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ARTICLE INFO ABSTRACT

Keywords: Upregulation of special AT-rich sequence-binding protein-1 (SATB1) has been suggested to promote tumor
usp47 growth and metastasis. However, the factors governing its cellular levels remain unclear. Here, we report that
SATBL ubiquitin-specific peptidase 47 (USP47), a member of the deubiquitinating enzymes family, interacts with
Migration SATB1 and mediates its deubiquitination and stability. USP47 deficiency impairs transcriptional activity of
CRC PRI . . . . . L.

) . SATBI target genes and inhibits colon cancer cell proliferation, migration, and tumorigenesis in a mouse model
Tumorigenesis

of colon cancer. Furthermore, we identified SMURF2 as an E3 ubiquitin ligase that promotes SATB1 degradation
by upregulating its ubiquitination, and its deficiency promotes colon cancer cell proliferation and SATB1 target
gene transcription. SMURF2 is negatively regulated by USP47, and USP47 depletion sensitizes colon cancer cells
to 5-FU treatment-induced apoptosis. Taken together, our findings provide a ubiquitination-related mechanistic
link to USP47, SMURF2, and SATB1 and suggest that USP47 might be targeted for colon cancer treatment when

SATBI is overexpressed.

1. Introduction

The special AT-rich sequence-binding protein-1 (SATB1) is a
genome organizer that facilitates the organization of chromatin and
regulates gene expression [2,6,11,41]. SATB1 constitutes a nuclear ar-
chitecture that functions as a landing platform for the organization of
chromatin-remodeling factors surrounding heterochromatin [15,36].
Recent studies have implicated SATB1 dysregulation in multiple can-
cers, including colon cancer [5,27], breast carcinoma [16,18,23,26],
and ovarian cancer [38]. SATB1 plays crucial roles in tumor growth,
migration, and metastasis by reprogramming of the expression of var-
ious genes [16].

SATBI is regulated by various post-translational modifications, in-
cluding methylation, acetylation, sumoylation, and phosphorylation, all
of which have been implicated in the regulation of its nuclear locali-
zation, DNA-binding ability, and tumor-promoting activity
[17,31,33,37,40]. Moreover, SATB1 upregulation is dramatically cor-
related with clinicopathologic characteristics in various cancers. De-
spite the functional importance and implications of SATB1 expression

in cancer progression, the mechanisms governing its cellular levels re-
main largely unknown.

Ubiquitin-specific peptidase 47 (USP47) is a member of the deubi-
quitinating enzyme family [22,29,39] and is suggested to regulate cell
growth by interacting with B-Trcp, and knocking down USP47 represses
cell survival and promotes the sensitivity of cells to DNA-damaging
agents [32]. USP47 maintains genome integrity by modulating the ef-
ficiency of DNA-damage repair through the BER pathway [30]. USP47
also participants in Wnt signaling and regulates B-catenin stability [35].
As a regulator of Snail, USP47 enhances its expression under hypoxic
conditions to induce epithelial-mesenchymal transition (EMT) in col-
orectal cancer (CRC) cells [8].

To gain further insights into SATB1 function and its regulators, we
used a deubiquitinase library to identify SATBI1-interacting partners.
Here, we demonstrate that USP47 interacts with SATB1 to mediate its
ubiquitination and positively regulate its stability. We further show that
USP47 deficiency represses cell proliferation and migration through
SATB1. Furthermore, we show that SMURF2 functions as the E3 ubi-
quitin ligase for SATB1 and is negatively regulated by USP47.
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Moreover, we identify an important correlation among USP47, SATBI1,
and SMURF2 expression in human colon cancer. Collectively, our data
reveal a novel and critical mechanism for USP47 and SMURF2 function
in cell proliferation and migration through mediation of SATB1 ubi-
quitination and abundance.

2. Materials and methods
2.1. Animal models

All animals were maintained, and experiments were conducted
under the guidance of the Animal Management Regulations of
Chongqing University.

2.2. Cell culture

Cells were purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and were cultured in Dulbecco's modified
Eagle's medium (purchased from Procell Life Science & Technology Co.
Ltd., Wuhan, China) containing 10% fetal bovine serum (FBS). All the
cell lines were maintained under the supplier's directions.

2.3. RNA extraction and RT-qPCR

Total RNA was extracted using TRIzol reagent (Ambion, CA, USA).
Quantitative real-time RT-PCR was conducted using SYBR-Green qPCR
master mix (Clontech Laboratories). -actin was used as reference. A
standard amplification protocol was used according to the Clontech kit's
instructions. Primers were listed in Supplementary Tables 1 and 2

2.4. Western blotting analysis

Total proteins were extracted and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were then
transferred onto PVDF membranes and immunoblotted with the fol-
lowing antibodies: a-mouse USP47 (Cell Signaling-Danvers, MA, USA),
a-rabbit Actin (Sigma-Aldrich), a-rabbit SATB1 (Abcam-Cambridge,
Cat. No. ab96027, MA), a-rabbit SATB2 (Abcam-Cambridge, MA), a-
mouse SMURF2 (Sigma-Aldrich), a-rabbit E-cadherin (Cell Signaling-
Danvers, MA, USA), a-mouse Flag (Sigma-Aldrich), a-rabbit HA (Santa
Cruz Biotechnology, USA), a-mouse Myc (9E10) (Santa Cruz
Biotechnology), B-actin (Santa Cruz Biotechnology). Blots were
stripped and reprobed with GAPDH or B-actin antibody as a loading
control.

