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ABSTRACT Precise regulation of RNA metabolism is crucial for dynamic gene ex-
pression and controlling cellular functions. In the nervous system, defects in RNA
metabolism are implicated in the disturbance of brain homeostasis and develop-
ment. Here, we report that deubiquitinating enzyme, ubiquitin specific peptidase 15
(USP15), deubiquitinates terminal uridylyl transferase 1 (TUT1) and changes global
RNA metabolism. We found that the expression of USP15 redistributes TUTT from
the nucleolus to nucleoplasm, resulting in the stabilization of U6 snRNA. We also
found that lack of the Usp15 gene induces an impairment in motor ability with an
unconventional cerebellar formation. Moreover, inhibition of the USP15-TUT1 cas-
cade triggered mild and chronic endoplasmic reticulum (ER) stress. Therefore, our re-
sults suggest that USP15 is crucial for mRNA metabolism and maintains a healthy
brain. These findings provide a possibility that disturbance of the USP15-TUT1 cas-
cade induces chronic and mild ER stress, leading to an acceleration of the neurode-
generative phenotype.

KEYWORDS ER stress, RNA metabolism, TUT1, USP15, cerebellum

NA metabolism depicts the entire events that occurred in the life cycle of RNA from

its synthesis and modification to degradation, leading to the control of protein
diversity. Alternative mRNA splicing is one of the pivotal processes that underlie global
RNA metabolism. This machinery is essential for protein diversity, which enables
eukaryotic cells to produce various proteins with different functions at a specific stage
from a single gene (1). In the nervous system, the regulation of mRNA metabolism plays
an important role in a variety of events such as development, synaptogenesis, the
sculpting of neuronal circuits, and survival (2, 3). Mutations in genes associated with
RNA metabolism have been implicated in developmental defects and several neuro-
degenerative disorders such as amyotrophic lateral sclerosis and Parkinson'’s disease (4).
Therefore, a deteriorating RNA metabolism tightly associates with disturbed brain
homeostasis.

Alternative splicing involves the macromolecular complex known as the spliceo-
some, which consists of five small nuclear ribonucleoproteins (snRNPs) and multiple
snRNP-related proteins (5). It is initiated by the binding of U1 snRNP to the 5’ splice site
and the recognition of U2 snRNP to the branching point located upstream of the 3’
splice site. U4/U6.U5 tri-snRNPs are recruited subsequently to establish the spliceo-
some, and U1 and U4 snRNPs are disassembled for catalytical activation of the spli-
ceosome by conformational rearrangement. The activated spliceosome splices and
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releases introns and ligates exons by terminating the splicing reaction. Genetic disrup-
tions in this process impair normal mRNA turnover and increase the risk of aberrant
brain development and neurodegenerative disorders, indicating that these processes
are essential for healthy brain homeostasis. Recently, the ubiquitin and ubiquitin-like
proteins have emerged as key machinery for mRNA turnover. Comprehensive proteom-
ics has revealed that ubiquitin and ubiquitin-like proteins are incorporated into the
spliceosome (6, 7). A ubiquitin mutant that attenuates the binding affinity toward
ubiquitin-interacting motif abolishes the assembly and disassembly of U4/U6.U5 tri-
snRNPs (8). A deubiquitinating reaction controls the rearrangement of U4/U6.U5 tri-
snRNPs, leading to changes in splicing patterns (9, 10). These studies demonstrate that
the ubiquitin systems are essential for mRNA turnover, and these observations raise the
key question of how this system regulates RNA metabolism.

Recent proteomic analysis has shown that the deubiquitinating enzyme USP15 is
implicated in RNA processing (11). USP15 belongs to the ubiquitin-specific peptidase
family and regulates a variety of cellular functions, including mitochondrial homeostasis
(12, 13), membrane trafficking from the endoplasmic reticulum (ER) (14), carcinogenesis
(15-17), and virus infection (18-20). USP15 deubiquitinates not only lysine 48-linked
ubiquitin chains but also lysine 63-linked ubiquitin chains (21). It has been also revealed
that USP15 regulates spliceosome assembly (10, 22). In the nervous system, USP15 is
expressed in both neurons and glial cells, and aberrant USP15 functions are associated
with neuroinflammation and several neurodegenerative disorders, such as ataxia and
Parkinson’s disease (12, 16, 23). Therefore, it seems that USP15 is required for main-
taining brain homeostasis. However, the molecular mechanisms by which USP15
changes RNA metabolism and involves brain homeostasis have not been fully eluci-
dated.

Here, we report that USP15 deubiquitinates terminal uridylyl transferase 1 (TUT1)
and regulates the amount of spliccosome component U6 snRNA. We also found that
defects in the USP15-TUT1 cascade change global RNA splicing and upregulate chronic
ER stress in the cerebellum. Since aberrant RNA splicing causes unusual protein
synthesis, our data provide evidence that the USP15-TUT1 cascade is crucial for
maintaining brain homeostasis. Thus, our findings suggest a novel mechanism linking
abnormal RNA metabolisms to an enhancement of chronic ER stress.

RESULTS

Generation of Usp15—/— mice. To understand the physiological functions of USP15,
we generated Usp15—/~ mice (Fig. 1A). USP15 expression was lost in all tissues of
Usp15—/~ mice (Fig. 1B). Interestingly, Usp15—/~ mice were born at a lower frequency
than predicted from a normal Mendelian ratio, conflicting with the previous research
(Fig. 1C) (16). One possibility to explain this contradictory result is that the targeting
region is distinct from that in the previous study. On the other hand, the life span
showed no differences between wild-type (WT) and Usp15—/~ mice; the majority of
Usp15—/~ mice were able to survive for longer than 2years despite their growth
retardation (Fig. 1D and E). These observations suggest that USP15 is involved in
embryogenesis; on the other hand, it has little influence on viability during adulthood.

