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DNA mismatch repair (MMR) maintains genome stability
primarily by correcting replication errors. MMR deficiency can
lead to cancer development and bolsters cancer cell resistance
to chemotherapy. However, recent studies have shown that
checkpoint blockade therapy is effective in MMR-deficient
cancers, thus the ability to identify cancer etiology would
greatly benefit cancer treatment. MutS homolog 2 (MSH2) is an
obligate subunit of mismatch recognition proteins MutSa
(MSH2-MSH6) and MutSp (MSH2-MSH3). Precise regulation
of MSH2 is critical, as either over- or underexpression of MSH2
results in an increased mutation frequency. The mechanism by
which cells maintain MSH2 proteostasis is unknown. Using
functional ubiquitination and deubiquitination assays, we show
that the ovarian tumor (OTU) family deubiquitinase ubiquitin
aldehyde binding 1 (OTUBI1) inhibits MSH2 ubiquitination by
blocking the E2 ligase ubiquitin transfer activity. Depleting
OTUBLI in cells promotes the ubiquitination and subsequent
degradation of MSH2, leading to greater mutation frequency
and cellular resistance to genotoxic agents, including the
common chemotherapy agents N-methyl-N’-nitro-N-nitro-
soguanidine and cisplatin. Taken together, our data identify
OTUBI as an important regulator of MSH2 stability and pro-
vide evidence that OTUBLI is a potential biomarker for cancer
etiology and therapy.

DNA mismatch repair (MMR) is a highly conserved DNA
repair pathway across species that plays a vital role in main-
taining replication fidelity. The typical MMR reaction in
eukaryotic cells involves mismatch recognition, mismatch
removal, and repair DNA synthesis. Mismatch recognition is
carried out by MutSax (MSH2-MSH6) or MutSPp (MSH2-
MSHS3), which triggers a series of downstream reactions
including interacting with proliferating cell nuclear antigen and
recruiting MutLa (MLH1-PMS2) and exonuclease 1 (Exo1) to a
nearby strand break on the nascent DNA strand. Mismatch
removal is conducted by Exo1, which excises the nascent strand
from the nick up to and beyond the mismatch to generate a
single-strand gap. Finally, DNA polymerase & fills this gap, and
the repair is concluded by nick ligation catalyzed by ligase I (1).
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In addition to correcting replication errors, the MMR system
also maintains genome stability by processing nonmismatch
DNA lesions induced by genotoxic agents (1, 2). In this process,
MutSa recognizes these DNA adducts to provoke strand-
specific MMR (3, 4). However, because MMR is targeted to
the newly synthesized strand and the adducts are located on the
template strand, attempting to remove these DNA adducts
causes a futile repair cycle (5), which induces apoptosis (2, 6).
Thus, cells defective in MMR cannot sense DNA lesions and
become highly resistant to genotoxic drugs (1, 7).

Consistent with its role in maintaining genome stability,
defects in MMR due to gene mutations (1, 8-10), loss of
expression by promoter hypermethylation (11-13), or
abnormal protein modification/degradation (14—16) lead to a
hypermutable phenotype and the development of various
types of human cancer. Conversely, overexpression of key
MMR factors, such as MSH2 and MLHI, results in an
increased mutation frequency (17) or apoptotic cell death
(18). Therefore, the precise regulation of the homeostasis of
cellular MMR proteins is critical for maintaining genome
stability.

The ubiquitination-proteosome system (UPS) regulates the
protein proteostasis of a wide range of substrates under
normal or stress conditions in human cells in a post-
translational manner. Previous studies have shown that the
stability of MSH2 is regulated by HDAC6-mediated ubiquiti-
nation (16) and USP10-mediated deubiquitination (19). It has
been noted that the rate of UPS-mediated MutSa degradation
varies across different cell lines (20), and multiple motifs that
can be ubiquitinated are present in MSH2, which implies that
other ubiquitinases/deubiquitinases might also regulate MSH2
proteostasis. A recent mass spectrometry study of MMR
protein interactomes revealed a potential interaction between
MSH2 and OTUBLI (21), a deubiquitilating enzyme that be-
longs to the ovarian tumor (OTU) superfamily of predicted
cysteine proteases (22, 23). This suggests that MSH2 could be
a substrate of OTUB1. OTUBL is a highly specific ubiquitin
iso-peptidase that functions in two different ways. In the ca-
nonical way, OTUBI acts as a cysteine protease to directly
deubiquitinate its substrates (22). OTUBI also works in a
noncanonical way by interacting with E2 enzymes to inhibit
the ubiquitin transfer to substrates that are involved in diverse
biological pathways (24, 25).
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Regulation of MSH2 stability by OTUB1

Here, we demonstrate that OTUBI interacts with MSH2 to
prevent MSH2 from ubiquitination through the noncanonical
way. Depleting OTUBL impairs the cellular proteostasis of
MutSa and leads to MMR deficiency—associated resistance to
genotoxic agents. Therefore, this study has established OTUB1
as a novel regulator of MMR and DNA damage response.

