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Abstract

Recently, a number of reports on the importance of USP35 in cancer have been published. However, very little is known about
the exact mechanism by which USP35 activity is regulated. Here, we show the possible regulation of USP35 activity and
the structural specificity affecting its function by analyzing various fragments of USP35. Interestingly, the catalytic domain
of USP35 alone does not exhibit deubiquitinating activity; in contrast, the C-terminal domain and insertion region in the
catalytic domain is required for full USP35 activity. Additionally, through its C-terminal domain, USP35 forms a homodi-
mer that prevents USP35 degradation. CHIP bound to HSP90 interacts with and ubiquitinates USP35. However, when fully
functional USP35 undergoes auto-deubiquitination, which attenuates CHIP-mediated ubiquitination. Finally, USP35 dimer
is required for deubiquitination of the substrate Aurora B and regulation of faithful mitotic progression. The properties of
USP35 identified in this study are a unique homodimer structure, regulation of deubiquitinating activity through this, and
utilization of a novel E3 ligase involved in USP35 auto-deubiquitination, which adds another complexity to the regulation
of deubiquitinating enzymes.
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Introduction
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esong@ewha.ac.kr plasmic reticulum (ER) stress [2], mitosis [3], and ciliopa-

thies [4]. Additionally, the roles it plays in cancer attracted
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[6]. In addition, USP35 has been reported to be involved
in ER stress-induced apoptosis via targeting RRBP1 [7],
cisplatin-induced apoptosis by stabilizing BIRC3 [8], and
ferroptosis by interacting with ferroportin [9] in lung cancer.
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These findings suggest that USP35 might be a promising
therapeutic target to overcome cancer. However, the regula-
tion of USP35 activity and the relationship between structure
and function are poorly understood.

Diverse cellular mechanisms regulate the activity of deu-
biquitinating enzymes (DUBs). These mechanisms include
subcellular localization, post-translational modification
(PTM), and protein—protein interaction. In addition, the
full catalytic activity of a DUB does not rely solely on the
catalytic domain; in contrast, the action of its non-catalytic
domains is required. For example, in USP7, the two UBL
domains in the C-terminus necessarily interact with the
switching loop in the catalytic domain, which promotes the
binding of ubiquitin and increases USP7 activity [10]. Simi-
larly, to achieve its full catalytic activity, USP4 requires the
N-terminal DUSP-UBL domain, which promotes changes
in the switching loop by enhancing ubiquitin dissociation,
resulting in the efficient control of activity [11]. Addition-
ally, conformational changes mediated through oligomeriza-
tion can determine whether a DUB is in an active or inactive
state. Liu and colleagues have shown that USP25, which
contains a long insertion in the catalytic domain, establishes
homotetrameric form through the assembly of two dimers.
Strikingly, the USP25 dimer shows higher activity, whereas
the USP25 tetramer loses DUB activity, which eventually
affects the stabilization of substrate tankyrases [12]. USP28
comprises a domain architecture identical to that of USP25,
but USP28 forms only a dimer, not a tetramer, and exhibits
completely different functions compared to those of USP25
[13, 14]. Sometimes, interaction with non-substrate partners
is required for the full catalytic activity of a DUB. These
partners can affect the enzymatic activity of a DUB by driv-
ing PTMs such as ubiquitination [15]. The ubiquitination
of Ataxin-3 at the Lys117 residue facilitates its enzymatic
activity, leading to aggresome formation [16]. In contrast,
monoubiquitination of UCH-L1 inhibits the binding of ubiq-
uitinated target proteins, inhibiting enzyme activity. How-
ever, this modification is reversed by auto-deubiquitination
mediated by UCH-L1 [17].

Similar to UCH-L1, other DUBs exhibit auto-regulatory
deubiquitination mechanisms that depend on their catalytic
activity. For example, the inactive form of USP4 or the
catalytic domain of USP4 alone (which does not show full
activity) establishes enhanced covalent binding of ubiquitin
compared with that of the wild-type protein, indicating that
USP4 ubiquitination is prone to turnover, which is related to
its catalytic activity [18]. The ubiquitin-conjugating enzyme
UBE2O0 catalyzes monoubiquitination of multiple BAP1
residues, promoting its cytoplasmic localization. BAP1
auto-deubiquitination through intramolecular interactions
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counteracts this monoubiquitination and allows BAP1 to
function as a tumor suppressor [19]. In addition, USP7 [20]
and USP19 [21] have been reported to remove ubiquitin that
had been attached to themselves through their enzymatic
activity.

In this study, we show that USP35 engages in homodi-
meric interactions via its highly conserved C-terminal
domain. USP35 has full enzymatic activity only when it
is in its dimeric state containing the insertion region in its
catalytic domain. The structural analysis reveals that USP35
without the C-terminal domain in solution exists in mono-
meric form, as found in the crystal structure reported earlier
[2], and the monomeric form without the C-terminal domain
degrades faster than USP35 with the C-terminal domain.
CHIP binds and ubiquitinates USP35 by interacting with
HSP90. However, CHIP-induced ubiquitination of USP35
exhibiting full activity has not been observed. That is,
USP35 reverses its own ubiquitination through its own DUB
activity. These structural characteristics and activity regula-
tion ultimately affect USP35 function, which is essential for
the deubiquitination of Aurora B and the control of mitosis.

Materials and methods
Plasmids and siRNAs

A p3XFlag-CMV™7.1-hUSP35 was purchased from Gen-
Script. The catalytic inactive USP35 mutant (USP355494)
was generated by PCR-based site-directed mutagenesis
using p3XFlag-CMV™7.1-hUSP35 as a template. All
Flag-USP35 constructs were generated by PCR-base clon-
ing using p3XFlag-CMV™7.1-hUSP35 as a template. Myc-
CHIP WT, Myc-CHIP¥%A, and Myc-CHIPH25%Q clones were
kinds of gifts from Prof. Jaewhan Song (Yonsei univ.), and
Myc-Aurora B and HA-Aurora B clones were provided from
Prof. Chang-Woo Lee (Sungkyunkwan Univ.). Ubiquitin and
other DNAs were cloned into pCS2-His, or -HA vectors for
expression in mammalian cells. Control siRNA and siRNA
targeting USP35, HSP90 or CHIP were synthesized from
Bioneer. siRNA sequences are as follows: HSP90, 5'-AAG
CACAACGATGATGAACAG-3"; CHIP, 5'-CCAGCTGGA
GATGGAGAGCTA-3', USP35, 5'-GGGAAGATCTGATGA
TGTT-3".