USP15 is associated with RNA splicing-related factors. Previous studies have
suggested that USP15 is implicated in RNA processing and ataxia (11, 23). To verify
these hypotheses, we first examined whether USP15 affects global RNA splicing using
Usp15—/~ cerebellum. The global gene expression patterns in Usp15—~ cerebellum
were changed from those in the wild type (21 genes in the cerebellum, fold change >
1.5, P < 0.05) (see Table S1 in the supplemental material). On the other hand, the
splicing changes in Usp75—/~ were relatively high (245 genes in the cerebellum,
splicing index [SI] fold change > 0.5; P < 0.05) (Fig. 2A and Table S2), indicating that
USP15 influences the global profiling of RNA splicing. Next, to investigate the molecular
mechanisms by which USP15 regulates RNA processing, we explored the target pro-
teins using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Consistent
with the previous study, we identified several USP15-interacting proteins, such as TUTT,
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FIG 1 Generation of Usp75~/~ mice. (A) Schematic representation of mouse Usp15 gene (wild-type allele), targeting vector, and mutant gene
(mutant allele). Neo, neomycin; DT-A, diphtheria toxin gene. (B) Immunoblotting of USP15 and tubulin in the supernatant of indicated organs
derived from wild-type and Usp15~/~ littermate mice at P90. (C) Genotype frequencies of postnatal mice (approximately P7) produced from
Usp15+/~ mouse intercrosses. (D) Representative image of wild type and Usp75—/— mice. P15 and 1.5-year-old littermates are shown. (E) Body
weights of male and female wild-type and Usp15~/~ littermate mice were measured from P7 to week 8. Each point includes data from three
individuals. n = 3; mean = standard error of the mean (SEM); *, P < 0.05; **, P < 0.01; ***, P < 0.005 by Student’s t test.

SART3, and LSm proteins (11) (Fig. 2B). It is known that SART3 promotes U4/U6 snRNP
assembly and TUT1 uridylates at the 3’ of U6 snRNA, followed by recruitment of LSm
proteins (Fig. 2C). Thus, these proteins may become prepotent candidates that regulate
RNA splicing related to USP15. To verify whether USP15 binds to these proteins, we
performed a coimmunoprecipitation assay. In accord with the previous studies, SART3
and TUT1 coprecipitated with USP15 (11, 24, 25) (Fig. 2D and E). In contrast, we did not
detect clear binding between USP15 and LSm proteins, such as LSm2 and LSm6
(Fig. 2F). Thus, we presumed that USP15 is not incorporated into the U6 snRNA complex
but modulates its function or that the binding affinity toward LSm proteins is weak. As
USP15 binds to both SART3 and TUT1, we speculated that these proteins form the
ternary complex. Indeed, TUT1 interacted with SART3 (Fig. 2G). In addition, the inter-
action between USP15 and TUT1 became stronger when SART3 was coexpressed (Fig.
2E), suggesting that SART3 enhances the association of USP15 with TUT1. As USP15
interacts with SART3 through the HAT repeat domain (residues 278 to 611) (22), we
examined which region of SART3 is important for interacting with TUT1 by dividing
SART3 into two fragments (Fig. 2H). The N-terminal fragment (residues 1 to 649) did not
interact with TUT1, but the C-terminal fragment (residues 660 to 963) associated with
it, indicating that the C-terminal region of SART3 is the binding region to TUT1 (Fig. 2I).
Next, we investigated whether overexpression of the C-terminal fragment hampers an
interaction between USP15 and TUT1. As expected, SART3660-963 deletion decreased
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FIG 2 USP15 is associated with RNA splicing-related factors. (A) Variations of splicing patterns identified in exon array analysis. The graph indicates the top 15
genes (upregulation and downregulation) of the splicing index from the cerebellum affected by Usp15 deficiency. (B) USP15-interacting proteins identified by
MS analysis. (C) Model for the maturation of U4/U6 snRNP spliceosome. TUT1 uridylates at the 3" of U6 snRNA. SART3 promotes interaction between U6 snRNP
and U4 snRNP. LSm proteins interact with the 3’ region of U6 snRNA. (D) Coimmunoprecipitation of Flag-USP15 and GFP-TUT1 in HEK293 cells. Flag-USP15 was
immunoprecipitated with an anti-Flag antibody and immunoblotted with anti-GFP and anti-Flag antibodies. (E) Coimmunoprecipitation of Flag-TUT1 and
Myc-USP15 with coexpression of either GFP-SART3 or control in HEK293T cells. Proteins were immunoprecipitated with anti-Myc antibody and immunoblotted
with anti-Flag, anti-GFP, and anti-Myc antibodies. (F) Myc-LSm2, Myc-Lsmé6, and Flag-USP15 were immunoprecipitated with anti-Flag antibody and immuno-
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the interaction between USP15 and TUT1. Also, SART3278-64° reduced their interaction
(Fig. 2J), implying that SART3 acts as a potential scaffold protein for enhancing the
interaction of USP15 with TUT1.

USP15 deubiquitinates TUT1. We next examined whether USP15 deubiquitinates
TUT1 and SART3. Coexpression of USP15 clearly reduced the amount of ubiquitinated
TUT1, while that of the USP15 D879A mutant, which lacks its enzyme activity, did not
(Fig. 3A). In the in vitro deubiquitination assay, recombinant USP15 also reduced
polyubiquitination on TUT1 (Fig. 3B and C). On the other hand, we could not detect
enough polyubiquitin chains on SART3 under basal conditions. However, a small
amount of SART3 monoubiquitylation was detected, and this modification was reduced
by USP15 expression (Fig. 3D). These data imply that TUT1 is the main target protein by
USP15. Given that SART3 facilitates the interaction between USP15 and TUT1, it is likely
that SART3 also promotes USP15-induced TUT1 deubiquitination. Practically, the coex-
pression of SART3 with USP15 promoted TUT1 deubiquitination (Fig. 3E). Furthermore,
expression of the SART3 deletion mutant, which hampers an interaction between
USP15 and TUT1, partially canceled USP15-related deubiquitination of TUT1 (Fig. 3F),
suggesting that SART3 served as a substrate targeting factor of USP15. Recently, it has
been reported that USP15 is in charge of deubiquitination for not only K48-linked but
also K63-linked ubiquitin linkage (21). Therefore, we examined which ubiquitin linkage
on TUT1 is deubiquitinated by USP15. To test this, we used the ubiquitin K48R and K63R
mutants, of which residues K48 and K63 are mutated to arginine, and 48K and 63K, of
which all lysine residues are mutated to arginine except at K48 and K63, respectively.
TUT1 was ubiquitinated by the WT and K48R and 63K mutants, exclusively. Moreover,
coexpression of USP15 reduced the amount of ubiquitinated TUT1, demonstrating that
USP15 deubiquitinates K63-linked ubiquitin chains on TUT1 (Fig. 3G). Notably, the
ubiquitination level by the K48R mutant was higher than that by the WT. We presume
that TUT1 turnover could be fast under the basal condition, and accordingly, the K48R
mutant delays this reaction. Together, these data suggest that USP15 deubiquitinates
K63 ubiquitin linkage of TUT1, and SART3 accelerates the deubiquitinating reaction.

