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KEY WORDS Abstract HMGAZ2, a pivotal transcription factor, functions as a versatile regulator implicated in the
progression of diverse aggressive malignancies. In this study, mass spectrometry was employed to iden-
tify ubiquitin-specific proteases that potentially interact with HMGAZ2, and USP48 was identified as a
deubiquitinating enzyme of HMGAZ2. The enforced expression of USP48 significantly increased
HMGA? protein levels by inhibiting its degradation, while the deprivation of USP48 promoted
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Post-translational

Ubrir:;(iiiﬁnc;;?;, HMGA?2 degradation, thereby suppressing tumor invasion and metastasis. We discovered that USP48 un-
SUMOylation; dergoes SUMOylation at lysine 258, which enhances its binding affinity to HMGAZ2. Through subsequent
USP48; phenotypic screening of small molecules, we identified DUB-IN-2 as a remarkably potent pharmacolog-
HMGA2; ical inhibitor of USP48. Interestingly, the small-molecule inhibitor targeting USP48 induces destabiliza-
Specific inhibitors tion of HMGAZ2. Clinically, upregulation of USP48 or HMGAZ2 in cancerous tissues is indicative of poor
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prognosis for patients with colorectal cancer (CRC). Collectively, our study not only elucidates the reg-
ulatory mechanism of DUBs involved in HMGAZ2 stability and validates USP48 as a potential therapeutic
target for CRC, but also identifies DUB-IN-2 as a potent inhibitor of USP48 and a promising candidate

for CRC treatment.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Colorectal cancer (CRC) is a prevalent malignancy worldwide,
with approximately 1.8 million cases diagnosed annually'. The
primary cause of mortality in CRC is its metastatic potential,
which occurs in 40% of cases”. Despite this, the molecular
mechanisms underlying tumor metastasis remain incompletely
understood. Therefore, it is crucial to decipher the precise mo-
lecular pathways driving CRC metastasis, particularly in high-
risk individuals. Therefore, it is imperative to investigate the
aggressive characteristics and identify potential molecular tar-
gets in CRC. Ubiquitination is a tightly regulated post-
translational modification that directs proteins for degradation
and modulates protein function. A substantial body of evidence
indicates that ubiquitination plays a pivotal role in the patho-
genesis of cancer, and targeting this process has emerged as an
effective therapeutic strategy for various types of cancers,
including CRC* °. Like other post-translational modifications,
ubiquitin chains can be cleaved from substrate proteins by
DUBs’. There are approximately 100 human DUBs that have
been identified and classified into six categories: USPs, OTUs,
JAMMs, MIDs, UCHs, and MCPIPs*’. Dysregulation of deu-
biquitination occurs frequently in tumorigenesis. For instance,
the pro-metastatic protein Snaill is subject to deubiquitination
by USP1'’, USP37'"'*, USP9X"’, and USP27X'", which en-
hances Snaill stability and promotes tumorigenesis. USP22'°,
USP28'®!7 USP37'%, and OTUD6A" directly deubiquitinate c-
Myec, increasing tumorigenesis, while USP9X indirectly reduces
c-Myc by stabilizing its E3 ligase Fbw7, thereby inhibiting CRC
growth.

HMGA? is an architectural transcription factor composed of
109 amino acids and three AT-hooks, which are basic DNA-
binding domains. By binding to the AT-rich regions of DNA
through its AT-hooks, HMGA?2 modulates transcription by altering
chromatin structure, thereby enabling the transcriptional machin-
ery to approach targets for activating or repressing gene expres-
sion in mammalian cells’'**. The expression of HMGA2 is
significantly upregulated during tumorigenesis, while it is rarely
detected in normal adult tissues™. Patients diagnosed with breast
cancer”, CRC***°, and lung cancer’”*® exhibit a higher likeli-
hood of survival when presenting low levels of HMGAZ2, thereby
indicating the pro-carcinogenic effects of this protein. Moreover,
HMGA? is implicated in DNA repair”, stem cell renewal,
tumor invasion and metastasis®', as well as differentiation®”. By
regulating multiple target genes, HMGA2 contributes to tumori-
genesis. For instance, the binding of HMGA?2 to the promoter
region of STAT3 triggers its transcriptional activation, subse-
quently leading to the secretion of CCL2 that facilitates

macrophage recruitment and promotes cancer progression”.
HMGA? interacts with MSI2 and Beclinl to regulate autophagy,
thereby inhibiting the growth of malignant peripheral nerve sheath
tumors associated with NF1?°. Moreover, HMGA?2 exerts direct
activation on multiple pro-metastatic genes such as SNAII,
CXCR4 and SLUG™.

Additionally, the regulatory cascades governing HMGA2
expression during cancer progression have been a subject of in-
terest among researchers. The Lin-28B-let-7-HMGA?2 axis, coor-
dinated by STAT3, is responsible for initiating epithelial-to-
mesenchymal transition (EMT) in breast cancer cells™. It
should be emphasized that HMGA?2 function is significantly
influenced by post-translational modifications, and phosphoryla-
tion at the C-terminus of the protein may exert an impact on its
DNA binding ability™®. Acetylation of HMGA? at lysine 26 can
augment its DNA-binding affinity’*. Treatment with arsenic
trioxide has been demonstrated to induce SUMOylation of
HMGAZ2, resulting in the formation of nuclear foci around pro-
myelocytic leukemia protein (PML) nuclear bodies and ultimately
promoting PML degradation®’. However, the current understand-
ing of post-translational modifications in regulating HMGA2
expression in CRC remains limited.

