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Calpains regulate a wide spectrum of biological functions, including migration, adhesion, apoptosis, secretion, and autophagy,
through the modulating cleavage of specific substrates. Ubiquitous microcalpain (p.-calpain) and millicalpain (m-calpain) are
heterodimers composed of catalytic subunits encoded, respectively, by CAPN1 and CAPN2 and a regulatory subunit encoded by
CAPNSI1. Here we show that calpain is required for the stability of the deubiquitinating enzyme USP1 in several cell lines. USP1
modulates DNA replication polymerase choice and repair by deubiquitinating PCNA. The ubiquitinated form of the USP1 sub-
strate PCNA is stabilized in CAPNS1-depleted U20S cells and mouse embryonic fibroblasts (MEFs), favoring polymerase-n
loading on chromatin and increased mutagenesis. USP1 degradation directed by the cell cycle regulator APC/C*™™, which marks
USP1 for destruction in the G, phase, is upregulated in CAPNSI-depleted cells. USP1 stability can be rescued upon forced ex-
pression of calpain-activated Cdk5/p25, previously reported as a cdh1 repressor. These data suggest that calpain stabilizes USP1
by activating Cdk5, which in turn inhibits cdh1 and, consequently, USP1 degradation. Altogether these findings point to a con-

nection between the calpain system and the ubiquitin pathway in the regulation of DNA damage response and place calpain at

the interface between cell cycle modulation and DNA repair.

C alpains regulate a wide spectrum of biological functions, in-
cluding migration, adhesion, apoptosis, secretion, and au-
tophagy through the modulated cleavage of specific substrates (re-
viewed in references 1-3). Ubiquitous microcalpain (p.-calpain)
and millicalpain (m-calpain) are heterodimers composed of a cat-
alytic subunit encoded, respectively, by CAPNI and CAPN2 and a
regulatory subunit encoded by CAPNSI. Both p.-calpain and m-
calpain are negatively modulated by calpastatin. By a proteomic
approach, we identified USP1 deubiquitinase as a CAPNS1-inter-
acting protein. USP1 is a key modulator of DNA repair, partly
through deubiquitination of its known targets FANCD2 (4, 5) and
PCNA (6). UspI knockout (KO) mice have a severe phenotype
and die soon after birth (7). Uspl /= cells are defective in
FANCD?2 focus formation and are hypersensitive to DNA damage
(8). PCNA ubiquitination is higher in USPI-depleted cells than in
control cells, thus leading to recruitment of error-prone, transle-
sion DNA synthesis (TLS) polymerases and the consequent in-
crease in mutation rate (6). USP1 promotes inhibitor of DNA
binding (ID) protein stability and stem cell-like characteristics in
osteosarcoma and is required for normal skeletogenesis (9). Inter-
estingly, mice lacking CAPNSI in cells of the osteoblast lineage are
defective in bone development and remodeling in vivo (10).

UV light irradiation activates hUSP1 autocleavage at glycines
670 and 671, inducing its subsequent proteasomal degradation
(6). USP1 mutants with mutation in the catalytic cysteine 90 or in
the autocleavage sites are more stable but can still be degraded in
the cell (5), suggesting that alternative degradation pathways may
be eventually activated. Indeed, USP1 is ubiquitinated in the G,
phase by the anaphase-promoting complex/cyclosome com-
plexed to the substrate adaptor protein cdhl (APC/C™™) and
consequently targeted to the proteasome for degradation (11).Itis
well established that APC/C®"" ubiquitin ligase, by adding ubiq-
uitin chains to cell cycle regulators, targets them to proteasomal
degradation and modulates cell cycle progression and differenti-
ation (12). In addition, the decrease of USP1 levels before S-phase
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entry allows PCNA ubiquitination and consequent recruitment of
translesion DNA polymerases in response to UV to the sites of
DNA damage (11). These data indicate that APC/C®™" links cell
cycle modulation to DNA repair pathway choice (11). USP1 sta-
bility and function require its interaction with UAF1/WDR48
(13), a WD repeat-containing protein, originally described as an
endosomal regulator of vesicular traffic (14) that may alternatively
bind and stabilize USP12 and USP46 (15).

Here we show that p.-calpain activity is required for USP1 pro-
tein stability in several cell lines. Accordingly, the USP1 substrate,
ubiquitinated PCNA, is stabilized in CAPNSI-depleted U20S
cells and mouse embryonic fibroblasts (MEFs), favoring polymer-
ase M (pol-m) loading on chromatin and increased mutagenesis.
We characterize the calpain/USP1 axis and show the involvement
of calpain-activated Cdk5/p25 kinase and cdhl in this regulatory
network. Altogether these findings highlight a function of calpain
in the modulation of cell cycle and DNA damage response.

MATERIALS AND METHODS

Chemicals and reagents. The protease inhibitors MG132 and Z-Leu-Leu-
CHO were purchased from Sigma-Aldrich. Lipofectamine RNAIMAX
and Lipofectamine 2000 were bought from Invitrogen, and Mirus Tran-
SIT-LT1 was purchased from MirusBio. USPI-specific small interfering
RNA (siRNA) with the sequence AACCCUAUGUAUGAAGGAUAU was
purchased from Eurofins Mwg/Operon. RNA interference (RNAI) oligo-
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nucleotides specific for Cdk5 and cdhl were purchased from Santa Cruz
Biotechnology. CAPNSI siRNA was already described (16).

Plasmids and constructs. Green fluorescent protein (GFP)-tagged
USP1 and FLAG-tagged USP1 were kind gifts from Rene Bernards (Neth-
erlands Cancer Institute), and myc-USP1 and mutant derivatives were
kindly donated by Tony T. Huang (New York University [NYU]). FLAG-
WDR48 and enhanced GFP (EGFP)-tagged pol-n were kindly provided
by Jae Jung (University of Southern California) and Alan Lehmann (Sus-
sex University), respectively. p25- and p35-expressing plasmids were
kindly donated by Elena Agostoni and Francesca Persichetti (ISAS, Tri-
este, Italy). C-terminal FLAG-tagged USP1 was produced by subcloning
PCR amplified cDNA into 3X FLAG-CMV14. Point mutants were ob-
tained using the QuikChange site-directed mutagenesis kit from Strat-
agene (Agilent Technologies) following the procedure suggested by the
manufacturer.