Cell culture and transfection
HEK293T cells and HeLa cells purchased from Korea Cell

Line Bank (KCLB) were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10% fetal bovine serum
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and 1% penicillin and streptomycin and maintained at 37 °C
in 5% CO,. All the cell lines used in this study have been
authenticated by KCLB and confirmed to be free of myco-
plasma contamination prior to use. For transient transfec-
tion, HEK293T cells were transfected with plasmids using
2 M CaCl,. and 2x HBS buffer (50 mM HEPES, 10 mM
KCl, 12 mM Glucose, 280 mM NacCl, 1.5 mM Na,HPO,,
pH 7.05) and HeLa cells were transfected with plasmids or
siRNAs using LipofectamineTM 2000 (Invitrogen) follow-
ing the manufacturer’s instructions. For HSP90 inhibition,
Geldanamycin (GA, Santa Cruz) or PU H71 (PU, TOCRIS)
was treated as indicated concentration for 24 h in the cells.
MG132 (AG Scientific) and Cycloheximide (Sigma-Aldrich)
were used indicated concentration and time in legends.

Western blot analysis

Western blot analyses on 10-50 pg protein extract from
HEK293T cells or HeLa cells. Briefly, we lysed the cells
using protein lysis buffer (50 mM Tris—Cl, 150 mM NaCl,
1% Triton X-100, 1 mM EDTA, 200 mM Na;VO,, 1X pro-
teinase inhibitor, pH 7.4) and measured the protein con-
centration using Micro BCA™ Protein Assay kit (Thermo
Scientific) based on the standard curve using BSA. The fol-
lowing antibodies were used for immunoblot analysis; rabbit
anti-USP35 (A302-290A, dilution ratio 1:1000) and rabbit
anti-Aurora B (A300-431A, 1:1000) were purchased from
Bethyl Laboratories. Mouse anti-c-Myc (sc-40, 1:1000),
was provided by Santa Cruz Biotechnology. Mouse anti-
Flag (F1804, 1:1000) and Rabbit anti-HA (H6908, 1:1000)
were purchased from Sigma Aldrich. Rabbit anti-Ubiquitin
(#3933, 1:2000), rabbit anti-AKT (#9272, 1:1000) and rab-
bit anti-CHIP (#2080, 1:1000) were purchased from Cell
signaling. Mouse anti-HSP90o/p (sc-13119, Santa Cruz
Biotechnology, 1:5000), rabbit anti-a-tubulin (sc-Santa Cruz
Biotechnology, 1:1000), and rabbit anti-p-actin (LF-PA0207,
AbFrontier, 1:5000) were used to assess equal loading. Sam-
ples were analyzed by sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS-PAGE) and western blot and
chemiluminescence was measured using the Ez-Capture MG
imaging system (ATTO Corporation).

Immunoprecipitation

HEK?293T cells transfected with various plasmids as indi-
cated for 24 h were collected and lysed using protein lysis
buffer. About 3 mg of lysates were incubated with Flag-
magnetic beads (Sigma Aldrich) for 4 h at 4 °C. Immuno-
complexes were washed with lysis buffer and eluted and

boiled in 6x SDS sample buffer. For fully endogenous
immunoprecipitation, about 5 mg of lysates from HEK293T
cells were incubated with mouse IgG (sc-2027, Santa Cruz
Biotechnology, 1 pg/1 mg lysates) or mouse anti-HSP90a/f
(sc-13119, Santa Cruz Biotechnology, 1 pg/1 mg lysates)
for 12 h at 4 °C. After incubation, protein G agarose beads
(Thermo Scientific) were added and incubated again for 4 h
at 4 °C. Immunocomplexes were washed with lysis buffer
and eluted and boiled in 6x SDS sample buffer. All samples
were detected by western blot analysis using the indicated
antibodies, and 5% of the samples were used to identify
immunoprecipitation efficiency.

Ni-NTA-mediated pulldown assay

HEK293T cells were transfected with His-ubiquitin and
tagged plasmids as indicated and then treated with 10 pM
MG132 (A.G. Scientific. Inc.) for 4 h. The cells were lysed
with Urea lysis buffer (§ M Urea, 0.3 M NaCl, 50 mM
Na,HPO,, 50 mM Tris—HCI, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 10 mM Imidazole, pH 8) and sonicated.
About 3-5 mg of lysates were incubated with Ni-NTA
agarose (Qiagen) for 6 h at 4 °C. The beads were washed
with Urea washing buffer (§ M Urea, 0.3 M NaCl, 50 mM
Na,HPO,, 50 mM Tris-HCI, 1 mM PMSF, 20 mM Imida-
zole, pH 8) and eluted in 6x SDS sample buffer. The sam-
ples were detected by western blot analysis.

Immunofluorescence

HeLa cells transfected with USP35-targeting siRNA alone
or in combination with Flag-USP35 constructs were grown
on glass coverslips. The cells were fixed with cold methanol
for 15 min on ice and permeabilized with 1x PBS containing
0.25% Triton X-100. After washing, the cells were incubated
with rabbit anti-TPX?2 (1:1000) for 2 h at RT, followed by
Alexa fluor-488-conjugated goat anti-rabbit IgG (Molecular
Probes, 1:300) for 1 h at RT. DNA was detected with DAPI
(Sigma Aldrich). The cells were visualized using 100X mag-
nification on an LSM700 Confocal Laser Scanning Micros-
copy (Carl-Zeiss) and analyzed using ZEN 2012 imaging
software (Carl-Zeiss).

Deubiquitinating enzyme activity assay

In vivo DUB activity of USP35 was tested using 100 ng
of recombinant K48- and K63-linked polyubiquitin chains
(Boston Biochem) or 100 ng of recombinant K11-, K48-,
and K63-linked tetra ubiquitins. HEK293T cells transfected
with p3XFlag-CMV™7.1 vector or indicated constructs of
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p3XFlag-USP35 were collected and lysed using protein lysis
buffer. About 3 mg of lysates were incubated with Flag-
magnetic beads for 4 h at 4 °C. The beads were washed with
lysis buffer and eluted in DUB buffer (20 mM HEPES at pH
7.4, 100 mM NaCl) with 3XFlag peptide (Sigma Aldrich)
for 30 min at 4 °C. The eluted samples and 100 ng recombi-
nant ubiquitin chains were mixed with 5 mM dithiothreitol
(DTT) and reacted for 15 min at 30 °C. These reactions were
stopped by adding 6x SDS sample buffer. The samples were
detected by western blot analysis using an anti-ubiquitin
antibody. In vitro DUB activity was measured at room tem-
perature using the cleavage-sensitive fluorogenic substrate
Ub-AMC (Boston Biochem, U-550). All measurements were
performed in non-binding 384-well plates with a reaction
volume of 100 pl. Fluorescence intensities were measured
at a wavelength of excitation wavelength of 355 nm and an
emission wavelength of 426 nm using the Spectramax M3
microplate reader (Moleculardevices). The initial substrate
stock solution was prepared according to the manufactur-
er’s instructions and diluted to a concentration of 5 pM in
assay buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
DTT). The enzymes were diluted to a concentration of 6 pM
using the assay buffer. The plate was prepared with 50 pl
assay buffer, to which a 20 pl substrate solution was added.
The reaction was started upon the addition of 30 pl enzyme
solution. Measurements were taken every minute for 90 min
and then every 1.5 min. Curves measured in triplicate were
fitted using nonlinear regression analysis in Originpro 9.0
software.