Accumulating evidence suggests that DUBs play a critical role
in maintaining cellular protein homeostasis and regulating cellular
processes involved in the initiation and progression of cancer. The
cellular processes regulated by USP48, an essential member of the
USP subfamily, remain largely unexplored in current literatures.
USP48 has been shown to be dysregulated in multiple types of
malignancies and exhibits a unique ability to promote or suppress
tumorigenesis in an environment-dependent manner. It is note-
worthy that the overexpression of USP48 in glioblastoma has been
demonstrated to play a crucial role in tumorigenesis, as it stabi-
lizes Glil protein and activates Gli-dependent transcriptional
regulation, thereby promoting disease progression’®. In hepato-
cellular carcinoma, the expression of USP48 is down-regulated,
which is regulated by Mettl14-induced m6A modification and
subsequently stabilizes SIRT6 to attenuate HCC glycolysis and
malignancy®”. However, the precise role of USP48 in CRC
biology remains elusive.

In this study, we have demonstrated that USP48 functions as a
deubiquitinase for HMGAZ2, thereby suppressing its degradation
and promoting CRC cell migration. Moreover, we have identified
lysine 258 (Lys-258) SUMOylation as a critical factor in aug-
menting the ability of USP48 to modulate HMGA?2. Additionally,
DUB-IN-2 has been discovered as a promising USP48 inhibitor
with great potential as a candidate therapeutic agent for CRC. In
conclusion, our findings provide compelling evidence that USP48
plays a significant role in regulating the stability of HMGA?2 in
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CRC, highlighting its potential as a novel target for DUB-based
cancer therapy.

2. Methods

2.1.  Cell lines and cell culture

SW480 and HEK293T cell lines were procured from the Chinese
National Cell Line Resource Infrastructure (Beijing, China),
while LOVO, HT29, HCT116, SW620, RKO, DLD1 and HCTS
cell lines were generously donated by Procell Life Science &
Technology Co., Ltd. (Wuhan, China). The normal colon
immortalized epithelial cell line NCM460 was obtained from
INCELL (San Antonio, Texas, USA). The manufacturer’s rec-
ommended culture conditions were employed for all human cell
lines. STR DNA fingerprinting was performed to authenticate all
cell lines.

2.2.  Patient specimens

Samples of CRC tissue were obtained from the First Affiliated
Hospital of the University of Science and Technology of China
(USTC). None of the patients had undergone any preoperative
chemotherapy or radiotherapy.

2.3.  Plasmids

We constructed the HA-USP48 plasmid by cloning human USP48
cDNA into the pcDNA3.1-HA vector. Lentiviral vectors Plvx-
Puro-HA expressing USP48 were generated through the cloning of
USP48 cDNA, while lentiviral vectors Plvx-Puro-Myc expressing
HMGA?2 were generated by inserting HMGA?2 cDNA into the
Plvx-Puro-Myc lentiviral vector. Human HMGA?2 cDNA was
cloned into pcDNA3.1-Myc to generate the Myc-HMGA2
plasmid. To produce the GST-HMGA?2 protein, we utilized
pGEX-6P-1-GST and human cDNA. Our research team collabo-
rated with our biotechnological support partner, Shuai Zhou, to
synthesize or modify the following constructs: HA-USP48 and
Myc-HMGA2, GST-HMGA?2, USP48 AUSP, USP48 ADUSP,
USP48 AUBL, Myc-HMGA2 D1, Myc-HMGA2 D2, Myc-
HMGA2 D3, Myc-HMGA2 D4, USP48 shRNA #1, USP48
shRNA #2, USP48 shRNA #3, HMGA2 shRNA #1, HMGA2
shRNA #2, HMGA2 shRNA#3, His-Ub-WT, His-Ub(K6/K11/
K27/K29/K33/K48/K63), V5-Ubc9, His-SUMO1/2/3, Myc-
PIAS1/2/3/4, Myc-HDAC4/7, and Flag-SENP1/2/3/4/5/6/7. We
performed site-directed mutagenesis to introduce specific point
mutations. Myc-HMGA?2 was utilized as a template to generate
the K26R and K34R mutants, while HA-USP48 served as a
template for generating the K258R, K359R, K468R, K898R, and
K1003R mutants. The Myc-HMGA2 mutants with lysine sub-
stitutions at positions K26, K34, K46, K53, K56, K58, K62, K66,
K67, K74, K82, K90 and K91 were procured from General Biol
(Chuzhou, China) and all constructs generated in this study were
all validated through DNA sequencing.

2.4. Antibodies and other reagents

Anti-HA, anti-DYKDDDDK, anti-Myc, and anti-His antibodies
were provided by Cell Signaling Technology (CST, Danvers, MA,
USA), while Santa Cruz Biotechnology (Dallas, TX, USA) was

the source of the anti-USP48 antibody. The anti-USP48, anti-
HMGA?2, anti-Tubulin and anti-V5 antibodies were supplied by
Proteintech (Wuhan), and the PTM BioLab (Hanzhou, China)
provided the anti-Ub antibody. Anti-c-Myc, anti-His, and anti-HA
agarose beads were supplied by Medchem Express (MCE) based
in NJ, USA. 2-D08, MG132 and CQ were provided by
SelleckChem located in Houston, TX, USA.

