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Systematic survey of deubiquitinase localization
identifies USP21 as a regulator of centrosome-

and microtubule-associated functions
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ABSTRACT Ubiquitination is a reversible modification that influences a broad range of physi-
ological processes. There are approximately 90 deubiquitinases (DUBs) encoded in the human
genome, of which 79 are predicted to have catalytic activity. We tagged 66 DUBs with green
fluorescent protein and systematically surveyed their subcellular distribution, identifying en-
zymes specific to the nucleus, plasma membrane, and secretory and endocytic pathways.
USP21 is unique in showing clear association with both centrosomes and microtubules. Using
an in vitro assay, we show that microtubule binding is direct and identify a novel microtubule-
binding motif encompassed within amino acids 59-75 of the N-terminus of USP21. Our func-
tional studies indicate a key role for USP21 in the governance of microtubule- and centrosome-
associated physiological processes: Depletion of USP21 in A549 cells compromises the
reestablishment of a radial array of microtubules during recovery from cold-induced depo-
lymerization and also reduces the probability of primary cilium formation, whereas USP21
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knockdown in PC12 cells inhibits nerve growth factor-induced neurite outgrowth.

INTRODUCTION

Ubiquitination is a reversible posttranslational modification involved
in most complex cellular processes, including cell division, DNA re-
pair, membrane trafficking, and cell signaling. Deubiquitination is
mediated by specific deubiquitinases (DUBs), of which there are ap-
proximately 79 active enzymes that can be predicted from the
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human genome sequence (Komander et al., 2009; Reyes-Turcu et
al, 2009). They can be subdivided into five families: ubiquitin
C-terminal hydrolases (UCHs), ubiquitin-specific proteases (USPs),
ovarian tumor, Josephins (Machado—Joseph disease), and JAB1/
MPN/Mov34 metalloenzymes (JAMM/MPN+). The first four families
are cysteine proteases, whereas the JAMM family belongs to the
zinc metalloproteases. In general, DUBs may act to rescue proteins
from ubiquitin-dependent degradation processes or to reverse
ubiquitin signals.

We surveyed the subcellular localization of >60 green fluores-
cent protein (GFP)-tagged DUBs in Hela cells and subsequently
focused our attention on the unique example of clear centrosome
and microtubule association, namely USP21. This little-studied
member of the USP family has been suggested to influence cell
growth and to display dual specificity for both ubiquitinated and
neddylated conjugates (Gong et al., 2000). However, a recent study
clearly showed promiscuous activity toward ubiquitin chain types
and a high degree of discrimination against Nedd8-conjugated sub-
strates (Ye et al., 2011). A microarray study observed that USP21
levels changed during liver regeneration and proposed the relevant
target to be monoubiquitinated histone H2A (Nakagawa et al.,
2008). Recently, USP21 was also proposed to be a negative regula-
tor of NFkB signaling (Xu et al., 2010).

Reversible ubiquitination is fundamental to mitosis and cytoki-
nesis, but other links between the ubiquitin/proteasome system
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Subcellular localization of enhanced GFP (EGFP)-tagged DUBs. (A) Selection of
DUBs showing distinctive subcellular distributions. All images correspond to confocal sections
and are shown at identical magnification. Scale bar, 10 um. (B) Venn diagram representing the
relative distribution of EGFP-tagged DUBs between nuclear and cytoplasmic compartments.
Those DUBs also localizing to clearly identifiable organelles or structures are indicated with a
number corresponding to the following locations: 1, plasma membrane; 2, endosome; 3,
endoplasmic reticulum; 4, mitochondria; 5, microtubules and centrosome; 6, nucleoli. Note that
plasma membrane localization may be confined to particular structures, for example, filipodia or
lamellipodia. The full data set corresponding to fluorescence images of 61 EGFP-DUB family

members is provided in Supplemental Figure S1 and Table S1.

and microtubule cell biology are emerging. Ubiquitination sites for
o- and B-tubulin have been identified using mass spectrometry
(Meierhofer et al., 2008). The DUB CYLD can associate with micro-
tubules through a CAP-Gly domain, regulate their dynamics, and
control entry into mitosis (Stegmeier et al., 2007; Gao et al., 2008;
Wickstrom et al., 2010), whereas a ubiquitin C-terminal hydrolase,
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UCHL1, has also been found associated
with microtubules in certain cell types
(Bheda et al., 2010). The E3 ligase BRCA1
is required for y-tubulin localization to the
centrosome (Sankaran et al., 2007). Follow-
ing proteasome inhibition, various proteins
accrue at the pericentriole, and the cells
become impaired in microtubule aster
formation (Didier et al., 2008). In postmi-
totic neurons, a centrosomal Cdc20-APC/
Cyclosome ubiquitin signaling pathway
drives dendrite formation (Kim et al., 2009).

