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The X-linked deubiquitinase USP9X has been implicated in
multiple pathological disorders including malignancies and
X-linked intellectual disability. However, its biological function
and substrate repertoire remain to be investigated. In this study,
we utilized the tandem mass tag labeling assay to identify
USP9X-regulated proteins and revealed that the expression of
multiple genes is altered in USP9X-deficient cells. Interestingly,
we showed that USP9X promotes stabilization of centrosome
proteins PCM1 and CEP55 through its catalytic activity.
Remarkably, we demonstrated that USP9X is physically associ-
ated and spatially co-localized with PCM1 and CEP55 in the
centrosome, and we revealed that either PCM1 or CEP55 loss
resulted in impairment of USP9X centrosome localization.
Moreover, we showed that USP9X is required for centrosome
duplication, and this effect is dependent on its catalytic activity
and its N-terminal module, which is responsible for physical
association of USP9X with PCM1 and CEP55. Collectively, our
experiments identified USP9X as an integral component of the
centrosome where it functions to stabilize PCM1 and CEP55
and promote centrosome biogenesis.

The centrosome is a microtubule organizing center, the pri-
mary site where microtubule nucleation and organization take
place during interphase and mitosis in diploid cells (1, 2). Sim-
ilar to the chromosomes, the centrosome is precisely repro-
duced, initiated around the time of S phase entry and com-
pleted by the end of G2 phase (3). During the prophase of
mitosis, the centrosomes migrate to opposite poles of the cell,
and the mitotic spindle forms between them. Upon division,

each daughter cell receives one centrosome (4). The centro-
some plays a crucial role in multiple cellular processes includ-
ing cell division, polarity, and migration (1, 2). However, how
this protein-based structure undergoes accurate duplication in
a semiconservative manner, at least the molecular mechanism
by which centrosome duplication is regulated, is still poorly
understood.

As a non-membrane organelle in most mammalian cells,
the centrosome is composed of two orthogonally arranged
centrioles surrounded by an amorphous granular structure
termed the pericentriolar material (PCM)4 where microtu-
bules are nucleated from �-tubulin ring complexes (5, 6).
The formation of an organized microtubule array is in turn
dependent on PCM proteins such as PCM1 (7–9), a scaffold-
ing component in centrosome that acts to restrict PCM
localization of centrosome-associated CEP family proteins
like CEP90 (10, 11), CEP131 (10, 12), and CEP72 (13). These
proteins are the active components of the centrosome and
are believed to play critical roles in biogenesis and function-
ality of the centrosome (14 –16). CEP55 is a member of the
CEP family proteins (17), and it has been reported to be
present at the centrosomes, mitotic spindle, spindle mid-
zone, and midbody in somatic cells (18 –21). CEP55 acts as a
microtubule organizing center-associated protein regulating
spindle organization and is important for the completion of
cytokinesis (19, 21, 22).

Similarly to acetylation and methylation, protein ubiquitina-
tion is a reversible reaction and is constantly opposed by deu-
biquitinases (DUBs) with enzymatic activity that proteolytically
removes polyubiquitin chains from substrates (23). The human
genome encodes approximately 95 putative DUBs (23). Among
these DUBs, the largest family is the ubiquitin-specific pro-
teases (USPs). Loss of function of each USP is associated with
functional consequences that are often severe (23, 24). One of
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the most studied USPs is the ubiquitin-specific peptidase 9
X-linked (USP9X; also known as FAM for Drosophila fat facets
in mouse) (25). It is reported that USP9X acts in a substrate-
specific manner and precisely regulates multiple cellular pro-
cesses. In particular, USP9X has been reported to target dozens
of proteins to regulate cellular processes that are fundamental
to many aspects of development and disease, namely protein
trafficking/endocytosis (26), apoptosis and death (27), polarity
(28), autophagy (29, 30), cell growth and migration (31, 32),
immune response (33, 34), and stem cell renewal and differen-
tiation (35, 36). In responding to its diverse cellular functions,
the intracellular localization of USP9X is versatile and depen-
dent on cell type and status. Generally, USP9X predominantly
resides in cytoplasmic and membrane-associated puncta (26,
28, 36); however, USP9X has also been detected at specific cel-
lular compartments including Golgi apparatus, late endosomes,
mitochondria, and nucleus (24). These observations point to an
important cellular function of USP9X and highlight the need to
interrogate USP9X substrates with less disruptive biochemical
or genetic approaches.