2.5.  Immunoblotting (IB) and immunoprecipitation (IP) assays

We employed an IP lysis buffer (MCE) supplemented with a
protease inhibitor cocktail (MCE) to lyse cells at 4 °C for 30 min.
The resulting lysates were centrifuged, separated by SDS-PAGE,
and subjected to IB analysis. For the detection of protein—protein
interactions, cells were lysed in an IP solution. After incubating
with specific antibodies 12 h at 4 °C on a revolving shaker, the
supernatants were treated with MCE Protein A/G Magnetic Beads
for 1 h at room temperature. The immunoprecipitates were washed
five times using PBST buffer (PBST: 1 x PBS + 0.5% Tween-20,
pH 7.4). Prior to IB analysis, the samples were boiled in 1 x SDS
loading buffer and eluted. To detect HMGA2-associated proteins,
approximately 4 x 10® SW480 cells overexpressing Myc-HMGA2
or Myc-vector were harvested and then lysed in an IP lysis buffer
supplemented with a protease inhibitor cocktail. The cellular ly-
sates were immunoprecipitated with anti-Myc antibody and pro-
tein A/G magnetic beads (MCE) at 4 °C for an appropriate
duration. The experiment involved both MYC-tagged HMGA2
and Myc-vector control proteins. Following washing of the
beads with wash buffers, the binding proteins were eluted for
10 min at room temperature using an elution buffer. After mag-
netic separation of the beads, residual supernatants containing the
target antigen were immediately diluted with a neutralizing buffer
(0.1 mol/L. NaOH). The supernatants were subsequently heated,
separated by SDS-PAGE, and subjected to Coomassie brilliant
blue (CBB) staining. Mass spectrometry sequencing and data
analysis were conducted following band excision. Approximately
4 x 10® SW480 cells overexpressing HA-USP48 or HA-vector
were harvested in IP lysis buffer supplemented with cocktail for
USP48-binding protein identification. IP of cell lysates, containing
either HA-tagged USP48 or the HA vector control, was performed
at 4 °C using anti-HA (CST) and protein A/G magnetic beads
(MCE). The remaining steps followed a similar experimental
process used to detect HMGA2-related proteins.

2.6.  Mass spectrometry analysis

HCT116 cells were transfected with Myc-HMGA2 and subse-
quently lysed. The resulting lysate was subjected to IP using anti-
Myc affinity magnetic beads. The immunoprecipitated proteins
were subjected to protein electrophoresis, followed by Coomassie
blue staining. The entire bands were then excised for in-gel trypsin
digestion and subsequent drying. Mass spectrometry analysis was
performed to identify the protein composition of the samples
(PTM BioLab). Similarly, HA-USP48 was transfected into
HCT116 cells and lysed cells were subjected to IP using anti-HA
affinity magnetic beads. The protein composition of the immu-
noprecipitates was determined by mass spectrometry following
the same procedure as mentioned above (APTBIO, Shanghai,
China).
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2.7. qRT-PCR

Total RNA was extracted using TRIzol reagent (Takara, Dalian,
China) and subjected to qRT-PCR. One microgram of RNA was
reverse-transcribed using a PrimeScript™ RT reagent kit (Takara).
The expression levels of the target genes were normalized to
GAPDH. A list of qRT-PCR primers available is provided in
Supporting Information Table S1.

2.8.  Stable cell lines and lentiviral vectors

Lentiviral vectors were generated by co-transfecting HEK293T
cells with helper and lentiviral plasmids. PsPAX2, Rev, and
pMD2G were used to create lentiviral vectors for USP48 and
HMGA?2. After transfection, the virus-containing medium was
collected and centrifuged for 6 min at 1.2 x 10* rpm. The
collected medium was then filtered using 0.45 um Millipore filters
and collected at 1.2 x 10* rpm. Following concentration, selected
cells were infected with the lentiviral particles for 20—24 h and
treated with antibiotics and 8 pg/mL polybrene (Biosharp, Hefei,
China) for one week. Stable knockdown was achieved by infecting
cells with lentiviral particles expressing shRNAs, followed by
puromycin selection. The sequences of the shRNA used in the
experiment were listed in Supporting Information Table S2.

2.9.  Immunofluorescence

Immunofluorescence was performed by growing HEK293T cells
and CRC cells transfected with the corresponding plasmids on a
confocal plate. The cells were then washed, fixed, permeabilized,
and blocked according to the manufacturer’s instructions.
Following this, appropriate antibodies as identified above were
used for staining and incubated with secondary antibodies coupled
with fluorescent dyes. DAPI (Sigma—Aldrich, St. Louis, MO,
USA) was utilized for counterstaining the nuclei.

2.10.  Transwell assay and wound-healing assay

After transfection for 24 h, a total of 5 X 10* CRC cells were
collected and seeded into the upper chambers of 24-well Trans-
wells. For invasion assays, the upper chambers were coated with
Matrigel (Sigma—Aldrich). The lower chambers were filled with
medium containing 15% fetal bovine serum (FBS, Procell).
Following incubation at 37 °C for 20 h, the cells adhered to the
upper surface of the membrane were gently removed using a
cotton swab. The migrated cells were fixed with 4% formaldehyde
and subsequently stained using 0.1% crystal violet. Additionally, a
wound-healing assay was conducted by seeding transfected CRC
cells in 6-well plates and incubating them 24 h. Scratch wounds
were generated by scraping the cell layer using a sterile 200 puL
pipette tip. After culturing for 48 h in media supplemented with
0.5% FBS, the cells were observed under a microscope.

2.11.  Recombinant protein purification

HEK?293T cells were transfected with HA-labelled USP48 or its
mutant HA-labelled USP48—C98S. Subsequently, cell lysates
were added to the culture dishes of the transfected cells at a
temperature of 4 °C with an incubation time of 30 min. Sonication
disrupts the cell membrane and releases the proteins into solution,
then the lysate is centrifuged at 4 °C for approximately 15 min to
remove any insoluble debris. Pre-equilibrated MCE anti-HA beads

are added to the supernatant and then washed with Equilibration/
Wash Buffer to remove impurities. The purified HA-tagged
USP48-WT/USP48-C98S protein was eluted from the magnetic
beads with elution buffer and washed twice. The purified recom-
binant proteins were subsequently analysed. To express proteins in
bacteria, E. coli strain BL21 cells (General Biol) containing the
GST and GST-HMGA? plasmids were induced with 0.5 mmol/L
isopropyl-G-p-1-1-thiogalactopyranoside at 37 °C for 16 h. The
cells were lysed and sonicated in a lysis buffer (50 mmol/L Tris-
HCI, pH 7.5, 0.5% Triton X-100, 200 mmol/L NaCl, 10% glyc-
erol, 1 mmol/L dithiothreitol (DTT), and 1 mmol/L. phenyl-
methylsulphonyl fluoride). After centrifugation, the lysates were
incubated with glutathione sepharose 4B (GE Healthcare) at 4 °C
for 4 h. The resin was washed three to five times with lysis buffer
containing 300 mmol/L NaCl, followed by two washes with
phosphate-buffered saline (PBS). The protein bound to glutathione
sepharose beads was confirmed using SDS-PAGE and then ali-
quoted for long-term storage at —80 °C. The GST-HMGA?2 pro-
tein was ultimately eluted using a solution containing 50 mmol/L
Tris-HCI (pH 8.0), 10% glycerol, and 1 mmol/L. DTT supple-
mented with reduced glutathione.