Cell culture and transfection. Wild-type and Capnsl /'~ mouse em-
bryonic fibroblasts were previously described (17) and kindly donated by
P. Greer (Queen’s University, Kingston, Ontario, Canada). 293T, Phoe-
nix, U20S, and BJ-ET cells and the mouse fibroblasts described above
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS). U20S, 293T, and BJ-ET cells
were transiently transfected using TransIT-LT1 (Mirus) or RNAIMAX
(Invitrogen) according to the manufacturer’s instructions.

Immunological procedures. Standard protocols for immunoblotting
and immunofluorescence were used. Antibodies against CAPNSI,
CAPN2, actin, FLAG, and tubulin were purchased from Sigma-Aldrich.
Antibodies against CAPN1, PCNA, CDKS5, p35, p21, and ID2 were pur-
chased from Santa Cruz Biotechnology, Inc., Santa Cruz, CA. Antibody
against myc tag was purchased from BD-Pharmingen. Anti-cdhl anti-
body was purchased from Calbiochem. Initial studies were performed
using an anti-USP1 antibody provided by Fanconi Anemia Research Fund
and one from T. Huang (NYU). Almost all of the blots of the present
article are decorated with anti-USP1 antibody purchased from Bethyl
Laboratories, Inc. (no. A301-698A). The only exceptions are the blots
shown in Fig. 2, in which the anti-USPI antibody is from T. Huang’s
laboratory.

Immunoprecipitations and MS. A protocol compatible with mass
spectrometry (MS) was followed. True-blot beads (mouse TrueBlot; eBio-
science) were washed 3 times with ice-cold lysis buffer (50 mM HEPES
[pH 7.4], 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 0.2% Triton X-100,
0.5 mM NaF, 1 mM dithiothreitol [DTT], 1 mM Na,;VO, protease inhib-
itors [protease inhibitor cocktail; Sigma]) and then resuspended in 0.5 ml
of lysis buffer supplemented with 0.1 mg/ml dextran (catalog no. D1037;
Sigma). Antibodies were added to the beads at a ratio of 1:100 and incu-
bated on the rotator in the cold room for 45 min. Beads were then washed
twice with lysis buffer. Cells were washed with ice-cold phosphate-buff-
ered saline (PBS) and lysed by adding lysis buffer and dextran directly to
the plate (on ice). Cells were scraped, and the lysates were spun for 10 min
at high speed. At this point, 100 .l of lysates was removed into a fresh tube
(input). Lysates were added to the washed antibody beads and incubated
in the cold room for 2.5 h. Beads were washed 3 times and analyzed by
mass spectrometry or run in SDS-PAGE. Mass spectrometric (MS) anal-
ysis was performed using an Applied Biosystems 4800 matrix-assisted
laser desorption ionization—tandem time of flight (MALDI-TOF/TOF)
instrument. Liquid chromatography (LC)-MALDI MS is similar in many
respects to the more classical LC-MS/MS that is based on electrospray
instruments. One of the key differences is that with LC-MALDI MS, the
LC run is spotted and dried onto a sample plate, and this results in the LC
run being “frozen in time.” Because of this property, each peak in the LC
run is typically only fragmented a single time, at the apex of its elution.
Therefore, it is more difficult to judge the relative abundance of a protein
in a sample solely based on spectral counts (18). The data were searched
using the MASCOT search engine (version 2.0) using a human proteome
database (Swiss-Prot) and the reversed database as a decoy. Only those
proteins with a false discovery rate of <5% were included for further
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analysis. Besides some well-known substrates, including calpain catalytic
subunits, we identified USP1 deubiquitinating enzyme as a novel inter-
acting partner. In the case of USP1, four peptides were identified that
account for 7% protein coverage (taking into account the peptides that
could not be identified because they were either too small or too big to be
detected by the mass spectrometer).

Single-cell gel electrophoresis (comet assay). An alkaline comet assay
was performed according to the manufacturer’s protocol (Trevigen kit;
4250-050-K) with some modifications. MEFs were UV irradiated (30
J/m?) or left untreated. Forty-eight or 72 h later, the cells were washed in
PBS and then gently scraped. A total of 4 X 10° cells/ml were combined
with molten LM agarose at a ratio of 1:10 and immediately pipetted onto
CometSlide. Slides were treated with lysis and unwinding solution. After
electrophoresis (21 V, 45 min), the slides were fixed in 70% ethanol, dried,
and stained with SYBR green. Slides were observed by epifluorescence
microscope, and 50 random comets per sample were analyzed using Com-
etScore software (TriTek).

supF mutation assay. U20S cells were transfected with lacZ-,
CAPNSI-, or USPI-specific siRNAs using Lipofectamine RNAIMAX (In-
vitrogen) according to manufacturer’s instructions. Forty-eight hours af-
ter transfection, cells were subjected to a second-round transfection with
siRNAs along with the either undamaged or UVC-irradiated (254 nm of
radiation using a 2400 UV Stratalinker from Stratagene) pSP189 plasmid
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours later, plasmids were retrieved using a plas-
mid miniprep kit (Sigma) and digested with Dpnl to eliminate unrepli-
cated plasmids. The plasmid DNA was then electroporated into the
MBM?7070 bacterial strain, which carries an amber mutation in the 3-ga-
lactosidase gene. Transformed bacteria were plated on agar plates with 50
pg/ml ampicillin, 2 mM isopropyl-1-thiogalactopyranoside and 200
pg/ml  X-Gal  (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside).
Mutant (white) and wild-type (blue) colonies were counted to determine
the mutation frequency (number of white colonies over total colonies).

Statistical analysis. Results are expressed as means * standard devi-
ations of at least three independent experiments. Statistical analysis was
performed using Student’s ¢ test with the level of significance set at P <
0.05.

RESULTS

USP1 interacts with CAPNSI1. A proteomic approach was fol-
lowed for the identification of novel CAPNSI-interacting pro-
teins. Preparative coimmunoprecipitation of endogenous pro-
teins was achieved avoiding the use of overexpressed molecules to
reduce the interference of artifacts linked to the forced accumula-
tion of a protein in a cell. Crude extracts from HT-1080 fibroblasts
were immunoprecipitated with a commercial monoclonal anti-
CAPNSI antibody, and the products were analyzed by mass spec-
trometry with an Applied Biosystems 4800 MALDI TOF/TOF in-
strument.

