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ABSTRACT The c-Jun gene encodes a transcription factor that has been implicated
in many physiological and pathological processes. c-Jun is a highly unstable protein
that is degraded through a ubiquitination/proteasome-dependent mechanism. How-
ever, the deubiquitinating enzyme (DUB) that regulates the stability of the c-Jun
protein requires further investigation. Here, by screening a DUB expression library,
we identified ubiquitin-specific protease 6 (USP6) and showed that it regulates the
stability of the c-Jun protein in a manner depending on its enzyme activity. USP6 in-
teracts with c-Jun and antagonizes its ubiquitination. USP6 overexpression upregu-
lates the activity of the downstream signaling pathway mediated by c-Jun/AP-1 and
promotes cell invasion. Moreover, many aberrant genes that are upregulated in USP6
translocated nodular fasciitis are great potential targets regulated by c-Jun. Based on
our data, USP6 is an enzyme that deubiquitinates c-Jun and regulates its down-
stream cellular functions.
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The AP-1 complex is a dimeric complex that regulates many cellular processes,
including cell proliferation, death, survival, and differentiation. The AP-1 complex

comprises members of the JUN, FOS, ATF, and MAF protein families (1). These proteins
belong to the basic leucine zipper (bZIP) proteins, which form heterodimers and
homodimers through their leucine zipper motifs (2). Among these families, c-Jun is one
of most extensively studied proteins.

c-Jun is the proto-oncogene from which v-Jun is derived (3). c-Jun has important
functions in embryonic development, inflammation, and malignant transformation (4,
5). Therefore, the expression and activity of c-Jun should be tightly regulated. c-Jun is
regulated at the transcriptional, posttranscriptional, translational, and posttranslational
levels (2). The posttranslational modifications of c-Jun include phosphorylation, ubiq-
uitination, and acetylation (6–8). Notably, the c-Jun protein is rapidly turned over under
normal conditions (9). Based on accumulating evidence, the stability of the c-Jun
protein is mainly regulated by a ubiquitination/proteasome-dependent mechanism (10,
11). c-Jun is ubiquitinated by several E3 ubiquitin (Ub) ligases, including F-box and WD
repeat domain containing 7 (FBXW7), the E3 ubiquitin-protein ligase RFWD2, cullin 4
(CUL4), itchy E3 ubiquitin protein ligase (ITCH), mitogen-activated protein kinase kinase
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kinase 1 (MEKK1), and RING-box protein 2 (RNF7) (7, 12–15). However, further investi-
gations are required to determine whether deubiquitinating enzymes (DUB) participate
in the regulation of c-Jun stability.

The ubiquitin-specific protease 6 gene (USP6), also known as TRE2 or TRE17, was
originally shown to be expressed in a wide variety of human cancer cells but not in
human cells from normal tissues (16). Interestingly, USP6 is also expressed at high levels
in aneurysmal bone cysts (ABCs) and nodular fasciitis (NF) (17, 18). USP6 is translocated
in nearly 70% of ABCs and 90% of NF cases, leading to its transcriptional upregulation
(18, 19). Therefore, USP6 has been proposed as a marker of and potential therapeutic
target in these diseases. Two downstream effectors of USP6 have recently been
discovered (20, 21). However, further studies are required to determine whether other
USP6 substrates exist.

We screened an expression library of 68 deubiquitinating enzymes to identify the
deubiquitinating enzymes that regulate c-Jun stability. USP6 regulated the stability of
the c-Jun protein in a manner dependent on its enzyme activity. USP6 interacts with
c-Jun and removes the ubiquitin chain from c-Jun. USP6 regulates signaling down-
stream of the c-Jun/AP-1 complex and promotes cell migration and invasion. Further-
more, c-Jun is one of the most potent transcription factors that account for the aberrant
upregulation of gene expression in USP6 translocation nodular fasciitis disease. Based
on our findings, USP6 deubiquitinates c-Jun and regulates its downstream cellular
functions.