USP15 controls the amount of U6 snRNA associated with TUT1. To determine
the physiological role of the deubiquitination of TUT1, we investigated whether over-
expression of USP15 alters TUT1 subcellular localization. Consistent with the previous
studies (26, 27), TUT1 was generally localized in the nucleolus in HelLa cells (Fig. 4A).
However, overexpressed USP15 redistributed TUT1 from the nucleolus to the nucleo-
plasm (Fig. 4B to D). SART3 is reported to redistribute USP15 into the nucleus by nuclear
localization signals and is thereby involved in the deubiquitinating efficiency of USP15
toward target protein in the nucleus (24). As SART3 enhanced an association of USP15
with TUT1 as shown in Fig. 2E, we supposed that SART3 has a similar role in regulating
TUT1 subnuclear localization by changing USP15 localization. Indeed, SART3 recruited
USP15 into the nucleus and elevated TUT1 translocation to the nucleoplasm (Fig. 4C
and D). Given that SART3 promotes USP15 deubiquitinating efficiency on TUT1, deu-
biquitination by USP15 associated with SART3 may regulate the subnuclear localization
of TUT1. Next, we tested whether USP15 is necessary for regulating the localization of
TUT1 using Usp15—/~ mouse embryonic fibroblasts (MEFs). Unexpectedly, TUT1 local-
ized mainly in the nucleoplasm and was not redistributed to the nucleolus even in
Usp15—/~ MEFs (Fig. 4E and F). These data indicate that USP15 is sufficient but not
necessary for regulating TUT1 subnuclear localization and imply that another pathway
exists in cells (see Discussion).

FIG 2 Legend (Continued)
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blotted with anti-Flag and anti-Myc antibodies. (G) Coimmunoprecipitation of Flag-TUT1 and Myc-SART3 in HEK293 cells. Proteins were immunoprecipitated
with anti-Myc antibody and immunoblotted with anti-Flag and anti-Myc antibodies. (H) Schematic structure of SART3. HAT, half-a-tetratricopeptide repeats; N,
nuclear localization signal; RRM, RNA recognition motif; L, LSm binding region. (I) Coimmunoprecipitation of Flag-TUT1 and either Myc-SART3 or Myc-SART3
deletion mutants in HEK293T cells. Proteins were immunoprecipitated with an anti-Flag antibody and immunoblotted with anti-Myc and anti-Flag antibodies.
(J) Coimmunoprecipitation of Flag-USP15 and GFP-TUT1 when either Myc-SART3 or Myc-SART3 deletion mutants was coexpressed in HEK293T cells. Proteins

immunoprecipitated with an anti-Flag antibody were immunoblotted with anti-GFP, anti-Myc, and anti-Flag antibodies.
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FIG 3 USP15 deubiquitinates TUT1. (A) Ubiquitinated proteins from HEK293 cells expressing Flag-TUT1, Myc-USP15, or Myc-USP15 D879A and His-Ub were

pulled down with Talon metal affinity resin and immunoblotted with anti-Flag, anti-Myc, and anti-His antibodies. (B and C) In vitro deubiquitination of TUT1.
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Since the substrates of TUTT, such as U6 snRNA, mainly exist in the nucleoplasm, we
presumed that TUT1 in the nucleoplasm plays an important role in the modification of
U6 snRNA. To verify this, we first analyzed a nucleotidyltransferase activity of TUT1 by
using a polyadenylation assay. Immunoprecipitated TUT1-mediated adenylation levels
were reproducibly increased when TUT1 was coexpressed with USP15 (Fig. 4G), imply-
ing that the deubiquitination of TUT1 increases enzymatic activity. As TUT1 is known to
modify U6 snRNA (26, 28), we hypothesized that TUT1 deubiquitination influences the
U6 snRNA level in cells. To test this, we analyzed the amount of U6 snRNA in the
presence or absence of TUT1, USP15, and SART3. The U6 snRNA was upregulated when
both TUT1 and USP15 were coexpressed, whereas the U6 snRNA level was slightly
decreased by coexpression of USP15 D879A (Fig. 4H), suggesting that USP15 and TUT1
are sufficient for maintaining U6 snRNA levels. We next examined if TUT1 knockdown
reduces the amount of U6 snRNA conversely. To do this, we used TUT1 small interfering
RNAs (siRNAs) (Fig. 4l). As expected, TUT1 knockdown decreased the amount of U6
snRNA (Fig. 4J), suggesting that TUT1 is necessary for controlling the amount of U6
snRNA. We next examined whether the amount of U6 snRNA is decreased in the
Usp15—/~ brain. The U6 snRNA levels were moderately but significantly lower in the
Usp15=/~ brain than in the WT brain (Fig. 4K and L). These data suggest that USP15
augments the U6 snRNA level by regulating TUTT activity.

Loss of USP15 impairs cerebellar maintenance. Substantial studies have reported
that defects in several RNA splicing-related factors, including U snRNAs, cause motor
dysfunctions and neurodegeneration (2, 29-31). Also, U6 snRNA prevents cell death
from a defect in RNA splicing factors (32). Thus, we predicted that loss of the Usp15
gene results in motor dysfunctions and a neurodegenerative phenotype. To investigate
this, we analyzed the motor ability tests of Usp75~—/~ mice. Usp15—/~ mice exhibited
motor defects, such as tremor and abnormal hind limb clasping reflexes in older mice
(Fig. 5A). In a rotarod test, Usp15—/~ mice tended to grasp the rod instead of walking
on the rotating rod and fell to the ground earlier than wild-type mice (Fig. 5B and Q),
suggesting that loss of USP15 impairs motor coordination. As motor disorders result
from dysfunctions of the cerebellum, we next performed anatomical and histological
analyses of Usp15—/~ cerebellum. In Usp15—/~ cerebellar vermes, impaired foliation was
evident at lobule crus 3 and 8 (Fig. 5D). Since USP15 was dominantly expressed in
Purkinje cells (Fig. 5E), we next examined whether Purkinje cells were affected by the
loss of USP15. The size of Purkinje cells in the Usp15—/~ cerebellum was gradually
reduced over time (Fig. 5F and G). As the reduction in the size of Purkinje cells is tightly
linked to the neurodegenerative phenotype (33, 34), we investigated whether a loss of
Usp15 causes neurodegeneration in an age-dependent manner. Consequently, active
caspase-3 was slightly increased in the Purkinje layer of 4-month-old cerebellum (Fig.
5H). Furthermore, the Purkinje cells in the Usp15—/~ cerebellum showed a neurode-
generative phenotype at 1.5 years old (Fig. 51), indicating that USP15 is required for the
integrity of Purkinje cells.