To verify the proteomic data, we transfected 293T cells with a
FLAG-USP1-expressing construct or the unrelated FLAG-USP33
cDNA as the negative control. The cell lysates were immunopre-
cipitated with an antibody against CAPNS1 and analyzed by
Western blotting to investigate the presence of the transfected
deubiquitinases among the immunoprecipitation products. A
representative experiment is shown in Fig. la: only USP1 was
found in the CAPNS1 immunoprecipitates. Apparently, the cen-
tral 341 amino acids (aa) of the protein are sufficient for USP1-
CAPNSI interaction (Fig. 1b and c). However, the production of a
large collection of single, double, or multiple point mutants will be
required to finely dissect the interaction. Indeed USP1 is not or-
ganized in adjacent domains specifying distinct functions. For in-
stance, the catalytic triad involves the cysteine domain between 82
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FIG 1 USP1 and CAPNSI interact in U20S cells. FLAG-USP1 and FLAG-USP33 (a) were transfected in 293T cells, and 24 h later, the cells were lysed. Total
lysates were prepared and used for immunoprecipitation (IP) against anti-CAPNS1. Immunoprecipitation products and respective inputs were analyzed by
Western immunoblotting (IB) to detect the tagged proteins and endogenous CAPNSI. (b and ¢) Mapping the USP1-CAPNSI interaction. The myc-USP1 wild
type (w.t.) and mutants were transfected in 293T cells, and 24 h later, the cells were lysed. The lysates were prepared and used for immunoprecipitation against
CAPNSI. Immunoprecipitation products and respective inputs were analyzed by Western blotting to detect the tagged proteins and endogenous CAPNSI. Cells
stably expressing GFP-USP1 were transfected with FLAG-CAPNSI (d); alternatively, cells stably expressing HA-CAPNSI were transfected with GFP-USP1 (e).
Twenty-four hours later, the cells were fixed and decorated with anti-FLAG or anti-HA antibodies and analyzed by fluorescence microscopy. (f) In vitro calpain
cleavage assay. USP1-Flag (left gel) or p50 NF-kB1 (right gel) was produced as [**S]methionine-labeled protein by in vitro transcription and translation and
incubated for the indicated time intervals (minutes) with commercial microcalpain, as previously described (38). The reactions were then stopped in Laemmli
buffer and analyzed by SDS-PAGE and autoradiography. Parallel reactions in the presence of 10 uM EGTA were carried out to prove the calcium dependency of
the reactions. (g) Time course effect of MG132 on endogenous USP1 in U20S cells. (h) U20S cells, preincubated for 12 h with MG132, were irradiated or not with
30J UV light. Three hours later, the lysates were immunoprecipitated with either anti-CAPNS1 antibody or anti-FLAG antibody. The IP products were analyzed
by Western blotting with the indicated antibodies.
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FIG 2 CAPNSI depletion affects USP1 protein level. (a) CAPNSI-, LACZ-, or USPI-specific siRNAs were transfected in U20S cells. Three days later, the cells
were exposed to 30 J/m* UV light irradiation or left untreated. Samples were collected 1, 3, and 5 h postirradiation and utilized to monitor USP1 protein by
Western blotting. (b and c) Effect of CAPNSI depletion in other osteosarcoma cell lines. MG63 cells (b) or SAOS cells (c) were transfected with the indicated
siRNAs, and 72 h later, the cells were lysed and analyzed with the indicated antibodies. (d) CapnsI wild-type (w.t.) MEFs, Capnsl knockout (k.o.) MEFs, and
Capnsl-rescued MEFs (R) were irradiated or not with 30 J/m?* UV light, and the lysates were prepared 5 h after irradiation and utilized to monitor the USP1
protein level by Western blotting. (e) CAPNSI-, LACZ-, or USPI-specific siRNAs were transfected in WI38 fibroblasts. Three days later, the cells were exposed
to 30 J/m* UV light irradiation or left untreated. Samples were collected 1, 3, and 5 h postirradiation and utilized to monitor the USP1 protein level by Western
blotting. (f) BJ-ET Ras*'*-inducible fibroblasts were infected with an AAV vector expressing sh-CAPNSI or sh-LUC. Three days later, tamoxifen (TMX) was

added (or not) to the cells to induce Ras*'?
blotting.

and 99, the aspartic acid domain between 197 and 213 and the
histidine domain between 576 and the 776 (6) (see Fig. 7b). Actu-
ally, using the prediction software SliMPred (available at http:
//bioware.ucd.ie/), we found that USP1 contains several stretches
of amino acids with a disordered structure (19), just like calpasta-
tin, which recognizes calpain through the combined action of
three distinct motifs (20).

Since USP1 has been reported to localize mainly in the nucleus
and calpain mainly in the cytoplasm, an alternative approach was
followed to determine whether USP1 and CAPNSI are present in
the same cellular compartments. U20S cells stably expressing
GFP-USP1 were transiently transfected with FLAG-CAPNSI; al-
ternatively, stably transfected U20S cells expressing HA-CAPNS1
were transiently transfected with GFP-USPI, and 24 h later, the
cells were analyzed by a fluorescence microscope. Two represen-
tative fields selected for Fig. 1d and e show that ectopic USP1 and
CAPNSI may both localize in the nucleus.

To further confirm the interaction of CAPNS1 and USP1 in
vivo, we investigated whether endogenous USP1 is present in a
complex with endogenous CAPNSI1 before and after irradiation
with UV light. Since we have found that calpain can rapidly de-
stroy USP1 in vitro (Fig. 1f), the cells were incubated with MG132
for 12 h before processing for immunoprecipitation. As shown in
Fig. 1h, endogenous USP1 is specifically immunoprecipitated by
an anti-CAPNSI antibody and not by an anti-FLAG antibody
used as the negative control. Notably, autocleaved USP1 is more
abundant in the CAPNSI-containing complex upon UV irradia-
tion, possibly suggesting a transient increase in USP1 activity. In-
deed, active USP1 autocleaves itself (6). Remarkably, MG132
treatment causes an accumulation of autocleaved USP1 since it
prevents its proteasome-dependent degradation (6), besides in-
hibiting calpain (Fig. 1g).

