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ARTICLE INFO ABSTRACT

Keywords: The human deubiquitinases USP12 and USP46 are very closely related paralogs with critical functions as tumor
Deubiquitinase suppressors. The catalytic activity of these enzymes is regulated by two cofactors: UAF1 and WDR20. USP12 and
USP12 USP46 show nearly 90% amino acid sequence identity and share some cellular activities, but have also evolved
USP46 non-overlapping functions. We hypothesized that, correlating with their functional divergence, the subcellular
‘[/JVE;% localization of USP12 and USP46 might be differentially regulated by their cofactors. We used confocal and live
CRM1 microscopy analyses of epitope-tagged proteins to determine the effect of UAF1 and WDR20 on the localization

of USP12 and USP46. We found that WDR20 differently modulated the localization of the DUBs, promoting
recruitment of USP12, but not USP46, to the plasma membrane. Using site-directed mutagenesis, we generated a
large set of USP12 and WDR20 mutants to characterize in detail the mechanisms and sequence determinants that
modulate the subcellular localization of the USP12/UAF1/WDR20 complex. Our data suggest that the USP12/
UAF1/WDR20 complex dynamically shuttles between the plasma membrane, cytoplasm and nucleus. This
shuttling involved active nuclear export mediated by the CRM1 pathway, and required a short N-terminal motif
(*MEIL*) in USP12, as well as a novel nuclear export sequence (**°MDGAIASGVSKFATLSLHD*®®) in WDR20. In
conclusion, USP12 and USP46 have evolved divergently in terms of cofactor binding-regulated subcellular lo-
calization. WDR20 plays a crucial role in as a “targeting subunit” that modulates CRM1-dependent shuttling of
the USP12/UAF1/WDR20 complex between the plasma membrane, cytoplasm and nucleus.

1. Introduction

Ubiquitination is a reversible posttranslational modification that
modulates stability, function and/or localization of most cellular pro-
teins. Deubiquitinases (DUBs) are the enzymes that catalyze the re-
moval of ubiquitin moieties from substrate proteins and thus, play a
crucial role in many physiological processes (Komander et al., 2009).
Functional alterations of several DUBs have been causally linked to
tumor development, and some of these enzymes are increasingly re-
garded as promising targets in cancer therapy (Wei et al., 2015).

There are around 100 human DUBs, which can be classified in 7
families (Fraile et al., 2012; Haahr et al., 2018; Kwasna et al., 2018).

The largest DUB family includes 54 enzymes termed ubiquitin-specific
proteases (USPs), which share a structurally conserved catalytic domain
(Ye et al., 2009). USP12 and USP46 are two members of the USP family
that have critical functions as tumor suppressors (Gangula and
Maddika, 2013; Li et al., 2013). Human USP12 and USP46 are very
similar paralogs that show nearly 90% of amino acid sequence identity,
and evolved from a single ancestor gene by a duplication event
(Vlasschaert et al., 2017). Lower eukaryotes, such as the fission yeast
Schizosaccharomyces pombe and invertebrates, such as a Caenorhabditis
elegans, express a single DUB that is homologous to both USP12 and
USP46.

Given their importance for the maintenance of cellular homeostasis,
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the function of DUBs needs to be tightly regulated, and several me-
chanisms that modulate the activity of these enzymes have been de-
scribed (reviewed in Mevissen and Komander, 2017). In the case of
USP12 and USP46, the most critical regulatory event is their binding to
the WD40-repeat (WDR) containing proteins UAF1 (also called WDR48)
(Cohn et al., 2007; Cohn et al., 2009) and WDR20 (Kee et al., 2010;
Dahlberg and Juo, 2014). These WDR proteins act synergistically as
cofactors that dramatically increase the enzymatic activity of both
USP12 and USP46 through a series of allosteric rearrangements in the
DUB structure (Cohn et al., 2007, 2009; Kee et al., 2010; Dahlberg and
Juo, 2014; Yin et al., 2015; Dharadhar et al., 2016; Li et al., 2016). This
regulatory mechanism shows a remarkable evolutionary conservation,
being already present in the fission yeast. Thus, the enzymatic activity
of S. pombe Ubp9 (USP12 and USP46 homologue) is regulated by
binding to Bun107 and Bun62, the yeast homologues of UAF1 and
WDR20, respectively (Kouranti et al., 2010).

Despite their strikingly similar amino acid sequence, USP12 and
USP46 exhibit a certain degree of functional divergence. Thus, although
both DUBs participate in common cellular processes, such as the reg-
ulation of Akt signalling (Gangula and Maddika, 2013; Li et al., 2013),
USP12 and USP46 have also non-overlapping functions. On one hand,
USP12 regulates the stability of the androgen receptor, the T-cell re-
ceptor complex and the Notch receptor, thus modulating signalling
through these pathways (Moretti et al., 2012; Burska et al., 2013;
McClurg et al., 2014, 2015; Jahan et al., 2016). On the other hand,
USP46 regulates the turnover of neuronal AMPA receptors, thus mod-
ulating synaptic transmission in the brain (Huo et al., 2015).

It is presently unclear what biological features of USP12 and USP46
may have evolved differentially, correlating with their functional di-
vergence. A crucial aspect in the biology of many enzymes is their
targeting to specific subcellular compartments, which may in turn
modulate access to their substrates. In this regard, the subcellular lo-
calization of human USP12 and USP46 has been a matter of con-
troversy, with different studies describing them as either predominantly
cytoplasmic (Sowa et al., 2009; Urbé et al., 2012; Burska et al., 2013;
Lehoux et al., 2014; Olazabal-Herrero et al., 2015) or predominantly
nuclear proteins (Joo et al., 2011; Jahan et al., 2016). These contrasting
observations may reflect a dynamic localization of USP12 and USP46 to
different cellular compartments. Supporting this view, both yeast Ubp9
and human USP12 have been shown to undergo nucleocytoplasmic
shuttling mediated by the CRM1 nuclear export receptor (Kouranti
et al., 2010; Jahan et al., 2016), although the sequence determinants
that mediate CRM1-mediated export (i.e. nuclear export sequences or
NESs) remain to be confidently identified. Interestingly, the subcellular
localization of S. pombe Ubp9 was shown to be further regulated by its
cofactors Bun107 and Bun62 (Kouranti et al., 2010). These findings
raised the possibility that, like their yeast counterparts, human UAF1
and WDR20 might modulate subcellular localization of USP12 and
USP46 and, furthermore, that cofactor binding might differentially af-
fect the localization of each DUB.

In the present work, we use siRNA and co-expression approaches, as
well as confocal and live microscopy analysis of epitope-tagged proteins
to assess the effect of UAF1 and WDR20 on the localization of USP12
and USP46. Our study reveals that USP12 and USP46 have evolved
divergently in terms of cofactor binding-regulated subcellular locali-
zation. Thus, the steady-state localization of the USP46/UAF1/WDR20
complex was cytoplasmic, while the USP12/UAF1/WDR20 complex
localized mainly to the plasma membrane (PM). We further demon-
strate that USP12/UAF1/WDR20 shuttles between the PM, cytoplasm
and nucleus in a CRM1-dependent manner. From a mechanistic point of
view, we show that localization to the PM required direct USP12/
WDR20 interaction, as well as the presence of a short amino terminal
motif (*MEIL*) in USP12, that is absent in USP46. Furthermore, our
data suggest that a previously reported NES in USP12 (Sanyal, 2016)
does not act as a relevant nuclear export determinant, and we identify a
novel functional NES in WDR20 that mediates CRM1-dependent export
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of the USP12/UAF1/WDR20 complex. Altogether, our data provide
novel insight into how the subcellular localization of these important
deubiquitinase complexes is regulated.

