2019). However, although aggresome assembly
occurs at the centrosome, the role of centriolar satellites in aggresome formation has yet to be

explored.

Centrosome biology itself is tightly regulated by proteasomal degradation (Cunha-Ferreira et al.,
2009; Fung et al., 2018; Guderian et al., 2010; Hames et al., 2005; Nigg and Holland, 2018;
Puklowski et al., 2011). Strict control over the abundance of centriole duplication factors, such as
PLK4, SAS6 and STIL, stringently regulates centriole number (Arquint et al., 2012; Korzeniewski
et al., 2009; Rogers et al., 2009; Strnad et al., 2007), with centriole amplification observed
following prolonged inhibition of the proteasome (Duensing et al., 2007). In human cells, centriole
overduplication induced by PLK4 overexpression requires the centriolar distal end protein CP110
(Kleylein-Sohn et al., 2007). Conversely, in flies, normal levels of CP110 in primary
spermatocytes suppresses centriole overduplication induced by overexpression of the Drosophila
homolog of PLK4 (Franz et al., 2013). Proteasomal inhibition also leads to the appearance of
elongated centrioles (Korzeniewski et al., 2010). Centriole length is regulated by a number of
proteins, including CP110 (Schmidt et al., 2009). CP110 and its partner CEP97 form a cap at the
centriole distal end that restricts centriole length, with depletion of either protein resulting in
elongated centriole structures (Kohlmaier et al., 2009; Schmidt et al., 2009; Spektor et al., 2007).
CP110 and CEP97 also act as a block to primary cilium formation, as their removal from the
mother centriole is a prerequisite for axonemal microtubule extension during ciliogenesis (Cajanek
and Nigg, 2014; Goetz et al., 2012; Tsang et al., 2008). This ciliation suppressor function of CP110
is dependent upon its interaction with the satellite protein CEP290 (Tsang et al., 2008). However,
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CP110 can promote ciliogenesis, as CP110-deficient mice exhibit ciliary deficiencies (Yadav et
al., 2016). Levels of CP110 are tightly regulated via the antagonistic actions of the SCFy¢linf
ubiquitin ligase complex (D’Angiolella et al., 2010), and the deubiquitinating enzyme (DUB)
USP33 (Li et al., 2013), suggesting proteolytic regulation is vital to CP110’s role(s) in the cell. Of
note, CP110 and CEP97 were recently reported in the centriolar satellite proteome and interactome
(Gheiratmand et al., 2019; Quarantotti et al., 2019). Whether the function of CP110 and its partners

extends beyond the control of centriole number and elongation is unknown.

Senescence describes the process by which cells cease dividing and undergo distinctive phenotypic
changes (van Deursen, 2014). The number of senescent cells in an organism increases with age,
with senescence contributing to age-related pathologies such as cancer, tissue degeneration,
inflammatory disease and neurodegeneration. Centrosome dysfunction is believed to contribute to
the senescence process (Wu et al., 2020). Proteasomal activity decreases during senescence,
resulting in the accumulation of damaged and misfolded proteins that impair cellular functions,
features that are associated with late-onset pathologies (Cuanalo-Contreras et al., 2013; Fernandez-
Cruz and Reynaud, 2020; Lopez-Otin et al., 2013; Saez and Vilchez, 2014). The accumulation of
misfolded proteins into proteinaceous inclusions is a hallmark of neurodegenerative disorders,
including Huntington’s disease (HD). The presence of expanded polyglutamine (polyQ) tracts in
the HD protein huntingtin (HTT) are associated with protein aggregation and inclusion formation
(Adegbuyiro et al., 2017). HTT interacts with PCM1 through huntingtin-associated protein 1
(HAP1) and expression of polyQ-HTT causes PCMI to aggregate at the centrosome (Keryer et al.,
2011). The potential roles of satellites in the aggregation of polyQ-HTT remain to be determined.

Here, we describe the association of a set of centriolar and PCM proteins with the aggresome.
Centriolar satellites also accumulated into the aggresome in response to proteasomal inhibition
and aggresome assembly was reduced in cells with disrupted satellites. Furthermore, a module
consisting of CP110, CEP97 and CEP290 was found to operate early in the aggresome assembly
pathway. Finally, we provide evidence to show that aggresome formation is defective in senescent
cells due to limiting levels of CP110, and implicate satellites and the CP110-CEP97-CEP290

module in the formation of polyQ-HTT inclusions.
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RESULTS

Centrosome and centriolar satellite proteins localize to the aggresome upon proteasome
inhibition

Short-term treatment of RPE-1 cells with the proteasome inhibitors MG132 and bortezomib (BZ)
led to the accumulation of ubiquitinated proteins (Ub") at the centrosome (Fig. 1A-B).
Accumulation of proteins that are known to incorporate into the aggresome, such as pHSP27,
HDAC®6, p62, HSP70, HAP1, and dynein, confirmed that we were inducing aggresome assembly
(Fig. STA; Bolhuis and Richter-Landsberg, 2010; Fujinaga et al., 2009; Garcia-Mata et al., 1999;
Johnston et al., 2002; Zhou et al., 2014b). Over 75% of cells treated with proteasome inhibitors
for 5 hours responded by forming an aggresome (Fig. 1C). Furthermore, aggresome formation was
universal in additional cell lines (A-375, BJ-5ta, HFF-1, HeLa, and U-2 OS) tested in this study
(Fig. S1B-C).

Given the recruitment of CEP97 and PCM1 to the aggresome here (Fig. 1A and B) and a previous
report that y-tubulin, PCNT, ninein, and PCM1 accumulate at the centrosome during proteasome
inhibition (Didier et al., 2008), we sought to systematically survey the localization of centrosomal
proteins following MG132 treatment. To that end, we stained for centriole (CEP135, GT335,
SAS6, CP110 and CETN2) and PCM (CEP192, NEDD1, CEP215, y-tubulin, HAUS6 and PCNT)
markers (Fig. 1D). Similar to CEP97, CP110 and CETN2 associated with the aggresome.
However, CEP135, GT335 and SAS6 remained restricted to the centrioles. CEP215, y-tubulin,
HAUSG6 and PCNT also localized to the aggresome, with CEP192 and NEDDI1 staying limited to
the PCM.

PCM1 is a major component of centriolar satellites (Kubo et al., 1999). We therefore examined
whether other satellite proteins are also recruited to the aggresome. All of the satellite proteins we
surveyed (CEP290, CCDCl14, AZI1, KIAA0753, PIBF1, MIB1, OFDI1, CEP72, and FOP)
localized with pHSP27 and PCM1 in the aggresome (Fig. 1E and Fig. S1D). Further to this, higher
resolution imaging revealed that pHSP27, CP110 and PCMI1 occupy distinct, but overlapping,
spatial domains within the aggresome (Fig. 1F and S1E). In summary, a subset of centriolar and
PCM proteins localize to the aggresome following proteasome inhibition, along with centriolar

satellites (Fig. 1G).
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High-resolution quantitative analysis reveals that centriolar satellites are required for
aggresome formation

As centriolar satellites localize to the aggresome, we wondered whether satellites contribute to
aggresome assembly. To examine the aggresome pathway, we established an automated image
analysis pipeline to measure aggresome area and satellite distribution (Fig. S2A; see Methods).
pHSP27 was chosen as the aggresome marker for this analysis due to its low background in
control-treated cells and distinct signal around the centrosome in cells treated with MG132 (Fig.
S2B). Knockdown of HSP27 demonstrated the specificity of this signal (Fig. S2B-C), with our
analysis detecting a reduction of pHSP27 to control levels in cells depleted of HSP27 (Fig. S2D).
Staining for Ub" proteins and CP110 revealed that this led to a block to aggresome assembly, with
Ub" labelling appearing restricted to a ring around each centriole (Fig. S2E). To map satellite
distribution in cells, we used PCM1 labelling, which revealed a distinct movement of satellites
into the aggresome region following treatment with MG132, with 90.1% of satellites in close
proximity to the centrosome as compared to 68.1% in controls (Fig. S2F). Furthermore, satellites
still migrated into the pericentrosomal region in HSP27 siRNA-treated cells, despite aggresome

formation being blocked (Fig. S2F).

To further validate our quantification protocol, we utilized approaches previously reported to
disrupt aggresome formation, but until now had not been subjected to rigorous analysis. First, we
used cycloheximide (CHX) to inhibit protein translation as active translation is required for
aggresome assembly (Meriin et al., 2012; Nawrocki et al., 2005; Qin et al., 2019; Wojcik et al.,
1996; Zhou et al., 2014a). A 30-minute pre-treatment with CHX before proteasome inhibition
completely blocked pHSP27 and Ub" recruitment to the aggresome (Fig. 2A-C). Strikingly,
satellites also failed to accumulate in the pericentrosomal region in cells treated with CHX and

MG 132 (Fig. 2D).

Next, we used two pharmacological inhibitors of HDAC6, ACY-1215 and ACY-738 (Wang et al.,
2018), as aggresome assembly requires HDACG6 activity (Kawaguchi et al., 2003). Inhibition was
confirmed by an increase in the levels of acetylated tubulin (Fig. S2G). Quantification of
aggresome formation in cells treated with either HDAC6 inhibitor and MG132 revealed a decrease

in aggresome size, with pHSP27 restricted to the area immediately around the centrioles (Fig. 2E-
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F) and Ub" proteins restricted to a ring around each centriole (Fig. 2G). However, the accumulation

of satellites in response to MG132 was largely unaffected by HDAC6 inhibition (Fig. 2H).