In this study, we revealed that USP9X is physically associ-
ated with PCM1 and CEP55 and stabilizes these centrosome
proteins through its deubiquitinase activity. We showed that
USP9X is an integral component of the centrosome and
required for proper centrosome duplication.

Results

TMT labeling assay analysis of USP9X-regulated genes

To obtain unbiased information of USP9X-promoted pro-
tein stabilization and further characterize its biological func-
tionality, a quantitative proteomics strategy based on the TMT
labeling assay was performed to determine the down- and up-
regulated proteins upon USP9X depletion in MCF-7 cells (Fig.
1A). Specifically, MCF-7 cells were transfected with control
siRNA or USP9X siRNA, and the whole cellular proteins from
biological duplicate samples were extracted and quantified.
Following trypsin digestion of equal amounts of proteins, the
resolved peptides were labeled with fourplex TMT kits, frac-
tionated by HPLC, and analyzed by mass spectrometry. In total,
4452 proteins were identified and quantified in all of the four
samples (supplemental Table 1). After modeling the normal
distribution of the protein ratios, cutoff values of �0.770 and
�1.3 with p values �0.05 were applied to identify proteins with
significant expression changes upon USP9X depletion (Fig. 1B
and supplemental Table 1). In summary, 27 proteins were up-
regulated, and 28 proteins were down-regulated in replicate
analyses (Fig. 1C and supplemental Table 1). Because the down-
regulated proteins resulting from USP9X depletion could be
candidate substrates of USP9X, we primarily focused on these
proteins in this study. Functional enrichment-based clustering
for overlapping hits from duplicate treatment indicated that
USP9X deficiency is associated with alterations of multiple sig-
naling pathways including centrosome biogenesis as mani-
fested by down-regulated expression levels of centrosome com-
ponents PCM1 and CEP55 upon USP9X loss of function (Fig.
1C and supplemental Table 1).

USP9X promotes PCM1 and CEP55 stabilization through its
enzymatic activity

To validate the TMT labeling assay data and test whether the
abundance of PCM1 and CEP55 is truly controlled by USP9X,
we examined the effect of USP9X on the expression of PCM1
and CEP55. Western blot analysis of the cellular lysates of
MCF-7 cells transfected with two independent sets of siRNAs
targeting different regions of USP9X revealed that although the
expression of centrosome protein Pericentrin and loading con-
trol protein �-actin was essentially unchanged, the level of
PCM1 and CEP55 was markedly decreased upon USP9X deple-
tion (Fig. 2A and supplemental Fig. S1A). In addition, quantita-
tive reverse transcription (qRT)-PCR measurements indicated
that USP9X knockdown did not result in alterations in mRNA
expression levels of PCM1 and CEP55 (Fig. 2A). Moreover, the
reduction in PCM1 and CEP55 protein levels associated with
USP9X depletion was probably a result of proteasome-medi-
ated protein degradation as the effect could be effectively
blocked by a proteasome-specific inhibitor, MG132 (Fig. 2B
and supplemental Fig. S1B).

To gain molecular insights into the functional connection
between USP9X and PCM1 or CEP55, we next investigated
whether USP9X-promoted PCM1 and CEP55 stabilization is a
consequence of protein deubiquitination. Control U2OS cells
or U2OS cells stably expressing USP9X were transfected with
siRNA targeting the 3�-UTR of USP9X mRNA, and Western
blot analysis revealed that wild-type USP9X (USP9X-WT) was
able to restore the expression of PCM1 and CEP55, whereas
catalytic mutant USP9X (USP9X-C1566S) failed to do so (Fig.
2C and supplemental Fig. S1C). Furthermore, treatment of
MCF-7 cells with WP1130, a deubiquitinase inhibitor reported
to inhibit USP9X at low micromolar concentrations (37),
resulted in a dose-dependent reduction in the levels of PCM1
and CEP55 protein but not that of Pericentrin, whereas it had
no effect on the mRNA levels of these genes (Fig. 2D and sup-
plemental Fig. S1D). Together, these results indicated that
USP9X regulates the stability of PCM1 and CEP55 and that
USP9X does so through its deubiquitinase activity.