2.5. Generation of CRISPR-Cas9-based knockout cells

We designed sgRNA of USP47, SATB1, and SMURF2 and cloned the
sequences into the lenti CRISPR vector. HCT116 and DLD1 cells were
transfected with the above constructs together with packaging lenti-
virus plasmids. After two weeks of selection with puromycin, mRNA
and protein levels were analyzed. Then, individual clones were selected
for further analysis.

2.6. Ubiquitination assay

For the ubiquitination assay, cells were lysed with ubiquitination
buffer containing 1% SDS and were boiled at 95°C for 10 min. The
denatured cell lysates were diluted with SDS-negative RIPA buffer to
reduce SDS to 0.2% and were then subjected to co-IP followed by
western blotting with anti-HA or anti-ubiquitin Abs.

2.7. Cell proliferation and clonogenic assays

For cell proliferation, 1 x 10* cells were seeded into a 96-well plate
supplied in triplicate, and the Celltiter 96° aqueous One Solution Cell
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Proliferation Assay kit (Promega, WI, USA) was used to monitor the cell
proliferation rate continuously for 96h. For the clonogenic assay,
1 x 103 cells were seeded into six-well plates to form colonies within
two to three weeks. Colonies were fixed with glutaraldehyde (6.0% v/
v), stained with crystal violet (0.5% w/v), and counted using a ste-
reomicroscope. Colonies with no less than 50 cells per colony were
counted.

2.8. Wound-healing assay

For the wound-healing migration assays, a single scratch wound was
created using a sterile 100-uL plastic pipette tip across the cell surface.
The area of a defined region within the scratch was measured using
ImageJ software (NIH). The extent to which the wound had closed over
36 h was calculated and expressed as a percentage of the difference
between time points O h and 36 h.

2.9. In vivo tumorigenesis assay

Six-week-old nude mice were inoculated subcutaneously in the right
hind flank with 5 x 10° cells per 100 uL suspended in diluted Matrigel
1:1 in ice-cold PBS. Tumor development was monitored over a period of
six weeks, then the mice were euthanized for further analysis. Tumor
volume (mm?®) was measured with calipers and calculated as W2 x L)/
2, where W is the width and L is the length. All procedures involving
animals were performed in accordance with the Institutional Animal
Welfare Guidelines of Chongqing University.

2.10. TMT labeling and quantitative proteomic analysis by LC-MS/MS

The TMT labeling of tryptic peptides was performed using an TMT
reagent kit (Thermo Scientific, San Jose, CA, USA). Mass spectroscopy
(MS) analysis was performed using a tandem mass spectrometry (MS/
MS) in Q Exactive™ plus (Thermo Scientific, San Jose, CA, USA) cou-
pled online to the UPLC. Differentially expressed proteins were defined
as the TMT ratio > 1.50 or < 0.67 compared to the control. The dif-
ferentially expressed proteins were categorized using Gene Ontology
(GO) information [3] and evaluated using the KEGG pathways database
[21].

2.11. Statistical analysis

Statistical analyses were performed using one-way ANOVA by
SPSS18.0 for Windows (IBM, New York, USA). Data were presented as
the mean + SEM of at least three independent experiments. A P-value
of =0.05 was considered significant.

3. Results

DUB library screening identifies USP47 as a novel SATB1-in-
teracting protein. To determine the molecular mechanisms underlying
the aberrant protein expression of SATB1 in tumorigenesis, we used a
deubiquitinase (DUB) library (Flag-tagged: USP1, 2, 3, 4, 7, 8, 10, 12,
14, 15,17, 18, 19, 21, 22, 25, 26, 27, 28, 29, 30, 33, 36, 37, 38, 39, 42,
44, 46, 47, 51, CYLD, and A20. Myc-tagged: USP5, 11, 16, COPS5,
COPS6, BRCC3, UCHL1, UCHL3, UCHLS5, JOSD1, JOSD2, ATXNS3,
ATXN3L, OTUB1, OTUB2, OTUD6A, ZOTUD6B, STAMBP, STAMBPL1,
DUBS3, EIF3S3,MPND, PSMD7, BAP1, EIF3S5, MYSM1, and ZRANB1) to
screen the SATB1-interacting protein that might be responsible for its
dysregulation. As shown in Fig. 1A and Fig. S1, USP47 was identified as
an SATBl-interacting partner among 60 DUBs. To further confirm that
the interaction between SATB1 and USP47 is specific, we transfected
these alone or together into 293T cells and evaluated their interaction
by immunoprecipitation and western blotting. Fig. 1B shows that
USP47 could be pulled down by SATB1 and reversely, SATB1 could be
pulled down by USP47, suggesting that USP47 was indeed an SATB1
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Fig. 1. USP47 is a SATBl-interacting
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interaction partner. In addition, we examined whether endogenous
SATBI interacted with USP47 in HCT116 cells. As expected, SATB1 was
detected in the anti-USP47 samples, but not in the IgG control im-
munoprecipitates (Fig. 1C). Therefore, we identified USP47 as a specific
interacting protein for SATBI.