2. Material and methods
2.1. Plasmids, cloning procedures and site-directed mutagenesis

Plasmid encoding GFP-USP1 and Xpress-UAF1 were generously
provided by Dr. Rene Bernards (Netherlands Cancer Institute,
Amsterdam, The Netherlands) and Dr. Jae U. Jung (University of
Southern California, Los Angeles, USA), respectively. UAF1-mRFP has
been described previously (Olazabal-Herrero et al., 2015). To generate
plasmids encoding YFP-USP12, YFP-USP12V27°P/F287A 'yEp_ygp] 25T/A%
and YFP-WDR20, the corresponding cDNA sequences were purchased
as gBlocks (IDT), and cloned into pEYFP-C1 (Clontech) using BamHI/
HindIII restriction sites. To generate YFP-USP12["NS81 (JSP12 ¢DNA
was cloned into a modified version of pEYFP-C1 containing two copies
of the SV40 large T antigen NLS. Myc-WDR20, Myc-USP12, Myc-
USP12%™ELL and Myc-USP46 were generated by cloning WDR20,
USP12, USP129¢™EIL and USP46 ¢DNAs into pMyc-MCS, a modified
version of pEYFP-C1 where the Myc epitope replaces YFP. YFP-USP46
plasmid was obtained by subcloning USP46 c¢DNA from a previously
described plasmid (Olazabal-Herrero et al., 2015) into pEYFP-C1 using
BamHI/HindIII restriction sites. To generate YFP-USP12%MEIL . yFp.
USP46 " MEIL and YFP-WDR20 deletion mutants, the corresponding DNA
sequences were amplified by PCR and cloned into pEYFP-C1 using
BamHI/HindIll. Finally, Myc-WDR20"2624/W306A " Ny WDR2ONES™,
YFP-WDR20NES™ and YFP-USP12 MES"™ mutants were created using the
Quick-Change Lightning Site-Directed Mutagenesis Kit (Stratagene).

All the new constructs were subjected to DNA sequencing (STAB-
VIDA). The sequences of the gBlocks and oligonucleotides used in
cloning and site-directed mutagenesis are available upon request.

2.2. Cell culture, plasmid and siRNA transfections, and leptomycin B
treatment

Human embryonic kidney 293 T cells and HeLa cells were grown in
Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin (all
from Invitrogen). Twenty four hours before transfection cells were
seeded in 12-well or 10 cm petri dishes. Plasmid transfections were
carried out with X-tremeGENE 9 transfection reagent (Roche
Diagnostics) following manufacturer’s protocol. For knockdown ex-
periments, cells were transfected with a pool of three siRNAs included
in the TriFECTa RNAi Kits (IDT) targeting WDR20 (hs.Ri.WDR20.13) or
UAF1 (hs.Ri.WDR48.13). Scramble silencer select siRNA #1 (Ambion,
Life Technologies) was used as a negative control. siRNA transfections
were carried out using Lipofectamine RNAIMAX (Invitrogen) following
manufacturer’s protocol.

Leptomycin B (LMB; Apollo Scientific) was added to the culture
medium to a final concentration of 6 ng/ml for the indicated period of
time.

2.3. Immunofluorescence, microscopy and image analysis

Cells were fixed with 3.7% formaldehyde in PBS for 30 min, per-
meabilized with 0.2% Triton X-100 in PBS for 10 min, blocked for 1 h in
blocking solution (3% BSA in PBS) and incubated with primary anti-
bodies diluted in blocking solution for 1h at room temperature. Anti-
Myc (Cell Signaling Technology; 1:300) and anti-pSer473-Akt (Cell
Signaling Technology; 1:100) were used as primary antibodies. Cells
were then washed and incubated with secondary antibodies (Alexa
Fluor 594-conjugated anti-mouse/rabbit IgG and Alexa Fluor 633-con-
jugated anti-mouse IgG; Invitrogen; 1:400) for 1 h at room temperature.
Coverslips were washed and mounted onto microscope slides using
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Fig. 1. Co-expression with UAF1 increases the cytoplasmic localization of USP12 and USP46.

a Confocal microscopy images show representative examples of 293 T cells expressing YFP- or Myc-tagged USP12 and USP46. DAPI was used to visualize the nuclei
(DNA panels). b Representative examples of YFP-USP12 and YFP-USP46 localization in 293 T cells transfected with a scramble siRNA control (siCTRL) or with a pool
of three siRNAs targeting UAF1 (siUAF1). ¢ Confocal images of 293 T cells co-expressing YFP-USP12 or YFP-USP46 with UAF1-mRFP. Using image analyses, the
intensity of the YFP signal in the nucleus and cytoplasm was quantified to calculate the nuclear to cytoplasmic (N/C) ratio. Each circle in the graph represents a single
cell, and the mean (+ /- SD) is also indicated. The data correspond to a single experiment, where 15-30 individual cells per condition were analysed. Comparable
results were obtained in several independent experiments. The p values (Mann-Whitney U test) are indicated.

Vectashield mounting medium containing DAPI (Vector Laboratories).
Single-slice images were acquired using a Zeiss ApoTome.2 microscope.

For live cell imaging, cells were grown in 35mm IbiTreat p-dish
slides (Ibidi), and examined using a LEICA LCS SP2 AOBS microscope
fitted with a temperature-controlled chamber.

Image analysis was carried out using Fiji (Schindelin et al., 2012).
The “Linescan” tool and the “Coloc2” plug-in were used to assess co-
localization of proteins. An ad-hoc script was developed to auto-
matically quantify fluorescence intensity in nuclear and cytoplasmic
regions using the MorphoLibJ library (Legland et al., 2016). Data were
analysed using the Mann-Whitney U test and p < 0.005 were con-
sidered statistically significant.

2.4. Fluorescence recovery after photobleaching (FRAP) analysis

HeLa cells were grown in 35mm ibiTreat p-dish slides (Ibidi).
Twenty four hours after transfection, FRAP analysis was carried out
using a LEICA LCS SP2 AOBS microscope. The excitation (acquisition)
laser was set at 10% power and the region of interest was bleached by
100% laser power. Five pre-bleach and thirty five post-bleach images
were collected for each cell, with a 1.6s time interval. Images were
processed using Fiji (Schindelin et al., 2012), and data were analysed
using GraphPad Prism. Halftime of recovery (t;,») and mobile fraction
(F) were calculated as described in (http://www.embl.de/eamnet/
frap/html/overview.html).

2.5. Sequence alignment and prediction of candidate nuclear export
sequences (NESs)

Multiple sequence alignment was carried out with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/).
To identify candidate NESs, the amino acid sequence of WDR20 was
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analysed using the NES prediction tool WREGEX (http://ehubio.ehu.
eus/wregex) (Prieto et al., 2014).