Results

OTUBI1 interacts with MSH2 via its deubiquitylation catalytic
center

To determine whether OTUBI1 interacts with MSH2, we
expressed Flag-tagged MSH2 (Flag-MSH2) and HA-tagged
OTUB1 (HA-OTUB1) in HEK293T cells and performed
reciprocal pulldown experiments using Flag agarose and HA
magnetic beads. We found that Flag-MSH2 and HA-OTUBI1
pulled each other down (Fig. 1A), which suggests a specific
interaction between MSH2 and OTUBI1. We obtained similar
results in a co-immunoprecipitation experiment to determine
endogenous interactions between these two proteins by using
an MSH2-specific or an OTUBI antibody (Fig. 1B). Although
the interaction between MSH2 and OTUBI is relatively weak,
it is much more specific than the control reactions in both the
pulldown and the co-immunoprecipitation assays.
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OTUBI mainly contains three domains (Fig. 1C): the Ub-
binding domain (1-47aa), the linker domain (48-85aa), and
the OTU domain (85-271aa) (26). To determine which
domain interacts with MSH2, we constructed GST-tagged full-
length OTUB1 (FL) and truncated or residue-altered OTUBIs
—OTUB1(1-47),  OTUB1(48-271),  OTUBI(48-159),
OTUB1(159-271), OTUBI-C91A, and OTUB1-D88A
(Fig. 1C)—and detected the interactions between these
OTUBI1 polypeptides and MSH2. GST pull-down assays
showed that the FL OTUBI strongly interacted with MSH2
(Fig. 1D). We also observed strong interactions between MSH2
and OTUB1(48-271) and OTUB1(48-159), but not between
MSH2 and OTUB1(1-47) or OTUB1(159-271) (Fig. 1D). The
deubiquitylation function of OTUBI1 relies on the catalytic
center containing amino acids C91, D88, and H265 (26), which
could form a catalytic triad. To determine the role of this
activity center in MSH2 deubiquitination, we measured
MSH2’s interactions with the catalytic-dead mutants OTUBI1-
C91A and OTUB1-D88A. We found that both the C91A and
D88A mutants could interact with MSH2 (Fig. 1D). Taken
together, these results indicate that OTUB1 physically in-
teracts with MSH2 vig its middle C1 domain, including its
catalytic center.
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Figure 1. OTUB1 interacts with MSH2. A, Flag-MSH2 and HA-OTUB1 were cotransfected into HEK293T cells, and the transfected cells were then treated
with 20 uM MG132 for 6 h before harvesting. Exogenous co-immunoprecipitation (Co-IP) was performed with Flag agarose beads or HA magnetic beads to
detect interactions between Flag-MSH2 and HA-OTUBI1. B, Co-IP was performed with anti-OTUB1 and anti-MSH2 antibodies to detect the endogenous
interaction between MSH2 and OTUB1 in HEK293T cells. C, diagram showing OTUB1 fragments used in the GST pulldown assay. D, western blot of MSH2
(top) that was pulled down by purified GST-OTUB1 and its truncated fragments (bottom). E, diagram of MSH2 constructs used in the GST pulldown assay. F,
purified GST-MSH2 polypeptides (bottom) were incubated with cell lysates of HelLa cells overexpressing HA-OTUB1, and HA was blotted as indicated (top).
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To determine which MSH2 domain interacts with OTUBI,
we first generated GST-tagged full-length MSH2 and three
GST-tagged MSH2 mutants: MSH2 (1-378), MSH2
(200-700), and MSH2 (624-934) (Fig. 1E), as described pre-
viously (19). We used these GST-tagged proteins to pull down
HA-OTUBI in HeLa cell lysates. As expected, FL-MSH2 could
pull down HA-OTUBI (Fig. 1F). Among the three mutants,
MSH2 (200-700) and MSH2 (624-934) could precipitate
OTUBI, which suggests that the ubiquitylated residues in
MSH2 that are regulated by OTUBI are located in the central
and C-terminal domains. To narrow down the OTUBI inter-
action domain(s), we further divided MSH2 fragments S2 and
S3 into several smaller peptides (Fig. 1E, S4-S10) and per-
formed the same pull-down assay. The results showed that all
peptides except S10, which failed to pull down OTUBI, more
or less interacted with OTUB1 (Fig. 1F). Therefore, we
conclude that OTUBLI interacts with MSH2 mostly through
the central domain.