RESULTS
USP6 regulates c-Jun stability. Consistent with the results from previous studies (9,

22), the c-Jun protein is rather unstable in many cells, such as MCF7 breast cancer cells
and HeLa cervical cancer cells. Pretreatment with the proteasome inhibitor MG132
significantly increased the level of the c-Jun protein (data not shown), indicating that
c-Jun underwent ubiquitination-dependent degradation in these cells. We individually
transfected 68 DUBs into MCF7 cells and detected the levels of the c-Jun protein to
identify the DUBs that regulate the stability of the c-Jun protein (data not shown).
Among these DUBs, USP6 significantly increased the level of the c-Jun protein in MCF7
and HeLa cells (Fig. 1A). In contrast, USP6 overexpression only slightly increased the
c-Jun mRNA level (Fig. 1B). We also generated USP6 short hairpin RNA (shRNA) expres-
sion plasmids. As shown in Fig. 1C and D, USP6 shRNAs significantly reduced both
endogenous and exogenous USP6 expression levels. Moreover, knockdown of USP6
reduced the protein levels of c-Jun (Fig. 1E). A similar result was observed in U2OS cells
(data not shown). To further determine whether USP6 regulated c-Jun stability, HeLa
cells were cotransfected with c-Jun and USP6 expression plasmids and then treated
with cycloheximide (CHX). As shown in Fig. 1F, USP6 overexpression enhanced the
stability of the cotransfected c-Jun protein. The deubiquitinating enzyme USP28, a
binding partner of the E3 ubiquitin ligase FBXW7, regulates the stability of protein
substrates of FBXW7, such as c-Myc and c-Jun (23, 24). Therefore, we tested whether
USP28 regulates the c-Jun protein level in MCF7 and HeLa cells. As shown in Fig. 1G,
USP6, but not USP28, significantly increased the c-Jun protein levels in both MCF7 and
HeLa cells. In contrast, USP28 upregulated the c-Myc protein level in HeLa cells (Fig. 1H).
Thus, USP6 regulates the stability of the c-Jun protein.

USP6 regulates the stability of the c-Jun protein in an enzyme activity-dependent
manner. Because USP6 is a deubiquitinating enzyme, we generated an enzyme activity-
deficient mutant USP6, C541S (25), in which cysteine-541 is mutated to serine. The
enzyme activity of USP6 was required for its ability to regulate c-Jun protein levels in
HeLa cells (Fig. 2A). Similar results were observed in MCF7 cells (Fig. 2B). Consistent with
this finding, the USP enzyme domain of USP6 (USP6 amino acids [aa] 301 to 1406), but
not its TBC domain (USP6 aa 1 to 350), also increased c-Jun protein levels (Fig. 2C).
Then, we tested whether a naturally occurring C-terminally truncated isoform of USP6
(USP6-S) that lacks USP activity influenced the c-Jun protein level. As shown in Fig. 2D,
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FIG 1 USP6 regulates the stability of the c-Jun protein. (A) An empty vector or USP6 expression plasmid was
transfected into MCF7 or HeLa cells. Thirty-six hours later, the cells were harvested. Whole-cell lysates were
subjected to SDS-PAGE and analyzed by immunoblotting (IB) with the indicated antibodies. (B) RNA levels
of c-Jun in MCF7 cells transfected with the empty vector and a plasmid expressing USP6. (C) HeLa cells were
infected with lentivirus that carried shRNAs targeted to GFP or USP6. Thirty-six hours later, RNA levels of
USP6 were determined using RT-PCR. (D) A USP6 expression plasmid was cotransfected with shGFP (shRNA
targeted to GFP) or USP6 shRNA plasmids into HeLa cells. Forty-eight hours later, the cells were harvested,
subjected to SDS-PAGE, and analyzed by immunoblotting with the indicated antibodies. (E) Cell extracts of
HeLa-shGFP or HeLa-USP6 knockdown stable cell lines were harvested and subjected to Western blotting
to examine the levels of the indicated proteins. (F) A c-Jun–HA expression plasmid was cotransfected with
the empty vector or a USP6 expression plasmid into HeLa cells. Twenty-four hours later, the cells were
treated with CHX for the indicated times. Then, cell extracts were subjected to Western blotting to examine
the levels of the indicated proteins. The intensity of c-Jun–HA expression for each time point was quantified
by densitometry and plotted. The experiment was repeated three times, and a representative experiment
is presented. (G) The indicated plasmids were transfected into MCF7 or HeLa cells. Twenty-four hours later,
the cells were harvested, subjected to SDS-PAGE, and analyzed by immunoblotting with the indicated
antibodies. (H) HeLa cells were transfected with the indicated plasmids; 24 h later, whole-cell lysates were
subjected to SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. All experiments
were performed at least 3 times. (B, C, and F) The data are presented as means � standard errors of the
mean (SEM) for three triplicate samples and were analyzed by t test. *, P � 0.05.
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USP6, but not USP6-S, increased c-Jun protein levels. Based on these results, the
enzyme activity of USP6 is required for its function.