Defects in the USP15-TUT1 cascades enhance chronic and mild ER stress. The
remaining question is how Usp15 deficiency results in developmental defects in an
age-dependent manner. Since USP15 is implicated in ER homeostasis (14, 35, 36), we
next analyzed whether the USP15-TUT1 cascade is involved in ER stress linked to
neuronal defects. It has been known that ER stress increases with age and neurode-

FIG 3 Legend (Continued)
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affinity resin and immunoblotted with anti-Flag, anti-Myc, and anti-His antibodies. The asterisk indicates a putative monoubiquitinated SART3. (E) Precipitation
of His-Ub-conjugated Flag-TUT1 in the presence or absence of Myc-USP15 and GFP-SART3. Ubiquitinated proteins from HEK293 cells expressing Flag-TUT1,
Myc-USP15, GFP-SART3, and His-Ub were pulled down using Talon metal affinity resin and immunoblotted with anti-Flag, anti-Myc, anti-GFP, and anti-His
antibodies. (F) Ubiquitinated proteins from HEK293 cells expressing Flag-USP15, Myc-SART3, Myc-SART3660-963 deletion mutant and His-Ub were pulled down
with Talon metal affinity resin and immunoblotted with anti-Flag, anti-Myc, and anti-His antibodies. The bottom panel shows a different mobility shift against
Myc-USP15 and Myc-SART3. These samples were separated by extended electrophoresis using the same samples as in the top panels. (G) Precipitation of
wild-type or mutant His-Ub-conjugated Flag-TUT1 in the presence or absence of Myc-USP15. Ubiquitinated proteins from HEK293 cells expressing Flag-TUT1,
Myc-USP15, and either wild-type or mutant His-Ub were pulled down with Talon metal affinity resin and immunoblotted with anti-Flag, anti-Myc, and anti-His

antibodies.
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FIG 4 USP15 controls the amount of U6 snRNA associated with TUT1 activity. (A) Immunostaining of Flag-TUT1 in HelLa cells. The cells were immunostained
with a nucleolus marker, antinucleophosmin antibody. Scale bar, 20 um. (B) Immunostaining of Myc-USP15 in Hela cells. The cells were immunostained with
anti-Myc and anti-USP15 antibodies. Scale bar, 20 um. The fluorescence intensity (Fl) of overexpressed Myc-Usp15 is 2.42-fold higher than that of endogenous
USP15 (FI of endogenous USP15, 13.21 = 1.97; FI of overexpressed USP15, 31.95 * 4.76; mean * SEM, n = 45, P < 0001 by Student’s t test). (C) Immunoflu-
orescence of Flag-TUT1 together with Myc-USP15, Myc-USP15 D879A, HA-SART3, and HA-SART3660-963 in Hela cells. Scale bar, 20 um. (D) Quantification of the
data shown in panel C. Flag-TUT1 in the nucleolus (N), both nucleolus and nucleoplasm (N&NP), or the nucleoplasm (NP) were counted. n = 100. (E)
Immunofluorescence of Myc-TUT1 in MEFs. Scale bar, 20 um. (F) Quantification of the data shown in panel E. Myc-TUT1 in the nucleolus (N), both nucleolus
and nucleoplasm (N&NP), or the nucleoplasm (NP) were counted in MEFs. WT, n = 102; knockout (KO), n = 85. (G) Polyadenylation activity of TUT1. Recombinant
TUT was immunoprecipitated with an anti-Flag antibody from HEK293T cells expressing Flag-TUT1 only or Flag-TUT1 and Myc-USP15 and subjected to
polyadenylation reaction using [a-32P]ATP. 32P-labeled AMP incorporation was measured by liquid scintillation counting. (H) U6 snRNA levels in HEK293 cells
expressing indicated plasmids. U6 snRNA levels were measured by qPCR and normalized with the 5S rRNA level. The bar graph shows the fold changes each
sample relative to control. n = 3; mean = SD; **, P < 0.01 by one-way ANOVA. (1) Total RNAs isolated from the HEK293T cells were reverse transcribed and
subjected to qPCR analysis for measurement of mRNA levels of TUT1. mRNA levels of 55 rRNA were used for normalization. n = 4; mean = SEM; *, P < 0.05
by Student’s t test. (J) U6 snRNA levels affected by TUT1 knockdown. The RNAs were purified from HEK293T cells transfected with control or siTUT1 and reverse
transcribed. U6 snRNA levels were measured by qPCR and normalized with 5S rRNA levels. n = 3; mean = SEM; *, P < 0.05 by Student’s t test. U6 snRNA levels
in wild-type and Usp15~/~ cerebellum (K) and cerebral cortex (L). The RNAs were isolated from wild-type and Usp15~/~ brain obtained from 3-month-old female
littermate mice and subjected to reverse transcription. 55 rRNA levels were used for normalization. n = 4; mean = SD; *, P < 0.05; **, P < 0.01 by Student’s
t test.
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FIG 5 Loss of USP15 impairs cerebellar maintenance. (A) Abnormal hind limb clasping reflexes of Usp75—/~ mouse compared to that of wild-type
mouse in tail suspension test; 3-month-old littermates. (B and C) Rotarod testing of wild-type (n = 4) and Usp15—/~ mice (n = 4); 2-month-old
littermates. (B) The riding time of each mouse on a rotating rod was measured. Black bars indicate the time walking on the rod and white bars
indicate time spent grasping the rod instead of walking. (C) The total time spent on the rod was measured. The graph shows means * standard
deviations (SDs). **, P < 0.01 by Student'’s t test. (D) Histological analyses of wild-type and Usp15—/~ cerebellar vermes at P83. Paraffin sections
were stained with hematoxylin and eosin. Asterisks indicate abnormal foliation of lobules; 3-month-old littermates were used. This phenotype was
consistently observed in at least three independent mice. Scale bar, 200 wm. (E) Immunohistochemical analyses of wild-type and Usp15—/—
cerebellums at 3 months old. The brain sections were immunostained with anti-USP15 and anticalbindin antibodies. Scale bar, 20 um. (F)
Immunohistochemical analyses of wild-type and Usp15—/~ cerebellums. Fifteen-day- and 3-month-old mouse cerebellums of each genotype were
used. The brain sections were immunostained with an anticalbindin antibody. Scale bar, 50 um. (G) Quantification of the size of Purkinje cell
somas in 15-day- and 3-month-old mice. n =55 (15days) and n =60 (3 months); mean = SEM. ***, P < 0.005 by Student’s t test. The
immunohistochemical images present the representative results from two independent experiments. (H) Immunohistochemical analyses of
wild-type and Usp15—/~ cerebellums from 4-month-old mice. The brain sections were immunostained with anti-cleaved caspase-3 and
anticalbindin antibodies. High B/C, increasing brightness and contrast. Scale bar, 20 um. () Immunohistochemical analyses of wild-type and
Usp15—/~ cerebellums of 1.5-year-old mice from each genotype. The brain sections were immunostained with an anticalbindin antibody. Scale
bar, 50 um.