Finally, we used nocodazole to depolymerize, and taxol to stabilize, microtubules as their dynamic
instability is required for aggresome formation (Bauer and Richter-Landsberg, 2006). Treatment
of cells with either compound led to the dispersal of satellites throughout the cytoplasm (Fig. S2H;
Conkar et al., 2017; Dammermann and Merdes, 2002; Kubo et al., 1999). When cells were also
treated with MG132, aggresomal pHSP27 accumulation was reduced and satellite recruitment
restricted (Fig. 2I-K). Ub" proteins in these cells formed multiple aggregates throughout the
cytoplasm, which colocalized with PCM1 (Figs. 2L and S2I), suggesting satellites associate with
Ub" proteins in the cytoplasm before they are assembled into an aggresome. In cells that lack
centrioles through the disruption of STIL, Ub" proteins similarly colocalized with PCM1 foci in
the cytoplasm (Fig. S2J), demonstrating that this association was not dependent upon a functional
centrosome. However, cytoplasmic Ub* aggregates in cells treated with ACY-1215 did not contain
PCM1 (Fig. S2K), suggesting that HDAC6 activity is required for this association. Treatment of
cells with nocodazole after an aggresome had formed revealed that microtubules are not required
for the maintenance of this structure or the association of satellites with it after it has assembled
(Fig. S2L-N). Together, these results demonstrate that our quantification pipeline can robustly
measure aggresomes and is sensitive enough to distinguish between complete and partial blocks
to aggresome assembly. Furthermore, satellites move towards the centrosome in response to
proteasomal inhibition, downstream of the requirement for active protein translation in the

aggresome pathway.

To test the requirement for satellites in aggresome assembly, we used CRISPR/Cas9 to disrupt the
genes encoding the satellite proteins AZI1/CEP131, CCDC14, KIAA0753 and PIBF1/CEP90 in
RPE-1 cells. Gene disruption was confirmed by genomic PCR and sequence analysis using ICE
(Inference of CRISPR Edits, Synthego; Table S1) and protein loss demonstrated by immunoblot
and immunofluorescence (IF) microscopy (Fig. S3A-B). In each knockout (KO) line, PCMI
positive-satellites persisted (Fig. S3B), while in a previously generated PCM1 KO line AZI1,
CCDC14, KIAA0753 and PIBF1 were restricted to the centrosomes (Fig. S3B; Gheiratmand et
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al., 2019), indicative of satellite loss in these cells, and in line with previous studies (Hoang-Minh

et al., 2016; Odabasi et al., 2019; Wang et al., 2016).

The ability to form an aggresome was reduced to a similar extent in each KO line, despite satellites
accumulating in the pericentrosomal region of AZI1, CCDC14, KIAA0753 and PIBF1-depleted
cells (Figs. 3A-C and S3C). As seen for other methods that block aggresome formation, Ub*
proteins were restricted to a ring around each centriole (Fig. 3D) and other aggresome markers,
including HDACS6, p62, HSP70, HAP1 and CP110, failed to accumulate (Fig. 3E). The effect of
satellite disruption on aggresome formation was not due to impaired microtubule nucleation or
microtubule-based transport, as these processes in PCM1-depleted cells were comparable to wild-

type (WT) cells, as tested by microtubule regrowth and Golgi-distribution assays (Fig. S3D-F).

Despite lacking satellites, PCM1 KO cells retain a centrosomal pool of AZIl, CCDCI14,
KIAAO0753 and PIBF1 (Fig. S3B). That each KO line is as impaired in aggresome formation as
the PCM1-depleted line, suggests that the satellite pool of these proteins is involved in aggresome
assembly, rather than their centrosomal fractions. To test this, we sought to knockdown KIAA0753
and PIBF1 by siRNA in WT and PCM1 KO cells. Successful depletion of each protein was
confirmed by IF microscopy and immunoblot (Fig. S3G-H), although we observed that KIAA0753
levels were also reduced in WT cells depleted of PIBF1. The distribution of satellites in control
and KIAAO0753-depleted WT cells was comparable, although depletion of PIBF1 reduced the
abundance of satellites around the centrioles (Fig. S3I-J). KIAA0753 and PIBF1 knockdown
reduced aggresome formation in WT cells (Fig. 3F-G), and while satellites accumulated in cells
depleted of KIAA(0753 similar to controls, this was not observed in PIBF1-depleted cells (Fig.
3H). Depletion of PIBF1 had the greatest effect on aggresome assembly, potentially due to the
reduction in KIAAOQ753 abundance and/or the limited movement of satellites into the

pericentrosomal region in these cells.

In PCM1 KO cells, KIAA0753 and PIBF1 knockdown modestly reduced aggresome size further,
with PIBF1 again having the greatest effect. This suggests that contribution of the centrosomal
pool of these proteins to aggresome formation is minor. As PIBF1 depletion did not affect

KIAAO0753 levels in PCM1 KO cells (Fig. S3H), this supports the notion that the effect of PIBF1
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knockdown in WT cells is due to reduced abundance of PIBF1 and not KIAA0753. Upon
knockdown of KIAA0753 or PIBF1 in both WT and PCM1-deficient cells, the accumulation of
Ub* proteins was reduced (Fig. 31). Together, these results demonstrate the requirement for intact
centriolar satellites in aggresome formation following proteasome inhibition, and suggest an

overlapping function of satellite proteins in this process.

Knockdown of CCNF can induce the formation of aggresome-like structures in the absence of
proteasome inhibition

Proteolysis plays a crucial role in the regulation of centriole duplication (Nigg and Holland, 2018)
and treatment of U-2 OS cells with the proteasome inhibitor Z-L3VS for 48 hours results in
centriole amplification as determined by CETN-GFP imaging (Duensing et al., 2007). Staining for
centriole markers typically reveals 2 or 4 foci, corresponding to 2 or 4 centrioles, depending on
cell cycle phase. After treating RPE-1 cells with MG132, we observed greater than 4 foci of
CETN2, CP110 and CEP97 within the aggresome, although CEP135, SAS6 and GT335 labelling
revealed a normal complement of centrioles (Fig. 4A-B). This suggests that the extra foci of
CETN2, CP110 and CEP97 in the aggresome do not correspond to supernumerary centrioles. To
confirm this, we performed transmission electron microscopy (TEM) on DMSO and MG132
treated cells and did not observe excess centrioles in any of the sections examined (n = 50, Fig.

40).

CP110 is targeted for destruction by Cyclin F (CCNF), with both CCNF knockdown and MG132
treatment stabilizing CP110 levels (D’ Angiolella et al., 2010; Li et al., 2013). CCNF depletion has
been reported to result in the accumulation of supernumerary centrosomes as scored by the
accumulation of excess foci of CETN2, CP110 and y-tubulin (D’ Angiolella et al., 2010). As these
three proteins accumulate into aggresomes following proteasome inhibition, and no other centriole
markers were utilized in that earlier study, we wondered whether CCNF depletion leads to the
formation of aggresome-like structures, rather than extra centrioles. Knockdown of CCNF was
confirmed by immunoblot (Fig. S4A) and, in line with previous reports, we recorded ~20% of cells
with more than 4 CETN2 or CP110 foci following CCNF depletion (Fig. 4D-E). In addition to co-
localizing with CP110, these supernumerary CETN2 foci also contained PCM1 (Fig. 4D).

10
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Knockdown of CP110 successfully reduced its total abundance in cells, while a more stable
fraction persisted at the centrioles (Figs. 4D and S4A). As previously reported, the accumulation
of excess CETN2 foci in cells depleted of CCNF required CP110 and its DUB USP33
(D’Angiolellaetal., 2010; Li et al., 2013), and we found it also depended upon CEP97 and CEP290
(Fig. 4D-E). Furthermore, depletion of CP110 and CEP290 also blocked MG132-induced
accumulation of CETN2, CP110 and PCM1 (Fig. S4B-C). To assess the number of centrioles in
cells depleted of CCNF, we looked to SAS6 and CEP135, two centriole markers that do not
accumulate into aggresomes during proteasome inhibition. Despite CCNF-depletion leading to
cells containing extra foci of CETN2, there was no accumulation of supernumerary SAS6 or
CEP135 foci (Fig. 4F-G). This indicates that knockdown of CCNF does not lead to the formation

of extra centrioles, thereby challenging previous reports.