CAPNSI depletion is linked to a reduction in USP1 protein
levels in several cell lines. Knockout of both UspI and Capnsl
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expression. Lysates were collected 3 days after induction and utilized to monitor the USP1 protein level by Western

during mouse development leads to severe defects in bone forma-
tion (9, 10). We therefore investigated the effect of calpain deple-
tion on USP1 protein stability in human osteosarcoma U20S cells
using siRNA. We studied the effect of calpain depletion both un-
der basal conditions and upon UV light irradiation, inducing
USP1 proteosomal turnover (6). After siRNA transfection, the
cells were left untreated or were exposed to 30 J/ m> UV light, and
lysates were collected at different time points after irradiation.
CAPNSI depletion is coupled to a reduction in USP1 protein level
in both untreated and irradiated cells (Fig. 2a). To maximize effi-
ciency, an siRNA “smart-pool” was utilized to deplete CAPNSI.
Each CAPNSI-specific siRNA of the pool is effective to silence
CAPNSI and to reduce USP1 protein levels (data not shown).
Similar results (Fig. 2b and ¢) were obtained using other osteosar-
coma cell lines.

Capnsl knockout mice die during embryonic development;
therefore, in a first attempt to address whether USP1 is modulated
by CAPNSI also in the mouse, we utilized CapnsI knockout (KO)
and derivative MEFs kindly provided by P. A. Greer (Queen’s
University, Canada) (17). As occurs in human osteosarcoma cells,
areduction in USP1 protein level was found in Capnsl KO MEFs
(Fig. 2d). This phenotype can be effectively rescued in a KO MEF
derivative cell line when Capnsl is reintroduced (Fig. 2d).

To investigate whether CAPNSI is important for USP1 stabil-
ity also in human fibroblasts, we analyzed the USP1 protein level
in CAPNSI-depleted diploid fetal lung WI38 fibroblasts. Also in
this cellular system, calpain appears to be required for USP1 sta-
bilization under basal conditions, and the kinetics of degradation
upon UV treatment are not affected (Fig. 2e).

The USP1 protein level is quite low in human diploid BJ fibro-
blasts immortalized with telomerase but can be induced upon
Ras"'? overexpression, concomitantly with the rise in CAPNSI
levels (Fig. 2f). Interestingly, CAPNSI depletion, obtained upon
infection with an adeno-associated virus (AAV) vector expressing
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FIG 3 CAPNSI perturbs PCNA ubiquitination. CAPNSI or LACZ was depleted from U20S cells using specific siRNAs, and 72 h later, the cells were either left
untreated or irradiated with 30 J/m? UV. The cells were fixed 1, 5, and 20 h later, and Triton-insoluble PCNA was detected by immunofluorescence. (a) Typical
images of PCNA foci. (b) Average number of PCNA foci at different time points after irradiation. Two hundred nuclei were analyzed for each sample. The error
bars represent standard deviations from three independent experiments. (¢) HA-CAPNS1-expressing U20S cells, U20S cells infected with pRetro Super carrying

sh-CAPNSI or an empty pRetro Super vector were irradiated or not with 30 J/m?

UV light, and the respective lysates were prepared 1, 3, and 5 h postdamage to

monitor the PCNA ubiquitination (Ub-PCNA) level. (d) U20S cells infected with pRetro Super carrying sh-CAPNSI or an empty pRetro Super vector were
irradiated or not with 15, 30, and 60 J/m? UV light, and the respective lysates were prepared 1, 5, and 20 h after irradiation to monitor PCNA ubiquitination by
Western blotting. Longer and shorter exposures are shown. (e) U20S cells, stably expressing hyperstable GFP-USP1 mutated in its autocleavage site GFP-
USP1(CGe70671A%) o1 catalytically inactive GFP-USP1%%% (f) were transfected with LACZ- or CAPNSI-specific siRNA and 72 h later irradiated with 30 J/m? UV
or left untreated. The lysates were collected at various time points (1, 3, 5, and 20 h postdamage) and utilized to monitor endogenous PCNA ubiquitination by

Western blotting. Longer and shorter exposures are shown.

a short hairpin targeting CAPNSI (16), is coupled to a reduction
of the USP1 protein level also in this cellular model (Fig. 2f).
Altogether, these data support a role of CAPNSI1 in maintaining
USP1 protein stability in the described cellular types.
Ubiquitinated PCNA is stabilized in CAPNSI-depleted
U20S cells. To address whether the reduction of USP1 level ob-
served upon CAPNSI depletion has an impact on the prototype
target of USP1, the PCNA protein clamp, we monitored its ubiq-
uitination state and analyzed the activity of its downstream effec-
tors. PCNA is ubiquitinated by Rad6/Rad18, leading to the re-
cruitment of TLS DNA pol-m (21) to PCNA foci on chromatin,
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and subsequently deubiquitinated by USP1 to reestablish the in-
teraction with high-fidelity DNA polymerases (6).

Since we have found that CAPNSI depletion is linked to a reduc-
tion in USP1 protein, we expected to observe an overubiquitination
of PCNA and an increase of PCNA foci in the absence of calpain.
CAPNSI-depleted cells, and LACZ-depleted cells as a control, were
UV light irradiated or left untreated, and chromatin-bound PCNA
was detected by immunofluorescence 5 and 20 h after irradiation
(Fig. 3a). Two hundred nuclei were analyzed in each sample, and the
cells retaining Triton-resistant PCNA foci were scored as positive.
Percentage averages of three independent replicas are reported in the
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graph in Fig. 3b. PCNA foci continue to accumulate in CAPNSI-
depleted cells 20 h after UV light irradiation, while PCNA foci dimin-
ish after a transient increase in control cells.