Next, we mapped the regions of USP47 that mediate its interaction
with SATB1 by generating truncated mutants. The USP47 protein car-
ries an N-terminal C19 peptidase domain, a middle coil-coiled domain,
and a C-terminus (Fig. 1D). Co-IP and western blotting analyses re-
vealed that the N-terminal C19 peptidase domain of USP47 is required
for its interaction with SATB1, as deletion of this region completely
abolished its interaction with SATB1 (Fig. 1E). Similarly, truncated
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mutation analysis showed that the C-terminal homeodomain (HD) of
SATBI is required for its interaction with USP47 (Fig. 1F and G). Fur-
thermore, USP47 and SATB1 were co-localized in HCT116 cells
(Fig. 1H). Taken together, these data suggest that USP47 interacts and
co-localizes with SATB1.

USP47 stabilizes SATB1 by negatively regulating its ubiquiti-
nation. Because USP47 is a deubiquitinase that protects its substrate
from proteasome-mediated degradation, we determined whether this
DUB removed ubiquitin from SATBL1. Specifically, SATB1 and ubiquitin
were transfected into 293T cells with or without USP47 addition.
Fig. 2A shows that with USP47 expression, the ubiquitination of SATB1
protein was largely restrained. Conversely, knocking out endogenous
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Fig. 2. USP47 mediates SATB1 ubiquitination and stability. (A) HA-Ubiquitin, FLAG-USP47, and myc-SATB1 plasmids were transfected alone or were co-
transfected into 293T cells. SATB1 ubiquitination was detected by immunoprecipitation of SATB1 with anti-myc antibody and western blotting with anti-HA
antibody. The expression of SATB1 and USP47 in the whole-cell lysates was confirmed. (B) The ubiquitination of endogenous SATB1 was analyzed by im-
munoprecipitation with anti-SATB1 antibody and western blotting with anti-ubiquitin antibody in USP47 wild-type and knockout HCT116 cells. The expression of
USP47 and SATB1 was confirmed by western blotting. B-actin was used as a loading control. (C) HA-Ubiquitin and myc-SATB1 expression plasmids were co-
transfected with USP47 or USP10 into 293T cells. Forty hours later, cells were treated with MG132 for 4 h before harvest. SATB1 ubiquitination was analyzed as in
(A). (D) Schematic showing of USP47 and its point mutants. The conserved cysteine (C) residue in position 197 in the C19 peptidase domains was replaced by serine
(S). (E) HA-Ubiquitin and myc-SATB1 expression plasmids were co-transfected into 293T cells without or with USP47 or with the USP47/CS mutant. The effects of
USP47 and its mutants on SATB1 ubiquitination were analyzed as in (A). (F) The interactions of SATB1 with USP47 or its mutants were analyzed as in Fig. 1A. (G&H)
293T cells were transfected with empty vectors or with wildtype USP47 or its CA mutant plasmids, and two days later were treated with 10 mg/ml cycloheximide
(CHX) for the indicated time. The effects of SATB1 protein stability were analyzed by western blotting (G) and quantified (H). (I&J) SATB1 protein stability was
analyzed in control or USP47 knockout HCT116 cells as in (G). Knockout cells were treated with or without MG132. The expression of SATB1 and USP47 was

determined by western blotting.

USP47 by CRISPR-Cas9 (Figs. S2A and S2B) dramatically enhanced protein without affecting USP47 interaction with SATB1 (Fig. 2Eand F).
Lys48 polyubiquitination of endogenous SATB1 in HCT116 cells and led Together with our findings that SATB1 interacted with USP47, these

to a decrease in SATB1 protein expression levels (Fig. 2B). Furthermore, results indicate that deubiquitinase activity is required for USP47 to
as shown in Fig. S2C, overexpression of USP47 effectively removed remove ubiquitin from SATB1.
Lys48-ubiquitination of SATB1. USP47-mediated SATB1 deubiquitina- Polyubiquitination promotes protein degradation, which can be