2.12.  GST pull-down assay

Purified GST-HMGA2 or GST-tag was obtained from E. coli
strain BL21 using GST agarose beads. HA-USP48, purified from
HEK?293T cells, was incubated with either GST or GST-HMGA2
coupled to the aforementioned beads at 4 °C for 5 h. IB analysis
was performed after washing the beads thrice with PBS.

2.13.  Deubiquitination of HMGA2 in vivo and in vitro

The in vivo deubiquitination of HMGA2 was investigated in
HEK293T, DLD1, SW480, and HCT116 cells that were trans-
fected with 10 umol/L of MG132. The cells were lysed using
RIPA buffer (Servicebio, Wuhan) containing protease inhibitors
and subsequently treated with specified primary antibodies.
In vitro deubiquitination assays were conducted using Myc-
HMGA?2 and His-Ub expressed by transfected HEK293T cells.
After 48 h, HMGA2 was enriched using anti-Myc affinity mag-
netic beads. HA-USP48 and USP48-C98S were expressed and
purified with anti-HA affinity magnetic beads in HEK293T
cells. The purified proteins were eluted with a concentration of
150 ng/mL of HA peptide, followed by incubation with Myc-
HMGA?2 in a deubiquitination buffer (50 mmol/L Tris-HCI, pH
7.4, 1 mmol/L MgCl,, and 1 mmol/L DTT) for 2 h at 37 °C. The
Myc-bound beads were washed thrice with PBS before being
subjected to IB analysis.

2.14.  In vitro DUB activity assay

Purified HA-USP48 (0.05 pg/pulL) was pre-incubated with either
5 pmol/L DUB-IN-2 or Spautin-1 for 10 min, followed by com-
bination with K48-linked Di-ubiquitin (U2701, KS-V Peptide,
Hefei) at a concentration of 0.1 pg/uL in the presence of the
compound and incubation in a DUB reaction buffer (50 mmol/L
HEPES, pH 7.5, 100 mmol/L NaCl, 2 mmol/L TCEP) at 37 °C for
1.5 h. The reaction was terminated by adding 2 x Tricine sample
buffer (Bio-Rad, Hercules, CA, USA) and incubating at 40 °C for
20 min. The samples were subsequently loaded onto a Tris-Tricine
gel (Bio-Rad) for immunoblotting analysis using a specific anti-
body against ubiquitin.
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2.15.  In vivo SUMOylation analysis

To investigate the SUMOylation of USP48, we employed two
distinct denaturation protocols. (1) SDS denaturation method: Cells
in 6 cm dishes were lysed using 500 pL. SDS-A buffer (100 mmol/L
Tris-HCI, pH 6.8, 1% SDS, and 10% glycerol), freshly supple-
mented with 1 mmol/L PMSF, 2 pg/mL aprotinin and 20 mmol/L
NEM. The lysates were then boiled for 10 min before being diluted
seven-fold with SDS-B buffer (100 mmol/L Tris-HCI, pH 6.8, and
10% glycerol) containing fresh additions of PMSF (1 mmol/L),
aprotinin (2 pg/mL) and NEM (20 mmol/L). Subsequently, the
samples underwent sonication and centrifugation (1.5 x 10%*xg,
15 min, 4 °C) to eliminate debris. The resulting lysates were sub-
jected to immunoprecipitation using either His or HA antibody and
Protein A beads. Following this step, the beads were washed thrice
with SDS-B buffer before being eluted in 2 x SDS loading buffer.
(2) Guanidine/urea denaturation method: The experimental pro-
cedure in this section was strictly conducted in accordance with the
operating manual of HisPur™ Ni-NTA magnetic beads (Thermo
Fisher Scientific). The indicated plasmids were transfected into
cells in 10 cm dishes. After 48 h, the cells were lysed using 1 mL of
Pierce IP lysis buffer (Thermo Fisher Scientific) to prepare protein
extracts. Reconstitute the protein extract by diluting it with an equal
volume of equilibration buffer (100 mmol/L NazPO,4, 600 mmol/L
NaCl, 6 mol/L guanidine-HCIl, 0.05% Tween-20, 30 mmol/L
imidazole, pH 8.0). The sample prepared in the preceding step was
combined with 2 mg of HisPur™ Ni-NTA magnetic beads that had
been washed with equilibration buffer and subsequently subjected
to vortexing for 10 s followed by mixing on an end-over-end rotator
for a duration of 30 min. Collect the beads and add 400 puL of wash
buffer (100 mmol/L Naz;PO4, 600 mmol/L NaCl, 6 mol/L
guanidine-HCl, 0.05% Tween-20, 50 mmol/L imidazole, pH 8.0) to
the tube. Vortex for 10 s to mix and repeat twice. Collect the beads
again and add 100 pL of elution buffer (100 mmol/L Naz;POy,,
600 mmol/L NaCl, 6 mol/L guanidine-HCl, 250 mmol/L imidazole,
pH 8.0). Vortex for anotherl5 s. Incubate the beads on a rotating
platform for 15 min, followed by collection of the beads using a
magnetic stand. Carefully remove and preserve the supernatant
containing the His-tagged protein.