Next, we compared PCNA ubiquitination by Western blotting
during the first 5 h after UV light irradiation in cells expressing
different levels of CAPNSI. In particular, stably transfected U20S
cells expressing hemagglutinin (HA)-tagged CAPNSI, U20S
cells expressing a short hairpin designed to deplete CAPNSI
(sh-CAPNS1I), and p-Retro Super-transduced U20S cells (pRs-
control) were left untreated or irradiated with 30 J/m? UV light.
Cell lysates were collected 1, 3, and 5 h afterwards to monitor
PCNA ubiquitination by Western blotting. The data presented in
Fig. 3¢ show that PCNA ubiquitination is inversely correlated to
CAPNSI protein levels. Notably, PCNA ubiquitination kinetics
monitored by Western blotting appears faster than the kinetics of
PCNA focus formation, underscoring the existence of multiple
levels of regulation governing protein-DNA architecture.

We also compared PCNA ubiquitination in CAPNSI-depleted
cells and control cells upon exposure to 0, 15, 30, and 60 J/m* UV
light. Lysates were collected 1, 5, and 20 h after irradiation and
analyzed by Western blotting to investigate PCNA ubiquitination
dynamics (Fig. 3d). A general increase in PCNA ubiquitination is
evident in CAPNSI-depleted samples. Moreover, while PCNA
ubiquitination clearly decreases 20 h after damage in control cells
exposed to 30 or 60 J/m* UV light, this decline is milder in
CAPNSI-depleted cells, in accordance with the observed reduc-
tion in the amount of USP1 protein.

To determine whether CAPNS1’s effect on PCNA ubiquitina-
tion is USP1 dependent, we stably transfected U20S cells with a
plasmid coding for GFP-tagged USP1 mutated in its autocleavage
site, GFP-USP1(GG670/671AA) (an{ therefore more stable), or GFP-
tagged USP1 mutated in its catalytic site, GFP-USP1°°®°, The lev-
els of mutant GFP-USP1 remain high also 20 h after UV light
irradiation (Fig. 3e and f). The hyperstable GFP-USP1, but not the
catalytically inactive USP1 mutant, counteracts the increase in
PCNA ubiquitination coupled to CAPNSI depletion (Fig. 3e), in-
dicating that the perturbation in PCNA deubiquitination occur-
ring in CAPNSI-depleted cells is USP1 dependent. Notably, a
cleavage product of GFP-USP1<*® appears upon UV light irradi-
ation in control cells but not in CAPNSI-depleted cells. Appar-
ently, calpain can cleave in the region of the autocleavage site
when USP1 catalytic function is knocked down.

CAPNSI1 depletion enhances pol-n loading on chromatin
and increases mutagenesis. PCNA monoubiquitination allows
the proper localization of pol-m into DNA repair foci, and UV-
induced degradation of USP1 is critical to maintain proper local-
ization and translesion synthesis function of pol-n (6). To inves-
tigate whether the higher level of PCNA ubiquitination observed
in CAPNSI-depleted cells was linked to an increase in pol-m load-
ing on chromatin, CAPNSI-depleted and control cells were tran-
siently transfected with a plasmid coding for GFP—pol-r) and sub-
sequently irradiated or not with UV light. GFP—pol-n uniformly
stains the nuclei in untreated control cells. Five hours after irradi-
ation, pol-m foci are visible in control cells (Fig. 4a), while a certain
number of foci are already present prior to irradiation in
CAPNSI-depleted cells (Fig. 4b). Focus formation in CAPNSI-
depleted cells can be reduced upon overexpression of wild-type
myc-USP1 but not by a catalytically inactive USP1 derivative,
myc-USP1'77%¢ (Fig. 4b).

Since USP1 depletion is linked to increased mutation fre-
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quency (6, 8), we determined mutation frequency in CAPNSI-
depleted U20S cells employing a supF mutagenesis assay; USPI-
and LACZ-depleted cells were utilized as controls. As shown in the
graph of Fig. 4c, USPI depletion is coupled to a sharp increase in
mutation frequency, as already reported (6). Similarly, CAPNSI
depletion is linked to an increase in mutation frequency, in accor-
dance with the increase of pol-m loading on chromatin occurring
in CAPNSI-depleted cells relative to control ones.

UV damage response is altered in Capnsl~’~ MEFs. We
monitored PCNA ubiquitination levels before and after UV light
irradiation in wild-type, Capnsl’~, and Capnsl-rescued (R)
MEFs (17). Cells were either left untreated or irradiated with 30
J/m* UV light. Five hours later, protein extracts were prepared and
the PCNA ubiquitination level was analyzed by Western blotting.
As shown in Fig. 4d, Capnsl depletion is coupled to an accumu-
lation of ubiquitinated PCNA also in mouse embryonic fibro-
blasts. Next, we monitored the effect of UV light on DNA integrity
in wild-type and Capns1 '~ MEFs by means of the alkaline comet
assay (single-cell electrophoresis). This assay allows one to follow
the induction of DNA damage and subsequent repair at the single-
cell level. Single- and double-strand DNA breaks are visualized as
a comet after electrophoresis and DNA staining with SYBR green.
Cells were collected before and 48 or 65 h after irradiation and
processed for the comet assay. Figure 4e shows some representa-
tive examples of single-cell DNA before and 48 h after UV light-
induced DNA damage. The graphs reported in Fig. 4f show the
mean values obtained in three independent replicas for three
parameters indicative of DNA damage: tail moment, % DNA in
tail, and “olive” moment. In wild-type cells, DNA repair interme-
diates increase 48 h after damage and then go back to the levels
observed in untreated cells, indicating the activation of efficient
DNA repair. On the other hand, both the induction of DNA repair
intermediates and recovery appear impaired in Capnsl '~ MEFs.
Altogether, these data suggest that the hyperubiquitination of
PCNA coupled to Capnsl depletion is linked to a defect in DNA
repair triggered by UV light-induced DNA damage. This result is
in accordance with a recent report that demonstrates the essential
role of USP1 for homologous recombination (8). Overall, the data
reported above demonstrate that calpain inhibition or depletion is
linked to a decrease in USP1 level and downstream functionality
as a consequence of a shift in the equilibrium between ubiquiti-
nated and nonubiquitinated PCNA toward the ubiquitinated
form. Overubiquitinated PCNA is linked to increased recruitment
of translesion synthesis DNA polymerases, thus eventually im-
pacting genome integrity (Fig. 4g). Remarkably, also ID2, a re-
cently recognized substrate of USP1, is affected by calpain deple-
tion. Indeed, CAPNSI depletion in U20S cells leads to ID2
destabilization and p21 accumulation, just like USPI depletion
(Fig. 4h), as recently reported (9).