tion was highly specific, as co-expression of USP10 did not have any reversed by ubiquitin-specific peptidases. Our discovery that USP47 is a
effect on SATB1 ubiquitination (Fig. 2C, lane 3). Next, we generated a deubiquitinase of SATB1 implied that USP47 might regulate SATB1
deubiquitinase inactive mutant of USP47 (USP47/C197S) and assessed protein stability. Indeed, expression of USP47 stabilized SATB1 (Fig.
the effect of the mutation on SATB1 ubiquitination (Fig. 2D). As seen in S3A). Next, we determined whether deubiquitinase activity is required
Fig. 2E, this mutant failed to inhibit the ubiquitination of SATB1 for USP47 to regulate SATB1 stability. As shown in Fig. 2G and H, and
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S3B, the catalytically inactive USP47/CS mutant failed to protect
SATB1 from degradation, implying that deubiquitinase activity is re-
quired for USP47-mediated SATB1 stabilization. To further confirm our
hypothesis that USP47 regulates SATB1 stability, we knocked out
USP47 expression in HCT116cells and found that the endogenous
SATB1 protein levels decreased more rapidly than in the control
(Fig. 2Iand J). Likewise, knockdown of USP47 in HCT116 cells pro-
moted SATB1 degradation (Fig. S3C). In addition, we determined
whether USP47-mediated SATB1 stability is achieved via proteasomes.
As seen from Fig. 2I, MG132 (proteasome inhibitor) treatment could
rescue the USP47 knockout-mediated degradation of the SATB1 pro-
tein. Finally, no changes in SATB1 mRNA expression levels were ob-
served in USP47 knockout HCT116 cells (Fig. S3D), suggesting that the
regulation of USP47 on SATBI1 stability might occur at the post-
transcriptional level. In conclusion, our data suggest that USP47 reg-
ulates SATB1 stability.

USP47 promotes colon cancer cell proliferation, tumorigenesis,
and invasion partially through SATB1. We next assessed the patho-
logical role of USP47 in CRC by investigating the effects of USP47
overexpression (Fig. S2D) or knockout on the viability, colony forma-
tion capacity, tumorigenesis, and invasion of colon cancer cells. The
results of the MTS assay confirmed that the growth of HCT116 cells is
apparently inhibited by knocking out USP47 or SATB1 (Fig. S2E),
whereas introducing SATB1 expression in USP47 knockout cells rescues
arrested cell growth (Fig. 3A). Conversely, USP47 or/and SATB1
overexpression (Fig. S2F) induces HCT116 cell proliferation (Fig. 3B).
Knocking down SATB1 (Fig. S2G) in USP47-overexpressing cells par-
tially weakened the malignant phenotype. Similar results were obtained
in DLD-1 colon cancer cells, wherein USP47 or SATB1 was knocked out
or overexpressed alone or in combination (Figs. S4A and B). Accord-
ingly, knocking out USP47 or SATB1 led to cell growth arrest, whereas
introducing SATB1 expression into USP47 knockout cells partially re-
stored the faster-growing phenotype (Fig. 3C). We then used an in vitro
anchorage-independent colony formation assay and analyzed the roles
of USP47 and SATBL1 in tumor formation. USP47 or SATB1 knockout
resulted in a dramatic decrease in colony numbers, and SATB1 trans-
fection rescued the colony formation capacity of USP47-knockout cells
(Fig. 3D and E, S4C and S4D). Conversely, the overexpression of USP47
or/and SATBI significantly enhanced colony formation in HCT116 cells
(Fig. 3F and G) and DLD-1 cells (Figs. S4E and S4F). Notably, knocking
down SATB1 in USP47-overexpressing cells partially attenuated the
malignant phenotype (Fig. 3F-G & S4E and S4F).

In addition, we examined whether knocking out USP47 affects tu-
morigenesis in vivo. As observed in Fig. 3H and I, USP47-knockout
dramatically repressed tumor growth in nude mice. Both tumor weight
(Fig. 3J) and tumor volume (Fig. 3K) were significantly inhibited in
mice that were inoculated with USP47-knockout HCT116 cells.

SATB1 has been reported to promote colorectal cancer metastasis
[27]. To explore the roles of USP47-SATBI interactions in CRC me-
tastasis, we examined cell migration and invasion. The wound-healing
assay demonstrated that knocking out USP47 or SATBI1 significantly
decreased cell migration compared to the control cells, whereas in-
troducing SATB1 into USP47-knockout cells partially restored cell mi-
gration capacity (Fig. 3L and S5A). Conversely, the overexpression of
USP47 or SATB1 alone or together evidently enhanced cell migration
(Fig. 3M and S5B). Consistently, knocking out USP47 or SATB1 mark-
edly decreased the invasion of HCT116 and DLD1 cells in Transwell
Matrigel invasion assays, whereas the invasion of USP47 KO cells was
rescued by SATB1 addition (Fig. 3N, S5C, and S6A and B). Similarly, we
then used an in vitro Transwell assay and analyzed the role of USP47
overexpression in HCT116 and DLD1 cells. The overexpression of
USP47 or SATBLI alone or together promoted cell invasion in HCT116
(Fig. 30 and S5D) and DLD1 (Figs. S6C and D) cells. Notably, when
USP47 was knocked out, these cells repressed the expression of me-
tastasis-related genes (Fig. 3P and S5E).

USP47 deficiency reprograms the expression profiles of cell
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growth- and tumor metastasis-related genes. To investigate changes
in expression profiles of cancer-associated genes, we compared the gene
expression pattern of control and USP47 knockout HCT116 cells. A total
of 161 genes from quantity proteomics with TMT label identified two
groups of genes with significant differential expression levels (> 1.5-
fold) after USP47 knockout. Fig. 4 and S7A include 114 upregulated
genes, and Fig. 4B and S7B depict 47 downregulated genes upon USP47
knockout. For functional pathway analysis, we identified genes in-
volved in cell adhesion, cell cycle, ECM-receptor interactions, and the
PPAR signaling pathway (Fig. 4C) such as ADAM19, ITGB5, SERPINAL,
CCNA2, and CCNB1. We used quantitative real-time PCR and western
blotting to confirm changes in the expression of cell growth- and mi-
gration-related genes (Fig. 4D and E).