Quantitative RT-PCR analysis

Total RNA from cells was extracted using RNeasy Mini Kit
(Qiagen). cDNAs were synthesized using ReverTra Ace®
gPCR RT Master Mix (Toyobo) and analyzed using SYBR®
Green Realtime PCR Master Mix (Toyobo) on a CFX Con-
nectTM Real-Time PCR (Bio-Rad). Primers were designed
using OligoPerfectTM Designer (Invitrogen). All data
were normalized to GAPDH expression. Primer sequences
are as follows: USP35-F, TCGAATCTGTCAGCAACG
TC; USP35-R, TGTCTTTGGAAATGGCTTCC; CHIP-F,
TCAAGGAGCAGGGCAATCGTCT; CHIP-R, GCATCT
TCAGGTAGCACAAGGC; HSP90-F, TCTGCCTCTGGT
GATGAGATGG, HSP90-R, CGTTCCACAAAGGCTGAG
TTAGC; GAPDH-F, CAAGATCATCAGCAATGCCTCC;
GAPDH-R, GGTCATGAGTCCTTCCACGA.

Expression and protein purification
Constructs comprising residues USP35eCDC (aa
390-1018) and USP35eCDAI (aa 390-926A603-760)

of human USP35 (Swiss Prot entry: Q9P2HS5) were sub-
cloned into pPCDNA3.1Myc-His vector (Invitrogen), and

@ Springer

produced using the FreeStyle™ 293 Expression sys-
tem (Invitrogen). Briefly, FreeStyle™ 293-F cells were
simultaneously transfected with expression vectors for
390-1018 and 390-926(A603-760) of human USP35
using 293fectin (Invitrogen), and grown in serum-free
FreeStyle™ 293 Expression medium (Invitrogen) for 72 h.
The conditioned media were clarified by centrifugation
and passed through HiTrap™ Q HP anion exchange col-
umn (GE Healthcare) and eluted with a linear gradient
of 1 M NaCl in 20 mM HEPES (pH 7.4) 1 mM TCEP.
The elution proteins after centrifugation were applied to
a nickel-chelated Hi-Trap column (GE Healthcare) and
eluted with a linear gradient of 25-500 mM imidazole
in 20 mM HEPES (pH 7.4) and 150 mM NaCl, 1 mM
TCEP. For the final step, size-exclusion chromatography
on HiLoad 26/60 Superdex-200 column (GE Healthcare)
pre-equilibrated with 20 mM HEPES (pH 7.4), 150 mM
NaCl, 1 mM DTT was carried out.

For the Ub-AMC assay and structural studies four con-
structs, USP35eCDC (aa 390-1018), USP35eCDCAIi
(aa 390-1018A603-760), USP35eCD (aa 390-978), and
USP35eCDAI (aa 390-978A603-760), of USP35 were
cloned into the pGEX4T-1 vectors (Novagen). Expression
was carried out in E. coli Rosetta2(DE3) cells (Merck) that
were chemically transformed with an expression vector and
subsequently grown in an LB medium supplemented with
ampicillin (100 pg/ml). Cultures were grown at 37 °C for
3—4 h until an OD600 of 0.6 and then cooled to 18 °C for
1 h. Expression was induced by the addition of 0.5 mM
isopropyl-p-D-1-thiogalactopyranoside (IPTG) and cul-
tures were kept shaking at 18 °C for o/n. The cells were
harvested by centrifugation and the pellet was re-suspended
in buffer containing 20 mM HEPES (pH 7.4), 200 mM
NaCl and 5 mM B-mercaptoethanol and then subsequently
disrupted by sonication. The crude lysate was centrifuged
at 18,000 rpm for 1 h at 4 °C and the cell debris was dis-
carded. The supernatant was applied to a GSTrapTM FF
(GE Healthcare) and eluted with 25 mM glutathione (GSH)
in 20 mM HEPES (pH 7.4), 200 mM NaCl and 5 mM
B-mercaptoethanol followed by digestion with thrombin (1:5
molar ratio) for o/n. It was further purified by gel filtration
chromatography on HiL.oad 26/600 Superdex-200 column
(GE Healthcare) pre-equilibrated with the buffer consisting
of 25 mM HEPES (pH 7.4) and 200 mM NaCl.

Asymmetrical flow field-flow fractionation
with multi-angle light scattering (AF4-MALS)
analysis

The molecular weight of USP35eCDAi (aa
390-926A603-760) and USP35eCDC (aa 390-1018) were
determined using the AF4-MALS detector system (Wyatt
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Technology) equipped with a standard channel (25 cm), 350-
pm spacer, and regenerated cellulose membrane (10 kDa
cutoff). DAWN Heleos II 18-angle MALS system with
Optilab T-rEX refractive index detector was used, and data
were analyzed using the Zimm model for fitting experimen-
tal light scattering data and graphed using an EASI graph
with a UV peak in ASTRA 6.1 software (Wyatt Technol-
ogy). About 150 pg of USP35eCDAi and USP35eCD were
injected in each run. The WTC-030S5 column (Wyatt Tech-
nology) was run with buffer containing 20 mM HEPES (pH
7.4), 150 mM NaCl, and 1 mM DTT at a flow rate of 0.7 ml/
min at 25 °C. The ASTRA 6.1 software was used to calculate
the molecular mass using BSA as a control protein.

Small-angle X-ray scattering (SAXS) data collection
and analysis

The SAXS data were collected in ten successive frames per
second at a flow rate of 0.3 pl/s through a Microlab 600
advanced syringe pump (Hamilton). There was no radia-
tion damage detected during the scattering measurements.
Measurements of protein solutions were carried out over
a small concentration range of 0.8-2.0 mg/ml, to obtain
good-quality scattering data without any interferences of
protein molecules. Data were normalized to the intensity of
the transmitted beam and radially averaged. The scattering
of 20 mM HEPES (pH 8.4) buffer solution was used as the
experimental background. The SAXS data of USP35eCDAI,
USP35“4935¢CDCAI, and USP35eCDC fit well with the
theoretically calculated model based on the Guinier plot.
For USP35eCDAI, the radius of gyration (Rg) and maxi-
mum interatomic distance (Dmax) values were calculated
to be 24.6+0.2 and 80.0 A, respectively. The corresponding
values were 49.6+0.2 and 171.8 A for USP35%405eCDC
and 65.4+2.5 and 232.0 A for USP35¢CDC. The molecular
mass derived from the estimated Porod volume was almost
similar to the calculated (see Table 1). To reconstruct the

molecular shapes, the ab initio shape determination program
GASBOR [22] was used. For comparison of the overall
shape and dimension, the ribbon presentation of the atomic
crystal models (PDB: 5TXK) is superimposed onto the
reconstructed dummy residues models using the program
SUPCOMB [23].