2.6. Rev(1.4)-GFP based nuclear export assay

In order to test the activity of candidate NESs, the pRev(1.4)-GFP-
based nuclear export assay was carried out as reported previously
(Henderson and Eleftheriou, 2000). Rev(1.4)-GFP is a chimaeric pro-
tein resulting from the fusion of an export-deficient (NES mutated)
version of the HIV Rev protein to GFP. The Rev(1.4) protein bears an
intact nuclear localization signal (NLS), and Rev(1.4)-GFP localizes to
nucleoli. Candidate NESs are cloned between the Rev(1.4) and the GFP
moieties, and active nuclear export signals are identified based on their
ability to induce Rev(1.4)-GFP relocation to the cytoplasm. ActD,
which disrupts nucleoli and blocks nuclear import mediated by Rev
(1.4) NLS, is added to reveal the activity of weaker NESs. Double-
stranded DNA fragments encoding USP12 sequence ">RKKESLLTCLA-
DLFHSIAT?®> and WDR20 sequence *“*°MDGAIASGVSKFATLSLHD*¢®
were cloned into the Rev(1.4)-GFP reporter vector (a gift from Dr. Beric
Henderson, University of Sydney, Australia) using BamHI/PinAl re-
striction sites. These plasmids, termed Rev(1.4)-[NESYSP'2]-GFP and
Rev(1.4)-[cNESVPR2°]_GFP, respectively, were transfected into Hela
cells. The empty Rev(1.4)-GFP reporter was included as negative con-
trol. Each plasmid was transfected in two wells. At 24 h post-transfec-
tion, one of the wells per sample was treated with 10 ug/ml cyclohex-
imide (CHX; Sigma) and the other was treated with10ug/ml CHX
(Sigma) plus 5pg/ml actinomycin D (ActD; Sigma). CHX is added to
arrest protein translation and thus ensure that cytoplasmic GFP signal
arises from nuclear export and not from newly synthesized proteins.
Three hours after treatment, cells were fixed and mounted for micro-
scopy analysis. Using a Zeiss Axioskop fluorescence microscope, the
subcellular localization of the GFP-tagged proteins was determined in at
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Fig. 2. Co-expression with WDR20 induces translocation of USP12, but not USP46 to the plasma membrane.

a Confocal microscopy images show representative examples of YFP-USP12 and YFP-USP46 localization in 293 T cells transfected with a scramble siRNA control
(siCTRL) or with a pool of three siRNAs targeting WDR20 (siWDR20). b Representative examples of 293 T cells co-expressing YFP-USP12 or YFP-USP46 with Myc-
WDR20. YFP-USP12 co-localizes with Myc-WDR20 at the cell periphery, whereas YFP-USP46 and Myc-WDR20 diffusely co-localize throughout the cytoplasm. ¢ Left.
Confocal images of 293 T cells transfected with YFP-USP12 alone or co-transfected with YFP-USP12 and Myc-WDR20. Cells were stained with an antibody to detect
endogenous pSer473-Akt, a protein that transiently associates with the plasma membrane (PM). Middle. The Fiji “Linescan” tool was used to determine the intensity
of the fluorescent signal along the yellow lines indicated in the images. The overlap between the green (YFP-USP12) and the red (pSer473-Akt) increases when the
DUB is co-expressed with Myc-WDR20. Right. Graph shows the Manders correlation coefficient indicating the extent of YFP-USP12/pSer473-Akt co-localization in
multiple (n > 100) cells transfected with either YFP-USP12 alone or co-transfected with YFP-USP12 and Myc-WDR20. The analysis was carried out using the
“Coloc2” plugin from Fiji. Data represent the mean, and error bars indicate standard deviation (+ /- SD). The p value (Student’s t-test) is indicated. d Confocal images
of 293 T cells co-expressing YFP-USP12 or YFP-USP46 with UAF1-mRFP and Myc-WDR20. YFP-USP12 and its cofactors co-localized mostly at the cell periphery,
suggesting recruitment of the complex to the PM. In contrast, YFP-USP46 and its cofactors co-localized diffusely in the cytoplasm.

Merge

least 200 cells per sample. Based on the proportion of cells showing end, protein samples were loaded into 10% SDS-PAGE gel, resolved by
nuclear, nuclear and cytoplasmic or cytoplasmic GFP signal, the level of electrophoresis, and transferred to a nitrocellulose membrane.
export activity of the candidate NES was rated between 0 (non-func- Membranes were blocked with 5% non-fat dry milk diluted in TTBS for
tional) and 9+ using the assay scoring system (Henderson and 1 h and incubated with the primary antibodies: anti-Myc (Cell Signaling
Eleftheriou, 2000). Technology, 1:2000), anti-GFP (Chromotek, 1:1000) or anti-Xpress

(Invitrogen, 1:5000). Subsequently, membranes were incubated with
the corresponding horseradish peroxidase-conjugated secondary anti-
2.7. Co-immunoprecipitation analysis body (Santa-Cruz, 1:3000), washed and developed using ECL (Thermo
Scientific).
Cells were lysed using IP Lysis buffer (Pierce), and lysates were
subjected to anti-GFP immunoprecipitation using the GFP-Trap_MA
reagent  (Chromotek), following  manufacturer’s  directions.
Immunoprecipitated proteins were analysed by immunoblot. To this
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Fig. 3. A short motif in USP12, absent in USP46, contributes to plasma membrane localization of USP12/WDR20.

a. Co-immunoprecipitation (Co-IP) analyses of 293 T cells co-transfected with YFP-vector (negative control), GFP-USP1 (which is known to interact with UAF1 but
not with WDR20), YFP-USP12 or YFP-USP46 and either Xpress-UAF1 (left) or Myc-WDR20 (right). Whole cell extracts (WCE) and proteins immunoprecipitated using
the GFP-trap reagent were analyzed by immunoblot (IB) using anti-GFP, anti-Xpress or anti-Myc antibodies, as indicated. As expected, Xpress-UAF1 was efficiently
co-immunoprecipitated by the three DUBs (left panels). Importantly, Myc-WDR20 was co-immunoprecipitated to a similar extent by YFP-USP12 and YFP-USP46, but
not by GFP-USP1 (right panels). These results strongly suggest that the different effect of WDR20 on the localization of USP12 and USP46 is not due to differential
binding of WDR20 to each DUB in our experimental setting. b Alignment of USP12 and USP46 amino acid sequences using Clustal Omega. Red squares highlight a
short N-terminal motif (‘MEIL*) and a potential minimal MAPK phosphorylation motif (:°>*STP'®”) that are present in USP12 but not in USP46. ¢ Left. Schematic
representation of wild type YFP-USP12, and the mutants lacking the *MEIL* motif (YFP-USP129¢™EIL) or the potential phosphorylation site (YFP-USP1257/A%), Right.
Confocal images of 293 T cells co-expressing either wild type YFP-USP12, YFP-USP12¢MELL o1 YFP-USP1257/AA and Myc-WDR20. YFP-USP12%™EL mytant is not
translocated to the PM when co-expressed with Myc-WDR20. d Blots show the results of co-immunoprecipitation (co-IP) analyses in 293 T cells showing that deletion
of the '"MEIL* motif does not disrupt USP12/WDR20 interaction. Whole cell extracts (WCE) and proteins immunoprecipitated using the GFP-trap reagent were
analyzed by immunoblot (IB) using the indicated antibodies. e Confocal images of 293 T cells co-expressing Myc-WDR20 with either wild type YFP-USP46 or YFP-
USP46 *MEIL, Addition of the MEIL motif to the amino-terminal end of USP46 is not sufficient to confer WDR20-induced PM recruitment.