generative disorders over time (37, 38). In addition, ER stress acts in concert with RNA
splicing and is associated with the redistribution of splicing factors (39, 40). Further-
more, mutations in the membrane and secretory proteins are thought to elicit the
accumulation of their translational products in the ER (41-44). These studies prompted
us to investigate whether the USP15-TUT1-spliceosome cascade is involved in ER stress.
To examine this, we first analyzed the sensitivity to ER stress using Usp15—/~ MEFs. In
consequence, the timing of cell death induced by ER stresses was delayed in Usp15—/~
MEFs compared to that in WT MEFs (Fig. 6A), implying that Usp15—— MEFs are resistant
to an acute and severe ER stress. It seems that a mild stimulation, which does not
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Counting Kit-8 (n = 3, means = SEM; ***, P < 0.005 by Student’s t test). (B) The mRNA of CHOP in wild-type and Usp15—/~
cerebellum. The RNAs were isolated from wild-type and Usp15—/~ cerebellums obtained from 3-week-old and 4-month-old
mice and subjected to reverse transcription. 55 rRNA levels were used for normalization. n = 3; mean = SD; **, P < 0.01; ***,
P < 0.005 by Student’s t test. (C) Immunohistochemical analyses of wild-type and Usp15—/~ cerebral cortex; 1.5-year-old mice
were used. The brain sections were immunostained with an anti-BiP antibody. Scale bar, 50 um. (D) TUT1 siRNA treated
HEK293T cell lysates were immunoblotted with anti-TUT1 and antitubulin antibodies. The numbers indicate the ratio of BiP to
tubulin. Arrow, TUT1 bands; asterisk, nonspecific bands (E) Conceptual diagram for a relationship between ER stress and aging.
(F) USP15 deubiquitinates TUT1 concerted with SART3, contributing to the U6 snRNA stabilization. A defect in USP15 disturbs
RNA splicing and produces aberrant proteins, increasing mild and chronic ER stress.

November 2020 Volume 40 Issue 21 €00098-20

Molecular and Cellular Biology

mcb.asm.org 10


https://mcb.asm.org

USP15 Deubiquitinates TUT1

induce cell death, can reduce damage triggered by subsequent severe stimulation in
the brain (45). Probably, mild and chronic ER stress enables cells to resist subsequent
severe stress. Next, to investigate a link between USP15-TUT1 and ER stress, we
analyzed the expression of the ER stress marker CHOP in the Usp15—/~ cerebellum. As
expected, CHOP expression was upregulated in Usp15—/~ brain with age (Fig. 6B),
suggesting that a defect in USP15 enhances mild ER stress, leading to an increase of
CHOP expression even under the basal conditions. To further confirm that ER stress is
increased in Usp15—~ brain with age, we stained Usp15—/~ brain sections with an
anti-BiP antibody. Expression of BiP clearly increased in the Usp15—/~ brain (Fig. 6C).
Finally, we investigated whether TUT1 is involved in the upregulation of ER stress.
Treatment of HEK293T cells with TUTT siRNA increased the BiP expression level
(Fig. 6D), demonstrating that dysfunctions of TUT1 enhance ER stress. Taken together,
our data suggest that defects in both USP15 and TUT1 augment the basal level of ER
stress associated with aging.

DISCUSSION

In this study, we identified TUTT as a novel target of USP15. USP15 alters TUT1
subnuclear localization and activity through its deubiquitination, followed by a change
in global RNA metabolism. We also found that Usp15 deficiency increases ER stress and
results in aberrant motor functions in an age-dependent manner. Since inhibition of the
USP15-TUT1 cascade enhances ER stress, our findings suggest a novel mechanism that
links spliceosome dysfunctions to ER stress induction with age (Fig. 6E and F).

So far, it has been reported that USP15 deubiquitinates several splicing factors, such
as PRP31 and PRP3, in concert with SART3 (10). PRP31 and PRP3 constitute core
elements of U6 snRNA and are crucial for regulating RNA splicing. Indeed, the ubig-
uitination of these proteins plays an important role in U4/U6.U5 snRNP assembly (9).
Therefore, it is likely that PRP31 and PRP3 are the interesting candidates associated with
USP15-dependent RNA splicing. In this study, we also identified another target, TUT1.
TUT1 is known to add a short uridine tail to the 3’ end of U6 snRNA, which is a core
noncoding RNA in the spliceosome. This uridylation recruits LSm proteins and confers
the proper functions of the U6 snRNP complex (Fig. 2C) (46). Therefore, we presume
that TUT1 and SART3 also act as potential mediators that link USP15 to RNA splicing in
addition to the PRP cascade. Intriguingly, we observed that overexpression of USP15
deubiquitinates SART3, although the proportion was markedly low under the basal
condition. As USP15 has been reported to eliminate monoubiquitylation of receptor-
regulated Smad (R-Smad) and regulate transforming growth factor 8 (TGF-p) signaling
(47), monoubiquitinated SART3 could be regulated by USP15 and affect the RNA
metabolic pathway. We also observed that a loss of Usp75 does not affect TUT1
subnuclear localization in MEFs. So far, we already found that USP4, which is a homolog
of USP15, also deubiquitinates TUT1, leading to altered subnuclear localization (un-
published data). Since USP4 has a common substrate for USP15 (9, 10), it is likely that
USP15 is not the sole deubiquitinating enzyme, and the basal activity of USP4 could be
higher than that of USP15 in MEFs. Another question is the physiological significance
of TUT1 in the nucleolus. Interestingly, a loss of Usp715 decreased the amount of U6
snRNA in not only the brain (Fig. 4K and L) but also MEFs (unpublished data). On the
other hand, the overexpression of USP15 promoted TUT1 activity in an in vitro assay
(Fig. 4G). Thus, we predict that the deubiquitination of TUT1 has two physiological
meanings. First, deubiquitination promotes TUT1 redistribution to the nucleoplasm in
a cell-specific manner. Second, TUT1 deubiquitination increases an enzymatic activity of
itself. Consequently, it seems that deubiquitinated TUTT modifies U6 snRNA in the
nucleoplasm and then stabilizes it. However, the precise molecular mechanisms will
need to be considered more carefully in the future.