2.16.  Immunohistochemistry (IHC)

The CRC tissue microarrays (TMAs) were procured from
Shanghai Outdo Biotech Co. Ltd., comprising paired cancerous
and adjacent normal tissues. Immunohistochemical staining of
HMGA?2 and USP48 was carried out on paraffin-embedded tissue
blocks utilized for clinical diagnosis, employing the heat-induced
epitope retrieval method and following a standardized protocol.
Subsequently, a semiquantitative analysis was conducted by
assigning scores to both the intensity and proportion of staining.
The intensity score ranged from O (none) to 3 (strong), while the
proportion score ranged from 1 (25%) to 4 (>75%). Two pa-
thologists independently evaluated the IHC staining. The
H-Scores of USP48 or HMGA?2 were determined by multiplying
the intensity and extent scores (0—12) of stained cells. Low
expression was defined as H-Scores <6, while high expression
was defined as H-Scores >6.

2.17.  Animal models

BALB/c nude mice for each experimental group were procured
from GemPharmatech Co., Ltd. (Nanjing, China). A liver
metastasis model was established in 4-week-old BALB/C mice
by injecting 1 x 10° cell suspensions, dissolved in 40 uL PBS,
into the subcapsular spleen. The mice were euthanized 6 weeks
post-injection. Four-week-old BALB/c nude mice were injected
intravenously with 2 x 10° cells in 150 puL PBS suspension to
establish a lung metastasis model. The mice were sacrificed 6
weeks after tumor cell injection. Excised lungs and livers were
fixed in phosphate buffered formalin and then subjected to
tomographic examination with HE staining and panoramic
scanning. Finally, metastatic nodules in the lung and liver were
carefully examined. Experimental procedure in vivo: After 7
days of the injection, the mice were treated intraperitoneally with
2-D08 (4 mg/kg) or DUBs-IN-2 (1 mg/kg) every 2 days for 35
days. The solvents used for 2-D08 were 5% DMSO, 40%
PEG300, and 55% saline. The solvents used for DUBs-IN-2 were
50% PEG300 and 50% saline as recommended by the manual.

2.18.  Proximity ligation assay

The proximity ligation assay (PLA) analysis was conducted in
accordance with previously established protocols™’. HEK293T
cells were cultured on a Biosharp confocal dish for no less than
18 h before being subjected to two rounds of PBS washing and
fixed in 4% formaldehyde PBS solution at room temperature for
15 min. The resulting samples were then rinsed with TBST. The
dishes were subsequently blocked with a BSA blocking solution at
37 °C for 1.5 h, followed by 24 h incubation with antibody
combinations at 4 °C. After washing with TBST, proximity liga-
tion was performed using Rabbit PLUS and Mouse MINUS
Duolink in situ PLA kits (Sigma—Aldrich) according to the
manufacturer’s instructions. The dishes were subsequently
immersed in DAPI solution for nuclear restaining. The images
were analyzed using Zeiss confocal software and captured by the
Zeiss LSM710 confocal microscope system (Carl Zeiss GmbH,
Jena, Germany).

2.19.  Statistics

For comparisons between two independent groups, a Student’s
t-test (two-tailed) was employed unless otherwise specified. The
correlation between USP48 and HMGA2 was analyzed statisti-
cally using the chi-square test and linear regression analysis. The
Kaplan—Meier survival curves were evaluated using a log-rank
test. Statistical significance was defined as a P-value of 0.05 or
less. The quantification was conducted using GraphPad Prism 8 or
Excel 2019. The IB results presented in the figures were obtained
from three independent experiments with consistent outcomes,
unless otherwise specified in the legends.

2.20.  Study approval

The collection and analysis of all tumors were approved by the
research ethics committee at the First Affiliated Hospital of USTC
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Figure 1  USP48 interacts with HMGA2. (A) HMGAZ2-interacting proteins were detected by mass spectrometry using anti-Myc affinity
magnetic beads, following transfection of Myc-HMGA?2 into HCT116 cells for 36 h. (B—C) IP assays were performed on HCT116 and
SW480 cell lysates using control IgG, anti-USP48, or anti-HMGA?2 antibodies, followed by detection of resulting immunoprecipitates with
appropriate antibodies. (D) HEK293T and DLD1 cells were transfected with Myc-HMGA?2 alone or in combination with HA-tagged USP48-WT
or USP48 CS, and cell lysates were analyzed by IP with anti-HA affinity magnetic beads followed by IB with antibodies against Myc and HA. (E)
Purified HA-USP48 or HA-USP48 C98S from HEK293T cells was incubated with purified recombinant GST-HMGA?2 or GST, respectively. The
retained USP48 or USP48 C98S on sepharose was detected using the HA antibody. (F) HCT116, DLD1 and SW480 cells were stained with
USP48 antibody (red) and HMGA?2 antibody (green), then analyzed using confocal microscopy. Nuclei were counterstained with DAPI (blue).
Scale bar, 10 pm. (G) In situ PLA was used to detect the interaction between endogenous USP48 and HMGA?2 in HCT116 and DLDI cells.
Representative merged PLA and nuclei (DAPI) images from the experiments are shown, with upper panel scaled at 10 um and lower panel at
5 um. (H) HEK293T cells were co-transfected with Myc-HMGA?2 and either full-length HA-tagged USP48 or its deletion mutants, followed by IP
using anti-HA magnetic beads and IB with antibodies against HA and Myc. (I) HEK293T cells were co-transfected with Myc-HMGA?2 and either
full-length HA-tagged USP48 or its deletion mutants, followed by IP using anti-Myc magnetic beads and IB with antibodies against HA and Myc.
(D) In situ PLA was employed to investigate the interaction between exogenous Myc-HMGA2 WT and HA-USP48 A USP in HEK293T cells,
with a scale bar of 10 um. (K) In situ PLA was employed to investigate the interaction between exogenous HA-USP48 WT and Myc-HMGA2 D1
in HEK293T cells, with a scale bar of 10 um. (L) HEK293T cells were co-transfected with HA-USP48 and either full-length Myc-tagged HMGA2
or its deletion mutants, followed by IP using anti-Myc magnetic beads and IB with antibodies against HA and Myc. (M) HEK293T cells were co-
transfected with HA-USP48 and either full-length Myc-tagged HMGA?2 or its deletion mutants, followed by IP using anti-HA magnetic beads and
IB with antibodies against HA and Myc. The presented panels depict representative outcomes from three independent experiments. The panels
presented illustrate representative results obtained from three independent experiments.
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Figure 2