3. Results As expected, the co-localization of YFP-USP12 with PM-located
pSer473-Akt significantly increased upon co-transfection with Myec-
3.1. Co-expression with UAF1 increases cytoplasmic localization of USP12 WDR20 (Fig. 2¢).
and USP46 Finally, we used triple co-transfection experiments to evaluate the
localization of the ternary USP12/UAF1/WDR20 and USP46/UAF1/
We began our analysis by comparing the subcellular localization of WDR20 complexes. Co-expressed YFP-USP12/UAF1-mRFP/Myc-
human USP12 and USP46. The amino acid sequence of USP12 and WDR20 co-localized to the PM (Fig. 2d), whereas YFP-USP46/UAF1-
USP46 is nearly 90% identical. To prevent confounding effects due to mRFP/Myc-WDR20 diffusely co-localized in the cytoplasm.

potential cross-reactivity of antibodies against these DUBs (Joo et al., Altogether, these results suggest that WDR20 binding promotes
2011), we generated tagged versions of USP12 and USP46 fused to YFP translocation of USP12/WDR20 to the plasma membrane, facilitating
or Myc epitopes. The subcellular localization of these proteins was as- the recruitment of the USP12/UAF1/WDR20 complex to this sub-
sessed in transfected 293 T cells by confocal microscopy. Both DUBs, cellular compartment. In contrast, the steady-state localization of the
fused to either YFP or Myc (Fig. 1a), were predominantly located in the USP46/UAF1/WDR20 complex is predominantly cytoplasmic.
cytoplasm. A faint fluorescent signal was noticeable in the nucleus of Our finding that WDR20 differently modulates the localization of
some cells expressing USP12 and, more prominently, USP46. We also USP12 and USP46 led us to investigate the factors that may underlie
generated epitope-tagged versions of the two cofactors (UAF1-mRFP this difference, as well as to further characterize the mechanisms that
and Myc-WDR20), which were located to the cytoplasm (Additional modulate the subcellular localization of the USP12 deubiquitinase
File 1a). complex.

In order to asses a potential effect of UAF1 on the localization of
YFP-USP12 and YFP-USP46, cellular levels of UAF1 were either reduced 3.3. A short amino acid motif in USP12, not present in USP46, contributes

using small interfering RNA (siRNA)-mediated knockdown or increased to plasma membrane localization of the USP12/WDR20 complex
using UAF1-mRFP transfection. UAF1 knockdown was carried out with

a pool of three siRNA oligonucleotides that consistently reduces UAF1 We first used co-immunoprecipitation (co-IP) to rule out the possi-
expression (Addit%onal File 1b,c). As sh9w11' in Fig. 1b, UAF1 knock- bility that the different effect of WDR20 on the localization of USP12
down had no obvious effect on the localization of YFP-USP12 or YFP' and USP46 was related to a different ability of the cofactor to bind these
U$P46~ On the other hand, YFP-USP12 and. YFP-USP46 c'o-locahze.d DUBs in our experimental system (Fig. 3a). Next, we considered the
with UAEl—mRFP throughout the cytoplasm n go—transfectlor} experl- possibility that the different localization of USP12 and USP46 when co-
ments (Fig. 1c) and, as shown by image analym?, Co-expression with expressed with WDR20 might be related to small differences in their
UAF1 markedly reduced the nuclear-to-cytoplasmic (N/C) ratio of both amino acid sequence. We noticed that USP12 bears a four amino-acid
DUBs. motif at its extreme N-terminal end (MEIL*) and a potential minimal
MAPK phosphorylation motif (*95STP®7) (Bardwell, 2006), which are

3.2. Co-expression with WDR20 induces translocation of USP12, but not absent in USP46 (Fig. 3b). We generated USP12 mutant versions
USP46, to the plasma membrane lacking these motifs (USP12%™MEL and USP1257/24). As shown in
Fig. 3c, the ability of YFP-USP12%™E™ mytant to relocate to the PM

We used a similar knockdown/overexpression approach to asses a when co-expressed with Myc-WDR20 was virtually abrogated. A similar

potential effect of WDR20 on the localization of YFP-USP12 and YFP- result was obtained using Myc-tagged USP12 and YFP-tagged WDR20
USP46. Similar to UAF1 knockdown, WDR20 siRNA had no obvious (Additional File 2b). In contrast, the YFP-USP1257/2A mutant still co-
effect on the localization of YFP-USP12 or YFP-USP46 (Fig. 2a). How-  localized with Myc-WDR20 to the PM. Importantly, co-IP analysis
ever, we found that WDR20 co-expression had a strikingly different (Fig. 3d) showed that YFP-USP12°™" interacts with Myc-WDR20 as
effect on the localization of each DUB. Whereas YFP-USP46 and Myc- efficiently as wild type YFP-USP12. We next added the MEIL motif to
WDR20 co-localized diffusely throughout the cytoplasm, YFP-USP12 the N-terminal end of USP46. However, YFP-USP46 * """ remained in
and Myc-WDR20 co-localized at the cell periphery (Fig. 2b). Although the cytoplasm when co-expressed with Myc-WDR20 (Fig. 3e).

. . . . 1 4
less pronounced, a similar localization to the cell periphery was ob- Together, these results indicate that the amino-terminal "MEIL
served with Myc-tagged USP12, when co-expressed with YFP-WDR20 motif is necessary for the efficient recruitment of USP12/WDR20 to the
(Additional File 2a). PM, but is not sufficient to confer PM localization to a USP46/WDR20

The localization of co-expressed USP12 and WDR20 suggested re- complex.
cruitment to the plasma membrane (PM). To further confirm this pos-
sibility, we carried out immunostaining with an antibody that re- 3.4. Plasma membrane recruitment of YFP-USP12 requires direct binding to
cognizes endogenous Aktl phosphorylated at Ser473 (hereafter termed WDR20
pSer473-Akt). This phosphorylation event occurs at the PM, where
pSer473-Akt remains transiently located (Manning and Toker, 2017). The co-expression experiments described above are carried out in a

17



A. Olazabal-Herrero et al.

European Journal of Cell Biology 98 (2019) 12-26

Fig. 4. Plasma membrane recruitment of
USP12 requires binding to WDR20 and is
highly dynamic.

a Left. Schematic representation of the
USP12/UAF1/WDR20 complex, based on the
reported three-dimensional structure (Li
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complex cellular setting. It might be argued that co-expression of
WDR20 might indirectly promote PM recruitment without requiring the
formation of a USP12/WDR20 complex. To address this possibility, we
made use of the information provided by a recent study (Li et al., 2016),
where the three-dimensional structure of a ternary USP12/UAF1/
WDR20 complex was reported, identifying critical residues in USP12
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(V279 and F287) and WDR20 (F262 and W306) (Fig. 4a) whose mu-
tation disrupts USP12/WDR20 interaction (Li et al., 2016). We gener-
ated YFP-USP12V279P/F287A and Myc-WDR20¥2624/W306A mytants and
confirmed that these mutations largely or completely abrogate WDR20
binding to USP12 in 293 T cells (Fig. 4a). As shown in Fig. 4b, YFP-
USP12V279P/F287A {id not relocate to the PM when co-expressed with



A. Olazab

a

al-Herrero et al. European Journal of Cell Biology 98 (2019) 12-26

YFP-USP12 YFP-USP46 UAF1-mRFP YFP-WDR20
uT LMB uT LMB uT LMB uT LMB
<E. . . . . .
zZ
=)
p<0.0001 n.s

I

5 o) 5 oo 5
E=] = = | o"gi% =
S0 S0 S0 5 ]
o o o | L A o
b4 pd pd & pd
< -1 < -1 =
(@] (@) (@] ©; (@)
Ie} S S S
2 . . 2 r : 2 r r 2 : .
uT LMB uT LMB uT LMB uT LMB

b

d

Fig. 5.