In this study, we show that USP21 associ-
ates with both centrosomes and microtu-
bules. We map the sequence determinants
responsible for such localization, demon-
strate direct microtubule-binding proper-
ties, and identify several microtubule-asso-
ciated proteins as USP21 binding partners.
We go on to conduct functional studies in
which we implicate USP21 in microtubule
network regeneration following cold depo-
lymerization, in primary cilia formation, and
in neurite outgrowth from rat pheochromo-
cytoma PC12 cells.

RESULTS

Analysis of subcellular localization

of DUBs

We undertook a systematic analysis of the
subcellular localization of GFP-tagged
DUBs in Hela cells (Figure 1 and Supple-
mental Figure S1 and Table S1). A signifi-
cant number accumulate in the nucleus
(12 exclusively nuclear, nine predominantly
nuclear), including some that are enriched
in identifiable subnuclear structures such
as the nucleolus (USP36; Endo et al., 2009;
Figure 1 and Supplemental Figure S1 and
Table S1). Many are cytosolic under our
conditions of overexpression, but clear
association with identifiable structures
can be seen in several cases, including en-
dosomes (AMSH/STAMBP, AMSH-LP/
STAMBPL, UBPY/USP8; McCullough et al.,
2004; Nakamura et al., 2006; Row et al.,
2006), mitochondria (USP30; Nakamura
and Hirose, 2008), plasma membrane
(USPé6; Martinu et al., 2004), and endoplas-
mic reticulum (USP19; Hassink et al., 2009),
which we verified through colocalization
with other markers. By its very nature, our
screening procedure is prone to the occa-
sional example in which the appended
GFP tag interferes with the correct local-
ization. Indeed, our N-terminally GFP-
tagged CYLD localized to the plasma membrane and cytosol but
did not show noticeable microtubule staining, in contrast to the
clear microtubule localization of CYLD tagged with GFP at the
C-terminus and of endogenous protein reported by others (Sup-
plemental Figure S1; Stegmeier et al., 2007; Gao et al., 2008;
Wickstrom et al., 2010).

CYTOPLASMIC
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GFP-USP21 associates with microtubular structures. Hela
cells were transfected for 24 h with GFP-USP21. (A-C) Different
aspects of GFP-USP21 microtubular staining. (D-F) Hela cells stably
expressing Cherry—a-tubulin transiently transfected with GFP-USP21.
(G-l) Colocalization with o-tubulin in a Hela cell undergoing
cytokinesis. Scale bar, 10 pm.

USP21 associates with the microtubular

cytoskeletal network

Out of 66 GFP-tagged DUBs, only GFP-USP21 (or Myc-tagged
USP21; see Supplemental Figure S2) displayed a distribution that
was suggestive of microtubular localization (Figure 2, A-C). In inter-
phase cells, expressing moderate levels of GFP-USP21, fluorescent
microtubules were mostly located in close proximity to the nucleus
(Figure 2, C-F, and Supplemental Figure S2, D-F). Microtubule-
association of GFP-USP21 was also prominent in late telophase and
in cells undergoing cytokinesis; in these cells USP21 appears to re-
distribute to the polar and midbody microtubule network (Figure 2,
A, B, and G-I). At low expression levels, GFP-USP21 and Myc-USP21
are predominantly cytosolic, together with a clear accumulation at
the centrosome, where they colocalize both with pericentrin and
y-tubulin, suggesting that the microtubule-organizing center/
centrosome provides a high-affinity recruitment site for USP21
(Figure 3).

High levels of GFP-USP21 promote microtubule bundling in a
manner commonly observed for microtubule-associated proteins
(MAPs; Figure 4, A-C; Olson et al., 1995). It is intriguing that a cata-
lytically inactive mutant of USP21 (C221S; Supplemental Figure S3)
is not effectively recruited to microtubules in Hela cells but retains
the primary localization to the midbody (Figure 4, D-F) as well as to
centrosomes (Figure 4, G-I). We did observe, however, some micro-
tubule localization for this inactive mutant in the osteosarcoma cell
line U20S, albeit at high expression levels only (Figure 4, J-L).