Statistical analysis

Results are shown as mean =+ SD of at least three independent
experiments unless otherwise indicated in the Fig. legends.
The comparison of different groups was carried out using a
two-tailed unpaired Student’s ¢ test, and the P value <0.05
was considered statistically significant and reported as in
legends.

Results

The C-terminal domain and the insertion region
in the USP domain are required for full USP35
activity

Amino acid (aa) sequence alignment showed that the
sequence from the USP domain (catalytic domain, CD: aa
440-926) to the C-terminal domain (CTD, aa 926-1018)
of USP35 are highly conserved among the species, while
the insertion region (i, aa 603-760) within the USP domain
varies, even among vertebrates (Supplementary Fig. 1). To
gain insights into the insertion region and the C-terminal
domain of human USP35, we designed various constructs
with boundaries based on previously reported studies and
secondary structure predictions [2] (Fig. 1a). First, we exam-
ined the DUB activity of USP35 variants by performing
experiments using immunoprecipitated USP35 in cell lysate.
USP35CD did not cleave the K48-linked polyubiquitin

Table 1 Structural parameters
obtained from the SAXS data
of truncated and full-length

proteins in solution

Sample R,g,Ga (A) Rg.p(r)b (‘&) DmaxC (A) I\/H\/Icalculatedd NH\/ISAXSe (kDa)
(kDa)

USP35 390-9264605-760 24.25+0.24 24.62+0.19 80.0 45.0 43.4

USP35 440-101826957%0: Ubiquitin  48.04+1.54 49.63+0.17 171.8 55.8 113.7

USP35 390-1018 67.66+3.32 65.37+2.50 232.0 140.0 166.1

*R, g (radius of gyration) was obtained from the scattering data by the Guinier analysis

bRgiyl,(,) (radius of gyration) was obtained from the p(r) function by the program GNOM

°D,,.x (maximum dimension) was obtained from the p(r) function by the program GNOM

MM, cutated (Molecular mass) was obtained from the amino acid sequence of the protein

*MMg, xs (molecular mass) was estimated from a BSA standard protein
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«Fig. 1 The insertion region and C-terminal domain are required for
full USP35 activity. a USP35 constructs used in experiments. b, ¢
HEK293T cells were transfected with the indicated Flag-USP35 con-
structs. The cell lysates were incubated with K48-linked polyubiq-
uitin chains for 15 min after immunoprecipitation with an anti-Flag
antibody. Cleaved ubiquitin chains were detected by immunoblotting
with an anti-ubiquitin antibody. d In vitro DUB activity using Ub-
AMCs

chain although the USP domain is a catalytic domain that
includes the active cysteine residue C450. However, USP35
with both the USP and C-terminal domains (USP35CDC,
aa 440-1018), cleaved the aforementioned ubiquitin chains,
similarly to that of full-length USP35 (FL, aa 1-1018).
Neither the N-terminal domain (NTD, aa 1-440) nor the
C-terminal domain alone showed activity (Fig. 1b). The
same outcomes were observed in analyses of K63-linked
polyubiquitin chains (Supplementary Fig. 2). Therefore,
we concluded that the C-terminal domain and the catalytic
domain of USP35 are critical to its DUB activity.
Previously, Kurathu and colleagues reported that either
the extended USP domain (eCDe, aa 390-978) or the
extended USP domain with the insertion deleted (eCDeAd,
aa 390-978 A603-760) in USP35 showed enzymatic activity
in an in vitro DUB assay [2]. Since the only USP domain in
USP35 did not show activity in vivo, we cloned the same
fragments as those described in the paper and verified their
DUB activity. When several USP35 constructs were trans-
fected in HEK293T cells and immunoprecipitation was per-
formed with an anti-Flag antibody, the results showed that
USP35eCDe cleaved K48-linked polyubiquitin chains, but
USP35CD did not cleave these chains (Fig. 1c). Consider-
ing this result, we provided evidence that residues 926-978
in the C-terminal domain are important for the activity of
USP35. However, we did not see any disassembly of these
chains in the insertion-deleted mutants of USP35, such as
USP35CDAI (aa 440-926 A603-760), USP35eCDeAi (aa
390-978 A603-760), or USP35eCDCAIi (aa 390-1018
A603-760) in vivo (Fig. 1c). We proposed two possibilities
to explain the reasons that our results differ from previous
results. First, we used a small concentration of K48-linked
polyubiquitin chains (100 ng) and HEK293T cell lysates for
the in vivo DUB assay. Second, the reaction time in which
the ubiquitin chains were cleaved was shorter (15 min) than
that in previously performed in vitro experiments. To more
clearly confirm the role of the insertion region, we charac-
terized the DUB activity of recombinant USP35 constructs
using a minimal synthetic substrate, ubiquitin fused to a
C-terminal fluorescent group (Ub-AMC), in a hydrolysis
assay. Since the expression levels of the USP35 constructs

in which residue 440 was the first aa in E.coli were low, we
produced four USP35 constructs with residue 390 as the
first aa (USP35eCDAIi, USP35eCDeAi, USP35eCDe, and
USP35eCDC). Consistent with the in vivo DUB activity,
USP35 with the USP domain and C-terminal domain, at
least, residues 926-978 (USP35 eCDe and USP35eCDC)
showed very similar activity, but the USP domain without
the insertion region (USP35eCDAI, aa 390-926 A603-760)
showed considerably less activity. Interestingly, the USP35
construct with the C-terminal domain without the insertion
region in the USP domain (USP35eCDeAi) showed approxi-
mately one-half the catalytic activity as that of the USP35
eCDe construct (Fig. 1d). On the basis of these data, we
demonstrated that USP35 showed full DUB activity when
both the insertion region and C-terminal domain comprising
at least residues 926-978, were included in the fragment.

Recombinant USP35 that includes the C-terminal
domain forms dimers

To understand how the insertion region and C-terminal
domain affect the DUB activity of human USP35, we
attempted to address this based on the structural point of
view. Recombinant USP35 sequences with residue 390 as
the first aa, such as USP35eCDC and USP35eCDAIi, were
purified from FreeStyle™ 293-F cells. Through asymmetri-
cal flow field-flow fractionation with multiangle light scat-
tering (AF4-MALS), the oligomeric state of these proteins
in solution was analyzed. While USP35eCDAi was eluted
as a monomer (47.6 kDa), USP35eCDC behaved as a dimer
with a Mr of 142.7 kDa (Fig. 2a). This finding suggested
that the C-terminal domain and/or the insertion region is
involved in dimer formation.