YFP-USP12

YFP-USP12 WT
YFP USP12 370

YFP-USP121:NLss]

DNA
c
YFP-USP12[NLSs]
alone +Myc-WDR20
R
- >

NG USP12 Cr(l [NLSS]
X A
SV40-NLS

YFP-USP12[+NLSsl+ Myc-WDR20 (+LMB)

Merge

DNA

CRM1-mediated nuclear export facilitates shuttling of USP12/WDR20 between the plasma membrane, cytoplasm and nucleus.

a Representative examples of the nucleocytoplasmic localization of YFP-USP12, YFP-USP46, UAF1-mRFP and YFP-WDR20 in HeLa cells untreated (UT) or treated
with the CRM1 inhibitor leptomycin B (LMB) (6 ng/ml for 3 h). The N/C ratio of each protein in untreated or LMB-treated cells was determined using image analysis

and is

shown in the graphs below. Each circle in the graph represents a single cell, and the mean (+/- SD) is also indicated. The data correspond to a single

experiment where at least 40 transfected cells per condition were analysed. Comparable results were obtained in at least two independent experiments. p values
(Mann-Whitney U test) are indicated (n.s: non-significant). b Left. Schematic representation of wild type YFP-USP12 and YFP-USP12[*N5¢1 3 variant tagged with two

copies
USP12

of the SV40 large T antigen nuclear localization signal (SV40-NLS; in red). Right. Confocal images of 293 T cells showing nuclear accumulation of YFP-
L+NLSs] ¢ Confocal images of 293 T cells expressing YFP-USP12!™N5] alone or co-expressing YFP-USP12L ¥ N1 and Myc-WDR20. YFP-USP12E NSS! and Mye-

WDR20 co-localize to the PM in untreated cells (UT), but partially relocalize to the nucleus after LMB treatment (6 ng/ml LMB for 3 h). d Confocal images of a time-
lapse experiment in live 293 T cells co-expressing YFP-USP12!*NSSI and Myc-WDR20. After treating the cells with LMB (6 ng/ml), the localization of YFP-
USP12!+*N5s) as examined and recorded every 2min for 1h. Brightfield images at each time point are shown below. YFP-USP12I*N'5¢) was detectable in the

nucleu

s 10 min after LMB addition.
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wild type Myc-WDR20, and conversely, co-expression with Myc-
WDR20F262A/W306A did not result in PM localization of wild type YFP-
USP12.

Although it cannot be formally ruled out that the introduced mu-
tations may affect folding of the proteins and thus indirectly affect lo-
calization, this is unlikely in our view, considering that only two point
mutations (and not large deletions or multiple aminoacid changes) are

(caption on next page)

introduced in each protein. Thus, we believe that these findings in-
dicate that direct binding to WDR20 is required for PM localization of
USP12.



A. Olazabal-Herrero et al. European Journal of Cell Biology 98 (2019) 12-26

Fig. 6. A previously described NES in USP12 is not a direct nuclear export determinant.

a Schematic representation of USP12 showing the position and amino-acid sequence of a previously described NES motif (Jahan et al., 2016; Sanyal, 2016). b Results
of a nuclear export assay to test the activity of this motif. The assay is based on the ability of functional NESs to promote export of the nuclear reporter protein Rev
(1.4)-GFP to the cytoplasm (Henderson and Eleftheriou, 2000). As described in detail in the Methods section, actinomycin D (ActD) allows detection of weak NESs.
Left. Confocal images showing representative examples of HeLa cells transfected with the empty Rev(1.4)-GFP reporter plasmid or with the plasmid Rev(1.4)-
[NESYSP12].GFP, containing the reported USP12 NES. Right. Graph showing the percentage of cells with mostly nuclear (N), nuclear and cytoplasmic (NC) or mostly
cytoplasmic (C) localization of the reporter. At least 200 transfected cells were scored per condition. Even in the presence of ActD, the described USP12 NES motif
was unable to promote nuclear export of Rev(1.4)-GFP. ¢ Left. Schematic representation of wild type YFP-USP12 and a previously used “NES” mutant (YFP-
USP12™ES"™) bearing six amino-acid substitutions indicated in red (Jahan et al., 2016; Sanyal, 2016). Center. Confocal images of HeLa cells expressing YFP-USP12
and YFP-USP12"™VES"™ Right. Graph showing the N/C ratio of both proteins determined using image analysis of at least 30 transfected cells per sample. Each circle in
the graph represents a single cell, and the mean (+/- SD) is shown. n.s: non-significant (Mann-Whitney U test). d. Results of co-IP analyses in 293 T cells co-
transfected with YFP vector, wild type YFP-USP12 or YFP-USP12™NES"™ and either Xpress-UAF1 (left) or Myc-WDR20 (right). The six mutations introduced into the
“NES” motif of USP12 do not interfere with UAF1 interaction, but completely abrogate WDR20 binding.

3.5. WDR20-induced localization of YFP-USP12 to the plasma membrane These observations indicate that the USP12/WDR20 complex is able
is highly dynamic to dynamically shuttle between PM, cytoplasm and nucleus.

To further characterize the PM localization of USP12, we carried out 3.7. A previously described NES in USP12 is not a direct nuclear export

fluorescence recovery after photobleaching (FRAP) experiments. As in determinant

293 T cells, YFP-USP12 also localized to the PM in live HeLa cells when

co-expressed with Myc-WDR20 (Fig. 4c). The YFP-USP12 fluorescent The USP12 motif 7’KESLLTCLADLFHSI®! (Fig. 6a) has been recently
signal was rapidly recovered in an area of the PM where it had been proposed to be a CRM1-dependent NES, although its putative export
bleached. The calculated halftime of recovery (ty,2) and mobile fraction function has not been characterized (Jahan et al., 2016; Sanyal, 2016).
(Fm) values were 19.44 s and 65.29%, respectively, indicating that the We tested a USP12 fragment containing this motif and flanking residues
PM localization of YFP-USP12 is highly dynamic. ("SRKKESLLTCLADLFHSIAT®?) using a nuclear export assay (Henderson

and Eleftheriou, 2000) based on the ability of functional NESs to confer
3.6. CRMI-mediated nuclear export facilitates shuttling of USP12/WDR20 cytoplasmic localization to an otherwise nuclear reporter termed Rev

between the plasma membrane, cytoplasm and nucleus (1.4)-GFP. As shown in Fig. 6b, the proposed USP12 NES was unable to
increase the cytoplasmic localization of the Rev(1.4)-GFP reporter, even
Together with the recent finding that USP12 can be exported from in the presence of actinomycin D (ActD), a drug used in this assay to

the nucleus to the cytoplasm by CRM1 (Jahan et al., 2016), our results identify very weak NESs (Henderson and Eleftheriou, 2000). The USP12
raised the possibility that the USP12/WDR20 complex may undergo ~ motif "/KESLLTCLADLFHSI was therefore classified as a non-func-

dynamic shuttling between the PM, cytoplasm and nucleus. tional NES-like motif, and hereafter we refer to this motif as USP12
We tested the effect of the specific CRM1 inhibitor leptomycin B “NES”.
(LMB) on the nucleocytoplasmic distribution of epitope-tagged USP12, Mutation of six residues within this “NES” has been previously re-