Mapping the requirements for USP21 association

with centrosomes and microtubules

Whereas the C-terminus of USP21 contains its catalytic domain,
the amino terminus (1-212) is intrinsically disordered and contains
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USP21 localizes to centrosomes at low expression levels.
Hela cells were transfected with GFP-USP21 (A-F) or myc-USP21
(G-l) and counterstained with pericentrin (A-C, G-I) or y-tubulin
antibodies (D-E). Insets show threefold enlargement of the
pericentriolar region (indicated by arrows). Scale bar, 10 pm.

multiple proline-rich sequences that are commonly involved in pro-
tein—protein interactions. We therefore constructed a set of N-termi-
nal and C-terminal deletion mutants for analysis of USP21 associa-
tions in HeLa and U20S cells (Figure 5 and Supplemental Figure S4).
Deletion of the first 184 amino acids (USP21A1-184) abolishes mi-
crotubule and centrosomal localization. This construct partially lo-
calizes to the nucleus with enrichment in nucleoli, consistent with
the loss of a CRM1-dependent nuclear export sequence (NES;
amino acids 134-147). USP21A1-121 can still localize to cen-
trosomes but does not extend along microtubules or bundle them
(Figure 5 and Supplemental Figure S4). USP21A1-47 behaves as full
length with respect to microtubule bundling, centrosome, and mi-
crotubule association. Our C-terminal deletion constructs appeared
largely cytosolic in Hela cells but retained microtubular localization
in U20S cells to different degrees (Supplemental Figure S5). Re-
moval of the catalytic domain confirmed that the first 210 amino
acids are sufficient to target GFP to microtubules. Further truncation
to amino acid 174 did not affect microtubule association, whereas
truncation to the first 120 amino acids markedly reduced microtu-
bular localization.

We next tested for direct binding to microtubules using an in
vitro assay that depends on redistribution of purified protein in
the presence of microtubules to a pellet fraction following high-
speed ultracentrifugation (Figure 5E). Full-length protein was not
amenable to this analysis owing to its tendency to pellet indepen-
dently of microtubules under the conditions of this assay. We
therefore took a fragment-based approach. Both glutathione S-
transferase (GST)-USP21(1-120) and GST-USP21(1-87) showed
substantial microtubule association. It is serendipitous that our
GST-USP21(1-120) preparation contains a lower-molecular weight
degradation product, fractionally smaller than the first 87 amino
acids, which has lost the ability to bind microtubules. Analysis of
this sequence revealed high homology with motifs previously
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Catalytic activity favors microtubule association but is not
required for centrosome or midbody colocalization. HeLa cells were
transfected for 24 h with GFP-USP21 wild type or catalytically inactive
mutant (CS) tagged with GFP or myc. (A-C) Colocalization with
microtubule bundles in cells expressing high levels of GFP-USP21.
(D-F) GFP-USP21-CS localizes to the midbody but is absent from
cytosolic microtubules. (G-l) myc-USP21-CS colocalization with
pericentrin. (J-L) High-level expression of GFP-USP21-CS in U20S
cells promotes its localization to microtubules. Scale bar, 10 um.

identified in tau and adenomatous polyposis coli (APC) proteins.
The tau motif is also involved in microtubule binding (Goode
et al., 1997), whereas the APC motif is part of a larger region
known to bind microtubules (Deka et al., 1998). Mutation of
matching lysine residues within this motif abrogates microtubule
binding of the 1-87 N-terminal fragment in vitro (Figure 5, F and
G). Of interest, this motif is adjacent to the major sites of phos-
phorylation that we were able to detect within USP21 using mass
spectrometry (593, S111, S113, and S115; Supplemental Table
S2). Although this sequence is essential for in vitro binding of
amino acids 1-87, expression of the full-length protein bearing
these mutations in Hela and U20S cells nevertheless retained a
microtubular disposition indistinguishable from that of wild-type
USP21, suggesting that multiple binding modes must exist, re-
flecting a common feature of microtubule-associated proteins
(Supplemental Figure S5). Mutation of the microtubule-binding
motif in the context of the (1-210) N-terminal fragment reduces
microtubule association, whereas mutation of the shorter (1-120)
fragment largely abolished the residual level of microtubule as-
sociation observed with this construct (Supplemental Figure S5).
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Candidate interacting partners

In a recent comprehensive proteomic survey of DUB interaction
partners, Sowa et al. (2009) found that all four microtubule-affinity
regulating kinases (MARKs) coimmunoprecipitate with hemaggluti-
nin (HA)-tagged USP21, stably expressed in HEK293 cells. We con-
firmed this interaction by Western blotting following coimmunopre-
cipitation of GFP-USP21 and HA-tagged MARK1 and 2 and mapped
this interaction to the same region that was required for microtubule
localization in intact cells (Supplemental Figure Sé). Our mass spec-
troscopic analysis of GFP-USP21 interactors in HelLa and HEK293T
cells also suggested association with endogenous MARK2 and
MARKS3, as well as with MAP4, GEF-H1 (ARHGEF2), and CKAPS5,
which are all annotated as microtubule associated (Supplemental
Table S3). Despite multiple attempts to generate antipeptide and
anti—fusion protein antibodies against USP21 in three different spe-
cies, we failed to obtain a high-affinity antibody capable of detect-
ing endogenous levels of USP21 by immunofluorescence. We were,
however, able to determine the efficacy of three out of four small
interfering RNA (siRNA) oligonucleotides targeting USP21 by RT-PCR
and by Western blotting, using our affinity-purified anti-USP21 anti-
body on concentrated RIPA buffer cell lysates (Supplemental Figure
S7, A and B). However, significant knockdown of USP21 did not re-
sult in changes to the protein expression levels of any of these
USP21 interacting proteins, nor did we observe an upshift in protein
mass that might be indicative of enhanced ubiquitination (Supple-
mental Figure S7, C and D).