To further assess the possible orientation of the inser-
tion region and conformation of the C-terminal domain, we
attempted both crystallization and small-angle X-ray scat-
tering (SAXS), which can provide information on the shape
of molecules in solution [24]. Three recombinant proteins
containing the USP domain and the C-terminal domain
with or without the insertion region, namely USP35eCDC,
USP35eCDCAI, and USP35eCDAI in E. coli, were used.
To establish USP35eCDCAI, we generated the catalytically
inactive mutant USP35°4*% and ubiquitin was co-expressed
for stability. Although we failed to obtain diffraction-quality
crystals, we were able to collect SAXS data. The initial fit
of the SAXS data on the USP35 proteins included Guinier
and pair distance distribution fit with respect to the radius
of gyration (Rg) and maximum distance (Dmax), respec-
tively (Fig. 2b and Table 1). An analysis of the scattering
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«Fig.2 Recombinants USP35 containing the C-terminal domain form
a dimer. a AF4-MALS for USP35eCDAi (left) and USP35eCDC
(right) proteins in solution. The thick black lines represent the molec-
ular weight as determined by the Zimm model. b I(g) versus ¢ in log—
log plots of USP35eCDAI (blue line), USP35¢CDCAI (green line)
and USP35eCDC (red line) protein in solution. Open shapes repre-
sent the experimental data, and solid lines represent the X-ray scatter-
ing profiles obtained from dummy residue models using GASBOR.
For clarity, each plot is shifted along the log I(g) axis (left). The
pair distance distribution p(r) functions of the USP35eCDAIi (blue),
USP35eCDCAI (green) and USP35eCDC (red) proteins in aqueous
solution were based on an analysis of the experimental SAXS data
using the program GNOM. The areas under the curves were normal-
ized to molecular weight for ease of comparison (right). ¢ Structural
envelopes of USP35eCDAi, USP35¢CDCAI, and USP35eCDC were
obtained using the ab initio shape method program GASBOR with
P2 symmetry restriction. Surface rendering was achieved using the
PyMOL program. The ribbon presentation of the crystal structure of
USP35 with bound Ub (PDB: 5TXK), and the predicted a-helix in
the C-terminal domain (generated using PYRE2.0) is superimposed
onto the constructed envelope using the program SUPCOMB. Ubiq-
uitin is orange. The possible positions of the C-terminal domain and
the insertion region are indicated

data indicated that the catalytic domain with both the inser-
tion region and C-terminal domain deleted (USP35eCDA1)
was a monomer with a molecular mass of ~43 kDa and an
estimated Dmax of ~80 A (Fig. 2¢). These results were
nearly the same as those obtained with the crystal struc-
ture of the ubiquitin-bound catalytic domain of USP35 [2]
(PDB: 5TXK). However, USP35%%e¢CDCAi and USP-
35eCDC showed molecular masses of ~114 and 166 kDa,
respectively, which were significantly larger than the mass
of USP35eCDAI. The P(r) data of USP35eCDCAi“*** and
USP35eCDC revealed similar profiles, with Dmax values
of ~171 A and 232 A, respectively. Therefore, these mutants
formed homodimers, and the C-terminal domain was associ-
ated with the dimeric state. The Dmax for USP35¢eCDC was
considerably larger than that of USP35%%%S¢CDCAI, which
may indicate that the insertion region adopts an extended
conformation with a high degree of flexibility. In conclusion,
both the MALS and SAXS data indicated that the C-terminal
domain plays a role in dimer formation, whereas the inser-
tion region likely to be quite flexible (Fig. 2c¢).

USP35 exhibits auto-deubiquitination

USP35 exhibited full enzymatic activity when it has the
insertion in the dimeric form through the C-terminal domain.
However, although the stability of USP35 with full activity
was maintained, USP35 in a monomeric state was rapidly
degraded when CHX was added to the cells (Fig. 3a). From
the results obtained thus far, we deduced that the catalytic

activity of USP35 is necessary to prevent its degradation.
To determine whether the degradation of USP35 is due to
ubiquitination, we transfected USP35 truncation mutants
into HEK293T cells and analyzed the status of ubiquitina-
tion through a Ni-NTA pulldown assay. Only USP35CD
was ubiquitinated in the presence of ubiquitin. However, we
did not observe ubiquitinated forms of either USP35FL or
USP35CDC, which both included the USP domain (Fig. 3b).
Interestingly, USP35CD was ubiquitinated when we added
the C-terminal domain (USP35CTD) in trans to the cells
(Fig. 3b), suggesting that the USP domain of USP35 is ubig-
uitinated, but when the C-terminal domain comprises the
same chain (USP35CDC), in cis, ubiquitination was sup-
pressed. In addition, the USP domain without the insertion
region (USP35CDAIi) was ubiquitinated, demonstrating
that the ubiquitination site of USP35 might be in the USP
domain but not the insertion region (Fig. 3c). Indeed, the
ubiquitinated form was not identified when in the USP35
construct with an extended USP domain (USP35eCDe), but
when the extended USP domain lacked the insertion region
(USP35eCDeAi), the construct was ubiquitinated (Fig. 3c).
On the basis of these results, we concluded that USP35 is
not ubiquitinated in the dimer state when both the insertion
region within the USP domain and at least residues 926978
were included.

To explain the reason that USP35 with full activity is not
ubiquitinated, we hypothesized that USP35 with enzymatic
activity continually cleaves ubiquitin chains from itself.
To determine whether USP35 can remove the ubiquitin
chains attached to its own USP domain, we co-transfected
HEK293T cells with His-Ubiquitin, HA-USP35CDC®44,
and several Flag-USP35 constructs and performed an ubiq-
uitination assay with Ni-NTA agarose. The ubiquitination of
HA-USP35CDC %% was decreased by the overexpression
of Flag-USP35FL, Flag-USP35CDC, or Flag-USP35eCDe.
Thus, USP35 with full enzymatic activity disassembled the
ubiquitin chains attached to the catalytically inactive form of
USP35 (USP35CDC**%4). In addition, USP35CDCAI and
USP35eCDeAi did not affect the ubiquitination of USP35
inactive form, suggesting that USP35 with an intact inser-
tion region in the USP domain and the C-terminal domain
(at least aa 926-978) showed auto-deubiquitination activ-
ity (Fig. 3d). To further investigate whether the N-terminal
domain is involved in the activity of USP35, we designed a
USP35 construct containing the USP domain and N-termi-
nal domain (USP35NCD, aa 1-926) (Fig. 1a) and tested its
ubiquitination and catalytic activity. In contrast to constructs
with the C-terminal domain, a USP35NCD construct was
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«Fig.3 Fully active USP35 functions through auto-deubiquitina-
tion. a HeLa cells were transfected with Flag-USP35CDC or Flag-
USP35CD. The cells were then treated with 100 pg/ml cycloheximide
(CHX) and harvested at the times indicated. A western blot analysis
was performed to detect USP35 protein levels. b, ¢ HEK293T cells
transfected with His-ubiquitin alone or together with the indicated
Flag-USP35 constructs were treated with MG132 for 4 h. Ubiqui-
tination of each Flag-USP35 construct was observed using a Ni—
NTA-mediated pull-down assay. d HEK293T cells transfected with
His-ubiquitin alone or together with HA-USP35CDC®*%4 and the
indicated Flag-USP35 constructs were treated with MG132 for 4 h.
HA-USP35CDC4 ubiquitination was observed by a Ni-NTA-
mediated pull-down assay

ubiquitinated in the presence of ubiquitin and exhibited no
DUB activity (Supplementary Fig. 3a, b).