SMURF2 binds to, ubiquitinates, and degrades SATB1 in colon
cancer cells. We hypothesized that SMURF2, an E3 ubiquitin ligase
upregulated upon USP47 depletion in mass spectrometry analysis (Fig.
S7A), mediates SATB1 protein stability. To test this hypothesis, we in-
vestigated whether SMURF2 interacts with SATB1. SMURF2 was
transfected alone or together with SATB1 into 293T cells for protein-
protein interaction analysis by co-immunoprecipitation assay. As in-
dicated in Fig. S8A, SATB1 could be pulled down by SMURF2. More-
over, the specific interaction between the endogenous SATB1 and
SMURF2 was confirmed in HCT116 cells because the SATB1 protein
was detected in the immunoprecipitates with anti-SMURF2, but not
with the control rabbit immunoglobulin (Ig) G (Fig. 5A). These results
suggest that SATB1 and SMURF2 interact with each other. Furthermore,
we confirmed that SMURF2 and SATB1 were co-localized in the nuclei
of HCT116 cells using immunofluorescence staining (Fig. 5B).

Because SMURF2 promotes the ubiquitination of its interacting
proteins, which targets them for proteasome-mediated degradation
[4,34], we analyzed the effect of SMURF2 expression on SATB1 ubi-
quitination. We detected SATB1 protein ubiquitination in transiently
transfected 293T cells (Fig. 5C). Co-expression of SMURF2 with SATB1
significantly enhanced its ubiquitination (Fig. 5C, lane 3). Together
with the result that SMURF2 interacts with SATB1, our data indicate
that SMURF2 functions as an E3 ubiquitin ligase for SATB1.

Ubiquitination can promote protein degradation. Our discovery that
SMURF2 ubiquitinates SATB1 implies that SMURF2 regulates SATB1
protein stability. In fact, ectopic expression of SMURF2 remarkably
shortened the half-life of transfected (Figs. S8B and C) and endogenous
SATBI1 proteins (Fig. 5D and E). To further confirm our notion that
SMURF2 regulated SATB1 stability, we knocked down SMURF2 in
HCT116 cells and found that the half-life of endogenous SATB1 protein
levels was significantly extended (Fig. 5F and G). In contrast, the mRNA
expression level of SATB1 was not affected by SMURF2 depletion
(Fig. 5I). Taken together, our results indicate that SMURF2 is an E3
ubiquitin ligase of SATB1 that promotes ubiquitin-mediated degrada-
tion.

Knocking out SMURF2 promotes colon cancer cell prolifera-
tion, invasion, and tumorigenesis partially through SATB1. SATB1
is a tumor promoter, and the subtle upregulation of SATB1 alters the
expression profiles of genes involved in cancer cell proliferation and
migration [1,18,27]. Therefore, we posited that SMURF2 might an-
tagonize SATB1 activity by downregulating its protein level to inhibit
cell proliferation and tumor progression. To test this hypothesis, we
first assessed the expression of SATB1 target genes in SMURF2-
knockout or -overexpression HCT116 cells by RT-qPCR and western
blotting (Fig. 6A and B). As expected, the expression of genes known to
have important functions in promoting metastasis and cell cycle pro-
gression was found to be upregulated by SMURF2 depletion. As shown
in Fig. 6A and B, Snail was upregulated in SMURF2-knockout cells,
whereas E-cadherin was downregulated.