Previously, several groups have reported that U snRNAs are implicated in maintain-
ing brain functions. Mutation in U2 snRNA causes cerebellar granule cell degeneration
by reducing the splicing efficiency (48). In addition, abnormal accumulation of U1
snRNP is implicated in the pathogenesis of Alzheimer’s disease (49). Furthermore, a
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mutation in SMN, which is essential for U snRNA assembly and RNA splicing, causes
spinal muscular atrophy (SMA) (50, 51). We observed a change in the amount of U6
snRNA triggered by USP15 inhibition and abnormality of both cerebellar morphogen-
esis and Purkinje cell maintenance in Usp75—/~ mice. Since spliceosome deficiency
increases neuronal cell death, a defect in the USP15-TUT1-U6 snRNA cascade results in
perturbed cerebellar maintenance. The interesting question is how the loss of USP15
accelerates this phenotype. It has been reported that mutations in secretory proteins
and membrane proteins induce ER stress via abnormal membrane trafficking (41-44).
Indeed, we observed that USP15 deficiency produces various mutants produced by
splicing errors, followed by an increase in chronic ER stress in an age-dependent
manner. As neurons are vulnerable to such ER stresses and a prolonged stress response
leads to neuronal cell death (38), it is possible that cerebellar abnormality in Usp15—/—
is accelerated by ER stress-induced damage accumulation. Here, we identified several
intriguing candidates from a set of exon array analyses. One interesting target is
Sparcl1, which is a secreted protein from astrocytes that enhances synapse connections
(52). We have already identified the splicing variant of Sparcl1 from Usp15~/~ brain. Our
preliminary data suggest that these variants accumulate in the ER and are attenuated
in their secretion efficiency due to aberrant membrane trafficking. Because USP15 is
expressed in not only neurons but also astrocytes, the onset of glioblastoma caused by
aberrant USP15 functions may be linked to an accumulation of unusual splicing variants
in the ER, promoting neuroinflammation. The other interesting target is the Nrf1/Nfe2l1
gene. A previous study reported that a defect in the Nrfl gene triggers cerebellar
degeneration, which is similar to the phenotype of Usp75—~ mice (53). It is also known
that NRF1 is associated with ER stress response and is deubiquitinated by USP15 (36,
54). Thus, Nrf1 splicing variants produced by Usp15 deficiency could be an intriguing
candidate that exhibits the phenotype of Usp75—~ mice.

We consider that USP15 functions are influenced by posttranslational modification
and alternative splicing. A recent study reported that USP15 phosphorylation is crucial
for regulating the subcellular localization of USP15. Human USP15 is phosphorylated at
Thr149 and Thr219 and prevents binding with SART3, resulting in the sequestration of
USP15 from the nucleus (55). It has also been reported that USP15 possesses a splicing
variant, which lacks exon 7 regions. This exon 7 often acts as a target recognition site.
The specificity toward the target proteins is distinct between the regular form and an
exon 7-lacking form (56). Moreover, the region of exon 7 has several phosphorylation
sites (55) (www.phosphosite.org), indicating that posttranslational modification and
synthesis of splicing variants are the key processes that underlie the regulation of
USP15 functions. Thus, the target specificity of USP15 could be controlled by the
existence of exon 7 or its phosphorylation, contributing to mRNA diversity. So far,
the aging and neurodegenerative phenotypes have been known to be associated with
the activation of several kinases, such as Jun N-terminal protein kinase (JNK) (37). Thus,
these kinases associated with aging may be a potential candidate for the phosphory-
lation of USP15.

In summary, we propose that the USP15-TUT1 cascade changes global RNA metab-
olism. USP15 deubiquitinates TUT1, contributing U6 snRNA stability and spliceosome
function. A defect in the USP15-TUT1 cascade enhances ER stress and the neurode-
generative phenotype. This finding reveals important mechanisms for USP15-TUT1 and
sheds light on the new approaches to understand how abnormal RNA turnover links to
disturbed brain homeostasis.

MATERIALS AND METHODS

Animals. All animal experiments were conducted according to the University of Tsukuba guidelines
for animal care and use (approval numbers 17-302, 18-257, and 19-340). The generation of knockout mice
was as follows. The Usp15 gene was obtained from the mouse BAC library. The targeting vector was
constructed by insertion of the genomic DNA containing the neomycin resistance gene into Spel and
Hindlll sites. The diphtheria toxin gene (DT-A gene) was attached to the 3’ end of the Usp75-neomycin
construct (Fig. TA). The targeting vector was electroporated into TT2 embryonic stem (ES) cells. After
selection with G418 (Sigma), the ES cells heterozygous for the Usp15 gene were microinjected into
eight-cell-stage ICR embryos. Following the confirmation of germ line transmission of the mutant allele,
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the mice were backcrossed with the C57BL/6J background. Homozygous mice and their wild-type
control littermates were obtained by heterozygous intercrossing. These mice are available on request
from the RIKEN Bioresource Research Center (BRC; number BRC10613).

Rotarod performance test. The rotarod performance test was carried out using a rotarod apparatus
(ENV-577M; Med Associates) with mice at 2 months of age. The rotation speed was 5rpm at the
beginning of the experiments and then gradually accelerated to 40 rpm. Parameters such as a pause in
walking, grasping of the rod, and falling from the rod were recorded for a total of 240s.

Plasmids. TUT1, SART3, LSm2, and LSm6 cDNAs were amplified from an HCT116 cell cDNA library by
using KOD plus DNA polymerase (TOYOBO). TUT1 cDNA was inserted into pcDNA3-Flag, pCS4-Myc, and
pCS4-EGFP vectors. SART3 ¢cDNA was inserted into pCS4-Myc, pCS4-HA, and pCS4-EGFP vectors. LSm2
and LSm6 were inserted into the pCS4-Myc vector. SART3 deletion mutants were amplified from SART3
wild-type plasmids and constructed likewise. Usp15 was amplified from the cDNA clone from the Kazusa
DNA Research Institute and inserted into pcDNA3-Flag and pcDNA3-Myc vectors. The pCAGEN-His-Ub
(wild-type and mutants) construct was described previously (57).

The primers used in this study were as follows: Lsm2 forward, 5'-AGGATCCGCCACCATGCTCTTCTAT
TCTTTTTTCAAGTCCCTTG-3", and reverse, 5-GGGATCCTCACTGTTTCTGCTGCAGGGCTTCCTTCCTTGC-3';
Lsmé6 forward, 5'-AGGATCCGCCACCATGAGTCTTCGGAAGCAAACCCCTAGTGACTTC-3', and reverse, 5'-GG
GATCCTCACATCCGTCTAAGATCTTCACTGTTTGCCCGCCTGTCTGCCAGGCTTCTTC-3'; SART3 forward, 5'-AA
GATCTGCCACCATGGCGACTGCGGCCGAAAC-3', and reverse, 5'-AAGATCTTCACTTTCTCAGAAACAGCTTGG
CAAAATCG-3'; SART3'-64° reverse, 5'-AAGATCTGTTCTCGACCCTTCTGCGTTTG-3'; SART3278-649 forward,
5'-AAGATCTCCAGAGTCAGTAATTCAGAAC-3’; SART3660-963 forward, 5'-AAGATCTGTAGAAGTAGCAGCAG
GGCC-3’; TUT1 forward, 5'-AAGATCTGCCACCATGTCACTTCCTATCGGATCGGC-3’, and reverse, 5'-AAGAT
CTTCACTTGAGATGTCGAATTGCTTG-3'.