HSP90 interacts with USP35

To find an E3 ligase that ubiquitinates USP35, we subjected
HEK293T cells transfected with Flag-USP35FL to immu-
noprecipitation assays and LC-MS analysis (Fig. 4a). Of
the several proteins pulled down, we noticed HSP90 was a
partner protein of USP35. HSP9O0 is a typical chaperone and
regulates the function of many client proteins. HSP90 regu-
lates the stability of client proteins by controlling their fold-
ing and degradation. To achieve the folding or degradation
of client proteins, HSP90 cooperates with other co-chaper-
ones such as HOP and CHIP. When binding to HOP kinase,
HSPOO facilitates client protein folding as a chaperone and
helps maintain the client protein structure. However, when
interacting with CHIP, which shows ubiquitin ligase activ-
ity, HSP90 has been found to facilitate the degradation of
client proteins [25, 26]. By transfecting cells with wild-type
Flag-USP35 (WT USP35) or catalytic inactive Flag-USP35
form, USP35%4%A and HA-HSP90, we observed the interac-
tion of USP35 with HSP90 by co-immunoprecipitation with
an anti-Flag antibody (Fig. 4b). Consistent with this result,
ectopically expressed Flag-USP35 or Flag-USP354%4 was
associated with endogenous HSP90 (Fig. 4c). In addition,
USP35 interacted with HSP90 under physiological condi-
tions (Fig. 4d). These results indicated that USP35 interacted
with HSP90 and that the DUB activity of USP35 was not
required for this interaction. To identify the region of USP35
that is involved in the interaction with HSP90, we per-
formed immunoprecipitation with generated USP35 deletion
mutants. Binding tests with immobilized HA-HSP90 showed
that the USP domain of USP35 was critical for the interac-
tion of HSP90 (Supplementary Fig. 4). Next, we wondered
whether HSP90 regulates the degradation of USP35. When

the expression of HSP90 was decreased by siRNA, the levels
of the USP35 protein were increased compared to the levels
of control siRNA (Fig. 4e). To further investigate HSP90-
induced changes to the levels of USP35 protein, we treated
HeLa cells that had been transfected with HSP90 siRNA
alone or together with Flag-USP35 or Flag-USP35¢4304
with cycloheximide and harvested the cells for a time-course
analysis. The depletion of HSP90 prevented the degradation
of endogenous USP35 and ectopically overexpressed WT
USP35 and USP35“4%A compared to the expression level
observed in control cells (Fig. 4f). Indeed, overexpression
or knockdown of HSP90 did not affect USP35 mRNA lev-
els (Supplementary Fig. 5a, b). These results indicated that
HSP90 regulated USP35 protein stability. In addition, an
increase in USP35 protein levels induced by HSP90 knock-
down enhanced USP35 catalyzed ubiquitin chains cleavage
(Fig. 4g). To confirm that HSP9O0 activity is required for the
regulation of USP35 levels, we treated cells with HSP90
inhibitors such as geldanamycin (GA) and PU-H71 (PU).
However, HSP90 inhibitors exerted no effect on the level or
ubiquitination status of USP35 (Supplementary Fig. 6a—c).
Hence, these results showed that HSP90 regulated USP35
protein levels regardless of HSP90 activity.

CHIP binds to and ubiquitinates USP35
in an HSP90-dependent manner

As mentioned earlier, HSP90 modulates client protein levels
via co-chaperon CHIP-dependent degradation. We investi-
gated the interaction between CHIP and USP35 to deter-
mine the effect of CHIP on the USP35 level. Interestingly,
wild-type CHIP (WT CHIP) and CHIP catalytic inactive
form (CHIP"20Q) interacted with USP35 but CHIPX3%A,
which cannot bind to the chaperon protein, did not bind to
USP35 (Fig. 5a). This result meant that CHIP interacted
with USP35 in an HSP90-dependent manner. Next, we
examined whether CHIP ubiquitinates USP35. Based on the
auto-deubiquitinating activity of USP35, only USP35¢494,
but not WT USP35, was ubiquitinated by overexpressed
WT CHIP, but not by CHIPH26Q or CHIP¥3%A (Fig. 5b).
Indeed, HSP90 knockdown decreased the ubiquitination
of USP354% but not WT USP35 (Fig. 5¢). Additionally,
CHIP-induced ubiquitination of USP35%4%4 was decreased
by HSP90 knockdown (Fig. 5d). On the basis of these data,
we concluded that CHIP ubiquitinated USP354%%4 but not
WT USP35, and that the ubiquitination of USP35“4°%A by
CHIP relied on HSP90 as well as the interaction between
CHIP and USP35.
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«Fig.4 HSP90 regulates the stability of USP35. a HEK293T cells
were transfected with Flag or Flag-USP35. Cell lysates were immu-
noprecipitated with anti-Flag antibody, and purified proteins were
separated on gels and stained with Coomassie Blue. Each spe-
cific protein band was identified by mass spectrometric analysis. b
HEK?293T cells were transfected with HA-HSP90 alone or in com-
bination with Flag-USP35 or Flag-USP35%*%4 The interaction
between HSP90 and USP35 was detected by immunoblotting after
immunoprecipitation with an anti-Flag antibody. ¢ HEK293T cells
were transfected with Flag-USP35 or Flag-USP3543%4, The interac-
tion between endogenous HSP90 and Flag-USP35 was detected by
immunoblotting after immunoprecipitation with an anti-Flag anti-
body. d the interaction between endogenous USP35 and HSP90 was
detected by immunoblotting after immunoprecipitation with and
anti-HSP90 antibody. e HeLa cells were transfected with CONi or
HSP90i. A western blot analysis was performed to detect USP35 pro-
tein levels. f HeLa cells were transfected with CONi or HSP90i alone
or in combination with Flag-USP35 or Flag-USP35%43°A, The cells
were then treated with 100 pg/ml CHX and harvested at the times
indicated. A western blot analysis was performed to detect Flag-
USP35 protein levels. g HeLa cells were transfected with Flag-USP35
alone or in combination with HSP90i. The cell lysates were incubated
with K11-, K48 or K63-linked tetraubiquitin for 15 min after immu-
noprecipitation with an anti-Flag antibody. Cleaved ubiquitin was
detected by immunoblotting with an anti-ubiquitin antibody

Because deficient HSP90 led to attenuated CHIP-induced
ubiquitination of USP35%4%4 and increased USP35 protein
levels, we proposed that CHIP regulates USP35 protein lev-
els. We transfected HeLa cells with USP35%%%4 alone or
together with WT CHIP and observed that the USP354304
levels were decreased by the overexpression of WT CHIP.
However, when CHIPX3%4 or CHIPH?%9Q was overexpressed,
the USP35%4% Jevel was not changed; thus, CHIP regulated
USP35%43%A Jevels through ubiquitination, and this response
required HSP90 (Fig. Se). Depletion of CHIP by siRNA
increased the USP35 level, as expected. (Fig. 5f). Consist-
ent with HSP90, CHIP did not regulate USP35 expression
(Supplementary Fig. 5a, b).