Further support for induction of aggresome-like structures by CCNF-depletion was provided by
staining for Ub" proteins. In control cells, small Ub* foci were seen in the vicinity of centriolar
satellites, but they did not co-localize with PCM1. However, in CCNF-depleted cells, Ub" proteins
co-localize with clustered satellites (Fig. 4H). Similarly, CEP290 also co-localized with the extra
CETN2 foci in cells depleted of CCNF (Fig. 4I). Depletion of CEP290 saw its removal from
satellites while still being retained on the centrioles. Co-depletion of CEP290 with CCNF looked
comparable to CEP290 depletion alone, with CEP290 restricted to the centrioles and no extra
CETN2 foci being formed (Fig. 4I). Accordingly, CEP290 remained restricted to CETN2 positive-
centrioles in cells in which MG132-induced aggresome formation had been blocked by CEP290
depletion (Fig. S4C). Furthermore, PCM1 KO cells were unable to form additional
CETN2/CEP290/PCM1 positive foci upon depletion of CCNF, indicating that satellites play a role
in this process (Fig. 4J-K), while overexpression of CCNF prevented aggresome formation in
MG132-treated cells (Fig. S4D-E). Together, these data support that dysregulation of CCNF leads
to the formation of aggresome-like structures through CP110, CEP97, CEP290 and PCM1, most

likely via its known role as an SCF substrate recognition unit.
The CP110-CEPY97-CEP290 module is required for aggresome formation

Having observed a block to the accumulation of CETN2, CP110, CEP290 and PCM1 in MG132-
treated cells when either CP110 or CEP290 were depleted (Fig. S4B-C), we sought to measure

11
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aggresome formation in these cells using our quantification pipeline. We also included cells
depleted of CEP97, CCNF and USP33 in this analysis. Knockdown of CP110, CEP97, CEP290
and USP33 reduced the capacity for aggresome formation below that of control and CCNF-
depleted cells (Fig. SA-B). Strikingly, knockdown of CP110 had the greatest effect, and caused
mis-localization of pHSP27 to actin filaments (Fig. S5A). An RNAi-resistant version of CP110
was recruited into the aggresome when expressed in cells, and was able to rescue aggresome
formation in CP110-depleted cells (Fig. SSB-E). Conversely, when CEP290 transfected cells were
treated with MG132, multiple aggresome-like structures containing pHSP27 and PCM1 were
observed throughout the cytoplasm (Fig. S5F), suggesting CEP290 can drive the assembly of

aggresomes at ectopic sites.

Examination of satellite distribution in cells depleted of CP110-CEP97-CEP290 module
components revealed an accumulation around the centrioles in control, CCNF and USP33 depleted
cells, that was reduced in cells depleted of CP110, CEP97 and CEP290 (Fig. 5C-D). To determine
whether the effects of CP110, CEP97 and CEP290 knockdown on aggresome formation operate
through satellites, we quantified pHSP27 in PCM1 KO cells depleted of these proteins. For each
protein, their knockdown in PCM1-deficient cells reduced aggresome formation further, with the
depletion of CP110, CEP97 or CEP290 in the absence of PCMI1 having an additive effect on
aggresome assembly (Fig. SE-F). This suggests that satellites are required for a fraction of the
recruitment of pHSP27 to the centrioles in the absence of the CP110, CEP97 or CEP290, and that
CP110, CEP97 and CEP290 are responsible for the accumulation of a proportion of pHSP27 in
the absence of satellites. The recruitment of Ub" proteins to the centrosomal region was reduced
accordingly in cells depleted of CP110, CEP97 or CEP290 (Fig. 5G). Together, these data assign
a novel role to the CP110-CEP97-CEP290 module in aggresome formation.

Centriolar satellites and the CP110-CEP97-CEP290 module are required for aggresome
formation in senescent cells and a Huntington’s disease model

Ageing is the primary risk factor for a range of diseases, including neurodegenerative disorders
(Hou et al., 2019). Decreased proteasomal activity in senescent cells results in the accumulation
of protein aggregates, which correlate with age-related diseases (Cuanalo-Contreras et al., 2013;

Fernandez-Cruz and Reynaud, 2020; Lopez-Otin et al., 2013; Saez and Vilchez, 2014). As
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aggresome formation serves a protective function through the accumulation of protein aggregates
into a single location, we wondered whether senescent cells are able to utilize the aggresome
pathway. Somatic cells in culture undergo replicative senescence after a finite number of divisions
(Hayflick, 1965). To obtain senescent cells, we grew low passage number primary Human
Foreskin Fibroblasts (HFF-1) for an extended period of time of at least 140 days. Induction of
cellular senescence was confirmed by the presence of senescence-associated 3-galactosidase (SA-
B-gal) activity (Fig. S6A; Dimri et al., 1995). Increased expression of p53 and p21 was also
observed, indicative of a senescent population (Fig. S6B; Rufini et al., 2019). When treated with
MG132, the majority of the senescent population were unable to form aggresomes, which
correlated with cells being negative for the proliferation marker Ki67 (Fig. 6A-B). Instead of
accumulating into an aggresome, Ub" proteins were observed as smaller aggregates throughout the

cytoplasm in senescent cells (Fig. S6C).

We noted decreased CP110 levels in senescent cells, as compared to their cycling counterparts
(Fig. S6B), which was in line with a previous study (Breslin et al., 2014). As we have established
a role for CP110 in aggresome formation, we questioned whether the amounts of CP110 in
senescent cells were limiting aggresome assembly in these cells. First, depletion of CP110 and
CEP290 in cycling HFF-1 cells recapitulated our earlier findings, as knockdown of either protein
reduced the percentage of cells that could form an aggresome (Fig. 6C-D). Conversely, expression
of CP110 in senescent cells was able to rescue aggresome formation (Fig. 6E-F). Strikingly, CP110
expression was able to induce the accumulation of pHSP27 at the centrosome in a proportion of
cells even in the absence of proteasome inhibition. Together, these results demonstrate that
senescent cells have a reduced capacity to form aggresomes compared to cycling cells and that

CP110 levels are a limiting factor to aggresome formation.

The enrichment of HTT, with ubiquitin, in aggresome-like structures is a pathological feature of
HD (Olzmann et al., 2008). As HTT has been shown to interact with PCM1 through HAP1 (Keryer
et al., 2011), we asked whether satellites, or the CP110-CEP97-CEP290 module, are required for
the accumulation of a HTT fusion protein containing 103 polyQ repeats (GFP-HTT103Q) into
inclusions. Upon transfecting GFP-HTT103Q for 24 hours, we found that cells predominantly
contained a single large GFP-positive inclusion to which pHSP27 and Ub* localized (Fig. S6D-E),
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suggesting that GFP-HTT103Q inclusions might possess similar properties to aggresomes. To test
a requirement for satellites in HTT-polyQ inclusion assembly, we transfected GFP-HTT103Q into
WT and PCM1 KO RPE-1 cells. Equivalent levels of expression were achieved in each cell line
(Fig. 6G). Measurement of GFP-HTT103Q inclusions in each line revealed that they were
restricted in size to 4.35 +/- 3.91 pm? in PCM1 KO cells, compared to 14.43 +/- 3.93 um? in WT
cells (Fig. 6H-J). Inclusion size was similarly restricted in cells depleted of CP110, CEP97 or
CEP290 (Fig. 6K-M). Therefore, these results support a role for satellites and the CP110-CEP97-
CEP290 module in the pathologically relevant aggregation of proteins.

DISCUSSION

Here, we have described the requirement for the CP110-CEP97-CEP290 module and centriolar
satellites in aggresome formation, with high-resolution quantitative analysis of aggresome
assembly allowing us to delineate discrete steps in the aggresome pathway (Fig. 7). In the absence
of active protein translation, aggresome formation was completely blocked. The initial recruitment
of pHSP27 to the centrioles ‘seeds’ aggresome assembly. This foundation of pHSP27 expands in
a manner that depends first on the CP110-CEP97-CEP290 module and then centriolar satellites.

Finally, further recruitment to the aggresome requires satellites, microtubules and active HDACS6.

Knockdown or overexpression of individual satellite proteins has previously been shown to
promote satellite aggregation (Hori et al., 2015; Kim et al., 2008; 2004; Stowe et al., 2012),
suggesting satellites play a finely tuned role in maintaining proteostasis. In support of this, wide-
ranging changes in the cellular proteome in cells devoid of satellites confirmed them as regulators
of global proteostasis (Odabasi et al., 2019). Our findings place satellites at the nexus between
centrosomes and the proteostasis networks in the response to proteotoxic stress. Sequestration of
proteins for destruction at the centre of the microtubule network allows proteins to be transported
from throughout the cytoplasm to a central location for further processing. Satellites functioning
as conduits for the movement of aggregated proteins to the pericentriolar region is the simplest
explanation for their role in aggresome assembly. Satellites associating with ubiquitinated
aggregates in the cytoplasm during proteasome inhibition supports their early recruitment to these
structures. Intriguingly, satellites increased in density around the centrosome even when

aggresome formation was blocked by inhibition of HDAC6, suggesting that their movement to
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this region does not depend on interactions with aggresomal cargo. Interestingly, AZI1 possesses
a putative HDAC-interacting domain, although an interaction with HDAC6 has yet to be
determined (Wilkinson et al., 2009). Identification of the molecular linker that couples aggregated

proteins to satellites for their transit to the aggresome will be the focus of future studies.