USP9X is a centrosomal protein and regulates the abundance
of PCM1 and CEP55 in centrosome

The functional association of deubiquitinase USP9X with
centrosomal proteins PCM1 and CEP55 suggested that USP9X
is a centrosome-associated protein. To test this hypothesis, im-
munofluorescent staining was performed to examine the sub-
cellular localization of endogenous USP9X in U2OS cells. We
found that USP9X was predominantly localized in centrosomes
and co-localized with the centrosomal markers Centrin and
�-tubulin (Fig. 3A). In support of the finding that USP9X pro-
motes stabilization of PCM1 and CEP55, immunofluorescence
analysis indicated that USP9X was spatially co-localized with
PCM1 (Fig. 3B) and CEP55 (Fig. 3C).

To further establish the functional link between USP9X and
PCM1 or CEP55, we asked whether USP9X-promoted PCM1
and CEP55 stabilization has an effect on the localization or
centrosome abundance of these proteins. To this end, immu-
nofluorescent staining followed by confocal microscopy analy-
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sis was performed, and the results implied that depletion of
USP9X resulted in lost staining of PCM1 (Fig. 3B) and CEP55
(Fig. 3C) in centrosomes, but the centrosomal localization of
Pericentrin (Fig. 3D) was essentially unchanged. Together,
these results suggested that USP9X is a centrosomal protein
and further support the notion that USP9X controls the stabi-
lization of PCM1 and CEP55 in the centrosome.

PCM1 and CEP55 regulate the centrosomal localization of
USP9X

Because centrosome proteins exhibit a high degree of inter-
dependence in their localizations, we next asked whether the
centrosomal localization of USP9X is controlled by PCM1 or
CEP55. To test this hypothesis, control siRNA, PCM1 siRNA,
or CEP55 siRNA was transfected into U2OS cells. Immunoflu-
orescent staining followed by confocal microscopy analysis
indicated that knockdown of the expression of either PCM1
(Fig. 4A) or CEP55 (Fig. 4B) resulted in a diminished centro-
somal localization of USP9X in U2OS cells, suggesting that the
centrosomal localization of USP9X is dependent on PCM1 and
CEP55.

USP9X is physically associated with PCM1 and CEP55

The functional link between USP9X and PCM1 or CEP55
prompted us to investigate whether USP9X is physically asso-
ciated with PCM1 and CEP55. To test this hypothesis, co-im-
munoprecipitation experiments were performed with MCF-7
cell extracts. Immunoprecipitation (IP) with antibodies against
PCM1 or CEP55 followed by immunoblotting (IB) with anti-
bodies against USP9X demonstrated that USP9X was effi-
ciently co-immunoprecipitated with PCM1 or CEP55 (Fig. 5A).
Reciprocally, IP with antibodies against USP9X and IB with
antibodies against PCM1 or CEP55 also revealed that either
PCM1 or CEP55 was efficiently co-immunoprecipitated with
USP9X (Fig. 5B). To further understand the molecular details of
the association of USP9X with PCM1 and CEP55, we analyzed
the domain structures of USP9X. In its N-terminal region, there
is an �-� superhelix domain (Fig. 5C), which is supposed to
mediate protein–protein interaction (38, 39). Indeed, we dem-
onstrated that the N-terminal region of USP9X (USP9X-N) is
necessary and sufficient for its association with PCM1 and
CEP55 (Fig. 5C). In support of the above findings, fluorescence
microscopy analysis revealed that USP9X-N is able to localize
to centrosome, whereas lack of the N-terminal region impaired
USP9X centrosome localization (Fig. 5D). These results indi-
cated that USP9X and PCM1 or CEP55 co-exist in the same
multiprotein-containing complex and are physically associated
(could be indirectly or directly), which provides a meaningful
explanation for the centrosomal localization of USP9X and its
centrosome substrate preference.

USP9X is required for centrosome biogenesis

To understand the biological significance of USP9X centro-
somal localization, we next investigated the effect of USP9X on
the biogenesis of centrosome. To this end, U2OS cells were
transfected with control siRNA or siRNA targeting the 3�-UTR
of USP9X mRNA followed by treatment with hydroxyurea to
induce a prolonged S phase. Immunofluorescent staining of
USP9X and Centrin in these cells showed that although control

Figure 1. TMT labeling assay analysis of USP9X-regulated genes. A, TMT labeling assay-based mass spectrometry analysis of USP9X-regulated protein
expression. A flow chart describing the protocol to quantify USP9X depletion-associated protein expression changes from biological duplicate experiments is
shown. B, summary of the TMT labeling assay results. By modeling the normal distribution of the protein ratios, a confidence interval of 95% and cutoff values
of �0.770 and �1.3 were applied to identify the proteins with significant down- or up-regulation after USP9X depletion. C, functional analysis and clusteriza-
tion of down-regulated proteins associated with USP9X depletion from overlapping hits in duplicate experiments. A color key and histogram of the relative
expression level for 28 down-regulated proteins are shown.