Regulation of MSH2 stability by OTUB1

OTUBT1 stabilizes MSH2

To determine whether the OTUB1-MSH2 interaction reg-
ulates the stability of MSH2, we measured Flag-MSH2 levels in
HEK293T cells with or without the overexpression of HA-
OTUBI1. We found that the Flag-MSH2 level was much
higher in cells expressing HA-OTUBI than in those without
HA-OTUBLI expression (Fig. 2, A and B), which suggests that
OTUBI does indeed stabilize MSH2. To further explore this,
we measured the half-life of MSH2 by treating cells with
protein synthesis inhibitor cycloheximide (CHX). Consistently,
the half-life of Flag-MSH2 was significantly higher in cells
overexpressing OTUBL (Fig. 2, C and D). Interestingly, the
catalytic-dead mutant OTUB1 (C91A) also extended the half-
life of Flag-MSH2; however, we did not observe MSH2 stabi-
lization in cells expressing the OTUB1 (D88A) mutant (Fig. 2,
C and D). Because the catalytic Cys91 and Asp88 are essential
for the OTUBI1 deubiquitination activity (27) and OTUBI’s
inhibition of E2 ligases (24, 25), respectively, these results
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Figure 2. OTUB1 stabilizes MSH2. A, the stability of Flag-MSH2 in the presence or absence of HA-OTUB1 was determined by western blot. B, quantification
in three independent experiments of Flag-MSH2 levels in cells expressing HA-OTUB1, as shown in A. C, the effect of OTUB1 on the half-life of Flag-MSH2 was
determined by CHX chase experiments. Flag-MSH2 and each of the OTUB1 constructs (WT, C91A and D88A) were cotransfected into HEK293T cells. Thirty-
six hours later, the transfected cells were treated with CHX (50 pg/ml) and harvested at the indicated time points for western blotting analysis. D,
quantification of the MSH2 half-life in three independent experiments, as shown in panel B. E, the effect of OTUB1 on the half-life of Flag-DEPTOR was
determined by CHX chase experiments. The experiment was performed as in C. F-H, the half-life of MSH2 and MSH6 was determined similarly as in panel B
in OTUB1-KD HeLa and SW620 cells, as well as in OTUB1-rescued SW620-KD cells. The relative expression levels of MSH2 or MSH6 are shown below the gel.
The average of three repeats was used in statistical analyses (two-tailed t test). * indicates p < 0.05, ** indicates p < 0.001.
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suggest that OTUBI stabilizes MSH2 via noncanonical inhi-
bition of E2 ligase activity. To verify this, we performed similar
half-life analysis using a known OTUBI noncanonical sub-
strate, DEPTOR (27). The stability of Flag-DEPTOR was
essentially the same as that of Flag-MSH2, ie, OTUBI
(C91A), but not OTUBI1(D88A), could stabilize DEPTOR
(Fig. 2E).

To further test whether OTUBL is essential for maintaining
MSH2 stability, we stably knocked down (KD) OTUB1 by two
different small hairpin RNAs (shRNAs) in both HelLa and
SW620 cells. We treated these cells with cycloheximide to
inhibit the endogenous protein synthesis over a specific course
of time and quantified the relative expression levels of MSH2
by western blot. The results showed that MSH2, as well as its
partner MSH6, degraded much faster in OTUB1-KD cells than
in control cells (Fig. 2, F and G). To rule out the off-target
effects of shRNAs, we restored the expression of OTUBLI in
OTUBI1-KD cells and found that OTUBLI restoration indeed
efficiently increased the half-life of both MSH2 and MSHS6 in

these cells (Fig. 2H). The observed stability correlation be-
tween MSH6 and MSH2 is consistent with the fact that MSH6
is unstable in the absence of MSH2 (28-30). However,
whether MSHG6’s stability is regulated independently by
OTUBI1 remains to be investigated. Nevertheless, the data
presented here indicate that OTUBLI stabilizes MSH2 probably
by inhibiting E2 activity.