Next, we assessed the roles of SMURF2 in CRC progression by in-
vestigating the effects of its overexpression or knockout on the viability
and colony formation in HCT116 cells. The results of the MTS assay
confirmed that the growth of HCT116 cells was apparently inhibited by
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Fig. 3. USP47 promotes cell proliferation, tumorigenesis and migration. (A&B) MTS assay was performed to determine the cell proliferation in HCT116 cells
stably expressing indicated plasmids or combination. (C) The effects of SATB1-knockout, USP47-knockout or USP47-knockout plus SATB1-overexpression
(USP47KO + SATB1) on HCT116 cell cycle progression were measured by flow cytometry analysis. (D-G) Clonogenic assay was performed to measure the capacity of
colony formation in HCT116 cells stably expressing indicated plasmids or a combination of plasmids. (H-K) Representative images showing mice euthanized (H) and
xenograft tumors (I) at day 24 post subcutaneous injection (n = 5). Tumor sizes were measured and depicted as tumor weight (J) or tumor volume (K). Results
presented represent the means of triplicate experiments *+ SEM. *P < 0.05; **P < 0.01. (L-M) Wound healing assays were performed to measure the migration of
HCT116 cells stably expressing indicated single or a combination of plasmids. Cells were monitored within 24 h or 18 h to evaluate the rate of migration into the
scratched area. The percentage of wound open field is shown. Results presented represent the mean of triplicate experiments = SEM. *P < 0.05. (N-O) The effects of
stable overexpression or knockout of USP47 or SATB1 alone or indicated combinations on cell invasion were measured in HCT116 cells by Matrigel transwell assays.
The quantitative results are shown. (P) Western blotting analysis showed knockout of USP47 in HCT116 cells leading to a significant increase in E-cadherin ex-
pression and inhibited B-catenin expression.
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SMURF2 overexpression, whereas SATB1 transfection resulted in an
increase in cell proliferation in SMURF2-overexpressing HCT116 cells
(Fig. S9A). By contrast, SMURF2-knockout induced HCT116 cells pro-
liferation, but SATB1 knockdown in SMURF2-knockout cells retarded
the proliferation rate, suggesting an inhibitory function of SMURF2 in
cell proliferation (Fig. 6C). Similarly, SMURF2-knockout resulted in an
increase in cell numbers in DLD-1 (Fig. S9B). We then used in vitro
anchorage-independent colony formation assay and analyzed the role of
SMURF2 in tumor formation. SMURF2-knockout in HCT116 cells re-
sulted in a dramatic increase in colony numbers, and SATB1-knock-
down partially attenuated the malignant phenotype in SMURF2-
knockout HCT116 cells (Fig. 6D and E). Similar results were obtained
using DLD-1 cell lines (Fig. S9C). Furthermore, SMURF2 knockout-
mediated cell cycle progression was antagonized by SATB1-knockdown
(Fig. 6F). To explore the roles of SMURF2-SATBI interaction in CRC
metastasis, we examined CRC cell migration and invasion. Knockout of

SMURF?2 significantly increased cell migration compared to the control
HCT116 cells using the wound healing assay, whereas knockdown of
SATB1 decreased cell migration compared to the control SMURF2-
knockout HCT116 cells (Figs. S9D and S9E). Consistently, knocking out
SMURF2 markedly induced the invasion of HCT116 cells in Transwell
Matrigel invasion assays, whereas the invasion of SMURF2-knockout
cells was suppressed by additional SATB1-knockdown (Fig. 6G and
SOF).

Finally, we examined whether knocking out SMURF2 affected tu-
morigenesis in vivo. As observed in Fig. 6H, SMURF2-knockout dra-
matically induced tumor growth in nude mice. Both the tumor volume
(Fig. 6I) and tumor weight (Fig. 6J) were significantly enhanced in mice
that had been injected with SMURF2-knockout HCT116 cells, whereas
injection with SATB1-knockdown plus SMURF2-knockout cells partially
weakened the malignant phenotype. These data suggested that
knockout of SMURF2 might promote cell proliferation and tumor
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Fig. 5. SMURF2 binds to, ubiquitinates,
A C and degrades SATB1. (A) The endogenous
Flag-SMURF2 - - + interaction of SMURF2 and SATBI1 was
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progression through SATB1.

SMURF?2 is negatively regulated by USP47, and USP47 deple-
tion sensitizes colon cancer cells to 5-FU-treatment-induced
apoptosis. Thus far, we have demonstrated that USP47 was a deubi-
quitinase of SATB1 and SMURF2 functioned as its E3 ubiquitin ligase.
Based on the relationship among USP47, SATB1 and SMURF2, we next
examined whether SMURF2 was regulated by USP47 or whether USP47
was regulated by SMURF2. As indicated in Fig. 7A and B, we de-
termined that SMURF2 was upregulated in USP47-knockout cells at the
mRNA and protein levels. Conversely, forced expression of USP47 led to
a repression of SMURF2 expression. Furthermore, ectopic expression of
USP47 remarkably shortened the half-life of endogenous SMURF2

SMURF2

47

SATBI1

proteins (Fig. S8E). However, we did not observe a change in USP47
expression in SMURF2-knockout cells (Fig. 5H, S8D, and S8F). There-
fore, these findings suggest that SMURF2 might be downregulated by
USP47.