Figure 2. USP9X promotes PCM1 and CEP55 stabilization. A, MCF-7 cells
were transfected with control siRNA or different sets of USP9X siRNAs. Cellular
extracts or total RNA was prepared and analyzed by Western blotting (left
panel) or qRT-PCR (right panel), respectively. Error bars represent S.D. for bio-
logical triplicate experiments. **, p � 0.01, one-way ANOVA. B, MCF-7 cells
were transfected with control siRNA or USP9X siRNA followed by treatment
with DMSO or proteasome inhibitor MG132 (10 �M). Cellular extracts were
prepared and analyzed by Western blotting with antibodies as indicated. C,
control U2OS cells or U2OS cells stably expressing USP9X-WT or catalytic
mutant USP9X (USP9X-C1566S) were transfected with control siRNA or USP9X
3�-UTR siRNA for 96 h followed by Western blot analysis. D, MCF-7 cells were
cultured in the absence or presence of WP1130 as indicated. Cellular extracts
or total RNA was collected and analyzed by Western blotting (left panel) or
qRT-PCR (right panel), respectively. Error bars represent S.D. for biological trip-
licate experiments. p values were determined by one-way ANOVA.

Deubiquitinase USP9X is an integral component of centrosome

J. Biol. Chem. (2017) 292(31) 12874 –12884 12877



cells that were arrested in S phase underwent centrosome over-
duplication, manifested by the presence of more than four Cen-
trin foci, USP9X depletion resulted in a significant reduction of
centrosome amplification (Fig. 6, A and B). Importantly, the
phenotype associated with USP9X deficiency could be rescued
by overexpression of USP9X-WT but not its catalytic mutant
USP9X-C1566S or USP9X lacking the N-terminal region
(USP9X-�N) (Fig. 6, A and B). Consistent with the observation
that USP9X-�N was largely diffused in the cytoplasm (Fig. 6A),
we showed that USP9X-�N overexpression could not restore
the expression of PCM1 and CEP55 in USP9X-deficient cells
(Fig. 6C and supplemental Fig. S2). These results indicate that
USP9X-promoted centrosome biogenesis is dependent on
its catalytic activity and its N-terminal module that is
responsible for physical association of USP9X with PCM1
and CEP55. Collectively, these results support the notion
that USP9X is an important player in the regulation of cen-
trosome duplication/biogenesis.

Discussion

In this study, we used proteomic screening and mass spec-
trometry analysis and found that depletion of the X-linked deu-
biquitinase USP9X led to expression alterations of multiple
genes including centrosome proteins PCM1 and CEP55. Co-
immunoprecipitation analysis demonstrated that USP9X is
physically associated with PCM1 and CEP55. Fluorescence
microscopy analysis revealed that USP9X is spatially restricted
to the centrosome where it is co-localized with PCM1 and
CEP55 and promotes the stabilization of these proteins, indi-
cating that USP9X is an integral component of the centrosome.

Understanding the cellular distributions of USP9X is a pre-
requisite for characterization of its role in development and
disease. Thus far, USP9X has been reported to be present at
distinct cellular organelles including the mitochondria (40) and
nucleus (41), although a significant portion is localized in the
cytoplasm and membrane (26, 28). Our observation that
USP9X is localized in the centrosome expands the spatial
domains and thus the functionality of this deubiquitinase.
Interestingly, disrupting protein trafficking or the Golgi in
polarized epithelia results in relocation or accumulation of
USP9X, implying that this protein circulates between organ-
elles and vesicles with different resident times at each compart-
ment (24). Although whether USP9X is able to shuttle between