USP6 interacts with c-Jun and promotes c-Jun deubiquitination. We tested
whether USP6 interacts with c-Jun to investigate the mechanism by which USP6
regulates the stability of the c-Jun protein. As shown in Fig. 3A and B, USP6 interacts
with c-Jun in cotransfected 293T cells in both directions. As c-Jun degradation depends
on its ubiquitination, we next investigated whether USP6 influenced c-Jun ubiquitina-
tion. As shown in Fig. 3C, USP6, but not the C541S enzyme activity-deficient mutant,
deubiquitinated c-Jun. To test whether USP6 is capable of directly deubiquitinating
c-Jun in vitro, ubiquitinated c-Jun was immunopurified from 293T cells coexpressing
hemagglutinin (HA)– c-Jun and Flag-Ub using anti-HA antibody. The immunoprecipi-
tates were incubated with recombinant USP6, and ubiquitination of c-Jun was detected
by anti-Flag immunoblotting. The recombinant catalytic domain of USP6 deubiquiti-
nated c-Jun, while the USP6 C541S mutant and control glutathione S-transferase (GST)
protein did not (Fig. 3D). Thus, USP6 regulates the stability of the c-Jun protein through
deubiquitination.

USP6 regulates signaling downstream of the AP-1 complex through c-Jun. The
nuclear localization of c-Jun is important for its function. We found that c-Jun in
the nuclear fraction was difficult to detect when diluted to a volume equal to that of
the cytoplasmic fraction. Therefore, the volumes of nuclear fraction samples we pre-
pared were about 1/8 of those of cytoplasmic fraction samples. As shown in Fig. 4A,
USP6 significantly increased the levels of the c-Jun protein in the nuclear fraction
compared to the control sample. As one of the important components of the AP-1
complex, c-Jun regulates many downstream effectors. We investigated whether USP6
regulated the transcriptional activity of the AP-1 complex. As shown in Fig. 4B, USP6
increased AP-1 reporter activation, whereas the enzyme activity-deficient mutant of

FIG 2 The enzyme activity of USP6 is important for its ability to regulate the stability of the c-Jun protein.
(A) An empty vector or a plasmid expressing USP6 or USP6 C541S was transfected into HeLa cells, and
the cells were harvested 36 h later. Whole-cell lysates were subjected to SDS-PAGE and analyzed by
immunoblotting with the indicated antibodies. (B) The same assay as in panel A, except that the plasmids
were transfected into MCF7 cells. (C) The same assay as in panel A, except that the empty vector or
USP6-expressing plasmid was transfected into HeLa cells. (D) The indicated plasmids were transfected
into MCF7 cells, and the cells were harvested 24 h later. Whole-cell lysates were subjected to SDS-PAGE
and analyzed by immunoblotting with the indicated antibodies. All experiments were performed at least
3 times.
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USP6 abolished this activation. Matrix metalloproteinases (MMPs) are important down-
stream effectors of USP6 (25). Consistent with previous reports, USP6, but not the USP6
C541S mutant, increased the RNA levels of MMP9 and MMP10 (Fig. 4C and data not
shown). In contrast, knockdown of USP6 downregulated the expression of MMP10 (Fig.
4D). In order to evaluate the roles of c-Jun in the USP6-induced upregulation of MMP
expression and AP-1 activity, we generated c-Jun shRNA plasmids and found that these
shRNAs significantly knocked down c-Jun protein levels (Fig. 4E). Then, we generated
c-Jun knockdown stable cell lines using c-Jun shRNAs. As shown in Fig. 4F and G,
USP6-induced MMP10 and MMP9 expression was abolished in the c-Jun knockdown cell
lines. Moreover, c-Jun shRNAs also attenuated c-Jun protein levels and AP-1 activity
induced by USP6 (Fig. 4H and I). Thus, USP6-mediated regulation of AP-1 downstream
signaling depends on USP6 enzyme activity and c-Jun.