The USP35 dimer cleaves the ubiquitin chain
attached to it by CHIP

Since we demonstrated that CHIP is an E3 ubiquitin ligase
of USP35, we wanted to determine whether CHIP-induced
ubiquitination is inhibited by USP35 itself. As shown in
Fig. 5g, the ubiquitination of HA-USP35CDC®*4 was
increased by CHIP, but this response was inhibited by the
overexpression of Flag-USP35FL or Flag-USP35CDC.
These results indicated that USP35 with full activity deu-
biquitinated it after CHIP had induced the ubiquitination
of USP35 inactive form. All constructs of catalytic inac-
tive USP35 mutants (USP35¢40A USP35¢4%4CD, and
UPS35%%4 CDC) were ubiquitinated by CHIP, while WT

USP35 with both the USP domain and C-terminal domain
was not ubiquitinated by CHIP, suggesting that USP35 auto-
deubiquitination requires active cysteine residue (Fig. Sh).

USP35 dimer regulates mitosis
through deubiquitination of Aurora B

Previously, we reported that USP35 is involved in mito-
sis via deubiquitination of Aurora B [3]. To confirm that
the activity and dimeric formation of USP35 affect cell
cycle regulation, we observed the cell morphology at
each phase of mitosis. When cells were transfected with
siRNA targeting USP35, the number of mitotic errors
was increased compared to that in the control cells, as
previously reported. These defects in USP35-deficient
cells were largely reversed by expression of the USP35
construct consisting of the USP domain and C-terminal
domain that formed a dimer and showed full activity but
not by the expression of the USP domain of USP35, which
was a monomer and showed no activity (Fig. 6a). Thus,
USP35 with full activity in a dimeric state is required for
successful mitotic progression. USP35 targets and deu-
biquitinates Aurora B kinase, thus maintaining Aurora
B stability during mitosis. We tested the ubiquitina-
tion of Aurora B by several USP35 deletion mutants.
As expected, only fully active USP35 constructs such
as USP35FL and USP35CDC deubiquitinated Aurora B
(Fig. 6b).

A previous study showed that another substrate of
USP35, STING bound to the C-terminal USP catalytic
domain (aa 433-1018, excluding the insertion region) of
USP35 [6]. To determine the domain that mediates the
interaction of Aurora B with USP35, a series of USP35
truncation mutants were expressed in HEK293T cells.
Our co-IP assay showed that Aurora B bound to the USP
domain of USP35 (Fig. 7a). Since HSP90 is mainly bound
to USP35 through the USP domain, we checked whether
each protein competitively interacted with USP35 and
ascertained when each protein showed greater binding.
The results showed that Aurora B and HSP90 did not
competitively bind USP35; that is, Aurora B or HSP90
alone or in combination showed no difference in binding
to USP35 (Fig. 7b). However, the interaction between
HSP90 and USP35 was weaker in mitotic cells than in
normal cells, suggesting that USP35 increasingly binds
to Aurora B by dissociating from HSP90, increasing the
stability of Aurora B in mitosis (Fig. 7c, d).
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Discussion

USP35 consists of an N-terminal HEAT repeat, a USP
domain with a long insertion region, and a C-terminal
domain. Here, we showed that both the C-terminal domain
and the insertion region within the USP domain are
required for USP35 DUB activity, but that the N-terminal
domain does not have any effect on its catalytic activity.
Additionally, we found that the USP domain is critical
for USP35 binding to other proteins and is the site where
ubiquitination occurs. A HEAT repeat, a tandem repeat of
a structural motif composed of two a-helices linked by a
short loop, commonly forms a solenoid and mediates pro-
tein—protein interactions [27]. However, both the substrate
Aurora B and the partner protein HSP90 bound to the USP
domain of USP35. What role does the N-terminal domain
of USP35 play? A previous study reported that the removal
of residues 1- 269, which disrupts the HEAT repeat motif,
enables efficient ER targeting. The authors proposed that
these residues might be the binding site for proteins that
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interfere with USP35 integration into the ER membrane
[2]. Further studies will need to perform to find the bind-
ing protein and determine the details of its interactions
with USP35.

Both the MALS and SAXS data showed that the catalytic
domain and C-terminal domain of USP35 were involved in
homodimer formation, although the catalytic domain with-
out the insertion region forms a monomer both in crystal-
line and soluble states. In addition, both the C-terminal
domain and the insertion region contribute to the full enzy-
matic activity of USP35. These two unexpected features
from the structural studies, the presence of a distinct stable
assembly of a dimer through the C-terminal domain and
the implication of the long insertion in the deubiquitinat-
ing activity of USP335, are distinct from USP25 and USP28.
Although USP25 and USP28 have a long insertion region
of approximately 175 residues in the catalytic domain and a
highly conserved C-terminal domain comprising ~ 350 resi-
dues, dimer formed by these proteins is achieved through
the symmetric association of the insertion rods, with the
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«Fig.6 A fully active USP35 dimer is required to regulate mitosis.
a HeLa cells were transfected with USP35i alone or in combina-
tion with Flag-USP35CDC or Flag-USP35CD. Immunofluorescence
staining was performed using a TPX2 antibody. One hundred cells
per group were examined from three independent experiments. Scale
bar 10 pm. b HEK293T cells transfected with His-ubiquitin alone or
together with Myc-Aurora B or the indicated Flag-USP35 constructs
were treated with MG132 for 4 h. Myc-Aurora B ubiquitination was
observed using a Ni-NTA-mediated pull-down assay. In a, data are
presented as mean+ SD. **P <(0.005 (Student’s ¢ test)