USP21 regulates microtubule regrowth and primary cilium
formation in A549 cells

Knockdown of USP21 had no effect on the levels of y-tubulin, a cen-
trosomal component known to influence microtubule aster forma-
tion, or on a range of proteins known to be associated with inter-
phase microtubule dynamics (Didier et al., 2008; Supplemental
Figure S7C). We also assessed a potential role for USP21 in mitosis
but did not find any significant alteration in the distribution of cells
within the cell cycle (as judged by fluorescence-activated cell sorting
analysis), in accordance with published data (Garnett et al., 2009),
although a modest effect on cell growth/viability could be detected
after prolonged knockdown (Supplemental Figure S8, A and B).

A549 lung adenocarcinoma cells treated with siRNA oligos tar-
geting USP21 display an extensive microtubule network comparable
to that of control cells. Given its preferential centrosomal localiza-
tion at low expression levels, we wondered whether USP21 might
play a role in nucleating new microtubule growth radiating from the
centrosome. We used a well-established assay measuring regrowth
of microtubules after cold-induced depolymerization to assess the
effect of depleting USP21 by siRNA (Figure 6). Within 2.5 min, con-
trol cells reestablish a radial array of new microtubules extending to
the periphery of the cell. Following USP21 knockdown with either of
two independent oligonucleotides, this process is markedly im-
paired. In those cells that do establish a microtubule network it is
usually less ordered, only rarely displaying a clear radial pattern
emanating from the centrosome and extending all the way to the
cell periphery.

One particular aspect of centrosome function in resting cells is
the establishment and maintenance of the primary cilium—a sen-
sory organelle emanating from a modified centriole, the basal
body, and consisting of a discrete array of particularly stable micro-
tubules—which is a key site of multiple signal transduction cas-
cades (Goetz and Anderson, 2010). On the basis of our observa-
tion that USP21 is required for effective microtubule regrowth from
centrosomes, we wondered whether its depletion might also

Molecular Biology of the Cell
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FIGURE 5: Mapping the requirements for USP21 localization and binding to microtubules. (A-D) Hela cells were
transfected for 24 h with full-length GFP-USP21 wild type or the indicated N-terminal truncation mutant. Scale bar,

10 pm. Note that this localization was also confirmed in U20S cells. (E) In vitro spin-down assay for direct binding to
purified microtubules (MTs). Binding of both USP21 N-terminal fragments (1-87 and 1-120) to microtubules is evidenced
by redistribution from supernatant (S) to pellet fraction (P). Asterisk indicates a shorter truncation, which has lost
microtubule binding. (F) Alignment of USP21 residues 59-75 with motifs in tau and APC proteins: mutation of matching
lysine residues diminishes in vitro binding to microtubules. (G) Quantitation of data presented in F. Bars indicate range
of two distinct experiments. (H) Summary of constructs used and properties reported in this figure and Supplemental

Figures S4 and S5.

negatively affect the generation of a primary cilium upon serum
starvation. Indeed, we observed a significant reduction in the num-
ber of A549 cells developing a primary cilium upon serum starva-
tion when USP21 was depleted with two independent siRNA
oligos (Figure 7). This reduction was comparable (~60% in our
hands) to that observed with a known regulator of ciliogenesis,
VHL (Thoma et al., 2007). We also confirmed these results in
telomerase-immortalized retinal pigmented epithelial (\TERT-RPE1)
cells , in which a higher percentage of cells respond to serum star-
vation by forming a primary cilium: 69% in cells treated with non-
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targeting control oligo, compared with 47% in cells treated with
siUSP21 oligo 1, 39% with oligo 2, and 43% with oligo 4. We did
not observe any significant changes in primary cilium length in
USP21-depleted cell populations.