USP6 promotes cell migration and invasion. As USP6 has been implicated in
various human tumors, we decided to investigate the role of USP6 in cell migration and
invasion. We generated USP6 correlate stable cell lines. As shown in Fig. 5A, overex-
pression of USP6 significantly enhanced the migratory activity of HeLa cells. Interest-

FIG 3 USP6 interacts with c-Jun and mediates c-Jun deubiquitination. (A) 293T cells were transfected
with the indicated plasmids. The cell lysates were immunoprecipitated with an anti-Flag antibody. The
lysates (TCL) and immunoprecipitates were immunoblotted. (B) 293T cells were transfected with the
indicated plasmids. The cell lysates were immunoprecipitated with an anti-HA antibody. The lysates and
immunoprecipitates were immunoblotted. (C) The empty vector or a plasmid expressing USP6 or USP6
C541S was cotransfected with c-Jun–HA and Flag-ubiquitin expression plasmids into 293T cells. The cells
were treated with MG132 (10 �M) for 4 h, and then the cells were lysed in RIPA buffer and the cell lysates
were immunoprecipitated with anti-HA antibody. The lysates and immunoprecipitates were immuno-
blotted with the indicated antibodies. (D) 293T cells were cotransfected with HA– c-Jun and Flag-Ub.
After 4 h of MG132 treatment, c-Jun was purified using anti-HA antibody and then incubated with GST
or GST-tagged recombinant USP6 or USP6-C541S. c-Jun ubiquitylation was detected by immunoblotting
with anti-FLAG. All experiments were performed three times.
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FIG 4 USP6 regulates c-Jun downstream signaling. (A) Cells transfected with the empty vector or USP6 expression
plasmid were harvested, and nuclear and cytoplasmic fractions were generated as described in Materials and
Methods. In order to detect c-Jun protein, the nuclear fraction was not diluted as much as the cytoplasmic fraction.
The final volumes of the nuclear fraction samples were about 1/8 those of the cytoplasmic fraction samples. M,
protein marker; #, the histone 3 antibody or the goat anti-rabbit secondary antibody might cross-react with marker
proteins (lane 3). (B) Luciferase activity of HeLa or MCF7 cells transfected with AP-1 luciferase reporter and a Renilla
luciferase plasmid, together with the empty vector or a plasmid expressing USP6 or USP6 C541S. (C) Levels of MMP9
mRNA in HeLa cells transfected with the empty vector or a plasmid expressing USP6 or USP6 C541S determined
using RT-PCR. (D) HeLa cells were infected with lentivirus carrying shGFP or USP6 shRNAs. Forty-eight hours later,
the RNA levels of MMP10 were determined using RT-PCR. (E) HeLa cells were infected with lentivirus carrying shGFP
or c-Jun shRNAs. Forty-eight hours later, the cells were harvested, subjected to SDS-PAGE, and analyzed by
immunoblotting with the indicated antibodies. (F) The empty vector or a plasmid expressing USP6 was transfected
into MCF7-shGFP or c-Jun knockdown stable cell lines. The RNA levels of MMP10 were determined using RT-PCR.
(G) Levels of the MMP9 mRNAs in MCF7-shGFP and c-Jun knockdown stable cell lines transfected with the empty
vector or a plasmid expressing USP6 were determined using RT-PCR. (H) A plasmid expressing USP6-Flag was
transfected into MCF7-shGFP or c-Jun knockdown stable cell lines; 36 h later, the cells were harvested, subjected
to SDS-PAGE, and analyzed by immunoblotting with the indicated antibodies. (I) A plasmid expressing USP6 or an
AP-1 luciferase reporter and a Renilla luciferase plasmid were transfected into MCF7-shGFP or c-Jun knockdown
stable cell lines, and 24 h later, luciferase activities were determined. All experiments were performed at least 3
times. (B to D and F to I) The data are presented as means and SEM for three triplicate samples and were analyzed
by t test. *, P � 0.05.
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ingly, the enzymatic USP6 mutant C541S also enhanced the migratory activity. In
contrast, USP6, but not USP6 C541S, promoted cell invasion (Fig. 5B). Consistently, a
zymography assay revealed that USP6 significantly enhanced the gelatinolytic activity
of HeLa cells. Moreover, knockdown of USP6 inhibited invasion of HeLa cells (Fig. 5C).
Then, we tested whether c-Jun is involved in USP6-dependent cell invasion. As shown
in Fig. 5D, c-Jun knockdown abolished USP6-dependent cell invasion.

c-Jun is potentially involved in USP6 translocation nodular fasciitis disease.
USP6 has been demonstrated to have important roles in NF and ABCs, in which the