USP48 maintains HMGAZ2 stability. (A) Increasing amounts of HA tagged USP48 were transfected into HEK293T cells along with

equal amounts of Myc-HMGAZ2. Cell lysates were analyzed using IB and antibodies against Myc. “+” denotes 2.5 pg plasmid transfection, while
“++” indicates 5 pg. (B) Two independent shRNAs were employed to silence USP48 expression in SW480 and HCT116 cells, followed by 1B
analysis of HMGAZ2 protein levels. (C) USP48-WT or USP48—C98S was overexpressed in DLD1 cells, followed by analysis of HMGA?2 protein
levels. (D) Equal amounts of Myc-HMGA?2 and either USP48-WT or USP48—C98S were co-transfected into HEK293T cells, followed by IB
analysis using Myc antibodies. (E) DLDI1 cells were transduced with HA-tagged USP48-WT alone or in combination with USP48 shRNA, and
HMGA? levels were analyzed by IB analysis. (F) HCT116 cells were transduced with USP48 shRNA and either HA-tagged USP48-WT or
USP48—C98S, followed by IB analysis to analyze HMGA?2 levels. (G) qRT-PCR analysis was conducted to assess the expression of HMGA2

mRNA in SW480 cells with depleted endogenous

USP48 via two independent shRNA. (H) The expression of HMGA2 mRNA was assessed

by qRT-PCR in DLDI cells following transduction with either vector control or HA-USP48. (I) gqRT-PCR was performed to evaluate the
expression levels of Slug, IGF2BP2 and SOX2 in SW480 cells transduced with two distinct HMGA2 shRNA constructs. (J) The expression levels
of Slug, IGF2BP2 and SOX2 were quantified by qRT-PCR in SW480 cells that had been transduced with USP48 shRNA. (K) SW480 cells
transfected with two independent USP48 shRNA were treated with DMSO, MG132 (10 pmol/L), or CQ (20 mmol/L) for 6 h, followed by 1B
analysis of USP48 and HMGAZ2. (L) DLDI cells transfected with vector control, or HA-USP48 were treated with DMSO or MG132 (10 pmol/L)
for 6 h, and then USP48 and HMGA?2 were analyzed. (M) DLD1 cells were transfected with vector control, HA-USP48 or USP48-C98S, treated
with 50 pg/mL of CHX, collected at the indicated times, and then subjected to IB analysis with antibodies against USP48 and HMGA2.
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(2021-KY-087), and all experiments were conducted in accor-
dance with the Helsinki Declaration of 1975. All animal experi-
ments were performed with approval from The Institutional
Animal Care and Use Committee of The First Affiliated Hospital
of USTC (202106091541000573097), adhering to the Guide for
the Care and Use of Laboratory Animals.

2.21. Data availability

The complete dataset can be accessed through the article, and
Supporting Information.

3. Results
3.1. USP4S8 interacts with HMGA?2

We established a HCT116 cell line stably expressing Myc-
HMGA?2, and subsequently purified whole-cell extracts from
these cells using anti-Myc affinity magnetic beads for mass
spectrometry analysis to identify potential deubiquitinating en-
zymes responsible for stabilizing HMGA2. Mass spectrometry
revealed the presence of USP48 in the HMGA2 immunoprecipi-
tates with high peptide coverage (Fig. 1A, Supporting Information
Table S3 and Fig. S1A). Co-immunoprecipitation (Co-IP) assays
were used to investigate the interaction between USP48 and
HMGAZ? in vivo. Ectopically expressed Myc-tagged HMGA2 and
HA-tagged USP48 were detected in each other’s immunoprecip-
itates (Fig. S1B). Endogenous USP48 was also found to interact
with endogenous HMGA2 in SW480, HCT116, and DLDI1 cells
(Fig. 1B, C and Fig. S1C). Co-IP assays further demonstrated that
Myc-tagged HMGA?2 could be detected in immunoprecipitates of
either HA-USP48 or its catalytically inactive mutant C98S (HA-
USP48 C98S) in HEK293T and DLDI1 cells (Fig. 1D), indi-
cating that deubiquitinating activity of USP48 is not required for
this interaction. Moreover, purified GST-HMGA?2 exhibited the
ability to directly interact with HA-tagged USP48 under cell-free
conditions, as opposed to GST control (Fig. 1E), indicating a
direct binding between HMGA?2 and USP48. Immunofluorescence
staining revealed co-localization of endogenous HMGA2 and
USP48 primarily within the nucleus of CRC cells (Fig. 1F).
Furthermore, the interaction between endogenous USP48 and
HMGA?2 was validated through an in-situ proximity ligation assay
(PLA) in DLDI1, SW480, and HCT116 cells (Fig. 1G and
Fig. S1D). In addition, exogenous HA-USP48 and Myc-HMGA2
proteins were also confirmed to interact with each other in
HEK293T cells (Fig. SIE and F). Truncating mutation analysis
revealed that the USP domain of USP48 is essential for its
interaction with HMGA2 (Fig. 1H-J and Fig. S1G). We also
observed that the binding of HMGA2 D1 to USP48 is absent,
indicating the indispensability of the N-terminus (amino acids
1—43) for its interaction with USP48 (Fig. 1K—M). These findings
suggest a specific interaction between USP48 and HMGAZ2,
indicating that USP48 directly binds to HMGAZ2.