Requirement of USP21 for neurite outgrowth in PC12 cells

We turned to another physiological process intimately connected
with microtubule reorganization, that of neurite outgrowth. Rat pheo-
chromocytoma PC12 cells respond to application of nerve growth
factor (NGF) by the outgrowth of branching neurites, which become
1099
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highest-affinity binding site for USP21.
Whereas CYLD and UCHL1 have also been
shown to associate with microtubules
(Stegmeier et al., 2007; Gao et al., 2008;
Bheda et al., 2010), this is a unique example
of a centrosome-associated DUB. Because
we have been unable to generate an anti-
body that is capable of detecting endoge-
nous USP21 by immunofluorescence, our lo-
calization data are limited to tagged proteins.
Whereas these are strongly supported by our
in vitro binding and interaction data, as well
as by functional evidence discussed later, the
localization of endogenous USP21 will re-
quire further validation in future studies as
and when new tools become available. We
were able to show that binding to microtu-
bules is direct and specified in part by a re-
gion of the N-terminal domain distinct from
the sequence necessary for centrosome bind-
ing. Of interest, the USP21 sequence sug-
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FIGURE 6: USP21 depletion impairs the reestablishment of a microtubule network after cold
depolymerization. A549 lung cells were transfected with a nontargeting siRNA oligonucleotide
(siControl) or one of two individual siRNA oligonucleotides (siUSP21#1, silUSP21#2) specifically
targeting USP21 for 120 h prior to experimentation. After cold-induced microtubule
depolymerization, cells were incubated for 2.5 min at 37°C, followed by methanol fixation and
staining with o-tubulin antibodies. Cells were classified into three categories of microtubule
regrowth status: (a) green, advanced (full) regrowth; (b) orange, partially defective regrowth; and
(c) red, severely defective (minimal) regrowth. Shown are the results of a representative
experiment in which 287 (siControl), 323 (siUSP21#1), and 385 (siUSP21#2) cells were counted,

respectively.

visible after 2-3 d (Black et al., 1986). We transfected cells with HUSH
plasmids expressing short hairpin RNA (shRNA) targeting USP21 to-
gether with red fluorescent protein (RFP) translated from the same
transcript using an internal ribosomal entry site. After 3 d in the pres-
ence of NGF, neurite length was measured relative to the cell body
(Figure 8). We observed a significant decrease for all four shRNA tar-
geting plasmids in the number of cells with neurites, defined as ex-
tensions larger than the maximum chord length across the cell body.

DISCUSSION

Systematic analysis of interaction partners (Sowa et al., 2009) or sub-
cellular localization of DUBs can provide clues to cellular processes
within which they might function. In this study, we provide the most
comprehensive analysis of mammalian DUB localization hitherto un-
dertaken, providing a unique resource for future studies of this im-
portant class of enzymes. Our data are complementary to a recent
survey of DUB localization within fission yeast (Kouranti et al., 2010).
However, in that organism there are only 20 family members, and
assignment of mammalian orthologues is not straightforward.

We focused our further attention on USP21, which presented in
our screen of GFP-tagged DUBs as the only microtubule- and cen-
trosome-associated protein. Further analysis revealed that the cen-
trosome represents the site of highest concentration at low expres-
sion levels, suggesting that this might be the primary recruitment or
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Our identification of USP21 as a DUB as-
sociated with centrosomes and microtu-
bules, and functioning in several physiologi-
cal processes depending on microtubule
reorganization ties in well with the mass
spectrometric DUB interaction survey data
provided by Sowa et al. (2009), which indi-
cated an association with all four members
of the microtubule affinity-regulating kinase
family (MARK1-4). The DUB USP9X was
shown to regulate MARK4 activity through
its ubiquitination status (Al-Hakim et al.,
2008). We confirmed interactions with MARK1 and MARK2 but were
unable to provide any parallel observation in this case using coex-
pressed MARKSs, nor did we observe any changes in steady-state
levels of endogenous MARK1 and MARK3 proteins. We also re-
ported three novel interactions with microtubule-associated pro-
teins: MAP4, GEF-H1 (ARHGEF2), and CKAPS5. Although these do
not appear to be direct targets of USP21, as their stability and ubig-
uitination status are not altered upon manipulation of USP21 ex-
pression, they lend further credence to the association of USP21
with microtubule-dependent processes.

We observed no major influence on cell growth or in distribu-
tion of cell population between cell-cycle phases. We therefore
pursued a functional role of USP21 in regulating microtubule dy-
namics of interphase cells. Our data suggest a physiological role
for USP21 in the establishment and organization of a new microtu-
bule network following cold-induced depolymerization. A similar
observation was reported in Hela cells following knockdown of
CYLD (Gao et al., 2008). Dominant-negative effects that we ob-
serve upon overexpression of USP21 (unpublished data) have so
far thwarted our attempts to demonstrate a direct requirement for
catalytic activity in this assay. USP21 depletion in both resting
A549 and hTERT-RPE1 cells also reduces the probability of serum
starvation-induced primary cilium formation, further corroborat-
ing a requirement for USP21 in centriole (basal body)-dependent