Figure 3. USP9X is a centrosomal protein and functions to regulate the
abundance of PCM1 and CEP55 in centrosome. A, U2OS cells were fixed

and stained with antibodies against USP9X and Centrin or �-tubulin. Scale
bar, 10 �m. B, U2OS cells transfected with control siRNA or USP9X siRNA were
fixed and subjected to immunostaining with antibodies against PCM1 and
USP9X. The percentage of cells with USP9X knockdown was counted, and the
relative intensity of PCM1 or USP9X in the centrosome was analyzed by
ImageJ software. Error bars represent S.D. for biological triplicate experi-
ments. **, p � 0.01, Student’s t test. Scale bar, 10 �m. C, U2OS cells transfected
with control siRNA or USP9X siRNA were fixed and subjected to immuno-
staining with antibodies against CEP55 and USP9X. The percentage of cells
with USP9X knockdown was counted, and the relative intensity of CEP55 or
USP9X in the centrosome was analyzed by ImageJ software. Error bars repre-
sent S.D. for biological triplicate experiments. **, p � 0.01, Student’s t test.
Scale bar, 10 �m. D, U2OS cells transfected with control siRNA or USP9X siRNA
were fixed and subjected to immunostaining with antibodies against Peri-
centrin and USP9X. The percentage of cells with USP9X knockdown was
counted, and the relative intensity of Pericentrin or USP9X in the centrosome
was analyzed by ImageJ software. Error bars represent S.D. for biological trip-
licate experiments. **, p � 0.01, Student’s t test. Scale bar, 10 �m.
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the centrosome and other organelles or vesicles remains to be
investigated, the diversified cellular localization of USP9X
reflects a dynamic nature of distribution of this protein in cells.
Consistently, USP9X has been reported to interact with and
deubiquitinate dozens of proteins in distinct cellular compart-
ments (24).

Functionally, based on its targeted proteins and various sig-
naling pathways, USP9X has been implicated in the regulation
of multiple cellular activities (24). We showed that USP9X is
spatially restricted to the centrosome by PCM1 and CEP55 and
regulates centrosome duplication in its catalytic activity-depen-
dent manner, although it remains to be explored whether and

how PCM1 or CEP55 contributes to USP9X-promoted centro-
some biogenesis in the future. In addition to our finding, several
studies reported that the deubiquitination enzymes including
BAP1, USP33, USP1, USP44, cylindromatosis (CYLD), and
USP21 have been implicated in centrosome regulation (43– 48),
pointing to a role of deubiquitinases as key regulators in cen-
trosome homeostasis. Possibly, PCM1 and/or CEP55 could be
controlled by these enzymes. In support of our observation, a
recent study reported that USP9X is capable of stabilizing cen-
trosomal proteins CEP131 and PCM1 (49).

In parallel with the findings that USP9X dysregulation has
been involved in multiple malignancies and considered as an
oncogenic protein (24), CEP55 overexpression has been found
to significantly correlate with tumor stage, aggressiveness,

Figure 4. PCM1 and CEP55 are both required for centrosomal localization of
USP9X. A, U2OS cells transfected with control siRNA or PCM1 siRNA were fixed
and subjected to immunostaining with antibodies against PCM1 and USP9X. The
percentage of cells with PCM1 knockdown was counted, and the relative inten-
sity of PCM1 or USP9X in the centrosome was analyzed by ImageJ software. Error
bars represent S.D. for biological triplicate experiments. **, p � 0.01, Student’s t
test. Scale bar, 10�m. B, U2OS cells transfected with control siRNA or CEP55 siRNA
were fixed and subjected to immunostaining with antibodies against CEP55 and
USP9X. The percentage of cells with CEP55 knockdown was counted, and the
relative intensity of CEP55 or USP9X in the centrosome was analyzed by ImageJ
software. Error bars represent S.D. for biological triplicate experiments. **, p �
0.01, Student’s t test. Scale bar, 10 �m.

Figure 5. USP9X co-exist with PCM1 or CEP55. A,whole-cell lysatesfromMCF-7
cells were immunoprecipitated with antibody against PCM1 or CEP55 followed
by IB with antibodies against the indicated proteins. B, whole-cell lysates from
MCF-7 cells were immunoprecipitated with USP9X antibody followed by immu-
noblotting with antibodies against the indicated proteins. C, co-immunoprecipi-
tation analysis of the molecular interface required for the association of USP9X
with PCM1 and CEP55. FLAG-tagged USP9X or deletion mutants were trans-
fected into HeLa cells. Whole-cell lysates were immunoprecipitated with FLAG
antibody followed by immunoblotting with antibodies against the indicated
proteins. The conserved domains of USP9X were determined by the Simple Mod-
ular Architecture Research Tool (SMART). The asterisk indicates proteins immu-
noprecipitated with FLAG antibody. D, FLAG-tagged USP9X-N or USP9X-�N was
transfected into U2OS cells. The cells were then fixed and immunostained with
antibodies against the indicated proteins. Scale bar, 10 �m.
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metastasis, and poor prognosis across multiple tumor types (19,
50, 51). Elucidation of whether CEP55 is a key substrate linking
USP9X dysregulation with tumorigenesis will be helpful in
understanding the biological function of USP9X and benefit
tumor intervention.