OTUBT1 inhibits the ubiquitination of MSH2

To test our hypothesis that OTUBI stabilizes MSH2 by
preventing its ubiquitination, we measured the ubiquitination
levels of MSH2 in HeLa cells treated with MG132 and stably
transfected with shRNA against OTUB1 or scrambled shRNA
in the presence of HA-Ub. Under these conditions, ubiquiti-
nated proteins are protected from degradation via the pro-
teasome. Even though a similar amount of ubiquitinated
proteins was present in all cells, significantly more ubiquiti-
nated MSH2 was pulled down in OTUB1-KD cells (OTUBI-
shl and OTUBI1-sh2) than in cells with scrambled shRNA
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Figure 3. OTUB1 inhibits MSH2 ubiquitination in a noncanonical way. A, analysis of MSH2 ubiquitination by denatured-IP in OTUB1-KD and control
Hela cells transfected with exogenous HA-Ub. Cell lysate was denatured and IP-ed with an MSH2 antibody, then examined by western blotting using an
anti-Ub antibody. B, analysis of MSH2 ubiquitination by denatured-IP in OTUB1-KD Hela cells with or without restoration of OTUB1 expression. V, empty
vector. C, in vitro ubiquitination and deubiquitination assays to determine the mechanism by which OTUB1 regulates MSH2 stability. In the in vitro
ubiquitination assay, individual Flag-tagged substrates (MSH2, FOXM1, and DEPTOR) were incubated with GST-OTUB1 (WT, C91A or D88A) and HA-Ub under
the ubiquitination condition, as described in Experimental procedures. In the in vitro deubiquitination assay, individual preubiquitinated substrates (Flag-
tagged MSH2, FOXM1 and DEPTOR) were incubated with GST-OTUB1 (WT, C91A or D88A) proteins under the deubiquitination condition, as described in
Experimental procedures. Ubiquitination levels of MSH2 FOXM1 or DEPTOR were measured by an anti-Ub antibody. FOXM1 and DEPTOR are positive
controls for direct deubiquitination and indirect deubiquitination by OTUB1, respectively. D, in vivo ubiquitination assay to determine the effects of WT,
C91A, or D88A OTUB1 on MSH2 ubiquitination in HEK293T cells. His-MSH2, Flag-OTUB1 (WT, C91A or D88A), and HA-Ub were expressed in HEK293T cells,
and His-MSH2 was pulled down using Ni-NTA agarose beads, as described in Experimental procedures. Ubiquitinated His-MSH2 was detected by western
blotting using an HA antibody.
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(Fig. 3A). Consistently, restoring OTUB1 to OTUB1-KD cells
significantly reduced the ubiquitination level of MSH2
(Fig. 3B), as compared with cells transfected with an empty
vector (V). Collectively, these results suggest that MSH2 is a
substrate of OTUB1 and that OTUB1 inhibits MSH2
ubiquitination.

To further determine which OTUBI function is involved in
protecting MSH2 from being ubiquitinated, we performed
in vitro assays to examine the individual OTUB1 proteins
(WT, C91A, and D88A) for their ability either to directly
deubiquitinate MSH2 or to inhibit MSH2 ubiquitination by E2
enzymes. The deubiquitination-specific substrate FOXM1 (31)
and the noncanonical substrate DEPTOR were used as positive
controls in these assays. In the in vitro ubiquitination assay,
individual Flag-tagged substrates (MSH2, FOXM1, and DEP-
TOR) were incubated with GST-OTUB1 (WT, C91A, or
D88A) and HA-Ub in a ubiquitination system containing
rabbit reticulocyte lysate (RRL), as described previously (19),
and ubiquitinated substrates were visualized by western blot-
ting using a Ub antibody. As shown in Figure 3C (in vitro Ub),
substrates MSH2 (lanes 1-4) and DEPTOR (lanes 9-12)
exhibited much less ubiquitination in reactions containing WT
OTUBI (lanes 2 and 10) and OTUB1-C91A (lanes 3 and 11)
than those containing OTUB1-D88A (lanes 4 and 12), but we
observed little difference in ubiquitination among various
OTUBI proteins when the deubiquitination-specific substrate
FOXM1 was used in the same assay (lanes 5-8, in vitro Ub).
Conversely, the in vitro deubiquitination assays revealed that
both  OTUB1(WT) and OTUBI1(D88A), but not
OTUBI1(C91A), could efficiently deubiquitinate FOXM1
(Fig. 3C, in vitro Deub, lanes 5-8), as expected. However, there
was essentially no difference in ubiquitination removal among
all reactions when MSH2 (lanes 1-4) and DEPTOR (lanes
9-12) were used in the deubiquitination assays; in other words,
OTUBI fails to remove established ubiquitination on MSH2
and noncanonical substrate DEOTOR. These results strongly
suggest that OTUBI blocks MSH2 ubiquitination by inhibiting
the E2 ligase activity, rather than by directly deubiquitinating
MSH2.

To further verify the in vitro ubiquitination and deubiqui-
tination results, we expressed HA-Ub, His-MSH2, and three
forms of Flag-OTUB1s (WT, C91A, and D88A) in HEK293T
cells and performed His-tag pull-down assays, and we
measured the ubiquitination levels of His-MSH2. We found
less ubiquitinated MSH2 in HEK293T cells expressing both
WT OTUB1 and OTUBI1-C91A, but not OTUBI1-D88A
(Fig. 3D). These results agree with those depicted in Figure 3C.
We therefore conclude that OTUB1 prevents MSH2 ubig-
uitination by suppressing the E2 ligase activity.