The UPS and autophagy are the main protein degradation pathways in the cell, and they are
demonstrably interconnected as disruption of one causes upregulation of the other (Kocaturk and
Gozuacik, 2018; Liu et al., 2016; Selimovic et al., 2013; Wang et al., 2014; Wu et al., 2008).
Satellites regulate the stability of proteins via both the UPS and autophagy (Joachim et al., 2017;
Wang et al., 2016). Indeed, depletion of satellite proteins OFD1 or BBS4 led to deficiencies in the
proteasome-degradation pathway (Gerdes et al., 2007; Liu et al.,, 2014). UPS activity and
autophagy also regulate satellite composition: the E3 ligase MIB1 ubiquitylates PCM1 and AZI1
to promote their degradation (Wang et al., 2016), while their stability is promoted by the DUBs
CYLD and USP9X (Douanne et al., 2019; Han et al., 2019; Li et al., 2017; Wang et al., 2017); and
degradation of PCM1 through selective autophagy regulates satellite turnover (Holdgaard et al.,
2019). Together, these findings place satellites at the intersection of the two degradation pathways.
As aggresomes are cleared by selective autophagy (Choi et al., 2020; Fortun et al., 2003; Hao et
al., 2013), the requirement of satellites for aggresome formation in cells with inhibited

proteasomes thereby strengthens this position.

Observing that depletion of CCNF led to the formation of aggresome-like structures, rather than
centriole overduplication as previously reported (D’ Angiolella et al., 2010), allowed us to establish
a role for the CP110-CEP97-CEP290 module at one of the earliest points of aggresome assembly
at the centrosome. Consequently, this assigns a new function to CP110 and its partners beyond the
control of centriole length. The requirement for the CP110 module for the formation of a ring of
pHSP27 around the centrioles, suggests that this is an initial seeding event that acts as a foundation
for the assembly of aggresomal particles into a single structure. Not only does this imply that
transport of aggregates to the centrosome is highly regulated, but also that the building of an
aggresome from these components is controlled, to allow an ordered structure to form. The images
we present here support the notion that the aggresome has higher-order structure. Indeed, early

TEM revealed that multiple particles loosely associate with each other within an aggresome, rather
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than coalescing into a single large aggregate (Garcia-Mata et al., 2002; Garcia-Mata et al., 1999;
Johnston et al., 1998). Aggregated proteins tend to be sticky due to misfolding exposing
hydrophobic residues. Ordered structure within the aggresome would mitigate the presence of
these residues, preventing further aggregation and interaction with other cellular components
(Drummond, 2012; Garcia-Mata et al., 2002), providing additional support for the protective role

the aggresome plays.

Ageing is the biggest risk factor associated with most neurodegenerative disorders (Hou et al.,
2019), with widespread protein aggregation a common feature of aged cells. Collapse of
proteostasis is a driver of age-related aggregate formation (Santra et al., 2019), occurring through
the loss of protein-quality-control and decreased proteasomal activity (Keller et al., 2000). We
found that senescent cells have a reduced capacity to form aggresomes, which was due to limiting
amounts of CP110. Further to this, we found that satellites and the CP110-CEP97-CEP290 module
were required for the aggregation of polyglutamine-containing HTT. Despite protein aggregates
being a hallmark of neurodegenerative disorders, the contribution of these inclusions to the
pathologies of these diseases remains unclear. Primary cilium structure and function is altered in
HD (Kaliszewski et al., 2015), with cilia being crucial to the normal functioning of neurons (Lee
and Gleeson, 2010). Interestingly, HAPI, which binds to HTT in association with the
polyglutamine repeat (Li et al., 1998), interacts with PCM1 (Engelender et al., 1997), and
expression of pathogenic polyglutamine expansions leads to the accumulation of PCM1 at the
centrosome and altered cilium structure (Keryer et al., 2011). Furthermore, aggresomes of o-
synuclein, increased levels of which are sufficient to cause Parkinson’s disease, have been shown
to inhibit ciliogenesis and centrosome function (Igbal et al., 2020). These findings suggest that
there is an intricate link between protein aggregates and cilium function in neurodegeneration.
Given the emergent connection between satellites and aggregate processing, and the requirement
for satellites in cilia formation and function (Odabasi et al., 2019; Wang et al., 2016), future studies
to elucidate the role of satellites in these processes will provide valuable insight into the
pathophysiology of neurodegenerative diseases and may help to illuminate potential therapeutic

avenues.
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MATERIALS AND METHODS

Cell culture and drug treatments

All cell lines were cultured in a 5% CO; humidified atmosphere at 37°C. h\TERT RPE-1 (female,
human epithelial cells immortalized with hTERT), A-375 (female, human malignant melanoma
epithelial), BJ-5ta (male, human fibroblasts immortalized with hTERT), HFF-1 (male, human
primary fibroblasts), HeLa (female, human adenocarcinoma epithelial) and U-2 OS (female,
human osteosarcoma epithelial) cells from ATCC were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM; Life Technologies) supplemented with 10% v/v fetal bovine serum. To inhibit
the proteasome, cells were treated with 10 uM MG132 (Millipore-Sigma) or 1 pM bortezomib
(Santa Cruz Biotechnology) for 5 hours. To disrupt microtubules, cells were treated with
nocodazole (Millipore-Sigma) at 10 uM or taxol (paclitaxel; Millipore-Sigma) at 5 uM for 2 hours
before the addition of MG132. Cycloheximide (Enzo Life Sciences) was used to inhibit protein
translation at 5 pg/ml. ACY-1215 and ACY-738 (Selleck Chemicals) at 50 uM each were used to
inhibit HDAC6. As control, cells were treated with vehicle (DMSO) alone. For microtubule
regrowth assays, cells were treated with nocodazole for 5 hours before drug washout with pre-
warmed media for 60 seconds. To verify senescent populations, senescence associated [-
galactosidase activity was assayed using a Senescence Detection Kit (Abcam) according to the

manufacturer’s instructions.

Generation of knockout cell lines

To generate hTERT RPE-1 AZI1/CEP131, CCDC14, KIAA0753 and PIBF1/CEP90 knockout cell
lines, guide RNA targeting the respective gene (see Table S1) was selected and transcribed in vitro
before being transfected into wild-type hTERT RPE-1 cells constitutively expressing Cas9 using
Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s instructions. After 5 days,
the transfected cells were diluted so that single clones could subsequently be isolated. Gene
disruption was confirmed by PCR amplification of genomic DNA with the primers detailed in
Table S1 and sequence analysis using ICE (Inference of CRISPR Edits, Synthego; Table S1). Loss
of signal of the respective protein was demonstrated by immunoblot and immunofluorescence

microscopy.
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RNA-mediated interference

All siRNA transfections were performed using Lipofectamine RNAiIMAX (Invitrogen) according
to the manufacturer’s instructions. Details of siRNA oligos utilized in this study are provided in
Table S2. hTERT RPE-1 cells were transfected with 20 nM (final concentration) of the respective
siRNA for 48 or 72 hours, as indicated. Effective knockdown was confirmed by immunoblot
and/or immunofluorescence microscopy. An RNAi-resistant mutant of CP110 was generated using
site-directed mutagenesis and the primers detailed in Table S2. To rescue the CP110 RNAi
phenotype, cells were transfected with 1 pg of DNA using Lipofectamine 3000 (Invitrogen) 24
hours post-siRNA transfection. After a further 24 hours, cells were treated with MG132 for 5

hours.

Transient transfections

Transfections were performed using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. Briefly, 1 ug plasmid DNA was complexed with Lipofectamine 3000
in serum-free Opti-MEM and added to cells at 70-80% confluency. 24 hours after transfection,

cells were treated with MG132 for 5 hours before analysis by immunofluorescence microscopy.

Immunofluorescence microscopy

Details about the primary and secondary antibodies used for immunofluorescence microscopy are
provided in Table S2. For immunofluorescence microscopy, cells were fixed with ice-cold
methanol for 10 minutes at -20°C, with the exception of the cells presented in Fig. S5A which
were fixed with 4% paraformaldehyde for 5 minutes at room temperature before being
permeabilized with methanol for 2 minutes. All cells were blocked with 2% bovine serum albumin
in PBS for 10 minutes, then incubated with primary antibody in blocking solution for 50 minutes
at room temperature. After washing with PBS, cells were incubated with fluorophore conjugated
secondary antibodies (Table S2) and DAPI (0.1 pg/ml) in blocking solution for 50 minutes at room
temperature. After washing with PBS, coverslips were mounted onto glass slides using ProLong
Gold Antifade (Molecular Probes). Cells were imaged using a DeltaVision Elite high-resolution
imaging system equipped with a SCMOS 2048 x 2048 pixel camera (GE Healthcare). Z-stacks (0.2
um) were collected using a 60x 1.42 NA plan apochromat oil-immersion objective (Olympus) and
deconvolved using softWoRx (v6.0, GE Healthcare). Images are shown as maximum intensity

projections (pixel size 0.1064 um). The images presented in Figures 1F and S1E were captured
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using a Nikon A1R-HD25 Point Scanning Confocal equipped with a LU-N4 laser unit, A1-DUG-
2 GaAsP multi detector unit and Photometrics Prime95B 25 mm ultra-high sensitivity sCMOS
camera. Z-stacks (0.08 pum) were collected using a 60x 1.4 NA plan apochromat lambda oil-
immersion objective (Nikon), 16x averaging, 4x zoom, and resonant scanning, and deconvolved

in NIS-Elements (Nikon). Selected sections from z-stacks are shown.