two independent catalytic sites spatially separated and the
C-terminal domain exerting no impact on oligomerization.
In contrast, the a-helical C-terminal domain is implicated in
substrate binding in both USP25 and USP28 [13]. Moreover,
USP25 dimers, but not USP28 dimers, can form auto-inhib-
ited tetramers with the conserved insertion blocking ubiqui-
tin binding. In the case of USP25, the crystal structure of the
catalytic domain with the insertion region deleted is also a
monomer [12, 13]. Although one has to wait for the crystal
structure of the full-length enzyme to understand the details,
it is clear that the assembly of the dimeric unit found in
USP35 is unique. As stated earlier, the C-terminal domain of
USP35 is highly conserved, while the insertion region shows
low sequence homology (Supplementary Fig. 1). However,
the insertion is near the ubiquitin-binding site. Both the
C-terminal and the insertion region include several charged
residues—ecertain stretches in the insertion consist of nega-
tively charged residues, particularly glutamate. Secondary
structure prediction programs have suggested the possible
presence of two a-helices in both of these domains. Based
on these findings, it is tempting to suggest that two a-helices
in the C-terminal domain contribute to dimerization, but one
certainly cannot rule out the possible involvement of the
insertion region in the dimer formation. Additionally, we do
not know the details of how the insertion region within the
USP domain regulates DUB activity, but it has the potential
to interfere with ubiquitin-binding since the insertion region
is near the ubiquitin-binding site (Fig. 3c).
Auto-deubiquitination has been observed in a few DUBs
and it has been shown to affect their functions. First, auto-
deubiquitination regulates DUB localization in the nucleus
and cytosolic shuttling. The monoubiquitination of several
sites in the NLS region of BAP1 by UBE20O induces the
cytoplasmic sequestration of BAP1 and auto-deubiquitina-
tion drives BAP1 nuclear import, where it deubiquitinates
nuclear substrates. A prediction-based model suggests that
intramolecular interactions between the C-terminal region
and the UCH domain are required for efficient auto-deu-
biquitination [19]. Interactor binding can also be regulated
by auto-deubiquitination. USP4 promotes homologous

recombination-mediated DNA repair through its interac-
tion with CtIP/MRN which is required for CtIP recruitment
to DNA damage sites. The mass analysis revealed multiple
ubiquitination sites in USP4, and these are deubiquitinated
when USP4 shows catalytic activity. When USP4 is deu-
biquitinated, the interaction between CtIP/MRN and USP4
is stimulated. This means that the ubiquitination of USP4
counteracts its interactions and functions. As its most com-
mon function, a DUB with auto-deubiquitination regulates
its own stability. DUBs that lose their activity, are more
prone to degradation when ubiquitinated by E3 ligases [28].
USP19 removes ubiquitin via auto-deubiquitination, and a
catalytically inactive mutant of USP19 is prone to degrada-
tion. USP19 is stabilized by self-association and intermo-
lecular deubiquitination [21]. Li and colleagues performed
screening and selected several DUBs to experiment with reg-
ulating their stability. Among these DUBs, the USP29 inac-
tive mutant underwent ubiquitination-mediated proteasomal
degradation, but WT USP29 ubiquitination was negligible,
and the protein level remained higher than that of the inac-
tive mutant form of USP29. Furthermore, USP29 formed a
homomeric interaction through the N-terminal region and
C-terminal catalytic domain, suggesting that USP29 with
enzymatic activity inhibited its own ubiquitination through
a homomeric interaction and thus prevented its degrada-
tion and maintained high protein levels [28]. We found that
USP35 without activity (USP35CD) was degraded more rap-
idly than USP35 with activity (USP35CDC). In addition,
high ubiquitination was observed only with USP35 inactive
mutant form or the USP domain alone. Hence, we concluded
that USP35 can deubiquitinate itself, which protects it from
degradation induced by ubiquitination, and that this preven-
tive effect is realized through a C-terminal domain-mediated
homodimer interaction (Fig. 8).

DUBs whose stability is regulated by auto-deubiquit-
ination can be targeted by E3 ligases and degraded by E3
ligase-mediated ubiquitination [29-31]. However, the E3
ligase involved in auto-regulatory deubiquitination has
not been yet reported. In this study, we found that CHIP-
mediated ubiquitination of USP35 induces its degrada-
tion. CHIP selectively ubiquitinates substrate captured by
molecular chaperones, such as HSP90 [32]. We observed
that HSP90 interacted with USP35 and that CHIP bound
to HSP90 regulated the ubiquitination and degradation of
USP35. Interestingly, WT USP35 or USP35 constructs,
which showed full activity, was negligibly ubiquitinated
by CHIP. On the basis of these results, we speculated that
USP35 can cleave the ubiquitin chain attached to itself
by CHIP and that this outcome depends on its own DUB
activity (Fig. 8).
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«Fig. 7 The interaction between HSP90 and USP35 is decreased dur-
ing mitosis. a HEK293T cells were cotransfected with HA-Aurora B
and the indicated constructs of Flag-USP35. The interaction between
HA-Aurora B and Flag-USP35 constructs was detected by immu-
noblotting after immunoprecipitation with an anti-Flag antibody. b
HEK293T cells were transfected with HA-HSP90 or Myc-Aurora B
alone, in combination with Flag-USP35, or altogether. The interac-
tion between HSP90 or Aurora B and USP35 was detected by immu-
noblotting after immunoprecipitation with an anti-Flag antibody.
¢, d HeLa cells transfected with (¢) Flag-USP35 and HA-HSP90 or
(d) Flag-USP35 and Flag-USP35.A were synchronized in pro-
metaphase by treatment with 100 ng/ml Nocodazol for 18 h. The
interaction between HSP90 and USP35 was detected by immunoblot-
ting after immunoprecipitation with (c¢) an anti-Flag antibody or (d)
an anti-HSP90 antibody. N, normal cells (no synchronization); M,
mitotic cells (synchronization)

As described above, both Aurora B and HSP90 bound to the
same domain of USP35. To maintain the stability of Aurora B
during mitosis [3], USP35 must not be degraded during this
time. Therefore, the interaction of USP35 with HSP9O is attenu-
ated during mitosis, leading to reduced ubiquitination of USP35
by CHIP. Indeed, the USP35 inactive mutant level increased in
mitotic cells compared to normal cells, suggesting that CHIP-
mediated degradation is decreased during mitosis (Fig. 7d).

Taken together, our work provides information on how
the activity of USP35 is regulated by elucidating the role
and structure of USP35 domains, and introduces a novel E3
ligase involved in the degradation of USP35. We believe that
our study will contribute to a more accurate understanding
of the cellular function of USP35.

Homodimer: auto-deubquitination
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Fig.8 Model showing auto-deubiquitination of the USP35 homodi-
mer and its function during mitosis. WT USP35 forms a homodimer
through the C-terminal domain. USP35 uses its own DUB activity to
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cleave the ubiquitin chain attached by CHIP and thus prevents its own
degradation. During mitosis, USP35 dissociates from HSP90 and
then binds more Aurora B to deubiquitinate it
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