OTUB1 depletion elevates mutation rate and resistance to
genotoxic agents

MSH?2 is an obligate subunit of both mismatch recognition
proteins, MutSa and MutSp, and depleting MSH2 leads to a
mutator phenotype characterized by an elevated mutation
frequency (1, 32). Since OTUBI regulates MSH2 stability, we
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postulated that depleting OTUB1 would cause a mutator
phenotype. To test this hypothesis, we performed HPRT assays
to determine the spontaneous mutation frequency in WT and
OTUBI1-KD cells, as described previously (14). OTUBI1
knockdown resulted in a 4- to 20-fold increase in mutation
frequency in HeLa and SW620 cells, and restoring OTUBI in
OTUBI-KD cells rescued the mutator phenotype in both HeLa
OTUBI1-KD and SW620 OTUBI1-KD cells (Table 1). There-
fore, OTUBY’s regulation of MSH2 is critical to MMR and
genome maintenance.

MMR proteins, particularly MutSa, also play important
roles in DNA damage signaling, which leads to apoptotic cell
death (2). Thus, defects in MSH2 render cells tolerant to many
genotoxic agents, such as N-methyl-N-nitro-N-nitro-
soguanidine (MNNG) and cisplatin (1, 2). To test whether
OTUBI deficiency compromises MMR’s role in DNA damage
signaling and promotes drug tolerance, we treated control and
OTUB1-KD SW620 cells with MNNG and cisplatin and
measured their survival after treatment. We found that
OTUBI1-KD cell lines, whether OTUB1-shRNA1 or OTUBI-
shRNA2, were more tolerant of cisplatin or MNNG treat-
ment than control SW620 cells (Fig. 44). To rule out potential
off-target effects in the knockdown cells, we performed the
survival assay in OTUBl-restored SW620-OTUB1-KD cells.
The results showed that restoring OTUBL expression to
SW620-OTUBL-KD also restored drug sensitivity (Fig. 4B),
which confirms that OTUBLI is involved in DNA damage—
induced response, likely by stabilizing cellular MSH2.

To determine whether SW620 cells undergo apoptotic cell
death in response to treatment, we measured the cleavage of
poly(ADP-ribose) polymerase 1 (PARP1), a hallmark of
apoptosis (33, 34). The levels of cleaved PARP1 increased in a
time-dependent manner in both control and OTUB1-KD
SW620 cells treated with cisplatin (Fig. 4C). We quantified
the PARP1 cleavage as previously described (35), and the re-
sults showed that the cleaved PARP1 level in OTUB1-KD cells
was lower than in control cells (Fig. 4D). We performed the
same analysis in OTUB1-rescued OTUB1-KD cells and found
that restoring the expression of OTUBL in OTUBI-KD cells
resensitized cells to genotoxic agents including MNNG and
cisplatin (Fig. 4, E and F). Similar results were also observed in
HeLa and OTUBI1-KD HelLa cells (Fig. S1). Collectively, these
observations support the hypothesis that OTUB1 regulates
genomic stability and cellular response to genotoxic agents by
controlling MSH2 stability.

Discussion

MMR is a critical genome maintenance system. Previous
studies have shown that both loss and overexpression of key
MMR components such as MutSa and MutLa lead to a
mutator phenotype and predispose to cancers (1, 32, 36).
Thus, maintaining MSH2 at an appropriate cellular level is
essential. This is indeed the case, as the expression and
stability of MSH2, as well as other MMR components, are
precisely regulated in human cells via transcriptional and
posttranscriptional mechanisms (12, 37-40). Emerging
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Table 1
Depletion of OTUB1 induces a mutator phenotype
Cell line Mutation frequency (x107) Fold of increase in MF p value
HeLa Scramble 1.67 + 0.02 1
OTUBI-shl 6.83 + 0.07 4.1 <0.01
OTUBI1-shl+Vector 16.5 £ 0.1 11.6 <0.01
OTUB1-sh1+OTUB1 1.99 + 0.03 1.4 >0.05
SW620 Scramble 0.17 + 0.08 1
OTUBI1-sh2 46 £ 0.3 25.98 <0.01
OTUBI1-sh2+Vector 3.63 + 0.13 20.47 <0.01
OTUB1-sh2+OTUB1 0.28 + 0.03 1.59 >0.05