Immunoblotting

Details about the primary and secondary antibodies used for immunoblotting are provided in Table
S2. For immunoblotting, total cell lysates were collected in Laemmli buffer and treated with
benzonase nuclease (Millipore-Sigma). Proteins were separated on SDS-PAGE gels and
transferred to PVDF membrane (Amersham Hybond P, Cytiva). Membranes were incubated with
primary antibodies in TBST (TBS, 0.1% Tween-20) in 5% w/v milk powder (BioShop) at 4°C
overnight. Following washing in TBST, blots were incubated with IRDye conjugated secondary
antibodies (LI-COR) for 1 hour at room temperature. Blots were then washed 3x in TBST and 1x
in TBS, before being imaged on a LI-COR Odyssey CLx Infrared Imager.

Automated quantitative image analysis

Images were analyzed using CellProfiler 3.0 (cellprofiler.org) and R (r-project.org). For pHSP27
analysis, centrosomes were identified using the CEP135 or CETN2 signal. Foci closer than 8 pixels
were merged and all centrosomes identified were shrunk to a single pixel. The aggresome area was
found using the centrosome coordinates as seed points and expanding outward on the pHSP27
channel using the Watershed algorithm. The lower quartile of each pHSP27 image was used as a
background subtraction value before the total pHSP27 intensity in the aggresome area was
determined. The results from two independent experiments each using at least 291 cells were
pooled and plotted. Boxplots show the median, upper and lower quartiles. The data were analyzed
using a Kruskal-Wallis ANOVA to determine if at least one distribution was statistically different
from the others. A post-hoc Dunn test was then performed to assess pairwise differences and
calculate p-values. For PCM1 analysis, the same images were analyzed and centrosomes identified
as above. The centrosome points were expanded 13 pixels to define the ‘inner PCM’ area that
approximates the average size of an aggresome. The ‘inner’ region was further expanded 100

pixels to create an annulus defining the ‘outer PCM’ area that generally encompassed the entire
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cell and were non-overlapping between cells. The ‘inner’ satellites were segmented using an
adaptive Otsu method and the ‘outer’ satellites segmented with a global Otsu algorithm. The (X,y)
position for every satellite was calculated relative to the cell centrosome position. We assumed
that the cells were rotationally similar and overlaid all cells in each condition centred on the
centrosome. The PCM1 signal was background subtracted using the lower quartile of each image
and further subtracted based on PCM1 knockout images to correct for spurious objects detected in
the absence of PCM1. The centroid of each satellite was weighted by the total corrected PCM1
intensity of the object and visualized using a hexbin plot normalized to the total number of cells
and replicates. On the ‘inner’ satellite plots, the percentage of total PCMI1 intensity within this

pericentrosomal region is displayed.

Statistical methods

Quantitative data in Figures 1C, S1C, 4B, 4E, 4G, 4K, S4E, S5E, 6B, 6C, and 6F represent mean
and SD of three independent experiments in which 100 — 200 cells were quantified per condition.
HTT103Q aggregate size in Figures 6J and 6M was measured using Image] and maximum
intensity projections from at least 50 cells per condition captured from two independent
experiments. Statistical analyses were performed using two-tailed unpaired Student’s #-tests and
significance was assumed by p < 0.05. Individual p values are indicated in Figure legends and are

defined as: ****p < 0.0001; ***p < 0.001; **p < 0.01; ns, not significant.

Transmission electron microscopy

For thin-section TEM, hTERT RPE-1 cells were grown in 10 cm dishes and treated with DMSO
or MG132 for 5 hours. Cells were then pelleted and washed twice with PBS, before primary
fixation in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer
overnight at 4°C, and secondary fixation in 2% osmium tetroxide. Samples were dehydrated
through an ethanol gradient, followed by propylene oxide, and embedded in EMbed 812 resin
(Electron Microscopy Sciences). Ultra-thin sections were cut on an RMC MT6000 ultramicrotome
and stained with 2% uranyl acetate in 70% methanol and aqueous lead citrate. Sections were

viewed on FEI Tecnai 20 transmission electron microscope.
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FIGURE LEGENDS

Figure 1. Centrosomal proteins localize to the aggresome upon proteasome inhibition

A. RPE-1 cells treated with DMSO or MG132 were stained for CEP97, ubiquitinated (Ub")
proteins and DNA (DAPI). B. RPE-1 cells treated with bortezomib (BZ) were for CEP135, Ub*
proteins, PCM1 and DNA (DAPI). C. Histogram showing the percentage of cells forming an
aggresome in untreated (Unt.), DMSO, MG132 and BZ treated cells as revealed by Ub" staining.
D. RPE-1 cells treated with DMSO or MG132 were stained with antibodies against PCM1 and the
indicated protein. E. RPE-1 cells treated with DMSO or MG132 were stained with antibodies
against PCM1, pHSP27 and the indicated protein. F. Higher resolution images of aggresomes in
MG132 treated RPE-1 cells stained for pHSP27, CP110 and PCM1. Three individual z-planes are
shown for each example. G. Schematic showing proteins localizing to the centrosome and their
redistribution to the aggresome upon proteasome inhibition. Scale bars: A and B 10 pum, insets 2

um; D, E and F 2 pm. ****p < (0.0001; ns, not significant. See also Figure S1.

Figure 2. High-resolution quantitative analysis confirms the requirement for protein
translation, HDAC6 and microtubules in aggresome formation

A. RPE-1 cells treated with DMSO, MG132 or cycloheximide (CHX) alone, or CHX for 30
minutes followed by MG132, were stained for pHSP27, PCM1 and CEP135. B. Box-and-whisker
plot showing the area occupied by pHSP27 in cells treated as in A. C. Staining of PCM1 with
CP110 or Ub" proteins in cells treated with MG132 +/- pre-treatment with CHX. D. Intensity maps
of PCM1 distribution relative to the centrosome in cells treated as in A. The percentage PCM1
signal residing in the defined ‘inner’ region is indicated. E. DMSO and MG132 treated RPE-1
cells were treated concurrently with ACY-1215 or ACY-738 as indicated, then stained for
pHSP27, PCMI1 and CEP135. F. Box-and-whisker plot showing the area occupied by pHSP27 in
cells treated as in E. G. RPE-1 cells treated with MG132 +/- ACY-1215 or ACY-738 were stained
for Ub" proteins and CEP135. H. Intensity maps of PCM1 distribution relative to the centrosome
in cells treated as in E. I. RPE-1 cells were pre-treated with nocodazole (Noc) or taxol for 2 hours
before treatment with DMSO or MG132. Cells were fixed and stained for pHSP27, PCM1 and
CEP135. J. Box-and-whisker plot showing the area occupied by pHSP27 in cells treated as in 1.
K. Intensity maps of PCM1 distribution relative to the centrosome in cells treated as in I. L. RPE-

1 cells treated with MG132 and nocodazole were stained for PCM1, Ub" proteins and DNA
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(DAPI). Scale bars: A, C, E, Gand I 2 um; L 10 pm, inset 2 pm. ****p <(0.0001. See also Figure
S2.

Figure 3. Centriolar satellites are required for aggresome formation

A. WT and AZI1, CCDC14, KIAA0753, PCM1 and PIBF1 KO RPE-1 cell lines were treated with
MG132 and stained with antibodies against CEP135, pHSP27 and PCM1. B. Box-and-whisker
plot showing the area occupied by pHSP27 in cells treated as in A. C. Intensity maps of PCM1
distribution relative to the centrosome in cells treated as treated in A. The percentage PCM1 signal
residing in the defined ‘inner’ region is indicated. D. Ub" proteins and CEP135 staining in WT
and satellite protein KO cells treated with MG132. E. WT and PCM1 KO cells treated with MG132
were stained for CP110 and the indicated protein. F. WT and PCM1 KO cells were treated with
siRNA against GL2 (control), KIAA0753 or PIBF1 as indicated for 48 hours, then treated with
MG132. Cells were stained with antibodies against CEP135, pHSP27 and PCMI1. G. Box-and-
whisker plot showing the area occupied by pHSP27 in cells treated as in F. H. Intensity maps of
PCM1 distribution relative to the centrosome in cells treated as in F. The percentage PCM1 signal
residing in the defined ‘inner’ region is indicated. I. Ub" proteins and CEP135 staining in WT and
PCM1 KO cells treated as in F. Scale bars: A, D, E, F and I 2 um. ****p < 0.0001; ns, not

significant. See also Figure S3.