USP46, UAF1 and WDR20 in Hela cells. As shown in Fig. 5a, a three ported to interfere with USP12 nuclear export in Jurkat cells (Jahan
hour LMB treatment did not alter the distribution of UAF1-mRFP. A et al., 2016). We introduced these mutations into YFP-USP12 to gen-
statistically significant, but very limited, increase in the N/C ratio of erate YFP-USP12™V*"™ The nucleocytoplasmic distribution of YFP-
YFP-USP46 was noted. The clearest and most statistically significant USP12"™5"™ was identical to that of YFP-USP12 in Hela cells (Fig. 6¢),
effect of LMB was on YFP-USP12 and, particularly, on YFP-WDR20, further supporting our view that the motif 7’KESLLTCLADLFHSI®! is

indicating that both proteins are actively exported from the nucleus by not a direct determinant of USP12 nuclear export.
the CRM1-mediated nuclear export pathway. Importantly, it has been previously stated, as data not shown, that
Of note, YFP-USP12 and YFP-WDR20 were evenly distributed be- “NES” mutations prevent USP12 binding to UAF1 and WDR20 (Sanyal,

tween nucleus and cytoplasm in LMB-treated cells, but they did not 2016). Using co-IP analyses, we found that YFP-USP12™**"™ retained
accumulate to a high level inside the nucleus. This observation suggests its ability to interact with Xpress-UAF1 (Fig. 6d, left). However “NES”
that the nuclear entry of these proteins is not a highly efficient process, mutations did efficiently disrupt the interaction of USP12 with Myc-
which could be due to cytoplasmic retention or to the lack of strong ~ WDR20 (Fig. 6d, right). The “NES” is located far away from the re-
nuclear localization signals (NLSs). To gauge these possibilities, we  Pported USP12/WDR20 interaction site (Li et al., 2016). It is likely that
generated a version of YFP-USP12 bearing two copies of the strong introducing six amino acid substitutions may result in non-specific
SV40 large T antigen NLS (YFP-USP12L*NSshy (pig. 5b). YFP- changes in USP12 conformation that indirectly interfere with WDR20
USP12M NSS! readily accumulated into the nucleus, suggesting that binding. Importantly, by disrupting the interaction with WDR20, “NES”
YFP-USP12 inefficient import into the nucleus is most likely due to the =~ mutations abrogate WDR20-induced relocation of USP12 to the PM

lack of strong NLSs. Of note, a faint fluorescent signal at the PM was (Additional File 3), and would also prevent its full catalytic activation.

also noticeable in some cells expressing YFP-USP12["N'SS! alone,

probably due to the presence of endogenous WDR20. 3.8. WDR20 bears a functional NES that mediates its CRM1-dependent
The efficient nuclear import of YFP-USP12!* NSS! provided a con- nuclear export

venient experimental tool to test our hypothesis that USP12/WDR20

may shuttle between the PM, cytoplasm and nucleus. Despite the pre- The pronounced shift on the nucleocytoplasmic distribution of

sence of the strong SV40 NLSs, YFP-USP12[" N8 ocalized to the PM WDR20 caused by LMB prompted us to search for potential CRM1-de-
when co-expressed with Myc-WDR20 (Fig. 5¢) in 293 T cells. A similar pendent NESs in this protein. NESs usually adopt a characteristic sec-
result was obtained using Myc-tagged USP12[*NSSI and YFP-tagged ondary structure comprising an N-terminal alpha helix followed by a C-
WDR20 (Additional File 2¢). Importantly, YFP-USP12[* NS and Myec- terminal loop (Dong et al., 2009). WDR20 does not present any alpha
WDR20 partially relocated to the nucleus when CRM1-mediated export helical region according to the reported structure of the USP12/UAF1/
was inhibited by LMB treatment. In fact, live microscopy experiments WDR20 complex (Li et al., 2016). However, we noted that a WDR20
revealed that YFP-USP12!* N1 was detectable in the nucleus only a  region comprising residues 394-509 was not solved in this structure.
few minutes after LMB addition (Fig. 5d). Thus, we decided to carry out a deletion analysis using three WDR20
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fragments: 1-390, 390-510 and 510-569. YFP-tagged versions of these the nucleus in LMB-treated cells, suggesting that a CRM1-dependent
fragments were expressed in HeLa cells, and their localization examined NES may be located within this fragment. Using the NES prediction tool
in the presence or absence of LMB (Fig. 7a). Like full-length YFP- Wregex (Prieto et al., 2014), we found a candidate NES (cNES) motif
WDR20, YFP-WDR20(390-510) clearly relocated from the cytoplasm to (**°*MDGAIASGVSKFATLSLHD*%®) in this region (Fig. 7b), and tested it
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Fig. 7. WDR20 bears a functional NES that mediates its CRM1-dependent nuclear export.

a. Left. Schematic representation of YFP-tagged WDR20 deletion mutants. Right. Confocal images of HeLa cells transfected with the different YFP-WDR20 deletion
mutants and left untreated or treated with LMB (6 ng/ml for 3 h). LMB treatment induced relocation of full-length YFP-WDR20 and YFP-WDR20 (390-510) from the
cytoplasm to the nucleus. b. Schematic representation of WDR20 protein showing the position and amino acid sequence of a candidate NES (cNES) predicted using
the prediction webtool Wregex (Prieto et al., 2014). The hydrophobic residues that conform to the NES consensus are underlined. c. Results of a nuclear export assay
to test the activity of the candidate WDR20 NES motif. Left. Confocal images showing representative examples of HeLa cells transfected with the empty Rev(1.4)-GFP
plasmid or with the plasmid Rev(1.4)-[cNESVPR?°].GFP, containing WDR20 candidate NES. Right. Graph showing the percentage of cells with mostly nuclear (N),
nuclear and cytoplasmic (NC) or mostly cytoplasmic (C) localization of the reporter. At least 200 transfected cells were scored per condition. The WDR20 candidate
NES motif readily promoted nuclear export of the Rev(1.4)-GFP reporter. d. Left. Schematic representation of wild type YFP-WDR20 and YFP-WDR20®5™, a mutant
bearing alanine substitutions of two NES residues (L464 and L466) (highlighted in red). Center. Representative examples of HeLa cells expressing YFP-WDR20 and
YFP-WDR20VES™, Right. Graph showing the N/C ratio of both proteins determined using image analysis of at least 30 transfected cells per sample. Each circle in the
graph represents a single cell, and the mean (+ /- SD) is shown. p value (Mann-Whitney U test) is indicated.