25 50 75 100
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USP21 is required for primary cilium formation. A549 cells
were transfected with siRNA specific to USP21 (OL1, OL4) or
nontargeting siRNA (NT1) and serum starved for 48 h to induce
primary cilium formation. (A) A maximal projection of NT1 and
USP21-targeting, siRNA (OL1)-transfected cells is shown after staining
of acetylated o-tubulin as a marker for primary cilia (Ac Tub, green)
and pericentrin (PCNT, red). DNA was stained with DAPI (blue). Scale
bar, 10 pm. (B) The percentage of cells with a primary cilium
(~800 cells counted per condition) is significantly reduced for cells
transfected with siRNA specific to USP21 (error bars, SD; n =3
independent experiments).

microtubule outgrowth in interphase cells. Major microtubule re-
organization is also an essential component of NGF-dependent
neurite extension but is not required for the transcription-depen-
dent “priming” of this remodeling event (Greene et al., 1982). We
propose a role for USP21 in this physiologically important process
that is concordant with its governance of microtubule dynamics.
Taken together these data indicate a complex and fundamental
role for reversible ubiquitination events in the choreography of
microtubule regrowth.

Future work will need to address the full range of ubiquitination
events necessary for centrosome and microtubule function in non-
mitotic cells, as well as the salient targets of USP21, which have so
far remained elusive. We anticipate that as a unique centrosomal
DUB and a rare microtubule-associated enzyme, USP21 will be one
of the major DUBs controlling these processes.

MATERIALS AND METHODS

Cell culture and transfection

A549, Hela, U20S, and HEK293T cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% nones-
sential amino acids. Hela cells stably expressing either mCherry—
o-tubulin or GFP-EB1 were kindly provided by Anna Akhmanova
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USP21 depletion interferes with NGF-induced neurite
outgrowth in PC12 cells. PC12 cells were transfected with pRFP-C-RS
vector expressing either nontargeting shRNA (NC15, Control) or
HuSH-29 shRNA targeting rat USP21 (shUSP21#1-4). Transfected cells
coexpress RFP. Neurite outgrowth was induced by application of
100 ng/ml NGF 48 h after transfection, and 3 d later cells were fixed
and counterstained with Alexa Fluor 488—labeled phalloidin to
visualize nontransfected cells. Cells expressing RFP were scored as
differentiated if one or more neurites had reached a length larger
than the diameter of the cell body (30-48% of control cells, compared
with 4-15% in USP21-depleted cells). The data are derived from three
independent experiments, in each of which between 130 and
350 cells were scored for each condition. Error bars, SD.

(Erasmus University, Rotterdam, Netherlands). hTERT-RPE1 cells
were provided by Francis Barr (University of Oxford, Oxford, UK)
and cultured in DMEM/F12 supplemented with 10% FBS and 1%
nonessential amino acids. PC12 cells were provided by Giampietro
Schiavo (Cancer Research UK, London Research Institute, London,
United Kingdom) and grown in DMEM, 7.5% FBS, 7.5% filtered
horse serum, 4 mM glutamine, and 1% penicillin/streptomycin.
Hela, U20S, and HEK293T cells were transfected with plasmids
using GenelJuice (Novagen, EMD4Biosciences, Gibbstown, NJ)
and fixed or lysed after 24 h. PC12 cells were transfected with
HuSH-29 constructs using Lipofectamine LTX reagent at a 3:1 ratio
and Plus reagent (Invitrogen, Carlsbad, CA). For siRNA experi-
ments, A549, Hela, and hTERT-RPE1 cells were treated with non-
targeting (NT1) or target-specific siRNA oligos (Dharmacon
On-Target Plus oligos, Thermo Fisher Scientific, Waltham, MA) at
40-50 nM final concentration using Oligofectamine Transfection
Reagent (Invitrogen) twice over a period of 120 h.