Figure 4. Depletion of CCNF induces the formation of aggresome-like structures without
MG132 treatment

A. RPE-I cells treated with MG 132 were stained for PCM1 and the indicated protein. B. Histogram
showing the percentage of cells with greater than 4 foci of CEP135, SAS6, GT335, CETN2, CP110
and CEP97 following MG132 treatment. C. TEM images of centrioles from RPE-1 cells treated
with DMSO or MG132. D. WT cells were treated with siRNAs against GL2 (control) and CCNF,
plus CP110, CEP97, CEP290 and USP33, as indicated. After 72 hours, cells were stained for
CETN2, CP110 and PCML1. E. Histogram of the percentage of cells treated as in D that have more
than 4 foci of CETN2 or CP110 per cell. F. RPE-1 cells depleted of CCNF for 72 hours were
stained for CETN2 and PCM1 along with CP110, SAS6 or CEP135 as indicated. G. Histogram of
the percentage of cells treated with the indicated siRNAs that have more than 4 foci of CEP135,
SAS6 or CETN2 per cell. H. RPE-1 cells depleted of GL2 or CCNF were stained for Ub" proteins
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and PCML1. I. RPE-1 cells depleted of GL2, CCNF, CEP290 or CCNF plus CEP290, were stained
for CETN2, CEP290 and PCM1. J. WT and PCM1 KO cells were depleted of GL2 or CCNF and
stained for CETN2, CEP290 and PCM1. K. Histogram of the percentage of cells treated as in J
that have more than 4 foci of CETN2 per cell. Scale bars: A, D, F, H,  and J 2 um; C 500 nm.
FEHED <0.0001; ***p <0.001; **p <0.01; ns, not significant. See also Figure S4.

Figure 5. A CP110-CEP97-CEP290 module is required for aggresome formation

A. RPE-1 cells depleted of GL2, CP110, CEP97, CEP290, CCNF, or USP33 by siRNA for 48
hours then treated with MG132 were stained for pHSP27 and CEP135. B. Box-and-whisker plot
showing the area occupied by pHSP27 in cells treated as in A. C. Cells treated as in A were stained
for CP110 and PCM1. D. Intensity maps of PCM1 distribution relative to the centrosome in cells
treated as in A. The percentage PCM1 signal residing in the defined ‘inner’ region is indicated. E.
WT and PCM1 KO cells were depleted of GL2, CP110, CEP97 or CEP290 by siRNA for 48 hours
then treated with MG132 and stained for CEP135, pHSP27 and PCM1. F. Box-and-whisker plot
showing the area occupied by pHSP27 in cells treated as in E. Data from the same experiment are
displayed on side-by-side plots with different y-axis ranges to emphasize the difference between
the WT and PCM1 KO cells. G. Cells treated as in E were stained for Ub" proteins and CEP135.
Scale bars: A, C, E and G 2 pm. **x*p < 0.0001; ns, not significant. See also Figure S5.

Figure 6. Senescent cells have a reduced capacity to form aggresomes and HTT-polyQ
aggregation requires centriolar satellites and the CP110-CEP97-CEP290 module

A. Cycling and senescent HFF-1 cells were treated with MG132 and stained for pHSP27, PCM1,
Ki67 and DNA (DAPI). B. Quantitation of aggresome formation in Ki67 positive and negative
cycling and senescent HFF-1 cells. C. Quantitation of aggresome formation in cycling HFF-1 cells
depleted of GL2 (control), CP110 or CEP290 and treated with MG132. D. Cells treated as in C
were stained for pHSP27, CP110 and DNA (DAPI). E. Senescent HFF-1 cells were transiently
transfected with GFP-CP110 for 48 hours before treatment with MG132. Cells were stained for
pHSP27, CEP135 and DNA (DAPI). F. Histogram of the percentage of senescent HFF-1 cells
transfected with GFP or GFP-CP110 that were able to form an aggresome after MG132 treatment.
G. Immunoblot of extracts from WT and PCM1 KO RPE-1 cells transiently transfected with GFP
or GFP-HTT103Q and probed for GFP. a-tubulin was used as a loading control. H. WT and PCM1
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KO RPE-1 cells were transiently transfected with GFP-HTT103Q for 24 hours, then fixed and the
DNA stained with DAPI. The mean aggregate size is indicated. I. Examples of GFP-HTT103Q
aggregates forming in WT and PCM1 KO RPE-1cells. J. Box-and-whisker plot of GFP-HTT103Q
aggregate size in WT and PCM1 KO cells. K. WT cells were treated with siRNAs against GL2
and CP110, then transiently transfected with GFP-HTT103Q for 24 hours, then fixed and the DNA
stained with DAPI. The mean aggregate size is indicated. L. Examples of GFP-HTT103Q
aggregates forming in WT cells depleted of GL2 (control) or CP110. M. Box-and-whisker plot of
GFP-HTT103Q aggregate size in WT cells depleted of GL2 (control), CP110, CEP97 and
CEP290. Scale bars: A, D, E, H and K 10 pum, insets A, D and E 2 pum; [ and L 2 pm. ****p <
0.0001; ***p <0.001; **p <0.01. See also Figure S6.

Figure 7. Schematic representation of the aggresome assembly pathway

The earliest event in aggresome formation at the centrosome is the appearance of pHSP27 on the
centrioles, which required active protein translation. This acts as a seeding event, laying a
foundation for recruitment of proteins that will become incorporated into the aggresome. The first
step in the expansion of pHSP27 requires CP110, CEP97, CEP290 and PCM1. Further expansion

depends on intact centriolar satellites and HDACS6.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Centrosomal proteins localize to the aggresome upon proteasome inhibition, related
to Figure 1

A. RPE-1 cells treated with DMSO or MG 132 were stained with antibodies against CP110 and the
indicated protein. B. The indicated cell lines were treated with MG132 and stained with antibodies
against pHSP27, CEP135 and PCM1. DNA was stained with DAPI. C. Histogram showing the
percentage of cells forming an aggresome in DMSO, MG132 and BZ treated cells, as indicated.
D. RPE-1 cells treated with DMSO or MG132 for 5 hours were stained with antibodies against
PCM1, pHSP27 and the indicated protein. E. Higher resolution images of aggresomes in MG132
treated RPE-1 cells stained for pHSP27, CP110 and PCM1. Six individual z-planes are shown for
each example. Scale bars: A, D and E 2 pum; B 10 pm, inset 2 um. ***p < 0.001.

Figure S2. High-resolution quantitative analysis confirms a requirement for protein translation,
HDAC6 and microtubules in aggresome formation, related to Figure 2

A. Schematic representation of the automated aggresome quantification and satellite mapping
pipeline utilized in this study. Cells were stained for pHSP27, PCM1 and CEP135, then at least 20
1536 x 1024 fields of view were captured with 30 z-steps of 0.2 um per repeat for each condition.
Following deconvolution and maximum intensity projection, the images were analyzed using
CellProfiler. For aggresome quantification, the channels were extracted then the centrosome
detected using the CEP135 channel, the centrosome region was then overlaid on the pHSP27
channel and pHSP27 signal in that area detected and measured. For satellite mapping, following
extraction of the channels, an ‘inner’ and ‘outer’ region was defined around the detected CEP135
signal that had been overlaid on the PCM1 channel, then PCM1 objects in these regions detected
and measured. B. Control (GL2) or HSP27 depleted RPE-1 cells were treated with DMSO or
MG132 and stained with antibodies against pHSP27, PCM1 and CEP135. C. Immunoblot of cell
extracts from control (GL2) and HSP27 knockdown cells treated with MG132 and probed with
antibodies against HSP27 and pHSP27. a-tubulin was used as a loading control. D. Box-and-
whisker plot showing the area occupied by pHSP27 in cells treated as indicated. E. Control (GL2)
or HSP27 depleted cells treated with MG132 were stained with the indicated antibodies. F.
Intensity maps of PCM1 distribution relative to the centrosome in cells treated as indicated. The

percentage PCM1 signal residing in the defined pericentrosomal region is indicated on the ‘inner’
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plots. G. Immunoblot of extracts from cells treated with MG132 and HDAC6 inhibitors as
indicated, and probed with antibodies against acetylated tubulin and o-tubulin. H. RPE-1 cells
treated with nocodazole (noc) and taxol +/- MG132 were fixed and stained for PCM1, CEP135
and a-tubulin. DNA was stained with DAPI. I. RPE-1 cells treated with MG132 +/- taxol were
stained for PCM1 and Ub" proteins. DNA was stained with DAPI. J. STIL KO cells were treated
with MG132 for 5 hours, then stained for PCM1 and Ub" proteins. DNA was stained with DAPI.
K. RPE-1 cells treated with MG132 and the HDACG6 inhibitor ACY-1215 were stained for Ub*
proteins and PCM1. DNA was stained with DAPI. L. RPE-1 cells treated with MG132 or MG132
then nocodazole were stained for pHSP27, PCM1 and CEP135. M. Box-and-whisker plot showing
the area occupied by pHSP27 in cells treated as in L. N. Intensity maps of PCM1 distribution
relative to the centrosome in cells treated as indicated. The percentage PCMI1 signal residing in
the defined pericentrosomal region is indicated on the ‘inner’ plots. Scale bars: B, E and L 2 um;

H, I, J and K 10 pum, insets 2 um. ****p < 0.0001; ns, not significant.