Moreover, USP9X has been implicated in several pathologi-
cal states including Turner syndrome (52), X-linked intellectual
disability (31), seizures (53), and Parkinson disease (30). Inter-
estingly, the centrosome is reported to be required for proper
neurodevelopment (54 –56), and recent genetic studies sug-
gested that centrosomal dysfunction underlies risks for various
neuropsychiatric disorders, namely schizophrenia and bipolar
disorder (57–59). Because PCM1 is one of the reproducible
linkage loci for schizophrenia and bipolar disorder (57) and we

found that USP9X functions to stabilize PCM1, we postulate
that the USP9X dysregulation associated with neurological dis-
orders could possibly be attributed to its functionality and
behavior in the centrosome. Therefore, it is important to
explore the relationship between substrate diversity and cellu-
lar activities of USP9X and investigate the effect as well as the
underlying mechanism of USP9X-promoted centrosome bio-
genesis in physiological or pathological states.

Materials and methods

Antibodies and reagents

The sources of antibodies against the following proteins
were: PCM1 (sc-398365; for IF) from Santa Cruz Biotechnol-

Figure 6. USP9X promotes centrosome biogenesis. A, control U2OS cells or U2OS cells stably expressing USP9X-WT, catalytic mutant USP9X (USP9X-CS), or
USP9X-�N were transfected with control siRNA or USP9X 3�-UTR siRNA for 96 h followed by hydroxyurea treatment. Then the cells were fixed and immuno-
stained with antibodies against the indicated proteins. Scale bar, 10 �m. B, population of cells from A with the indicated numbers of Centrin foci was counted.
Error bars represent S.D. for biological triplicate experiments. **, p � 0.01, one-way ANOVA. C, cellular extracts from A were prepared and analyzed by Western
blotting with antibodies against the indicated proteins.
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ogy; �-actin (A1978), CEP55 (SAB1409483), �-tubulin (T6557),
and USP9X (WH0008239M1; for IP) from Sigma; Pericentrin
(ab28144; for IF) from Abcam; Centrin (04-1624) and Pericen-
trin (ABT59; for WB) from Millipore; USP9X (55054-1-AP; for
IF, IP, and WB) and PCM1 (19856-1-AP; for WB and IP) from
Proteintech. Hydroxyurea (H8627) and MG132 (SML1135)
were purchased from Sigma. CHX (0970; working concentra-
tion, 50 �g/ml) was purchased from Tocris.

Plasmids

The human FLAG-tagged USP9X and USP9X-C1566S
mutant carried by pLenti-Hygro vector were amplified from
wild-type and catalytic mutant V5-tagged USP9X cDNAs
kindly provided by Dr. Feng Cong (Novartis Institutes for Bio-
Medical Research, Cambridge, MA), respectively. Truncations
of FLAG-tagged USP9X were amplified from USP9X cDNA
and subcloned into pLenti-Hygro vector.

Cell culture

MCF-7 and U2OS were obtained from the American Type
Culture Collection (Manassas, VA) and cultured under the
manufacturer’s instructions. All of the cell lines have been
tested for Mycoplasma contamination.

Western blotting

The experiments were performed according to standard pro-
cedures, and large scans of blots shown in the main figures are
shown in supplemental Figs. S3 and S4.

TMT labeling assay

Protein extraction—Control MCF-7 cells and USP9X-defi-
cient MCF-7 cells were sonicated three times on ice using a
high-intensity ultrasonic processor (Scientz) in lysis buffer (8 M

urea, 1% Triton X-100, 10 mM DTT, 50 mM Tris-HCl, and
1% protease inhibitor mixture). The remaining debris was
removed by centrifugation at 20,000 � g at 4 °C for 10 min.
Finally, the protein was precipitated with cold 15% TCA for 2 h
at �20 °C. After centrifugation at 4 °C for 10 min, the superna-
tant was discarded. The remaining precipitate was washed with
cold acetone three times. The protein was redissolved in buffer
(8 M urea and 100 mM TEAB, pH 8.0), and the protein concen-
tration was determined with a 2-D Quant kit (GE Healthcare)
according to the manufacturer’s instructions.