using the Rev(1.4)-GFP nuclear export assay. In contrast to USP12
“NES”, WDR20 cNES efficiently promoted the export of the Rev(1.4)-
GFP reporter to the cytoplasm (Fig. 7c), indicating that this motif
constitutes a functional NES. Using the assay scoring system (Hen-
derson and Eleftheriou, 2000), a score of 6+ was assigned to the
WDR20 NES. Finally, we generated an NES-mutant version of YFP-
WDR20 (YFP-WDR20"*™) bearing mutations in two leucine residues
(L464 A/L466 A). As shown in Fig. 7d, these mutations fully mimicked
the effect of LMB treatment, confirming that the **°MDGAIASGVSKF-
ATLSLHD*® motif is a novel NES that mediates CRM1-dependent nu-
clear export of WDR20.

3.9. The CRM1 pathway and WDR20 NES mediate nucleocytoplasmic
shuttling of the USP12/UAF1/WDR20 complex

In order to test the possibility that WDR20 NES regulates the loca-
lization of USP12 deubiquitinase complexes, 293 T cells were co-
transfected with YFP-USP120*N'S5] and either wild type or NES-mutant
Myc-WDR20. As shown in Fig. 8a, YFP-USP12L*NSS! Jocated almost
exclusively to the PM when co-expressed with wild type Myc-WDR20.
In striking contrast, YFP-USP12!* N5 Jocated to both the nucleus and
the PM when co-expressed with Myc-WDR20N®™, a distribution that
was similar to that of YFP-USP12!+NLSs] co-expressed with wild type
Myc-WDR20 after LMB treatment (see Fig. 5¢). Of note, when a similar
experiment was carried out using YFP-USP12 (without the added SV40
NLSs), both wild type and NES mutant Myc-WDR20 similarly co-loca-
lized with the DUB in the PM (Additional File 4a). This observation
suggests that, in the absence of a strong NLS in USP12, recruitment to
the PM largely prevails over slow diffusion into the nucleus upon for-
mation of a USP12/WDR20 complex.

On the other hand, since YFP-USP46 was not recruited to the PM,
but accumulated in the cytoplasm when co-expressed with Myc-WDR20
(see Fig. 2b), we tested the role of WDR20 NES on the localization of the
USP46/WDR20 complex. Image analysis showed that the nuclear to
cytoplasmic ratio of YFP-USP46 was significantly higher when ex-
pressed with Myc-WDR20VES™ than with wild type Myc-WDR20 (Ad-
ditional File 4b), suggesting that the NES of WDR20 contributes to the
cytoplasmic localization of the USP46/WDR20 complex.

Finally, triple co-transfection experiments were carried out to assess
the role of the CRM1 pathway and WDR20 NES in the localization of
the ternary USP12/UAF1/WDR20 complex. On one hand, 293 T cells
were co-transfected with YFP-USP12["NUSSI UAF1-mRFP, and wild
type Myc-WDR20 and either left untreated or treated with LMB. On the
other hand, cells were co-transfected with YFP-USP12[*NLSsl UAF1-
mRFP and NES-mutant Myc-WDR20. As shown in Fig. 8b, LMB treat-
ment or mutation of WDR20 NES resulted in a prominent relocation of
the three co-expressed proteins to the nucleus. These findings strongly
suggest the WDR20 NES described here mediates CRM1-dependent
nuclear export of the USP12/UAF1/WDR20 complex.

4. Discussion

The mechanisms that regulate the subcellular localization of human
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deubiquitinating enzymes USP12 and USP46 have not been in-
vestigated in detail. Specifically, no attempts have been yet made to
investigate potential differences between these very closely related
DUBs in terms of their distribution inside the cell. The WDR proteins
UAF1 and WDR20 have been well characterized as necessary cofactors
that increase the catalytic activity of USP12 and USP46 (Cohn et al.,
2009: Kee et al., 2010; Burska et al., 2013; Dahlberg and Juo, 2014; Li
et al., 2016). UAF1, but not WDR20, is also a cofactor for the related
DUB USP1 (Cohn et al., 2007). In this case, UAF1 plays a dual reg-
ulatory role, contributing not only to increase activity, but also to
substrate recruitment (Lee et al., 2010; Yang et al., 2011). Here we
show that WDR20 similarly plays a dual role in the regulation of USP12
and USP46. Besides increasing the activity of these enzymes, WDR20
contributes to modulate two aspects of their subcellular localization. On
one hand, binding to WDR20 promotes relocation of USP12, but not
USP46, to the plasma membrane (PM). On the other hand, WDR20
bears a nuclear export sequence (NES) that mediates CRM1-dependent
nuclear export of WDR20-containing DUB complexes.

Contradictory findings regarding the subcellular localization of
USP12 and USP46 have been previously reported in different cell types
and using different experimental approaches (Joo et al., 2011; Urbé
et al., 2012; Lehoux et al., 2014; Jahan et al., 2016). Here we have
compared the distribution of USP12 and USP46 in 293 T and HelLa cells
using epitope-tagged proteins. While we recognize that this approach
may have limitations, our goal was to unequivocally assess the locali-
zation of each DUB. In this regard, it has been previously noted that the
high similarity between USP12 and USP46 complicates the develop-
ment of specific reagents to study the endogenous proteins (Joo et al.,
2011).

In line with previous studies (Urbé et al., 2012; Lehoux et al., 2014),
we found that YFP-USP12 and YFP-USP46 were located predominantly
in the cytoplasm of 293 T and HeLa cells when expressed alone. In these
conditions, ectopically expressed USP12 and USP46 would presumably
be in excess over endogenous UAF1 and WDR20. Thus, we used double
and triple co-transfections in an attempt to balance the expression le-
vels of the complex subunits, and test a potential effect of the cofactors
on the localization of the DUBs. The most striking finding was the re-
location of YFP-USP12, but not YFP-USP46 to the PM when co-ex-
pressed with Myc-WDR20.