Figure S3. Centriolar satellites are required for aggresome formation, related to Figure 3

A. CRISPR/Cas9 mediated gene disruption was used to generate AZI1, CCDC14, KIAA0753,
PCMI1 and PIBF1 knockout (KO) RPE-1 cell lines. Extracts from WT and KO cells were probed
with antibodies against the indicated proteins to confirm loss in the respective cell line. a-tubulin
was used as a loading control. B. Loss of protein in AZI1, CCDC14, KIAA0753, PCM1 and PIBF1
KO cells was also confirmed by IF microscopy. Untreated cells were stained as indicated. C.
Intensity maps of PCM1 distribution relative to the centrosome in WT and KO cells treated with
DMSO or MG132 for 5 hours. D. Staining of a-tubulin, pericentrin and DNA in untreated WT and
PCM1 KO cells or those treated with nocodazole for 5 hours with and without 60 seconds washout
to allow microtubule regrowth. ns, not significant. E. Box-and-whisker plot of the diameter of
microtubule (MT) asters formed after 60 seconds of regrowth in WT and PCM1 KO cells. F.
Staining of CP110, Golgin and DNA in WT and PCM1 KO cells treated with DMSO or MG132.
G. Staining of KIAA0753 or PIBFI1, alongside PCM1 and CETN2 in WT cells treated with
siRNAs against GL2 (control), KIAA0753 or PIBF1. H. Immunoblot of extracts from WT and
PCM1 KO cell lines depleted of GL2 (control), KIAA0753 or PIBF1 by siRNA. a-tubulin was
used as a loading control. Numbers at the bottom indicate the mean band intensity expressed as a

percentage of signal of the corresponding control for the indicated proteins. I. WT and PCM1 KO
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cells were depleted of GL2 (control), KIAA0753 or PIBF1 and stained for CETN2 and PCM1. J.
Intensity maps of PCM1 distribution relative to the centrosome in WT and PCM1 KO cells treated
and stained as in I. Scale bars: B, Gand I 2 pm; D and F 10 um. Where indicated, DNA was stained
with DAPI.

Figure §4. CCNF regulates MG132 induced aggresome formation, related to Figure 4

A. Extracts from RPE-1 cells treated with siRNAs against GL2 (control), CP110, CEP97, CEP290,
CCNF and USP33 for 48 hours were probed with antibodies to the indicated proteins. a-tubulin
was used as a loading control. B. RPE-1 cells depleted of GL2, CP110, CEP290, CCNF and CCNF
plus CP110 or CCNF plus CEP290 were treated with MG132 and stained for CETN2, CP110 and
PCMI1. C. RPE-1 cells treated as in B were stained for CETN2, CEP290 and PCM1. D. RPE-1
cells were transfected with GFP or GFP-CCNF for 24 hours then treated with MG132. Cells were
stained for CP110 and PCM1. DNA was stained with DAPI. E. Histogram showing the percentage
of cells treated as in D that formed an aggresome. Scale bars: B and C 2 ym. D 10 pm, inset 2 pm.

*x*xxp < 0.0001; ns, not significant.

Figure §5. A CP110-CEP97-CEP290 module is required for aggresome formation, related to
Figure 5

A. RPE-1 cells depleted of GL2 (control), CP110, CEP97 or CEP290 for 48 hours were treated
with MG132 before being fixed with PFA and stained for pHSP27, actin (phalloidin) and DNA.
B. RPE-1 cells were transiently transfected with GFP-CP110 for 24 hours, then treated with
DMSO or MG132 and stained for CEP135 and DNA. C. Immunoblot of extracts from WT cells
knocked down of GL2 (control) or CP110 for 48 hours and transiently transfected with RNAi-
resistant GFP-CP110 for 24 hours. Blots were probed with antibodies against CP110 and a-tubulin
as loading control. D. siGL2 (control) or siCP110 knockdown cells were transfected with siRNA-
resistant GFP-CP110 for 24 hours and MG132 for 5 hours. Cells were stained for pHSP27 and
CEP135. E. Histogram of the percentage of transfected cells treated as in D that were able to form
an aggresome after the addition of MG132. F. Cells transfected with FLAG-CEP290 for 24 hours
and treated with DMSO or MG132 as indicated for 5 hours were stained for FLAG, PCMI,
pHSP27 and DNA. Scale bars: A, B, and F 10 pum, insets B and F 2 pm; D 2 um. Where indicated,
DNA was stained with DAPI. **x*p < 0.0001.
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Figure S§6. Senescent cells have a reduced capacity to form aggresomes and HTT-polyQ
aggregation requires centriolar satellites and the CP110-CEP97-CEP290 module, related to
Figure 6

A. Bright-field image of cycling and senescent HFF-1 cells that were subjected to a senescence
associated [-galactosidase (SA-B-gal) assay. The percentage cells displaying SA-B-gal activity is
indicated. B. Extracts from cycling and senescent HFF-1 cells treated with or without MG132 were
probed for CP110, CEP290, Ki67, p53, phospho-p38, total p38, p21, pHSP27 and total HSP27, as
indicated. a-tubulin was used as a loading control. C. Cycling and senescent HFF-1 were treated
with DMSO or MG132, then stained for Ub" proteins and CP110. DNA was stained with DAPI.
D. and E. RPE-1 cells were transiently transfected with GFP-HTT103Q and stained for pHSP27
(D) or Ub" proteins (E), as indicated. DNA was stained with DAPI. Scale bars: A, C, D and E 10

pm.
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Table S1. Sequence information for centriolar satellite protein knockout cell lines.

AZI1/CEP131

Guide Sequence

GCACTTGCTTCAGGCCAAGC

IVT Forward

GGATCCTAATACGACTCACTATAGGCACTTGCTTCAGGCCAAGC

IVT Reverse

TTCTAGCTCTAAAACgcttggcctgaagcaagtgcC

Genomic Forward

tectgtcttggecctgagte

Genomic Reverse

aatctcagggccageag

Allele 1/2 (+1)

GAGACGCCCACACTGACCTCCCGCT|InTGGCCTGAAGCAAGTGCTCCAGGCGG
GCAGCTCCTGCTCCGCGCCGCTG

CCDC14

Guide Sequence

AGGAGTCACTAAAGAGCC

IVT Forward

GGATCCTAATACGACTCACTATAGG AGGAGTCACTAAAGAGCC

IVT Reverse

TTCTAGCTCTAAAACGGCTCTTTAGTGACTCCTCC

Genomic Forward

agaggagoagtogaagggag

Genomic Reverse

ttcgccaggtttgaaattec

Allele 1 (-11)

TTTTTACTCTGCAGTAATTCCTGGC| - ----------
TCCTCCAATTGATTTTGCAGTGACATATTCAATGACTGA

Allele 2 (-11) TTTTTACTCTGCAGTAATT - - - - - - |-----
AGTGACTCCTCCAATTGATTTTGCAGTGACATATTCAATGACTGA
KIAA0753
Guide Sequence TGGCCAAGTACATCACCAAA

IVT Forward

GGATCCTAATACGACTCACTATAGG TGGCCAAGTACATCACCAAA

IVT Reverse

TTCTAGCTCTAAAACTTTGGTGATGTACTTGGCCAC

Genomic Forward

ccagctctatgggaatttge

Genomic Reverse

aaatgcttttgaagcagatgg

Allele 1/2 (+1)

TGGAGAGATGGCCAAGTACATCACCINAAAGGGTGAGAGGAGGCCCCTCACAG
CAAAGGACACATTCCCACAGGAA

PIBF1/CEP90

Guide Sequence

TGTTCGCTGTGCTCATGAAG

IVT Forward

GGATCCTAATACGACTCACTATAGG TGTTCGCTGTGCTCATGAAG

IVT Reverse

TTCTAGCTCTAAAACCTTCATGAGCACAGCGAACAC

Genomic Forward

acttgaagcctctcacatgat

Genomic Reverse

aaagccaagagttccctcaaag

TGAAGTCTTTCAAGGCGATCCTCT -

Allele 1(-4) GAGCACAGCGAACACTAAGCTCCATGTTTTGGCGATTAAGATATTCT
Allele 2 (:25) TGAAGTCTTT ----- ==-----n = - | ==--cmm---
cest GCGAACACTAAGCTCCATGTTTTGGCGATTAAGATATTCT
PCM1
Guide Sequence CTCTACAAGATCTTCCCGCA

IVT Forward

GGATCCTAATACGACTCACTATAGGCTCTACAAGATCTTCCCGCA

IVT Reverse

TTCTAGCTCTAAAAC TGCGGGAAGATCTTGTAGAGC

Genomic Forward

tccaagtgtctttggttatcttcg

Genomic Reverse

tttgaggggttcttecctgg

Allele 1 (-1)

TATATTACTAAAGCTAGTTCCATGCI-
GGAAGATCTTGTAGAGAAAAATGAGAGATCTGCTAATGTTGAGCGCCTT
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Table S2. Reagents used in this study.