Plasmids, antibodies and other reagents

The human USP21 open reading frame (ORF; NM_012475.4) was
amplified from human brain cDNA library (Clontech, Mountain View,
CA) using a two-step PCR with KOD Hot Start DNA Polymerase
(Novagen) and fully sequence verified; primers are available upon
request. The ORF was inserted into pDONR223 and then shuttled
into Gateway-converted pEGFP-C, pCMV-Myc, and pGEX6P ex-
pression vectors. A catalytically inactive mutant was constructed by
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QuikChange mutagenesis introducing a T-to-A mutation at position
661, resulting in Cys-221 to Ser (CS) conversion. Lys-64 and Lys-65
were converted to Ala using QuikChange mutagenesis (KKAA). All
mutant ORFs were sequenced and subcloned into relevant vectors.
Full-length and C- as well as N-terminal truncation mutants of USP21
(1-87, 1-120, 1-174, 1-210, A1-47, A1-121, A1-184) were ampli-
fied, inserted into pCR4-TOPO (Invitrogen), and subcloned into
pPGEX6P1 and/or pEGFP-C1 vectors. HA-MARK1T and 2 constructs
were kindly provided by Dario Alessi (University of Dundee, Dundee,
Scotland). Rabbit polyclonal anti-pericentrin (ab4448), B-tubulin
(ab6046), and y-tubulin (ab11317) antibodies were purchased from
Abcam (Cambridge, MA). Mouse anti-myc (4A6) was obtained from
Millipore (Billerica, MA). Rabbit anti-actin (A2066), Myc (C3956), and
ubiquitin (U5379), mouse anti—o-tubulin (T5168 and DMA1), v-
tubulin (T6557), and mouse acetylated a-tubulin, as well as poly-L-
lysine, were obtained from Sigma-Aldrich (St. Louis, MO). Second-
ary donkey anti-mouse and anti-rabbit IRDye (680 and 800 nm)
antibodies were purchased from LI-COR Biosciences (Lincoln, NE),
and Alexa Fluor 488 and 594-labeled secondary antibodies were
from Invitrogen (Molecular Probes, Invitrogen). Sheep anti-GFP
was a gift from lan Prior (University of Liverpool, Liverpool, United
Kingdom). rHUNGF was purchased from First Link (Birmingham,
United Kingdom)UK. On-Target Plus USP21 siRNA oligos were
purchased from Thermo Fisher Scientific. The target sequences are
as follow: #1 (J-006071-05), CCACCCACUUUGAGACGUA,; #2
(J-006071-06), GAUCCAAGCUACCAUUUGC; #3 (J-006071-07),
CGAGAGCCACCTGTTAATA; and #4 (J-006071-08), CUUCGG-
GACUUCUGUCUGA. HuSH-29 constructs expressing four individ-
ual shRNAs targeting rat USP21, together with RFP, were purchased
from OriGene (Rockville, MD).

GFP-DUBs

GFP-USP8 and GFP-AMSH have been described elsewhere
(McCullough et al., 2004; Row et al., 2006). GFP-A20 and GFP-USP9X
were kind gifts of Paul Evans (Imperial College, London, United
Kingdom) and Dario Alessi (University of Dundee), respectively.
A subset of DUBs was obtained in a Gateway-compatible entry vec-
tor from the human ORFeome collection, version 1.1, courtesy of
Mark Vidal (Harvard Medical School, Boston, MA). The rest of the
DUB collection was assembled by PCR amplifying the ORFs of the
reference sequences from 1) human cDNA libraries (liver, brain or tes-
tis; Clontech), 2) human IMAGE clones (Mammalian Gene Collection,
http://mgc.nci.nih.gov/), or 3) constructs kindly donated by Rohan T.
Baker (The Australian National University, Canberra, Australia; USP4),
René Bernards (The Netherlands Cancer Institute, Amsterdam, The
Netherlands; CYLD), Boudewijn M. T. Burgering (University Medical
Center Utrecht, The Netherlands; USP7), Erich E. Wanker (Max
Delbrueck Center for Molecular Medicine, Berlin, Germany; USP13),
Sirano Dhe-Paganon (University of Toronto, Canada; USP50), and
Paul Evans (Imperial College London, UK; Cezanne, ZRANB1). ORFs
were cloned into the Gateway-based entry vector pDONR223 and
subsequently shuttled by LR reaction into a Gateway-converted
PEGFP-C vector. USP30 was cloned by restriction enzyme and liga-
tion-based cloning into pEGFP-N3, resulting in a C-terminal GFP tag.
MYSM1 and AMSH-LP were cloned by restriction enzyme and liga-
tion—based cloning into pEGFP-C1. All ORFs were fully sequence
verified, and all complete sequences are available on request. A com-
plete description of this library will be published elsewhere.

Protein purification and DUB assays
Rosetta cells (Invitrogen) were transformed with pGEX6p1-USP21
constructs encoding various GST-tagged, USP21-derived proteins
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and purified with glutathione-Sepharose 4B (GE Healthcare,
Piscataway, NJ) according to the manufacturer’s instructions. For
DUB assays, purified GST-USP21 or GST-USP21(C221S) (both at
100 nM) were incubated with K48- or Ké3-linked tetra-ubiquitin
chains (Boston Biochem, Boston, MA, both at 0.4 pM) in DUB assay
buffer (50 mM Tris, pH 7.5, 25 mM KCI, 5 mM MgCl,, and 1 mM
dithiothreitol) at 37°C for 2 h. Samples were subjected to NuPAGE
analysis (Invitrogen), followed by immunoblotting with anti-ubi-
quitin antibodies.

Microtubule spin-down assay

Microtubule Binding Protein Spin-down Assay Kit (BK029) was pur-
chased from Cytoskeleton (Denver, CO). GST, GST-USP21(1-87),
GST-USP21(1-87)KKAA, or GST-USP21(1-120) was incubated with
or without in vitro—assembled microtubules at 21°C for 30 min. The
reaction mixture was centrifuged at 100,000 x g for 40 min at 25°C.
Supernatant and pellet fractions were collected and analyzed by
SDS-PAGE and staining with Coomassie blue.