evidence suggests that the stability of MSH2, an obligate MSH?2 ubiquitination (Fig. 3) and subsequent degradation
subunit of MutSa (MSH2-MSH6) and MutSp (MSH2- via the proteasome (Fig. 2). This leads to a mutator
MSH3), is also tightly regulated posttranslationally (16, phenotype (Table 1) and cellular resistance to certain gen-
19). Here, we identified OTUB1 as a novel regulator of otoxic agents (Fig. 4). Given the diverse implications of
MSH2, likely by inhibiting E2 ligase activity to prevent MMR in cancer development and therapy (41-43), OTUB1
MSH2 ubiquitination. Depleting OTUB1 or impairing its could be a potential biomarker for diagnosis and interven-
noncanonical function that inhibits E2 activity enhances tion in MMR-associated cancers.
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Figure 4. Depletion of OTUB1 confers cellular resistance to genotoxic agents. A and B, cell viability analyses of OTUB1-KD (sh1 and sh2), OTUB1-rescued
(+OTUB1), and control (scrambled) SW620 cells treated without (control) or with cisplatin or MNNG, as indicated, using Cell Counting Kit-8 assay. C,
detection of cleaved PARP1 by western blotting in OTUB1-KD and control SW620 cells treated with cisplatin for the indicated times. D, quantification of
cleaved PARP1 (% of the full-length PARP1) shown in C. E and F, detection of cleaved PARP1 in response to MNNG (E) and cisplatin (F) treatment by western
blotting in OTUB1-KD SW620 cells rescued with OTUB1 for the indicated times. The average of five (panel A) or two (panel B) repeats was used in statistical
analyses (two-tailed t test). * indicates p < 0.05.
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We show that OTUBL interacts with the central domain of
MSH2 (Fig. 1, E and F). This suggests that OTUBI stabilizes
MSH2 by inhibiting MSH2 ubiquitination in the central domain,
which overlaps with the HDAC6 interaction domain on MSH2
(16). It is possible that OTUB1 prevents MSH2 ubiquitination by
inhibiting the E2 activity of HDACG6 or by competing with HDAC6
for the MSH2 residues located in the central domain. Another
deubiquitinase, USP10, has been reported to interact with and
deubiquitinate MSH2 in the N terminus (19), which implies that
USP10 and OTUB1 may work nonredundantly to regulate the
stability of MSH2 in human cells. This may also explain why
MSH?2’s half-life is very long even in cells depleted of either
OTUBL (Fig. 2) or USP10 (19). MutSa, as an important MMR
factor, is known to be fairly stable during the whole course of cell
division (14). Thus, OTUB1 and USP10 may play critical roles in
maintaining the stability of MSH2 throughout the cell cycle.
Nevertheless, this possibility has to be confirmed by future studies.

Previous studies have implicated OTUBI in DNA damage
signaling (24, 25, 44). However, the mechanism by which
OTUBLI is involved in this process is not fully understood. We
show here that OTUBI1 regulates MMR-triggered DNA dam-
age signaling by preventing MSH2’s ubiquitination. Thus, we
believe that OTUBI1 is likely a key regulator of proteins
involved in DNA damage response, including those required
for sensing and repairing replication errors and DNA strand
breaks (24, 25, 44). As it does in regulating MSH2, OTUB1
may stabilize other DNA damage signaling factors by inhibit-
ing the E2 ubiquitin ligase activity in a noncanonical manner.
This regulation of DNA damage signaling factors in genome
stability underscores OTUB1’s importance in cancer suscep-
tibility and therapy. Because tumors defective in MMR exhibit
high responsiveness to checkpoint blockade immunotherapy
(42, 43), and because DNA damage response factors, particu-
larly those involved in double-strand break repair, influence
radiation and chemotherapy (45, 46), understanding the mo-
lecular mechanisms by which OTUBLI precisely regulates in-
dividual DNA damage response pathways will significantly
benefit cancer treatments.

Experimental procedures
Cell culture and transfection

HeLa and HEK293T cells were grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 5% NBS and 5% FBS,
penicillin (100 U/ml), and streptomycin (100 g/ml). SW620
cells were grown in RMPI1640 medium with the same sup-
plements. All cells were maintained in a 37 °C incubator with
5% CO,. Hieff Trans Liposomal Transfection Reagent (Yeasen,
40802ES02) was used for transfection according to the man-
ufacturer’s protocol.

Plasmids, antibodies, reagents, and chemicals

We used pcDNA3.1 (+) vector to construct plasmids transiently
expressing HA/Flag/His-tagged wild-type (WT) and mutant
OTUBI1 and MSH2. PLEX-MCS was used to construct the HA-
OTUBI1 plasmid for establishing the OTUBI-overexpressed
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HeLa cell line. PLVX-IRES-ZsGreenl was used to restore
OTUBI1 expression in OTUB1 KD cells. pRK5-HA-ubquitin
plasmid was transiently transfected for denatured immunopre-
cipitation (IP) and in vivo ubiquitination assay, and pGEX-4T-1
was used to construct bacterial expression plasmids, including
GST-MSH2, GST-MSH2-S1(1-378), GST-MSH2-52(200-700),
GST-MSH2-S3(624-934), GST-MSH2-S4(379-563), GST-
MSH2-55(564—748), GST-MSH2-S6(749-934), GST-MSH2-S7
(379-506), GST-MSH2-S8(507-563), GST-MSH2-S9(749-872),
GST-MSH2-510(873-934), GST-OTUB1, GST-OTUBI1-N-ter-
minus (1-47), GST-OTUB1-OTU domain(48-271), GST-
OTUB1-C91A, GST-OTUB1-D88A, GST-OTUB1-C1(1-159),
and GST-OTUB1-C2(160-271). In addition, pLKO.1 was used to
construct shRNA plasmid to knock down OTUBL. psPAX2 and
pMD2.G were used to pack virus.