SATBI1 is remarkably upregulated in multiple cancers, including
colon cancer [27,38]. To further investigate the relationship among
USP47, SMURF2, and SATB1, we examined their expression level in
colon cancer tissues (n = 9) and matched adjacent normal colon tissues
(n = 9). As shown in Fig. 7C, USP47 and SATB1 showed higher ex-
pression in colon cancer tissues compared with adjacent normal tissues
(in seven of nine patients), and the relative USP47 and SATB1 levels
were clearly positively correlated. In addition, the expression of
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Fig. 6. SMURF2-knockout promotes
cell proliferation, invasion, and tu-
morigenesis. (A) Expression of SATB1
target genes in SMURF2-knockout or
-overexpression HCT116 cells was con-
firmed by RT-qPCR. (B) Western blots
showed expression changes in multiple
cancer-related genes. (C) MTS assay was
performed to determine the cell pro-
liferation in indicated HCT116 cell lines.
(D&E) Clonogenic assay was performed
to measure the capacity of colony forma-
tion in HCT116cells stably expressing
indicated plasmids or combination of
plasmids (D). Quantitation of colony
number is shown in panel (E). (F) Flow
cytometry analysis was performed to de-
termine the cell cycle progression in
HCT116 cells stably expressing SMURF2-
knockout alone or plus SATB1-knock-
down plasmids. (G) The effects of stable
knockout of SMURF2- or SMURF2-
knockout plus SATB1-knockdown on cell
invasion were measured in HCT116 cells
by Matrigel Transwell assays. (H-J)
HCT116 cells stably expressing control,
SMURF2 knockout or/and SATB1 knock-
down plasmids were injected sub-
cutaneously into nude mice.
Representative images showing xenograft
mice tumors (H) at day 24 post sub-
cutaneous injection (n = 5). Tumor sizes
were measured and depicted as tumor
volume (I) or tumor weight (J). Results
presented represent the means of tripli-
cate experiments * SEM. *P < 0.05;
**P < 0.01.
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Fig. 7. Interplays among SATB1, SMURF2, and USP47. (A&B) The expression of SMURF2 in USP47-knockout or -overexpression HCT116 cells was measured by
RT-qPCR (A) and western blotting (B). (C) Western blot analysis of SATB1, USP47, SATB2 and SMURF2 expression in colon cancer tissue specimens (n = 9) and
matched adjacent normal tissues (n = 9). B-actin was used as a loading control. (D) 5 X 10° HCT116 cells were treated with Etoposide (20 nmol/L), Sorafenib
(20 ymol/L), or 5-FU (100 pumol/L) for 48 h. USP47 and SATB1 expression was examined by western blotting. (E) 2 X 10® HCT116 cells were treated with 5-FU at
different concentrations as indicated for 24 h. USP47, SATB1, and SMURF2 expression was examined by western blotting. (F) The viability of the control, USP47-
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analysis. (H) USP47-SATB1-SMURF2 interaction network. (I) Schematic model showed SATB1 regulation by USP47 and SMURF2.

SMURF2 and SATB2 was downregulated in colon cancer tissues (in
seven out of nine patients) whereas USP47 and SATB1 were upregu-
lated (Fig. 7C). However, we noticed that the expression pattern of
USP47, SATB1 and SMURF2 in two of nine samples is inconsistent with
others, and we do not know the reasons.

To evaluate the therapeutic potential of the USP47/SATB1/SMURF2
interaction targeting in cancer treatment, we treated colon cancer cells
with different anti-cancer drugs. As shown in Fig. 7D, USP47 and
SATB1 expression was downregulated by 5-FU treatment. The protein
expression of USP47 and SATB1 decreased and SMURF2 increased in a
dose-dependent manner following 5-FU treatment (Fig. 7E). Then, we
detected the effect of 5-FU treatment on cell viability in colon cancer
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HCT116 cells. As shown in Fig. 7F, treatment with 5-FU at the doses
from 50 pmol/L to 200 umol/L significantly inhibited cell viability in a
dose-dependent manner in HCT116 cells. Next, we examined the effects
of USP47 and SATB1 on apoptosis with or without 5-FU treatment.
USP47-knockout sensitized HCT116cells to apoptosis, and SATB1
overexpression plus USP47 knockout (USP47—KO + SATB1) partially
rescued cells from apoptosis, suggesting a therapeutic potential of
USP47 inhibition for cancer treatment. In addition, SMURF2-knockout
decreased the sensitivity of HCT116 cells to apoptosis, and further
SATB1-knockdown in SMURF2-knockout cells induced apoptosis
(Fig. 7G). This result suggested that repression of SATB1 expression
combined with 5-FU treatment may be more effective for cancer
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therapy. Collectively, our data implied that USP47/SATB1 might be
targeted in cancer therapy for colon cancer patients.

In conclusion, USP47 functioned as a deubiquitinase, whereas
SMURF2 functioned as an E3 ubiquitin ligase of SATB1 to regulate
colon cancer cell proliferation, migration, invasion, and tumor growth
by interacting with SATBL1. In this study, we discovered that USP47 and
SMURF2 regulated SATB1 function via opposing effects on its ubiqui-
tination (Fig. 7H&I).

4. Discussion

SATBI1 is a nuclear protein that functions as a ‘genome organizer’
and is essential for certain T-cell development [2]. SATB1 forms a
“cage-like” nuclear architecture structure by combining with the AT-
rich sequence in the genome, which is also termed “the SATB1 reg-
ulatory network”. SATB1 regulates the expression of thousands of genes
by recruiting chromatin remodeling enzymes and transcription factors
to genomic DNA, thus determining the classification of cell types and
their functions [6,41]. Given the functional importance of SATB1 and
its potential targeting application by drug inhibition in cancer therapy,
it is important to identify the deubiquitinase that may stabilize SATBI.
Furthermore, there is also a need to identify E3 ubiquitin ligase that
regulates SATB1 ubiquitination and degradation.