PRIMARY ANTIBODIES
Antibody Species Company Product No. | Notes
Mouse
Anti-o-tubulin Monoclonal Sigma T6199 1:5000 (IF); 1:10000 (WB)
(DM1A)
. . Mouse . .
Anti-y-tubulin Monoclonal Sigma T6557 1:1000 (IF)
Anti- . . o
AZII(CEPI31) Rabbit Polyclonal | Abcam ab84864 1:1000 (IF); 1:1000 (WB)
Anti-CCDC14 Rabbit Polyclonal | GeneTex GTX120754 1:500 (IF); 1:500 (WB)
Anti-CCNF Rabbit Polyclonal | Santa Cruz sc-952 1:1000 (WB)
Anti- . .
CDKSRAP2 Rabbit polyclonal | Bethyl IHC-00063 1:500 (IF)
Mouse
Anti-CETN2 Monoclonal Millipore 04-1624 1:1000 (IF)
(20H5)
Anti-CEP72 Rabbit Polyclonal | Proteintech 19928-1-AP 1:250 (IF)
Anti-CEP97 Rabbit polyclonal | Bethyl A301-945A 1:1000 (IF); 1:500 (WB)
. . Bird and .
Anti-CEP135 Rabbit Polyclonal Hyman, 2008 1:1000 (IF)
Anti-CEP192 Rabbit Polyclonal | Bethyl A302-324A 1:500 (IF)
Anti-CEP215 . .
(CDKSRAP2) Rabbit Monclonal | Bethyl IHC-00063 1:500 (IF)
Anti-CEP290 Rabbit Polyclonal | NOVUS NB100-86991 | 1:500 (IF); 1:500 (WB)
Biologicals
Anti-CP110 Rabbit polyclonal | Proteintech 12780-1-AP 1:1000 (IF); 1:1000 (WB)
. . Mouse .
Anti-Dynein HC Monoclonal (C-5) Santa Cruz sc-514579 1:250 (IF)
Anti-Dynein Mouse
y Monoclonal (74- | Santa Cruz sc-13524 1:250 (IF)
IC1/2 1
. Rabbit . )
Anti-FLAG Monoclonal Sigma F7425 1:300 (IF)
(AFISII;EGFRIOP Rabbit Polyclonal | Proteintech 11343-1-AP 1:250 (IF)
Anti-GFP Mouse Roche 11.814.460.00 1 1.5000 (WB)
Monoclonal 1
Anti-Golgin 97 | Mouse .
(CDFX) Monoclonal Santa Cruz sc-59820 1:500 (IF)
. Mouse .
Anti-HAP1 Monoclonal (G-3) Santa Cruz sc-166245 1:250 (IF)
Anti-HAUS6 | Rabbit Polyclonal | 24% al, 1:500 (IF)
Anti-HDAC6 Rabbit polyclonal | Millipore 07-732 1:250 (IF)
. Mouse .
Anti-HSP27 Monoclonal (F-4) Santa Cruz sc-13132 1:1000 (WB)
Anti-p-HSP27 | Mouse Santa Cruz sc-166693 1:1000 (IF); 1:1000 (WB)

Monoclonal (B-3)
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Anti Mouse
i Monoclonal Santa Cruz sc-24 1:250 (IF)
HSP70/HSC70 (W27)
Anti-Ki67 Rabbit Abcam ab16667 1:500 (IF); 1:200 (WB)
Monoclonal (SP6) ) >
Anti-KIAAO0753 | Rabbit Polyclonal | Abcam ab121736 1:500 (IF); 1:500 (WB)
Anti-MIBI Rabbit Polyclonal | Sigma M5948 1:500 (IF); 1:500 (WB)
Anti-mono- Mouse
and poly- BML- .
ubiquitinylated | Vionoclonal Enzo PW8810-0100 | 11000 (1)
: (FK2)
conjugates
AntiNEDD] | Rabbit Monclonal g, o) oy, | SCo67263 | 1:500 (1F)
(H-300)
Anti-OFD1 Rabbit Polyclonal | Sigma-Atlas ?50%05 1103- 1:1000 (IF)
. Mouse .
Anti-p21 Monoclonal (F-5) Santa Cruz sc-6246 1:500 (WB)
Mouse
Anti-p38a/B Monoclonal (A- Santa Cruz sc-7972 1:500 (WB)
12)
. Mouse .
Anti-p-p38 Monoclonal (E-1) Santa Cruz sc-166182 1:500 (WB)
Mouse
Anti-p53 Monoclonal (DO- | Santa Cruz sc-126 1:500 (WB)
1))
. Mouse
(ASISIS-PF?\%I) Monoclonal BD Biosciences | 610832 1:250 (IF)
(Clone 3)
Anti-PCM1 Rabbit Polyclonal | Bethyl A301-149A 1:500 (WB)
Anti-PCM1 Goat Polyclonal Santa Cruz sc-50164 1:1000 (IF)
Anti-pericentrin | Rabbit Polyclonal | Abcam ab4448 1:500 (IF)
Anti-PIBF1 . . )
(CEP90) Rabbit Polyclonal | Proteintech 14413-1-AP 1:500 (IF)
Anti- Mouse
polyglutamylatio | o001 Adipogen AG-20B- 1:1000 (IF)
n modification (GT335) 0020-C100
(GT335)
Mouse
Anti-SAS6 Monoclonal Santa Cruz sc-81431 1:300 (IF)
(91.390.21)
Anti-STIL Rabbit Polyclonal | Abcam ab89314 1:300 (IF)
Anti-USP33 Rabbit Polyclonal | Bethyl A300-925A 1:250 (WB)
SECONDARY ANTIBODIES
Antibody Species Company Product No. | Notes
Alexa Fluor 647 | labelled . .
Phalloidin peptide/protein Invitrogen A22287 IF (1:500)
anti-goat Alexa Life A-11055/
488/594/ donkey Technologies A-11058/ IF (1:1000)
647 g A-21447
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anti-mouse Life A-21202/

Alexa 488/594/ | donkey Technologies A-21203/ IF (1:1000)

647 g A-31571

anti-rabbit Life A-21206/

Alexa488/594/ donkey Technologies A-21207/ IF (1:1000)

647 g A-31573

?ﬁ%;ibé’éécw goat LI-COR 926-32211 | WB(1:5000)

i‘}r{gyn;ogggm goat LI-COR 926-68070 WB (1:10000)

siRNAs

Target ID Source Catalog No. Sequence

Control Luciferase GL2 | ryp o oacon D-001100-01- | - GuACcGCGGAAUACUUCGA
Duplex siRNA 20
CP110 1ID:
s18786 Silencer Ambion 4392420 GCAAAACCAGAAUACGAGA
Select siRNA

CP110 CP110 1ID:
s18787 Silencer Ambion 4392420 CAAGCGGACUCACUCCAUA
Select siRNA
CEP97 ID:
$35888 Silencer Ambion 4392420 GGAAUAAGGAAAGCUCAA
Select siRNA

CEP97 CEP97 ID:
$35889 Silencer Ambion 4392420 GCAAACGAUUAAUACAGUU
Select siRNA
CEP290 ID:
$37024 Silencer Ambion 4392420 GAUACUCGGUUUUUACGUA
Select siRNA

CEP290 CEP290 ID:
$37025 Silencer Ambion 4392420 CACUUACGGACUUCGUUAA
Select siRNA
CCNF ID: s2527
Silencer Select Ambion 4392420 GGAUAAACCUAUGCAUACA
siRNA

CCNF CCNF ID: 52528
Silencer Select Ambion 4392420 GGCUGUCAGUAAACAACAA
siRNA
USP33 ID:
$22872 Silencer Ambion 4427037 CCUUACCACUCUUCGAGUA
Select siRNA

USP33 USP33 ID:
$22873 Silencer Ambion 4427037 GUAGUAACCUUGCAAGAUU
Select siRNA
HSP27 ID:
$194537 Silencer | Ambion 4427037 GCCGCCAAGUAAAGCCUUA
Select siRNA
HSP27 ID:

HSP27 $194538 Silencer | Ambion 4427037 GCUGCAAAAUCCGAUGAGA
Select siRNA
HSP27 ID: s6991
Silencer Select Ambion 4427037 GCGUGUCCCUGGAUGUCAA
siRNA
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ON-TARGETplus
siRNA Human Dharmacon J-021263-17 AGAAACGGAAUGUGCGUAA
KIAA0753 #17
ON-TARGETplus
siRNA Human Dharmacon J-021263-18 CGAAGACAGUGGAUCGCAA
KIAAO0753 #18

KIAAD753 ON-TARGETplus
siRNA Human Dharmacon J-021263-19 GUCAGUAAACACAGCGAAA
KIAA0753 #19
ON-TARGETplus
siRNA Human Dharmacon J-021263-20 GCAACUUGGCGAUCCGAUA
KIAA0753 #20

PIBF1 Custom siRNA Dharmacon Custom dGTC AGCUGACAGAGACAUAUAT

MUTAGENESIS PRIMERS

ri:ls)ilsgl)nilRNA s18786; forward ccttctectttattgatgcaGaaTcaAaaCacAagGeagcagatgg

CP110 siRNA .

resistant s18786; reverse tgcatcaataaaggagaagggttttttaca

ri:ls)ilsg)nilRNA s18787; forward ctggaaacaatgctgtctcaGgcAgaTtcCctTcaCacttcaaatt

CP110 siRNA .

resistant s18787; reverse tgagacagcattgtttccagcaaactagag

References:

Bird AW, Hyman AA. Building a spindle of the correct length in human cells requires the interaction between TPX2 and Aurora

A.J Cell Biol. 2008;182(2):289-300.

Lawo S, Bashkurov M, Mullin M, Ferreria MG, Kittler R, Habermann B, Tagliaferro A, Poser I, Hutchins JR, Hegemann B,
Pinchev D, Buchholz F, Peters JM, Hyman AA, Gingras AC, Pelletier L. HAUS, the 8-subunit human Augmin complex, regulates
centrosome and spindle integrity. Curr Biol. 2009;19(10):816-26.
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