FIG 5 USP6 promotes cell migration and invasion. (A) HeLa cells were infected with the indicated lentivirus
to generate stable cell lines, and 2 � 104 HeLa cells were seeded into the upper chamber of each Transwell.
Twenty-four hours later, the cells were subjected to transwell assays to measure cell migration. (B) Approximately
2 � 104 of the indicated HeLa cells were seeded into the upper chamber of a Transwell containing Matrigel.
Twenty-four hours later, the cells were subjected to an in vitro invasion assay. A zymography assay was performed
to determine MMP activity as described in Materials and Methods. (C) HeLa cells were infected with lentivirus
carrying shGFP or USP6 shRNAs to generate stable cell lines, and 2 � 104 of the HeLa cells were seeded into the
upper chamber of a Transwell containing Matrigel. Thirty-six hours later, the cells were subjected to an in vitro
invasion assay. (D) The indicated HeLa stable cell lines were infected with lentivirus carrying shGFP or c-Jun shRNAs;
48 h later, approximately 2 � 104 of the HeLa cells were seeded into the upper chamber of a Transwell containing
Matrigel. Thirty-six hours later, the cells were subjected to an in vitro invasion assay. All experiments were performed
3 times. In all panels data are presented as means and SEM for three triplicate samples and were analyzed by t test.
*, P � 0.05.
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expression of USP6 is upregulated due to gene translocation (18). Using nodular
fasciitis transcriptome data from a Gene Expression Omnibus (GEO) database, we
sought to identify genes that were upregulated in NF samples. As shown in Table
S1 in the supplemental material, more than 300 genes were upregulated in NF
samples. Among these genes, USP6 was one of most significant (ranked no. 2) (Fig.
6A; see Table S1 in the supplemental material), consistent with previous reports
showing that the translocation of USP6 drives its overexpression in NF (18). We
performed an enrichment analysis of the ChIP-X Enrichment Analysis (ChEA) gene
set library (26) using Enrichr (27, 28) to characterize the putative transcription
factors that control the aberrant expression of these genes. Among the transcrip-
tion factors in the database, c-Jun is ranked as one of the most potent transcription
factors involved in regulating the expression of these genes (Fig. 6B; see Table S2
in the supplemental material).

FIG 6 c-Jun is potentially involved in USP6 translocation nodular fasciitis disease. (A) The T statistics (y axis) of all
the genes measured (x axis) in the data set were plotted. The dashed lines represent the threshold (FDR � 0.01)
used to identify DE genes. DE genes above or below the dashed lines were upregulated or downregulated in the
nodular fasciitis group compared with the “other tumors” group. The points representing two genes, USP6 and
MMP9, are labeled. T statistics reflect the degree of expression difference of a gene between two groups of samples.
The larger the absolute value of a gene’s T statistic is, the greater the expression difference is. (B) Chromatin
immunoprecipitation (ChIP) enrichment analysis of aberrantly upregulated genes. The aberrantly upregulated
genes in a USP6 translocation nodular fasciitis sample from the ChEA 2016 gene set library with FDR values of
�0.01 were analyzed using Enrichr and the combined-score ranking method. The top 10 ranked (by P value)
transcription factors are shown (see Tables S1 and S2 in the supplemental material).
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DISCUSSION

Using a deubiquitinating enzyme expression library, we showed that USP6 regulates
the stability of the c-Jun protein. USP6 interacts with and promotes the deubiquitina-
tion of c-Jun. Therefore, USP6 stabilized the c-Jun protein and potentiated c-Jun-
dependent downstream signaling and cell invasion. Based on our analysis of nodular
fasciitis transcriptome data, the interaction between USP6 and c-Jun might be impor-
tant in nodular fasciitis disease.

Posttranslational modifications are important regulators of c-Jun function. The
stability of the c-Jun protein is tightly regulated in a ubiquitination/proteasome-
dependent manner. Several E3 ligases were reported to promote the ubiquitination
and degradation of c-Jun. In contrast, the deubiquitinating enzyme(s) of c-Jun required
further investigation. Our work identified USP6 as an enzyme that deubiquitinates
c-Jun. By regulating the stability of the c-Jun protein, USP6 promoted c-Jun-dependent
downstream signaling and cell invasion. We found that USP6, but not USP28, increased
c-Jun protein levels in MCF7 and HeLa cells in our study. USP28, a binding partner of
the E3 ubiquitin ligase FBXW7, regulates the stability of protein substrates of FBXW7. It
is possible that in our systems c-Jun was mainly ubiquitinated by other E3 ligases
instead of FBXW7. Our studies have improved our knowledge about the diverse
mechanisms regulating c-Jun.