In this study, we demonstrated that USP47 is a deubiquitinase of
SATB1. Co-immunoprecipitation and ubiquitination studies confirmed
that SATB1 was a direct substrate for USP47. We also provided evi-
dence that USP47 positively regulated SATB1 stability. Furthermore,
we demonstrated that USP47 deficiency decelerated CRC cell pro-
liferation and tumor formation, and overexpression of SATB1 restored
the cell proliferative phenotype in USP47-knockout cells. In addition,
we demonstrated that USP47 promotes colon cancer cell metastasis and
invasion by upregulating SATB1 expression.

Over the past decade, increasing studies have reported that SATB1 is
highly expressed in a variety of tumors and is positively correlated with
tumor growth, proliferation, migration and EMT. SATB1 deficiency
leads to lower proliferation, decreased colony formation, invasion, and
migration capacity in breast cancer cells [16]. Silencing of SATBI1 sig-
nificantly influenced cell morphology and reduced EMT [23]. In addi-
tion, SATB1 downregulation leads to decreased tumor growth and
tumor formation in vivo [16]. SATB1 is also highly expressed in colon
cancer and is a novel target of Wnt/fB-catenin signal participant in
colorectal cancer tumorigenesis and progression [27]. SATB1 regulates
the expression of (-catenin-associated EMT in CRC [23,27]. Further-
more, USP47 is a novel deubiquitinase of (3-catenin and positively
regulates its stability [32], which is consistent with the regulatory
function of USP47 in cell proliferation and migration. To test the hy-
pothesis that SATB1 is responsible for the USP47-induced EMT in colon
cancer cells, we generated USP47-knockout HCT116 cells and over-
expressed SATB1 in this cell line. Our findings indicated that USP47
deletion decreased cell proliferation and migration, whereas introdu-
cing SATB1 expression rescued cell growth and invasion.

Ubiquitinases play major roles in several cellular processes and
signaling pathways, and their defects have been associated with a
number of diseases including cancer. Deubiquitinases and E3 ubiquitin
ligases exert opposing effects on the ubiquitination levels of their sub-
strates and, as such, are critical for the regulation of ubiquitination-
dependent processes. Despite the importance of SATB1 function and the
role that deubiquitination plays in the regulation of its activity and
turnover, mechanisms that ubiquitinate SATB1 and the ubiquitinases
involved in these processes remain elusive. SMURF2 is an E3 ubiqui-
tinase that is important for the ubiquitination and regulation of turn-
over and function of a number of substrates, including RNF11, SMAD2,
TOP2A, PDE4B, RNF20, MDM2, USP15, YY1, and SMAD7
[4,7,9,13,19,20,24,25,28]. Notably, in this study, we also identified
SMURF2 as an interacting partner for SATB1. Furthermore, we dis-
covered that SMURF2 was involved in controlling cell growth and
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invasion through SATBI inhibition.

A previous study showed that AE2Smurf2 reduced production of
pro-inflammatory cytokines to control intestinal tumor growth by en-
hancing TGF-f receptor type II expression [12]. Tumor-derived trans-
forming growth factor 3 (TGF-B) decreased SATB1 expression by
binding SMAD proteins to the SATB1 promoter. Furthermore, the
SATB1-binding status of SATB1-dependent gene TGF-B1 indicates that
SATBI1 directly regulates its expression [36], which is consistent with
our findings that SMURF2 downregulated both SATB1 and TGF-flex-
pression.

Proteomics analysis has indicated that SMURF2 is highly expressed
in USP47-knockout HCT116 cells compared with the control cells.
Likewise, we reported that SMURF2 was negatively regulated by USP47
at the mRNA and protein levels. It is possible that USP47 indirectly
controls the expression of SMURF2 through transcriptional repression;
however, further studies are needed to investigate how USP47 regulates
SMURF2 expression.

In this study, we also reported that in addition to USP47, SMURF2
also interacts with SATB1. We showed that SMURF2 acted as an E3
ubiquitin ligase to regulate polyubiquitination of SATBI.
Ubiquitination assay demonstrated that SATB1 was a direct substrate
for SMURF2. Our data also supported that SMURF2 negatively regu-
lated SATBI1 stability. Furthermore, we provided evidence that
SMURF2-knockout accelerated CRC cell proliferation and tumor for-
mation, and knocking down SATB1 suppressed the growth of SMURF2-
knockout cells. In addition, we demonstrated that SMURF2 deficiency
promoted colon cancer cell metastasis and invasion. Interestingly, we
also observed that SMURF2 is downregulated by USP47.

In summary, our results revealed that USP47 is a deubiquitinase for
SATB1 and mediates SATB1 ubiquitination and degradation. USP47
stimulates cell growth, tumorigenesis and migration through SATBI.
We also identified SMURF2 as an E3 ligase interacting with SATB1 and
provided evidence that SMURF2 ubiquitinates SATB1 and negatively
regulates its protein level. In addition, we found that USP47 or SATB1 is
downregulated by 5-FU treatment, and USP47/SATB1 depletion sensi-
tized colon cancer cells to apoptosis. In conclusion, our data suggested
that repression of USP47/SATB1 expression combined with 5-FU
treatment may be more effective than drug treatment alone for colon
cancer therapy.
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