Trypsin digestion—For digestion, the protein solution was
reduced with 10 mM DTT (Sigma-Aldrich) for 1 h at 37 °C and
alkylated with 20 mM iodoacetamide (Sigma-Aldrich) for 45
min at room temperature in darkness. For trypsin digestion, the
protein sample was diluted by adding 100 mM TEAB (Sigma-
Aldrich) to urea with concentration less than 2 M. Finally, tryp-
sin (Promega) was added at a 1:50 trypsin-to-protein mass ratio
for the first digestion overnight and a 1:100 trypsin-to-protein
mass ratio for a second 4-h digestion. Approximately 100 �g of
protein for each sample was digested with trypsin for the fol-
lowing experiments.

TMT labeling—After trypsin digestion, peptide was desalted
by Strata X C18 solid-phase extraction column (Phenomenex)
and vacuum-dried. Peptide was reconstituted in 0.5 M TEAB
and processed according to the manufacturer’s protocol for the

fourplex TMT kit (Thermo Fisher). Briefly, 1 unit of TMT re-
agent (defined as the amount of reagent required to label 100 �g
of peptide) was thawed and reconstituted in 24 �l of acetonitrile
(Fisher Chemical). The peptide mixtures were then incubated
for 2 h at room temperature, pooled, desalted, and dried by
vacuum centrifugation.

HPLC fractionation—The sample was then fractionated by
high-pH reversed-phase HPLC using an Agilent 300Extend C18

column (5-�m particles, 4.6-mm inner diameter, 250-mm
length). Briefly, peptides were first separated with a gradient of
2– 60% acetonitrile in 10 mM ammonium bicarbonate, pH 10,
over 80 min into 80 fractions. Then the peptides were com-
bined into eight fractions using the pooling scheme as
described in a study reported by Svinkina et al. (42). Pooled
fractions were dried by vacuum centrifugation.

Quantitative proteomic analysis by LC-MS/MS—Peptides
were dissolved in 0.1% formic acid, directly loaded onto a
reversed-phase precolumn (Acclaim PepMap 100, Thermo Sci-
entific). Peptide separation was performed using a reversed-
phase analytical column (Acclaim PepMap RSLC, Thermo Sci-
entific). The gradient comprised an increase from 6 to 10%
solvent B (0.1% formic acid in 98% acetonitrile) over 3 min,
10 –22% in 24 min, 22–35% in 8 min, climbing to 80% in 4 min,
and then holding at 80% for the last 3 min, all at a constant flow
rate of 300 nl/min on an EASY-nLC 1000 UPLC system, The
resulting peptides were analyzed by a Q ExactiveTM hybrid qua-
drupole-Orbitrap mass spectrometer (Thermo Fisher Scien-
tific). The peptides were subjected to the nanospray ionization
source followed by tandem mass spectrometry (MS/MS) in a Q
Exactive Plus (Thermo Fisher Scientific) coupled online to the
UPLC system. Intact peptides were detected in the Orbitrap at
a resolution of 70,000. Peptides were selected for MS/MS using
a normal collision energy setting of 30; ion fragments were
detected in the Orbitrap at a resolution of 17,500. A data-de-
pendent procedure that alternated between one MS scan and
20 MS/MS scans was applied for the top 20 precursor ions
above a threshold ion count of 2E4 in the MS survey scan with
30.0-s dynamic exclusion. The electrospray voltage applied was
2.0 kV. Automatic gain control was used to prevent overfilling
of the ion trap; 5E4 ions were accumulated for generation of
MS/MS spectra. For MS scans, the m/z scan range was 350 –
1800. Fixed first mass was set as 100 m/z.