USP6 translocation frequently occurs in ABC and NF. Therefore, studies identifying
the downstream effectors of USP6 will improve our knowledge of and ability to cure
these diseases. Actually, two novel genes, the Frizzled and JAK1 genes, were recently
identified as USP6 substrates (20, 21). Using a DUB library, we identified the transcrip-
tion factor c-Jun as a novel substrate of USP6. USP6 regulates the stability of the c-Jun
protein and its downstream effectors in an enzyme activity-dependent manner. Ac-
cording to the results of mechanistic studies, USP6 interacts with c-Jun and mediates
c-Jun deubiquitination. Furthermore, by analyzing genes that are upregulated in USP6
translocation NF samples, we identified many genes that are predicted targets of c-Jun.
Thus, c-Jun is a novel substrate of USP6 and might play important roles in NF.

Our studies revealed a novel link between USP6 and c-Jun. As USP6 has been shown
to have important roles in ABC and NF diseases, inhibition of c-Jun and other USP6-
related genes, such as NF-�B, JAK1, and Frizzled genes, would benefit people who
suffer from these diseases. Meanwhile, considering the important roles of c-Jun in
cancer, inflammation, and development, the contributions of USP6 to these patholog-
ical and physiological processes still require further investigation.

MATERIALS AND METHODS
Cell culture. HEK293T, MCF7, and HeLa cell lines were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 100 IU penicillin, and
100 mg/ml streptomycin at 37°C in a humidified incubator containing 5% CO2.

Reagents. Mouse anti-HA (F-7), mouse anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydroge-
nase) (6C5), and mouse anti-�-actin (C4) antibodies were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). The mouse anti-Flag antibody (M2), USP6 antibody, and protease inhibitor cocktail were
obtained from Sigma (Saint Louis, MO). The c-Jun antibody (D155181) was obtained from Sangon
Biotech. Histone 3 (17168-1-AP), tubulin (11224-1-AP), c-Myc (10828-1-AP), and ubiquitin (10201-2-AP)
antibodies were obtained from the Proteintech Company. The Dual-Luciferase reagent was obtained
from Promega. TRIzol reagent was obtained from Invitrogen. Top Green quantitative PCR (qPCR)
SuperMix was obtained from Transgen Biotech.

Immunoprecipitation. Protein interactions were assessed using immunoprecipitation, as previously
described (29). Briefly, cells were washed once with cold phosphate-buffered saline (PBS) and lysed in
cold lysis buffer containing protease inhibitors. The supernatants of the cell lysates were isolated by
centrifugation at 20,000 � g for 30 min at 4°C. Immunoprecipitation was performed using anti-Flag M2
beads or anti-HA beads as previously described (29). For the ubiquitin immunoprecipitation assay, cells
were lysed in radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors. The anti-HA
beads were washed with RIPA buffer. The other steps were similar to those in typical immunoprecipi-
tation assays of protein interactions.

Plasmids. The gene expression clones and shRNA clones were constructed as previously described
(29). The genes of interest were amplified by PCR using specific primers and cloned into the BamHI and
SmaI sites of the pLV-EF1�-MCS-IRES-Puro vector (Biosettia, San Diego, CA) or the BamHI and XhoI sites
of the pBOBE vector using the ExoIII-assisted ligase-free cloning method, as described previously (30). For
lentivirus-based shRNA expression vectors, DNA oligonucleotides containing shRNA sequences were
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designed and cloned into the pLV-H1-EF1�-puro expression vector using the single-oligonucleotide RNA
interference (RNAi) technology developed by Biosettia, as described previously (31). All lentiviral shRNA
vectors were constructed according to the manufacturer’s protocol. cDNA sequence encoding aa 500 to
1406 of USP6 and its enzymatic-activity mutant was subcloned into pGEX-4T1 to produce a GST
recombinant USP6 (aa 500 to 1406) or USP6 C541S (aa 500 to 1406) proteins.