Microcalpain activity is required for USP1 protein stability.
We found that USP1 protein levels are reduced upon CAPNSI
depletion in osteosarcoma cells and fibroblasts. To determine
whether CAPNSI affected USPI at the mRNA level, quantitative
reverse transcription-PCR (qRT-PCR) was performed using
RNAs extracted from CAPNSI-depleted U20S cells. RNAs ex-
tracted from USPI- and LACZ-depleted cells were included as
controls. The graph in Fig. 5a shows that CAPNSI depletion does
not significantly affect USPI mRNA.

USP1 stability and function require its interaction with UAF1/
WDRA48 (13, 15), a WD repeat-containing protein, originally de-
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polymerase once the lesion is bypassed. (h) Effect of CAPNSI silencing on another USP1 substrate, ID2. Seventy-two hours after transfection with the indicated
siRNAs, U20S cells were lysed and analyzed with the indicated antibodies.

scribed as an endosomal regulator of vesicular traffic (14) that
may alternatively bind and stabilize USP12 and USP46 (15).
Therefore, we investigated the effect of calpain inhibition on
UAF1/WDR4S8 stability. As shown in the blots of Fig. 5b and c,
calpain inhibition by Z-Leu-Leu-CHO or by CAPNSI silencing is
coupled to a slight decrease in UAF1/WDR48 protein level, while
the UAFI/WDR48 mRNA level remains unaffected (data not
shown). UAF1/WDR48 overexpression, however, cannot rescue
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the stability of USP1 in the cells where calpain is inhibited (Fig. 5b)
or depleted (Fig. 5¢c). We can therefore argue that the effect of
calpain on USP1 signaling is not mediated by UAF1/WDR48.

To investigate whether CAPNS1 modulation of USP1 involves
its proteolytic associated function, we transiently depleted the mi-
crocalpain (CAPN1) and millicalpain (CAPN2) catalytic subunits
independently or simultaneously and checked USP1 protein lev-
els. CAPNI silencing like CAPNSI silencing is coupled to a reduc-
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tion in USP1 protein levels, whereas CAPN2 silencing does not
affect USP1 (Fig. 5d). As previously described by others (17),
CAPNSI depletion is coupled to a decrease in CAPN1 and CAPN2
protein levels. Since we found that CAPNI depletion leads to a
sharp reduction in CAPNSI, we decided to further assess the re-
quirement of the catalytic function of calpain in the modulation of
USP1 by inhibiting calpain activity through calpastatin overex-
pression. Transfection of increasing amounts of a calpastatin-en-
coding plasmid into U20S cells is coupled to a reduction of
endogenous USP1 (Fig. 5e), just as in CAPNSI- and CAPNI-de-
pleted cells, indicating that the catalytic activity of calpain is im-
portant to guarantee USP1 stability.

CAPNS1 modulates USP1 via APC/C*™, USP1 is a target of
APC/C" which marks it for proteasomal degradation in the G,
phase of the cell cycle (22). Therefore, we investigated whether the
instability of USP1 occurring in CAPNSI-depleted cells could be
linked to an increase in APC/C*™™" activity toward USP1. To this
end, we knocked down cdhl in CAPNSI-depleted cells and found
that Cdh1 silencing rescues USP1 stability, both in an asynchro-
nous population and in late G, enriched cells, collected 16 h after
mimosine addition (Fig. 6a). Calpain stabilizes USP1 specifically
in late G,; indeed, USP1 is not affected by CAPNSI depletion in
G,/M-arrested cells, obtained by incubation with nocodazole for
16 h (Fig. 6b). Altogether, these results indicate that calpain spe-
cifically acts as a brake for USP1 degradation at the G,/S border.

What is the mechanism behind calpain modulation of APC/
C"'? Tt is well established that calpain modulates p35/Cdk5 ki-
nase by processing a p35 regulatory subunit to a p25 form (23)
(24). Moreover, calpain-activated p25/Cdk5 can repress APC/
Ceh! activity by triple phosphorylation of cdh1 (25). Accordingly,
we found that CDK5 depletion determines a decrease in USP1
stability, just as CAPNSI depletion does (Fig. 6¢).
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Endogenous Cdk5/p35 was shown to play an essential role in a
number of cell types; in particular, in U20S cells it is required for
senescence induction (26). However, due to p35’s short half-life in
this cell line, endogenous p35 is barely detectable, unless the cells
are treated with MG132 (26). To overcome this problem, we in-
vestigated calpain cleavage of p35 in U20S cells overexpressing
p35 in mimosine-treated cells, after UV light irradiation (Fig. 6d).
The same time course experiment was carried out in MCF10A
mammary cells (Fig. 6e).

Inboth cell lines, UV treatment is coupled to a reduction of p35
stability and an increase in the p25/p35 ratio. These events do not
occur in CAPNSI-depleted cells, confirming published data on
calpain-dependent processing of p35 to p25. Notably, cdc6, a well-
established APC/C*"! substrate, is more rapidly degraded (p35-
U20S) or is already less abundant in CAPNSI-depleted cells
(MCF10A). These pieces of evidence further argue for an increase
in APC/Ccdhl activity in CAPNSI-depleted cells.

We hypothesized that under basal conditions calpain may sta-
bilize USP1 by inhibiting cdh1 activity via activation of Cdk5. We
found that transfection of Cdk5 activator p25, but not of its pre-
cursor p35, in CAPNSI-depleted cells can partially rescue USP1
stability (Fig. 6f). The rescue effect is more pronounced in late G,
enriched cells (Fig. 6g), confirming that calpain may act as a brake
for APC/C*'-dependent proteasomal degradation specifically in
late G;. These data indicate that calpain may tune USP1 degrada-
tion acting on one of the key elements in the USP1 route for
proteasomal degradation.