3.2.  USP48 maintains HMGA2 stability

We have identified an interaction between USP48 and HMGA2,
and our study further investigated the involvement of USP48 in
maintaining the stability of HMGA2. To this end, we transfected
HEK293T cells with HA-tagged USP48 and Myc-tagged
HMGAZ2. Our findings indicate that USP48 expression enhances
HMGA?2 protein expression in a dose-dependent manner
(Fig. 2A). Additionally, overexpression of USP48 in DLD1 cells
leads to a dose-dependent increase in HMGA?2 expression
(Supporting Information Fig. S2A). Conversely, depletion of the
USP48 gene in CRC cells led to a reduction in HMGA?2 protein
levels (Fig. 2B and Fig. S2B).

To investigate whether the deubiquitinating activity of USP48
is responsible for the increased levels of HMGA2 protein, we
overexpressed wild-type (WT) and mutant (USP48-C98S) forms
of USP48 in DLD1 and HEK293T cells. Our findings demonstrate
that only the expression of USP48-WT led to an increase in
HMGA?2 levels, while USP48-C98S had no effect on protein
abundance (Fig. 2C and D). Moreover, the co-expression of
USP48 shRNA counteracted the elevated endogenous HMGA?2
levels induced by USP48 overexpression in both HEK293T and
DLDI1 cells (Fig. 2E and Fig. S2C). We observed a significant
reduction in HMGA?2 protein expression upon USP48 depletion,
which could be almost completely restored by overexpressing
USP48-WT but not USP48-C98S (Fig. 2F). Interestingly, no al-
terations in HMGA2 mRNA levels were observed upon either
USP48 overexpression or knockdown (Fig. 2G and H). Consistent
with our findings, there was a positive correlation between
HMGAZ? protein expression in CRC cell lines and USP48 protein
expression (Fig. S2D and E). We subsequently investigated the
expression of three HMGA?2 target genes that had been previously
reported, and observed a significant downregulation of Slug,
IGF2BP2, and SOX2 upon knockdown of HMGA?2 in SW480 cells
(Fig. 2I and Fig. S2F). Similarly, knockdown of USP48 also
resulted in reduced mRNA levels of Slug, IGF2BP2, and SOX2 in
SW480 cells (Fig. 2J).

We further investigated the role of USP48 in HMGAZ2 protein
stability by examining two major pathways for cellular protein
degradation: the ubiquitin—proteasome system and autophagy-
lysosome pathway*'. We observed that the depletion of USP48
resulted in a reduction of HMGA?2 expression, which was almost
completely restored by the addition of MG132 but not chloroquine
(CQ) (Fig. 2K and Fig. S2G). The expression of HMGA2 was
significantly diminished in DLDI1 cells stably expressing Vector or
USP48-C98S, as compared to those expressing USP48-WT.
However, this reduction was nearly completely reversed upon
treatment with MG132 (Fig. 2L). We employed cycloheximide
(CHX) to halt protein synthesis and demonstrated that USP48
modulated the stability of HMGAZ2. Our findings revealed that
enforced expression of USP48-WT, but not USP48-C98S, led to
increased stability of HMGA?2 protein (Fig. 2M). Conversely,
knockdown of USP48 in SW480 and HCT116 cells resulted in

Quantification of HMGA?2 levels relative to §-Tubulin is shown. (N) SW480 cells with stable expression of either control shRNA or USP48
shRNA were treated with 50 pg/mL CHX, harvested at indicated time points, and analyzed by IB using antibodies against HMGA?2 and USP48.
Quantification of HMGA?2 levels relative to 8-Tubulin is presented as mean £ SD. (O) HCT116 stably expressing control shRNA or USP48
shRNA were treated with 50 pg/mL CHX, harvested at the indicated times, and then subjected to IB with antibodies against HMGA?2 and USP48.
Quantification of HMGA? levels relative to 3-Tubulin is shown. One-way ANOVA test (G, I, J, M-0). Unpaired two-tailed Student’s r-test (H).
All experiments were performed independently at least three times. ***P < 0.001, ns indicates no statistical significance.
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Figure 3  USP48 deubiquitinates HMGA2. (A) HEK293T cells were co-transfected with Myc-HMGA?2, His-Ub, and either HA-tagged USP48-

WT or USP48-C98S. Cell lysates were then subjected to IP using anti-Myc magnetic beads followed by IB analysis with antibodies against His,
HA, and Myc. Prior to harvesting, the cells were treated with 10 umol/L MG132 for 6 h. (B) Increasing amounts of HA-tagged USP48 and equal
amounts of Myc-HMGA?2 were transfected into the cells, followed by IP with Myc antibodies and IB analysis with anti-His antibodies to detect
ubiquitinated HMGA? after treatment with MG132 for 6 h. (C) DLDI1 cells were transfected with USP48-WT or USP48-C98S. After 48 h, the
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destabilization of HMGA?2 protein (Fig. 2N and O). Our findings
collectively indicate that USP48 specifically regulates the stability
of HMGA?2 protein, rather than affecting HMGA2 mRNA levels.