RNA extraction and real-time PCR analysis. RNA extractions and real-time PCR analyses were
performed as previously described (29). Total RNA was isolated from cells using TRIzol reagent, according
to the manufacturer’s instructions. Approximately 1 �g of each RNA sample was used to prepare cDNAs
by reverse transcription using oligo(dT)15 primers. RNA expression levels were normalized to an internal
control, actin. Real-time PCR (RT-PCR) was performed in a Stratagene Mx3000P system (Agilent Tech-
nologies).

Fractionation of nuclear and cytoplasmic extracts. Approximately 3 � 106 cells were collected to
generate nuclear and cytoplasmic fractions. Cells were isolated after one wash with PBS, scraped into 800
�l of nuclear extract buffer (NEB; 0.01 M Tris-HCl, pH 7.4, 0.01 M NaCl, 0.003 M MgCl2, 0.03 M sucrose, and
0.5% NP-40), and then transferred to 1.5-ml Eppendorf tubes. The tubes were immediately rotated at 4°C
for 10 min and then centrifuged at 1,500 � g for 10 min at 4°C. The supernatants were collected as the
cytoplasmic fraction. The pellets were washed 3 times with 1 ml of NEB buffer to obtain the nuclear
proteins. The pellets were collected as the nuclear fraction. GAPDH and histone 3 were used as markers
of the cytoplasm and nucleus, respectively.

Determination of MMP activity. Determination of MMP activity generally followed the gelatin
zymography protocol presented on the Abcam website. Cells were transfected with the indicated
plasmids. Thirty-six hours later, the cells were starved in serum-free medium for 36 h prior to harvesting.
Conditioned media were collected and centrifuged to eliminate dead cells. Then, the conditioned media
were concentrated using an Amicon Ultra-0.5 centrifugal filter. The conditioned-medium samples were
fractionated on 7.5% gels containing 4 mg/ml gelatin (Sigma). The gels were washed with washing buffer
(2.5% Triton X-100, 50 mM Tris-HCl, 5 mM CaCl2, 1 �M ZnCl2, pH 7.5), incubated in incubation buffer (1%
Triton X-100, 50 mM Tris-HCl, 5 mM CaCl2, 1 �M ZnCl2, pH 7.5) at 37°C for 36 h, and then stained with
Coomassie brilliant blue.

Ubiquitylation assays. To determine c-Jun ubiquitylation in vivo, 293T cells were cotransfected with
c-Jun–HA and Flag-Ub, with or without USP6 plasmids. After lysis with RIPA buffer, c-Jun was immuno-
precipitated with anti-HA beads. The immunoprecipitated c-Jun–HA was subjected to SDS-PAGE, and the
immunoblots were probed with anti-Flag antibody. For in vitro deubiquitination assays, 293T cells were
cotransfected with c-Jun–HA and Flag-Ub. The cells were treated with MG132 for 4 h before being
harvested. Cell lysates were immunoprecipitated with anti-HA beads and washed with lysis buffer. Then,
the samples were incubated with GST, GST-USP6 (aa 500 to 1406), or GST-USP6 C541S (aa 500 to 1406)
for 4 h at 37°C. Samples were washed with lysis buffer and then immunoblotted with Flag.

Cell migration and invasion assay. Cell invasion was determined using 24-well-formatted Tran-
swells (migration) or 24-well-formatted Matrigel-coated Transwells (invasion), according to the manu-
facturer’s instructions. Briefly, 2 � 104 HeLa cells in 200 �l of serum-free medium were added to the
upper chamber of each Transwell and allowed to migrate or invade for 24 or 36 h. Cells in the upper
chambers were removed with cotton swabs, and cells that had invaded the lower surface of the chamber
were stained with crystal violet. The numbers of migratory or invasive cells were determined by counting
the stained cells under a microscope.

Data sources and preprocessing. The three data sets (GSE52252, GSE78991, and GSE18229) used in
this study were downloaded from GEO (http://www.ncbi.nlm.nih.gov/geo/) (21, 32–34). Differentially
expressed (DE) genes were identified and compared among 9 nodular fasciitis tumors with USP6
translocation in data set GSE78991 and 27 other tumors in data set GSE52252. Detailed information
about the samples is provided in a study by L. Quick et al. (21). Student’s t test was used to select DE
genes between two groups of samples from data sets GSE78991 and GSE52252. The P values were
adjusted using the Benjamini and Hochberg procedure to control the false-discovery rate (FDR). Gene
expression was considered significantly different between two groups when the FDR was �0.01.
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