Cell lysis and immunoblotting

Cultured cells were lysed with either Nonidet P-40 (NP-40) buffer
(0.5% NP-40, 25 mM Tris, pH 7.5, 100 mM NaCl, and 50 mM NaF),
RIPA buffer (1% NP-40, 10 mM Tris, pH 7.5, 150 mM NaCl, 1% so-
dium deoxycholate, and 0.1% SDS) supplemented with proteinase
and phosphatase inhibitors, or “hot lysis buffer” (1% SDS, 50 mM
NaF, and 1 mM EDTA at 110°C). In some cases, N-ethylmaleimide
was added to a final concentration of 10 mM to inactivate cysteine
proteinases. Proteins were resolved by SDS-PAGE and transferred
to nitrocellulose. Visualization of Western blots was achieved using
an Odyssey infrared scanner (LI-COR Biosciences).

Immunofluorescence microscopy

Cells were processed for immunofluorescence by fixation either
with 3% paraformaldehyde in phosphate-buffered saline (PBS) fol-
lowed by permeabilization with 0.2% Triton in PBS (localization of
GFP-tagged DUBs) or with —20°C methanol (microtubule stain-
ing). Cells were stained as indicated with primary antibodies for
30-60 min at room temperature in 3% BSA followed by Alexa
Fluor 488 or 594-labeled secondary donkey anti-mouse and anti-
rabbit antibodies. Confocal images were captured with a Leica con-
focal SP2 AOBS (HCX PL APO CS, 63x, 1.40 oil objective) for all
colocalization experiments and the localization of the GFP-DUB
collection. Microtubule regrowth experiments were visualized
using a Leica DMIL (Wetzlar, Germany) or a Nikon Ti-Eclipse
(Melville, NY) microscope.

Microtubule regrowth assay

A549 cells seeded on coverslips were incubated for 0 min on ice to
depolymerize microtubules in ice-cold PBS++ (PBS supplemented
with T mM CaCl, and 1 mM MgCl,), and then the buffer was ex-
changed for prewarmed PBS++ (37°C) and held at this temperature
for 2.5 min before fixation with —20°C Methanol (5 min). Cells were
then stained with anti-a-tubulin and anti-pericentrin antibodies, fol-
lowed by secondary labeled antibodies.

Primary cilium assay

A549 cells (3.5 x 10° cells per 6-cm dish) were treated with nontar-
geting or USP21-targeting siRNA oligos (40 nM) twice over 120 h. At
24 h after the second hit, cells were seeded at 1 x 10° cells per well
onto 22 x 22 mm coverslips and serum starved for a further 48 h to
induce primary cilium formation. hTERT-RPE1 cells (5 x 10° cells per
6-cm dish with 22 x 22 mm coverslip) were treated with siRNA
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(100 nM) at 12 h after seeding and serum starved for 48 h. Cells
were then washed with PBS++ and incubated in PBS++ on ice for
60 min ("TERT-RPE1) or 90 min (A549) to promote microtubule de-
polymerization. Cells were fixed with methanol (A549) or 4% para-
formaldehyde, followed by Triton permeabilization (\TERT-RPET),
and stained with antibodies against pericentrin and acetylated tubu-
lin to identify primary cilia. Nuclei were counterstained with
4,6-diamidino-2-phenylindole (DAPI), and slides were mounted with
p-phenylenediamine. Wide-field microscopy was performed with a
Nikon Ti-Eclipse microscope (CFl Plan Apochromat VC, 100x oil ob-
jective, N2, numerical aperture 1.4). Per condition, 800 and 100 cells
were counted for A549 and hTERT-RPE1 cells, respectively. The
percentage of cells developing a primary cilium was ~20% in A549
and 70% in hTERT-RPE1 cells.

Neurite outgrowth assay

PC12 cells were seeded at 100,000 cells per well of a six-well plate
and transfected with 1 pg of rHuSH-29 plasmid DNA expressing
either nontargeting (NC15; control) or rat USP21-targeting shRNA
(77, 78, 79, 80) together with RFP. Two days after transfection,
cells were reseeded onto poly-L-lysine—coated coverslips situated
in a six-well plate at 40,000 cells/well. On attachment, cells were
incubated in full growth medium supplemented with 100 ng/ml
NGF. Cells were fixed after 3 d of NGF treatment with 3% PFA in
PBS and counterstained with Alexa Fluor 488-labeled phalloidin
(Invitrogen). Coverslips were mounted using Mowiol infused with
DAPI, and cells were visualized using an epifluorescence micro-
scope and a 50x objective. Between 130 and 350 RFP-expressing
cells were assessed for each condition and scored as differenti-
ated if one or more neurites had reached a length larger than the
maximum chord length of the cell body.
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