We used the following antibodies in this study: anti-OTUB1
(Abcam ab175200, Sigma 09764), anti-MSH2 (CST 2017S, BD
Biosciences 556349), anti-B-tubulin (Santa Cruz sc-166729),
anti-Flag (Yeasen 30503ES60), anti-HA (Yeasen 30701ES60),
anti-GST (Yeasen 30901ES50), anti-PARP1 (CST 9532S), anti-
ubiquitin (CST 3936S), anti-His (CST 2366S) and anti-IgG
(Rabbit) isotype control (CST 3900), anti-MSH6 (Abcam
92471), anti-a-tubulin (Easybio BE0031). For IP and
denatured-IP, primary antibodies were diluted at a ratio of
1:100. For western blotting, anti-a-tubulin, anti-GST, and anti-
HA antibodies were diluted at a ratio of 1:3000, and all other
antibodies were diluted at a ratio of 1:1000.

6-Thioguanine (A4882), MG132 (C2211), ATP (A2383),
L-Glutathione reduced (G4251) and DTT (D0632) were pur-
chased from Sigma. Puromycin (S7417), Cycloheximide
(1758-9310), and cisplatin (HZB0054-100) were purchased
from Sellect, INALCO, and HARVEY, respectively. Anti-Flag
Affinity Gel (B23101), anti-HA magnetic beads (B26202),
and protein A/G magnetic beads (B23202) were from Bimake.
GSTSep Glutathione agarose resin (20507ES50), Hisep Ni-
NTA agarose resin (20503ES10), and Cell Counting Kit
(40203ES60) were purchased from Yeasen. AnnexinV Alexa
Fluor488/PI apoptosis detection kit (FXP022) was purchased
from 4A Biotech. HA-UB purified protein (U-110) and Rabbit
reticulocyte lysate (RRL) were purchased from Boston Bio-
chem and Promega, respectively.

Establishing OTUB1 knockdown and overexpressed stable cell
lines

HEK293T cells were transfected with the target plasmid,
packaging plasmids psPAX2 and pMD2.G, at a 4:3:1 ratio by
using the liposome transfection agent. Seventy-two hours
later, the medium supernatants were collected and filtered by
using a 0.45-nm filter. The viruses were then immediately
added into culture medium of targeted cells. Twenty-four
hours postinfection, cells were cultured for another 24 h in
fresh medium. Then, the cells were selected by 10 pg/ml
puromycin for about 2 weeks until the uninfected control
cells were all dead. We collected the surviving cells to
determine the gene editing efficiency by western blotting
using an anti-OTUB1 antibody.
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Immunoprecipitation and western blotting

Cells were harvested and lysed in lysis buffer (50 mM Tris-
HCI, PH 8.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40) for
30 min on ice, then centrifuged at 12,000 rpm at 4 °C for
10 min. Then, the soluble supernatant was incubated with
protein A/G beads for 2 h to preclear nonspecific binding
proteins, which was followed by incubation with the primary
antibody or isotype control overnight at 4 °C. Protein A/G
beads were added and incubated for another 3 h at 4 °C to pull
down the antibody—protein complex. When performing IP
with Flag or HA beads, the cell lysate was incubated with beads
directly at 4 °C overnight. All immunoprecipitated beads were
washed several times with cell lysis buffer before they were
denatured for western blotting.

GST pull-down assay

Bacterial BL21 cells transformed with a target GST plasmid
were grown to the log phase (OD~0.8), then the expression of a
GST-tagged fusion protein was induced by isopropyl-thio-p-D-
galactoside (IPTG) overnight at 16 °C. The collected cells were
sonicated in STE buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl,
1 mM EDTA, 5 mM dithiothreitol, 1% Triton X-100 [w/v]) until
the liquid turned clear. The soluble GST-tagged fusion proteins
were purified via glutathione-agarose beads in the presence of 3%
(w/v) Triton X-100. The purified protein on beads was incubated
with HeLa or OTUBI overexpressed HeLa cell lysates overnight
at 4 °C to pull down the interacting proteins.

Cycloheximide (CHX) chase experiment

To determine the half-life of endogenous MSH2, we seeded
equal numbers of cells into 6-well plates, then changed the
medium with fresh medium containing 20 pug/ml CHX. Cells
were harvested for western blotting at the indicated time
points. To determine the half-life of the exogenous MSH2 in
the presence of WT and mutant OTUB1, HEK293T cells were
cotransfected with plasmid carrying Flag-MSH2 and HA-
OTUBL (WT, C91A and D88A) for 36 h and treated with
50 pg/ml CHX for the indicated times before western blotting.