Database search—The resulting MS/MS data were processed
using the Mascot search engine (v.2.3.0). Tandem mass spectra
were searched against the Swiss-Prot human database. Tryp-
sin/P was specified as the cleavage enzyme allowing up to two
missing cleavages. Mass error was set to 10 ppm for precursor
ions and 0.02 Da for fragment ions. Carbamidomethyl on Cys,
TMT fourplex on N terminus, and TMT fourplex on Lys were
specified as fixed modification, and oxidation on Met was spec-
ified as a variable modification. The false discovery rate was
adjusted to �1%, and peptide ion score was set �20. By mod-
eling the normal distribution of the protein ratios, cutoff values
of �0.770 and �1.3 and p � 0.05 examined by t test were
applied to find the protein with significant down- or up-regu-
lation after USP9X depletion.
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Immunofluorescence

Cells on glass coverslips (BD Biosciences) were fixed with 2%
paraformaldehyde and permeabilized with 0.2% Triton X-100
in PBS. Samples were then blocked in 5% donkey serum in the
presence of 0.1% Triton X-100 and stained with the appropriate
primary and secondary antibodies coupled to Alexa Fluor 488
or 594 (Invitrogen). To avoid bleed-through effects in double-
staining experiments, each dye was scanned independently in a
multitracking mode. Almost 100 cells in each treatment were
scored in biological triplicate experiments.

Immunoprecipitation

Cell lysates were prepared by incubating the cells in NETN
buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.2% Nonidet
P-40, and 2 mM EDTA) in the presence of protease inhibitor
mixtures (Roche Applied Science) for 20 min at 4 °C. This was
followed by centrifugation at 14,000 � g for 15 min at 4 °C. For
immunoprecipitation, about 500 �g of protein was incubated
with control or specific antibodies (1–2 �g) for 12 h at 4 °C with
constant rotation; 50 �l of 50% protein G magnetic beads
(Invitrogen) was then added, and the incubation was continued
for an additional 2 h. Beads were then washed five times using
the lysis buffer. Between washes, the beads were collected by
magnetic stand (Invitrogen) at 4 °C. The precipitated proteins
were eluted from the beads by resuspending the beads in 2�
SDS-PAGE loading buffer and boiling for 5 min. The boiled
immune complexes were subjected to SDS-PAGE followed by
immunoblotting with appropriate antibodies.

RNA interference

All siRNA transfections were performed using Lipo-
fectamine RNAiMAX (Invitrogen) following the manufactu-
rer’s recommendations. The final concentration of the siRNA
molecules was 10 nM, and cells were harvested 72 or 96 h later
according to the purposes of the experiments. Control siRNA
(ON-TARGETplus Non-Targeting Pool, D-001810-10) and
USP9X siRNA (ON-TARGETplus, L-006099-00-0005) were
obtained from Dharmacon as a SMARTpool library, whereas
the individual siRNAs against USP9X (USP9X siRNA-1/3�-
UTR; GAGAGTTTATTCACTGTCTTA), CEP55 siRNA
(GUGGGAAAGGAAAGCUGAC), and PCM1 siRNA (GGA-
CAAAUUGCUUGGAGAA) were chemically synthesized by
Sigma.

Real-time RT-PCR

Total cellular RNAs were isolated with TRIzol reagent (Invit-
rogen) and used for first-strand cDNA synthesis with a reverse
transcription system (Roche Applied Science). Quantitation of
all gene transcripts was done by quantitative PCR using Power
SYBR Green PCR Master Mix (Roche Applied Science) and an
ABI PRISM 7500 sequence detection system (Applied Biosys-
tems) with the expression of GAPDH as the internal control.
The primers used were: USP9X, AAGTGAAGCATGTCA-
GCGATT (forward) and GCCACACATAGCTCCACCA
(reverse); PCM1, CGGAGTCGTCACCAGGAGT (forward)
and GCTGTTGCTCTACCTTGGGAAT (reverse); CEP55,
AGTAAGTGGGGATCGAAGCCT (forward) and CTCAAG-

GACTCGAATTTTCTCCA (reverse); Pericentrin, TTGTGG-
TCCCAGCTTGATTCT (forward) and CTCCAGTTCGGAC-
TCATGCT (reverse); and GAPDH, GAAGGTGAAGGTCG-
GAGTC (forward) and GAAGATGGTGATGGGATTTC
(reverse). The cycle threshold values (Ct values) were used to
calculate the -fold differences by the ��Ct method.

Statistical analysis

Data from biological triplicate experiments are presented
with error bars as S.D. Two-tailed unpaired Student’s t test was
used for comparing two groups of data. Analysis of variance
(ANOVA) in conjugation with Bonferroni’s correction was
used to compare multiple groups of data except for the TMT
labeling assay. Adjusted p values after Bonferroni’s correction
are shown. All of the statistical testing results except TMT
labeling assay were determined by SPSS 19.0 software.
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