Antibodies. For immunoblot analyses, anti-USP15 (Bethyl, A300-923A; Cell Signaling, D1K6S), anti-
SART3 (Proteintech, 180251AP), antitubulin (Sigma, DM1A), anti-BiP (Cell Signaling, CBOB12), anti-TUT1
(Sigma, SAB4300788), anti-Flag (Sigma, M2), anti-Myc (Santa Cruz, 9E10), anti-green fluorescent protein
(anti-GFP) (MBL, 598), and anti-His (GE Healthcare, 27-4710-01; MBL, PM032) IgGs were used as primary
antibodies. The peroxidase-conjugated anti-mouse and anti-rabbit antibodies (SeraCare) were used as
secondary antibodies. Anti-USP15 (Cell Signaling, D1K6S), anticalbindin (Sigma, CB-955), anti-cleaved
caspase-3 (Cell Signaling, 5A1E), and anti-BiP (Cell Signaling, CBOB12) antibodies were used for immu-
nohistochemical analyses as primary antibodies. For immunocytochemical analyses, anti-USP15 (Cell
Signaling, D1K6S), anti-Flag (Sigma, M2; Sigma, F7425), and antihemagglutinin (anti-HA) (Roche, 3F10)
antibodies were used as primary antibodies. Anti-NPM antibody was provided by Mitsuru Okuwaki (58).
Alexa Fluor 488- and 594-conjugated anti-rabbit, anti-rat, and anti-mouse antibodies were used as
secondary antibodies.

Cell culture and transfection. Wild-type and Usp15~/~ mouse embryonic fibroblasts (MEFs),
HEK293, HEK293T, and Hela cells were cultured in Dulbecco’s modified Eagle’s medium (high glucose)
(WAKO) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin-glutamine (Gibco) in
a 37°C incubator with 5% CO,. Cells were transfected using polyethyleneimine MAX (PEI Max) (Poly-
sciences) for overexpression. The amount of the plasmids and PEI Max were optimized in proportion to
the relative surface area and the number of cells. In the 60-mm dish, cells were plated 1.0 X 10° to
1.5 X 106 cells in 3 ml per dish and incubated at 5% CO, and 37°C for 1 day. The plasmids (4.0 to 12.0 ng)
were mixed with 200 to 600 ul of Opti-MEM (Thermo Fisher), and 1.0 wg/ul of PEI Max (8.0 to 24.0 ul) was
mixed with 200 to 600 ul of Opti-MEM in another tube. Both solutions were combined and incubated for
20 min at room temperature, followed by the adding of these mixtures to cells. Knockdowns of the target
genes were utilized with Lipofectamine RNAiI/MAX reagent (Life Technologies). The transfection proce-
dure was according to the manufacturer’s instructions. The control siRNA (MISSION siRNA universal
negative control [SICO01]) was purchased from Sigma. The TUT1 siRNAs (MISSION siRNA; Merck) used in
this study were as follows: TUT1 sense, 5'-GUCACAAUGUCGCAGCCAA-deoxyribosylthymine (dT)-3’, and
antisense, 5’-UUGGCUGCGACAUUGUGACATAT-3’; TUT1* sense, 5'-GUGGUCAAGUUCUGUCAUCATAT-3’, and
antisense, 5'-GAUGACAGAACUUGACCACATT-3'.

Histology. Organs collected from wild-type and Usp715—/~ littermate mice were perfused with 4%
paraformaldehyde in phosphate-buffered saline (4% PFA-PBS), fixed in the same fixative for overnight,
and embedded in paraffin. Paraffin sections were then sliced into 2-um sections and stained with Meyer’s
hematoxylin and eosin or subjected to immunohistochemical analyses.

Immunohistochemistry. The cerebellum of wild-type and Usp75—/~ littermates at postnatal day 15
(P15) were perfused with 4% PFA-PBS and fixed with the same fixative for 3 h. After sucrose infiltration,
the samples were embedded in OTC compound (Tissue-Tek) and sliced at a 30-um thickness. Deparaf-
finized tissue specimens were immersed in 0.01 M citrate buffer (10 mM citric acid, 0.05% Tween 20, pH
6.0) and boiled in a microwave oven for 10 min. After antigen retrieval, tissue sections were blocked for
1 h in 3% bovine serum albumin (BSA) in TBST (25 mM Tris-HCI [pH 7.5], 0.14 M NacCl, 0.1% Triton X-100)
and incubated with a primary antibody in TBST overnight at 4°C. Following the wash with TBST, tissue
sections were incubated with a secondary antibody diluted 1/500 in TBST for 1 h at room temperature.
Tissue specimens were observed using a fluorescence microscope (Keyence, BIOREVO BZ-9000) or a
confocal laser scanning fluorescence microscope (Zeiss LSM700).

Immunoprecipitation and MS analysis. Cells were lysed with lysis buffer (20 mM Tris-HCI [pH 8.0],
150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM dithiothreitol [DTT]) and centrifuged at 14,000 rpm for 10 min.
The supernatant was immunoprecipitated with an anti-Myc antibody together with protein G-agarose beads
(Thermo Scientific) or anti-Flag M2-agarose beads (Sigma) at 4°C for 3 h. The beads were then washed with
lysis buffer and subjected to immunoblot analysis. The MS analysis has been described previously (59). Briefly,
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overexpressed Flag-tagged USP15 in HEK293 cells was immunoprecipitated using an anti-Flag antibody and
subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

His-ubiquitin pulldown assay. Cells were washed with PBS and lysed in extraction buffer (6 M
guanidinium-HCl, 50 mM sodium phosphate buffer [pH 8.0], 300 mM NaCl, and 5 mM imidazole). Cell
lysates were sonicated for 30 s on ice and incubated with Talon metal affinity resin (Clontech) at 4°C for
3 h. The precipitants were washed with buffer (50 mM sodium phosphate buffer [pH 8.0], 300 mM Nacl,
and 5 mM imidazole) and subjected to immunoblot analysis.