Denatured IP

The denatured IP experiment was performed as described
(47). Briefly, cells cultured in the 6-well plates were transfected
with 1 ug HA-UB plasmids for 48 h, then treated with 20 uM
MG@G132 for 6 h to inhibit proteosomal degradation. Cells were
harvested and lysed in the denatured lysis buffer (20 mM Tris-
HCI, pH 8.0, 1% SDS), and the cell lysate was boiled at 95 °C
for 15 min. The denatured lysate was then diluted 10 times with
denatured IP buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 1%
Trition 100, 1 mM EDTA), followed by immunoprecipitation.
Finally, the immunoprecipitated beads were washed four times
with washing buffer (20 mM Tris pH 8.0, 150 mM NacCl).

In vivo deubiquitination assay

The HA-UB, His-MSH2 and OTUBI1 (WT, C91A, or D88A)
plasmids were cotransfected into HEK293T cells for 2 days,

8 J Biol. Chem. (2021) 296 100466

and the cells were then treated with 20 uM MG132 for 6 h
before harvesting. Cells were then lysed in Buffer A (6 M
guanidine-HCl, 0.1 M Na,HPO,/NaH,PO,4, 0.01 M Tris-HCl
pH 8.0, 10 mM imidazole, 10 mM [B-mecaptoethanol). The
resulting cell lysates were incubated with Ni-NTA agarose
beads overnight at room temperature, and the beads were then
washed with Buffer A, Buffer B (8 M urea, 0.1 M Na,HPO,/
NaH,PQO,, 0.01 M Tris-HCI pH 8.0, 10 mM p-mercaptoetha-
nol), Buffer C (8 M urea, 0.1 M Na2HPO4/NaH,PO4, 0.01 M
Tris-HCl pH 6.3, 10 mM B-mercaptoethanol), and Buffer D
(Buffer C with 0.1% Tween-20). The proteins on the beads
were denatured for western blot analysis.

In vitro ubiquitination and deubiquitination assays

The Flag-MSH2 protein was purified from HEK293T cells
overexpressing Flag-MSH2 using anti-Flag affinity agarose
beads. GST and GST-OTUB1 (WT, C91A, or D88A) were
purified using GST glutathione agarose beads. For in vitro
ubiquitination assay, the Flag beads were incubated with the
same amount of GST or a GST-OTUBI protein (WT, C91A,
or D88A) in the presence of HA-UB, rabbit reticulocyte lysate
(RRL), and 5 mM ATP in the ubiquitination buffer (50 mM
Tris-HCI pH 7.5, 100 mM NaCl, 2.5 mM MgCl,, and 1 mM
DTT) for 2 h at 37 °C. After washing with PBST, the protein
samples were separated by SDS PAGE gels, and ubiquitinated
proteins were detected by western blotting using an antibody
against Ub, as previously described (19). For in vitro deubi-
quitination assays, preubiquitinated substrates on Flag-beads
were washed with PBST three times, followed by deubiquiti-
nation buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 5 mM
MgCl,, 1 mM ATP, 1 mM EDTA, 10 mM DTT, 5% glycerol)
once. The Flag-beads were incubated with the same amount of
GST or GST-OTUB1 (WT, C91A, or D88A) in deubiquiti-
nation buffer at 37 °C for 2 h, followed by SDS PAGE and
western blotting analyses to detect the levels of ubiquitination,
as described previously (19).

Drug treatment and apoptosis analysis

The same numbers of cells were seeded in 6-well plates and
treated with 15 pM 6-thioguanine (6-TG) for 24 h, or 10 pM
MNNG) or 10 pM cisplatin for 1 h. The cells were rinsed twice
with fresh medium and cultured for another 3 days. All cells,
including the suspended ones, were collected, and half of them
were used for AnnxienV/PI staining according to the manu-
facturer’s recommendation. The stained cells were then
analyzed by flow cytometry. For the PARP1 assay, the treat-
ment procedures were similar to those described above, except
that apoptotic death was determined by PARP1 cleavage via
western blotting assay. Cell viability assay was performed using
the Cell Counting Kit-8 (CCK-8) reagent as instructed by
manufacturer’s protocol.

HPRT assay

For each cell line, two replicates of 5 x 10° cells were plated
in a 100 mm dish and treated with 6-TG (15 uM) for 4 days,
then the cells were cultured in fresh medium for another
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2 weeks. Meanwhile, each cell line’s colony formation ability
was determined by seeding two replicates of 500 cells without
6-TG treatment. The colonies were stained with 0.5% crystal
violet. The mutation frequency was calculated by dividing the
number of surviving colonies in the 6-TG treated groups by
the number of total seeded cells while normalized to the col-
ony formation ability, as described (14).

Data availability
All the data described in the article are within the article.
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