USP1 binds cdh1 more efficiently in CAPNSI1-depleted cells.
We found that calpain stabilizes USP1 in a cdhl (Fig. 6a)- and
Cdk5/p25 (Fig. 6f and g)-dependent manner. These results are in
accordance with published data on the role of calpain as an inhib-
itor of APC/C“"'-dependent proteasomal degradation, via acti-
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vation of Cdk5/p25 (25). In this scenario, we expected that
CAPNS| depletion would enhance the engagement of USP1 in the
APC/C*™ complex. To verify this hypothesis, U20S cells were
transfected with CAPNSI or control siRNA and subsequently in-
cubated for 16 h to arrest them in late G,. Cell lysates were sub-
jected to immunoprecipitation with an anti-cdhl antibody, and
the products were analyzed by Western blotting. As shown in Fig.
7a, the anti-cdh1 antibody can efficiently immunoprecipitate en-
dogenous USP1 from protein extracts of CAPNSI-depleted cells.
This result confirms that USP1/cdhl complex formation is en-
hanced in CAPNSI-depleted cells in accordance with the in-
creased APC/C*®'-dependent proteasomal clearance of USPI.
Cdk5 is present in the USP1/cdhl complex in CAPNSI-depleted
cells, confirming previous studies that described a transient direct
interaction between cdh1 and Cdk5 (25). In cells where calpain is
active, the resulting complex may be transient and unstable given
the reciprocal negative cross-regulation between APC/C“"! and
active Cdk5, as recently reported (27).

The stabilizing effect of calpain on USP1 could be due to the
indirect effect on cdhl1 but also to a direct stabilizing cleavage. In
vitro transcribed/translated USP1 is a perfect target for calpain
(Fig. 1f), confirming the predictions made by means of in silico
search for calpain cleavage sites. Indeed, USP1 is rapidly degraded
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in vitro, suggesting that multiple calpain target sites are present
which are probably masked in vivo by other proteins and/or by
specific compartmentalization. Both N-terminus and C-terminus
USP1 deletion mutants can be cleaved by calpain in vitro (data not
shown), confirming the existence of multiple potential cleavage
sites scattered throughout the protein.

Since we never detected a calpain-specific cleavage product of
endogenous USP1 in vivo, we hypothesized that the cleavage may
occur at the very N-terminal end of the protein, thus not affecting
the apparent molecular weight on a regular SDS-PAGE. Alterna-
tively, cleavage products may have a very short half-life and there-
fore may be difficult to detect. Interestingly, a published work on
the function of various USPs utilizes a USP1 protein lacking the
first 20 amino acids, most likely to increase the stability of the
recombinant protein (28). Notably, this first stretch of amino ac-
ids is identical in human, mouse, and rat USP1. USP1 domains
described in the literature, as well as a potential Cdk5 (Cdc2 ki-
nase) target site at serine 16 and one potential N-terminal calpain
cleavage site, are schematized in Fig. 7b. Indeed, using Scansite
software, available at http://scansite3.mit.edu/, at high stringency,
we found that serine 16 is located within a Cdk5 (or Cdc2 kinase)
consensus sequences (Fig. 7b). Interestingly, Ser 16 has been
found phosphorylated in human and mouse cells by means of
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FIG 7 Calpain acts as a brake against APC/C“"-dependent proteasomal deg-
radation of USP1. (a) U20S cells were transfected with the indicated siRNAs
and 72 h later incubated for 16 h with mimosine. Afterwards the lysates were
prepared and utilized for immunoprecipitation with anti-cdh1 antibody. The
immunoprecipitation products were utilized for Western blotting to detect the
indicated proteins. (b) The scheme reports the position of previously de-
scribed relevant regions of USP1, including the catalytic triad Cys, Asp, and
His (6), the autocleavage site (6), the cdhl recognition region (11), and the
UAF1/WDR48 interacting domain (33). In addition, we marked Serl6,
which according to Scansite is a Cdk5 kinase or Cdc2 kinase target site
(http://scansite3.mit.edu/), and the position of the predicted calpain target
site at serine 13 (http://calpain.org). (c, left panel) Schematics of the USP1
wild type and point mutants utilized to evaluate the role of Cdk5 and calpain
modifications on USP1 stability. (Right panel) U20S cells were transfected
with the indicated siRNAs and 48 h later with the indicated plasmids. Twenty-
four hours after transfection, lysates were prepared and utilized for Western
blot analysis with anti-FLAG antibody. The blots were also decorated with
anti-CAPNSI and antiactin antibodies to monitor silencing efficiency and as
loading control. (d) Working hypothesis. When calpain is active, USP1 is
cleaved at the very N terminus. We hypothesize that this cleavage product is
less susceptible to APC/C®"! interaction or ubiquitination. Calpain may acti-
vate Cdk5/p25, which in turn inhibits APC/C*", further preserving USP1
stability. When calpain is off, Cdk5 is inactive and USP1 is rapidly ubiquiti-
nated by APC/C®M and directed to proteasomal degradation.

mass spectrometry analysis (www.phosphosite.org/). In addition,
using the software available at http://calpain.org, we found a po-
tential calpain target at serine 13 (Fig. 7b). To investigate the im-
portance of the potential Cdk phosphorylation site and of the
potential calpain target site on USP1 stability, we produced spe-
cific point mutants. We mutated the potential Cdk target serine 16
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(AGC) to an alanine (GCA) and the amino acid located at position
P2 with respect to calpain predicted cleavage, leucine 12 (AGC) to
a glycine (GCA), following the same strategy successfully used to
pinpoint the calpain cleavage site on talin (29) (Fig. 7c, left panel).
These constructs were transfected in CAPNSI-depleted cells and
control cells to monitor their relative stability. As shown in the
right panel of Fig. 7¢, a C-terminally tagged USP1 is stabilized in
the presence of calpain as endogenous USP1. On the other hand, a
point mutant at position P2 with respect to a predicted calpain
cleavage site (L12G) renders USP1 unstable, just like wild-type
USP1 upon calpain inhibition. This result suggests that calpain
cleavage of USP1 at the very N terminus protects it from protea-
some-dependent degradation.

Calpain regulation of USP1 is quite complex and multifaceted.
To recapitulate, in the present study we focused on the character-
ization of the calpain/Cdk5/APC/C*"!/USP1 axis in osteosar-
coma cells under physiological conditions and upon UV damage.