Immunoblot analysis. Organs collected from wild-type and Usp75~/~ mice were homogenized in
lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% Na-deoxycholate, 0.1%
SDS, 1 mM DTT) on ice and centrifuged at 14,000 rpm for 10 min. The supernatant was run on SDS-PAGE
gels for protein separation, followed by electrophoretic transfer to a polyvinylidene difluoride membrane
(Millipore). After 1h of blocking at room temperature, membranes were incubated with primary
antibodies overnight at 4°C. The proteins on the membrane were then detected with horseradish
peroxidase (HRP)-conjugated secondary antibodies and chemiluminescence reagent (Amersham ECL
Prime Western blotting detection reagents, GE Healthcare; Chemi-Lumi One Super, Nacalai Tesque). The
immunoblotting data present the representative results from two or three independent experiments.

In vitro deubiquitination assay. Recombinant ubiquitinated Myc-TUT1 was affinity purified from
HEK293 cells expressing Myc-TUT1 and His-ubiquitin using Talon metal affinity resin. The precipitants
were subjected to a deubiquitination reaction in the presence or absence of recombinant USP15
(LifeSensors) after the renaturation of recombinant proteins. The reaction mixture was incubated with
DUB buffer (50 mM Tris-HCI [pH 7.5], 150 mM NacCl, 5 mM MgCl,, and 10 mM DTT) at room temperature
for 1 h. The samples were then analyzed by immunoblot analysis.

Immunocytochemistry. Hela cells and MEFs were cultured on coverslips for 18 h and then trans-
fected with the above-indicated plasmids. The cells were fixed with 4% paraformaldehyde in PBS for
10 min at room temperature. The cells on coverslips were blocked in 0.4% Triton X-100 in blocking
solution (3% BSA in PBS) for 30 min at room temperature and then incubated with primary antibodies
diluted in blocking solution for 1 h or overnight at 4°C. After washing with PBS, the cells were incubated
with secondary antibodies (Alexa Fluor 488 -anti-mouse IgG and Alexa Fluor 594 -anti-rabbit I1gG) diluted
in blocking solution for 30 min at room temperature. Nuclei were stained with Hoechst 33342 (Life
Technologies). The coverslips were then mounted onto slides using Fluoroshield mounting medium
(ImmunoBioScience). Fluorescence images were obtained using a fluorescence microscope (Keyence
model BZ-9000).

Measurement of polyadenylation activity. Flag-TUT1 was immunopurified from HEK293 cells with
or without Myc-USP15 and subjected to a polyadenylation assay as described previously (60). Briefly,
precipitated Flag-TUT1 was incubated with [a-32P]JATP (29.6 TBg/mmol) and oligo(A),, RNA primer in
reaction buffer [50 mM Tris-HCI (pH 8.3), 7% glycerol, 0.3% polyvinyl alcohol, 40 mM KCl, 0.5 mM MnCl,,
25mM (NH,),SO,, 0.25 mM DTT, 0.1 mM ATP, and RNase OUT (50 units)] at 30°C for the designated time.
An aliquot of the reaction sample was spotted onto Whatman DE-81 paper, dried, and washed with 0.1
M phosphate buffer (pH 7.0) >8 times. Incorporation of AMP from [a-32P]ATP into oligo(A),, RNA primer
was measured using a liquid scintillation counter (Beckman LS 6500).

Quantitative real-time PCR. Total RNAs from wild-type and USP15-deficient cerebellum, cortex, and
HEK293T cells were isolated by ISOGEN Il (Nippon Gene) according to the manufacturer’s instructions.
The cDNAs were synthesized by reverse transcriptase and 100 units ReverTra Ace (TOYOBO) together
with 25 pmol random hexamer primer (TOYOBO), 20 nmol deoxynucleoside triphosphates (dNTPs), and
0.5 to 5.0 ug total RNAs. The quantitative PCRs (qPCRs) were performed in triplicates in 96-well plates
using Thunderbird SYBR gqPCR mix (TOYOBO) and a Thermal Cycler Dice Real Time System TP800
(TaKaRa). The relative quantity of the target expression was calculated by comparative threshold cycle
(2-24¢T) methods using Thermal Cycler Dice Real Time System software (TaKaRa) with the following
calculation: AAC, = (Cfarget — C%9) e — (G190 — (159) gorence: The following sequences were used
as primers: 55 rRNA forward, 5'-CGGCCATACCACCCTGAAC-3’, and reverse, 5'-GCGGTCTCCCATCCAAGTA
C-3'; U6-snRNA forward, 5’-GCTTCGGCAGCACATATACTAAAAT-3’, and reverse, 5'-ACGAATTTGCGTGTCATCC
TT-3’; TUT1 forward, 5'-GATTCGGATGTCGAATCGCTG-3’, and reverse, 5'-CTGAGCAGAATCCACATCCCTG-3';
CHOP forward, 5'-ATATCTCATCCCCAGGAAACG-3’, and reverse, 5'-TCTTCCTTGCTCTTCCTCCTC-3'.

Exon array analysis. One-month-old wild-type and Usp15~/~ mice (n =3 per genotype) were
euthanized using carbon dioxide. Their cerebellum and skeletal muscles were then dissected and frozen
in liquid nitrogen. Total RNAs were extracted from each tissue using ISOGEN Il (Nippon Gene) according
to the manufacturer’s instructions. The single-stranded cDNAs were generated from total RNA using an
Ambion WT Expression kit (Ambion, Inc.), sequentially fragmented, and labeled using a GeneChip WT
Terminal Labeling and Hybridization kit (Affymetrix). These samples were incubated at 45°C for 17 h to
hybridize on Affymetrix GeneChip mouse exon 1.0 ST arrays. After hybridization, each probe array was
washed and stained with Affymetrix GeneChip Fluidics Station 450 and scanned with an Affymetrix
GeneChip Scanner 3000. Data were analyzed with GeneSpring 12.6 software and filtered by a splicing
index of >0.5 and with a P value of <0.05.

The splicing index was calculated with the following calculation:

splicing index = logz(NIil/NI,Z)
NI; = Ej/ G;

NI; means normalized intensity (NI) for exon i in experiment j. £ represents the estimated intensity level
for exon i in experiment j. G, is the estimated gene intensity.
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Cytotoxicity assay. MEFs were plated on 96-well plates and incubated for 1 day. Cells were treated
with thapsigargin and tunicamycin for 12 or 24 h and subjected to a cytotoxicity assay using a microplate
reader model 680 (Bio-Rad) and Cell Counting Kit-8 (Dojindo) according to the manufacturer’s instruc-
tions.

Statistical analysis. Statistical significance was analyzed by one-way analysis of variance (ANOVA)
and Student’s t test using Prism ver.6 software (GraphPad Software, Inc.).

Data availability. The GEO accession number for the array data set is GSE145385.
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