USP12 and USP46 are paralogs, evolved by duplication of a
common ancestor gene (Vlasschaert et al., 2017), and the differential
effect of WDR20 binding on their localization described here represents
an example of evolutionary divergence, which correlates with the
partial functional divergence exhibited by these enzymes. The yeast S.
pombe encodes a single homologue of both human USP12 and USP46
(Ubp9), whose activity and localization is regulated by the yeast
homologues of human UAF1 and WDR20 (BunlO7 and Bun62)
(Kouranti et al., 2010). Remarkably, while WDR protein-mediated
catalytic activation of USP12 and USP46 has been conserved, these
DUBs have evolved a striking difference in their ability to be recruited
to the PM upon WDR20 binding. We have partially mapped this dif-
ference to a four amino-acid sequence (*MEIL% present in USP12, but
absent in USP46. We speculate that this motif could mediate transient
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Fig. 8. The CRM1 pathway and WDR20 NES mediate nucleocytoplasmic shuttling of the USP12/UAF1/WDR20 complex.

a. Confocal images of 293 T cells co-expressing YFP-USP12! *NSS] with either wild type Myc-WDR20 or Myc-WDR20VES™, WDR20 NES mutation leads to accu-
mulation of co-expressed YFP-USP12!"NS8! and Myc-WDR20VES™ in the nucleus. b.Representative examples of the results of a triple co-transfection experiment in
293 T cells. On one hand, cells were co-transfected with YFP-USP12!*N'Ss] UAF1-mRFP and wild type Myc-WDR20 and either left untreated or treated with LMB
(6 ng/ml for 3h). On the other hand, cells were co-transfected with YFP-USP12N'8] UAF1-mRFP and Myc-WDR20NES‘“. In untreated cells, the ternary complex
containing wild type WDR20 localizes almost exclusively to the PM. In contrast, the complex significantly accumulates in the nucleus when the CRM1 pathway is

inhibited, or when it contains WDR20N®™, ¢. A proposed model summarizing our results.
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interactions of USP12 with still unidentified PM proteins or lipids. Since
WDR20 binding induces a variety of rearrangements in USP12 structure
(Li et al., 2016), it might promote PM recruitment by increasing the
exposure of the '"MEIL* motif. Unfortunately, the currently available
structure of the USP12/UAF1/WDR20 complex does not provide in-
formation on the extreme amino-terminal end of USP12. Further ex-
periments should dissect the mechanisms by which WDR20 binding and
the MEIL* motif contribute to the PM localization of USP12.

Besides uncovering the WDR20-promoted recruitment of USP12 to
the PM, our data provide novel mechanistic insight into another closely
related aspect of the subcellular localization of this DUB: its nucleocy-
toplasmic transport. We confirm that USP12 undergoes CRM1-depen-
dent nuclear export in human cells, as described before (Jahan et al.,
2016). In fact, our experiments indicate that both USP12 and WDR20
relocate from the cytoplasm to the nucleus when CRM1 is inhibited
with LMB.

Importantly, neither USP12 nor WDR20 accumulate to high levels in
the nucleus of LMB-treated cells, suggesting that they are not efficiently
imported into the nucleus, probably due to the lack of active NLSs. In
support of this view, we show that fusing two copies of the SV40 large T
antigen NLS to YFP-USP12 readily induces its nuclear accumulation.
We suggest that endogenous USP12 complexes may enter the nucleus
by diffusion or by using a piggyback mechanism. In fact, an example of
piggyback nuclear import of USP12 and USP46 mediated by the human
papillomavirus E1 protein has been already described (Lehoux et al.,
2014). Remarkably, we found that the variant of USP12 carrying strong
heterologous NLSs (YFP-USP12[*N5s1y was exclusively located to the
PM when co-expressed with Myc-WDR20, but partially relocated to the
nucleus upon LMB treatment, suggesting that the YFP-USP12[*NtSsl,
Myc-WDR20 complex is in fact continuously shuttling between the PM,
cytoplasm and nucleus in a CRM1-dependent manner.

Studies on yeast and human cells (Kouranti et al., 2010; Jahan et al.,
2016) demonstrate that CRM1-dependent shuttling is an evolutionarily
conserved, and thus probably important, feature of USP12 complexes,
whose details remain poorly characterized. We provide novel me-
chanistic insight into the nucleocytoplasmic transport of USP12 com-
plexes.

First, our data suggest that a previously reported USP12 “NES”
("’KESLLTCLADLFHSI®Y) (Jahan et al., 2016; Sanyal, 2016) is not a
direct determinant of CRM1-dependent export. This motif was non-
functional in a nuclear export assay (Henderson and Eleftheriou, 2000),
and mutations of this “NES” (unlike LMB treatment) did not decrease
the cytoplasmic localization of YFP-USP12 in HeLa cells. In the previous
report (Jahan et al., 2016), the localization of USP12 was determined in
Jurkat cells using a fractionation protocol based on permeabilization of
the PM to separate soluble (cytosolic) and pellet (nuclear) fractions.
“NES” mutations were reported to prevent USP12 translocation to the
cytosol, and to abrogate USP12-mediated stabilization of the T-cell
receptor complex (Jahan et al., 2016). Importantly, it was pointed out
(as data not shown) that “NES” mutations abrogate USP12 interaction
with UAF1 and WDR20 (Sanyal, 2016). We confirmed that “NES”
mutations disrupt USP12/WDR20 interaction. In the light of the novel
evidence presented here, we believe that several conclusions from the
previous report (Jahan et al., 2016) should be reconsidered. On one
hand, it should be taken into account that their pellet fractions might
contain PM-located as well as nuclear USP12. More importantly, since
“NES” mutations disrupt WDR20 binding, the reported functional ab-
rogation of “NES”-mutant USP12 (Jahan et al., 2016) might be related
to incomplete catalytic activation of the enzyme rather than to altered
nuclear export.

Second, we have identified a bona fide novel NES in WDR20. The
WDR20 motif **°*MDGAIASGVSKFATLSLHD*®® was clearly functional
in the nuclear export assay, and mutation of this sequence caused a
partial relocation of epitope-tagged WDR20 from the cytoplasm to the
nucleus, mimicking the effect of LMB.

Finally, we show that mutation of WDR20 NES interferes with the
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nuclear export of USP12/WDR20 and USP12/UAF1/WDR20 com-
plexes. Of note, we used the YFP-USP12L"N'SS! variant in these ex-
periments as a tool to more clearly visualize the effect of WDR20 NES
mutations. Although the WDR20 region containing the NES is not
solved in the currently available structure of the USP12/UAF1/WDR20
complex, these results suggest that the WDR20 NES is accessible for
CRM1 interaction in the context of the ternary complex.

The dynamic shuttling of USP12 complexes described here may
facilitate access of this DUB to nuclear substrates such as histones (Joo
et al., 2011), as well as to substrates that are located in the cytoplasm
and the PM, such as PHLPP (Gangula and Maddika, 2013; Li et al.,
2013). Our results are based on co-overexpression experiments to
achieve balanced levels of the different subunits, and formation of
different subcomplexes of USP12, UAF1 and WDR20. Although it is
presently unclear if these different subcomplexes exist physiologically
in the cell, we speculate that at endogenous (lower) levels of all sub-
units, those USP12 subcomplexes that contain WDR20 would be pre-
dominantly located to the PM. Thus, our data suggest that USP12
subcomplexes with different stoichiometry might not only have dif-
ferent level of catalytic activity, as it would be expected from previous
results (Cohn et al., 2009; Kee et al., 2010; Kouranti et al., 2010; Burska
et al., 2013; Dahlberg and Juo, 2014; Li et al., 2016) but they might also
localize to different subcellular compartments. Mechanisms that may
modulate WDR20 localization, such as post-translational modification,
might in turn modulate the localization of DUB complexes containing
this subunit.

5. Conclusions

Our results support a model (Fig. 8c) whereby the USP12/UAF1/
WDR20 complex has the ability to dynamically shuttle between the PM
cytoplasm and nucleus. WDR20 plays a crucial role in this shuttling as a
“targeting subunit” of the complex. On one hand, its direct binding to
USP12 would promote transient recruitment to the PM and, on the
other hand, its NES would mediate CRM1-dependent nuclear export.
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