Altogether the results presented in this study support a model
schematized in Fig. 7d. Calpain cleaves USP1 at the very N termi-
nus, resulting in its stabilization. In addition, calpain activates
Cdk5/p25, which acts as a brake for APC/C“™-dependent ubig-
uitination of USP1, further stabilizing the protein. In the absence
of the stabilizing cleavage exerted by calpain, USP1 interacts with
cdhl (Fig. 7a) and is more prone to ubiquitination by APC/C*M
(Fig. 6a). Other studies are ongoing to further dissect the com-
plexity of calpain regulation of USP1 stability under physiological
and pathological conditions.

DISCUSSION

Osteosarcoma, the most common primary bone tumor in young
adults, is characterized by local invasion and distant metastasis. A
recent report described USP1 as a “druggable” protein for differ-
entiation therapy (30). Indeed, USP1 knockdown in osteosar-
coma cells determined ID2 protein destabilization, cell cycle ar-
rest, and osteogenic differentiation (9). Accordingly, USP1 is
required for proper osteogenesis (7). Remarkably, silencing of cal-
pain expression reduces the metastatic potential of the human
osteosarcoma cell (31). Moreover, tissue-specific KO studies dem-
onstrated that the calpain small subunit is essential for proper
osteoblast activity and bone remodeling (10). We found that
CAPNSI depletion in osteosarcoma cells and fibroblasts is linked
to USP1 destabilization in a cdh1/Cdk5-dependent manner. As
expected, CAPNSI silencing, just like USPI depletion, is coupled
to ID2 protein decrease and subsequent p21 accumulation. A
number of clinical trials for different neural disorders and cardio-
vascular diseases and malignancies (3) targeting calpain are al-
ready going on. Since we found that calpain inhibition is coupled
to USP1 instability, we may speculate that calpain inhibitors may
represent convenient drugs for specific cancers where the calpain/
Cdk5/cdh1/USP1 axis is active. It is certainly worthwhile planning
to investigate the feasibility of a therapeutic approach for osteo-
sarcoma based on calpain inhibition. In addition, since USP1 in-
hibitors have been proposed as potential drugs for non-small-cell
lung carcinoma (30), also in this type of cancers, calpain inhibitors
might be considered for combination therapy trials.

Certainly, caution must be observed due to the effects of USPI
depletion on genome stability. Indeed, we have demonstrated that
calpain depletion, like USPI depletion, is coupled to an increase in
PCNA ubiquitination and subsequent overloading of translesion
synthesis pol-n on DNA. Such a phenotype is linked to increased
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mutagenesis in U20S cells, as previously described for USPI1-de-
pleted cells (6). Accordingly, a defect in DNA repair dynamics
occurs in Capnsl KO MEFs. We showed for the first time that
calpain plays an active role in the integrated signaling and genome
maintenance that the cell activates to overcome DNA damage.
Interestingly, the activation of the DNA repair enzyme poly(ADP-
ribose) polymerase 1 (PARP1) in response to DNA damage was
shown to trigger calcium overload and activation of mitochon-
drial calpain (32). Calpain activation resulted in apoptosis induc-
ing factor (AIF) processing and apoptosis induction (32). This
represents another example in which calpain inhibition after DNA
damage could lead to accumulation of damaged DNA, in the ab-
sence of apoptosis. Calpain may indeed represent an important
caretaker for the cell.

We have found that CAPNSI interacts with USP1 in living
cells. The region sufficient for this interaction encompasses the
previously identified recognition site for UAF1/WDR48 (33). We
therefore cannot exclude that the binding is mediated by this fac-
tor, raising the possibility that calpain also affects other signaling
pathways involving this protein regulator. Interestingly, we
showed that calpain depletion is coupled to a reduction in UAF1/
WDRA48 protein levels. UAF1/WDR48 is required not only for
USP1 catalytic function and stability but also for USP46, an im-
portant modulator of GABA signaling and USP12 involved in his-
tone H2A and H2B deubiquitination. It will therefore be worth-
while to investigate whether CAPNSI plays any role in the
signaling pathways governed by these deubiquitinating enzymes.
In addition, we have demonstrated that calpain inhibits APC/
CeM! activity directed toward USP1. Accordingly, the stability of
another cdh1 substrate, cdc6, decreases in CAPNSI-depleted cells.
Besides the well-recognized cell cycle regulators and cyclins, this
complex controls the proteasomal degradation of key compo-
nents of the mitochondrial division machinery (34). cdhl appar-
ently acts as a link between cell cycle modulation and metabolism,
and calpain supervision may contribute to the concerted modu-
lation of such nodal points. Many studies have demonstrated the
activating role of calpain on Cdk5 function. Calpain-mediated
p35 cleavage appears to be crucial for the amplification of the
Cdk5 activity that is required during differentiation (24). Triple
phosphorylation of cdh1 by the calpain-activated Cdk5/p25 has a
repressive function on the APC/C™™ complex and results in cy-
clin B1 stabilization (25).

Our study confirms the regulatory role of Cdk5 on cdhl and
consequently on proteasomal degradation of USP1 and unveils a
role of calpain at the interface between cell cycle regulation and
DNA replication and/or repair. In addition, it opens up a number
of questions about the effect of calpain on other Cdk5 substrates,
such as p53 (35), erk (36), and related pathways and other APC/
Cedh! gubstrates, such as rad17 (37), involved in DNA damage
response.

To recapitulate, in this study we have unveiled a calpain/cdh1/
USP1 axis. We detected a complex containing CAPNS1 and USP1
thatleads to a transient USP1 stabilization and a complex contain-
ing USP1 and cdhl in calpain-depleted cells, which is consistent
with an increase in APC/C*"'-dependent USP1 clearance. In ad-
dition, we have found that a single Leu-to-Gly substitution at
amino acid 12 of USPI, at the P2 position with regard to a pre-
dicted calpain cleavage site, determines a dramatic destabilization
of USP1. Altogether, these data point to a stabilizing role of cal-
pain for USP1 deubiquitinating enzyme in physiological condi-
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tions. Further studies are ongoing to dissect the CAPNS1-USP1-
UAF1-cdhl interaction and reciprocal regulation under
pathological conditions linked to APC/C™"" impairment and/or
calcium overload. These studies will deepen our understanding of
the molecular basis by which the calpain/calpastatin network can
enhance cancer cell survival and may be instrumental for the de-
sign of novel drugs for specific diseases.
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