3.3.  USP48 deubiquitinates HMGA2

We examined whether USP48 mediates the deubiquitination of
HMGAZ2 by co-transfecting Myc-HMGA?2 and His-ubiquitin into
HEK293T cells with either wild-type or C98S mutant USP48. Our
findings demonstrate that USP48-WT significantly attenuates the
ubiquitination of HMGA?2, whereas USP48-C98S exerts no effect
(Fig. 3A). Furthermore, we observed a dose-dependent impact of
USP48-WT on the ubiquitination of HMGA?2 in HEK293T cells
(Fig. 3B). Moreover, the ectopic expression of USP48-WT resulted
in a decrease in endogenous HMGA?2 polyubiquitination in DLD1
cells (Fig. 3C), while the downregulation of USP48 led to an in-
crease in HMGAZ2 polyubiquitination in SW480 and HCT116 cells
(Fig. 3D and E). Our in vitro deubiquitination assays have further
validated that USP48 specifically removes ubiquitin chains on
HMGAZ2, but not on USP48-C98S mutant (Fig. 3F). Additionally,
we have investigated the contribution of both the USP domain and
C98 residue to the deubiquitination activity of USP48. Our findings
indicate that the USP domain is indispensable for USP48’s function
as a deubiquitinase, and removal of this domain results in the loss of
USP48’s ability to regulate HMGA?2 ubiquitination (Fig. 3G).
Furthermore, the co-expression of HMGA?2 truncation mutants and
His-ubiquitin with USP48-WT in HEK293T cells has demonstrated
that the N-terminal region of HMGA?2 harbors potential sites for
deubiquitination by USP48 (Fig. 3H). We constructed mutant
plasmids that mutated two lysine residues (K26R and K34R) of the
N-terminal region of HMGAZ2 to arginine one by one. At the same
time, we also constructed a mutant plasmid with each lysine
retained one by one (K26, lysine 26 retained, all other lysines were
mutated to arginine), and all other lysines were mutated to arginine.
The analysis of site-directed mutagenesis further confirms the
critical role of Lys26 in the deubiquitination process of HMGA?2 by
USP48 (Fig. 3I and Supporting Information Fig. S3A), and the
mutated form of HMGA2-K26R was not deubiquitinated by USP48
(Fig. 3J). Protein degradation via the proteasome is primarily
initiated by Lys48-linked ubiquitin chains, whereas Lys63-linked
ubiquitin chains are predominantly responsible for other cellular
processes that do not necessitate proteasome-mediated degrada-
tion*”. To identify the specific ubiquitination chains targeted by
USP48 on HMGA?2, we employed all seven lysine-specific mutants

of ubiquitin. Our findings demonstrate that USP48 selectively
deubiquitinates K6-linked and K48-linked ubiquitination chains
attached to K26 residue of the HMGA?2 protein (Fig. 3K and
Fig. S3B). Our findings demonstrate that USP48 acts as a deubi-
quitinase and is essential for regulating the ubiquitination process of
HMGAZ2. Specifically, it removes K6 and K48-linked ubiquitin
chains from position K26 on the HMGA?2 protein.

3.4. Ablation of USP48 expression impairs the metastatic
potential of CRC cells

Our research findings prompted us to investigate whether USP48
facilitates invasion and metastasis in CRC. As anticipated, USP48-
WT, but not USP48-C98S, augmented the metastatic and invasive
potential of CRC cells (Fig. 4A and Supporting Information Fig.
S4A and S4B). Previous studies have suggested that HMGA2
plays a pivotal role in the development of CRC>>***. Therefore, we
investigated whether USP48 regulates HMGA?2 to promote inva-
sion and metastasis of CRC cells. To achieve this goal, we over-
expressed HMGA?2 in SW480 and HCT116 cells with or without
knockdown of USP48. The inhibition of CRC cell migration and
invasion was significantly observed upon the knockdown of
USP48, while the metastatic and invasive phenotype induced by
USP48 knockdown was reversed through re-expression of
HMGA?2 (Fig. 4B-G and Fig. S4C-G). Furthermore, knockdown
of HMUGAZ2 in DLDI cells with and without USP48 overexpression
was conducted. The results showed that USP48 overexpression
significantly enhanced the migration and invasion abilities of CRC
cells, while blocking HMGA?2 expression reversed the phenotype
caused by USP48 overexpression (Fig. 4H-J and Fig. S4H-J).
Our in vitro experiments have demonstrated the pivotal role of
USP48 in facilitating CRC invasion and migration. Consequently,
we proceeded to investigate the function of USP4S8 in promoting
CRC metastasis in vivo.

Our findings consistently demonstrate that knockdown of
USP48 in CRC cells significantly suppresses tumor metastasis
compared to control cells in liver and lung metastasis models of
CRC. Furthermore, the overexpression of HMGA?2 counteracts the
effect of USP4S8 silencing and promotes tumor metastasis (Fig. 4K
and L). Additionally, the depletion of HMGA2 in CRC cells
reversed the promoting effect of USP48 on liver and lung
metastasis models (Fig. 4M and N). Collectively, these findings
suggest that USP48 enhances tumor metastasis largely by regu-
lating HMGAZ2 in vitro and in vivo.

cells were treated with MG132 for 6 h. The whole-cell lysates were subjected to IP with HMGA?2 antibodies and IB analysis with anti-Ub
antibodies to detect ubiquitinated HMGA?2. (D) SW480 cells were transfected with shRNA as indicated, and lysates were subjected to IP
using HMGA?2 antibody, followed by IB analysis with antibodies against Ub and HMGA?2. (E) HCT116 cells were transfected with shRNA as
indicated, and lysates were subjected to IP using HMGA2 antibody, followed by IB analysis with antibodies against Ub and HMGA2. Cells were
treated with 10 pmol/L MG132 for 6 h prior to harvesting. Before IP, lysates were denatured at 95 °C for 5 min in the presence of 1% SDS, then
diluted tenfold with lysis buffer and sonicated. (F) The ubiquitinated Myc-HMGA?2 protein was subjected to in vitro deubiquitination assay using
USP48-WT or USP48-C98S, and the reaction mixes were analyzed by IB analysis. (G) Myc-HMGA?2 was co-transfected with either USP48-WT
or USP48 deletion mutants into HEK293T cells. Whole-cell lysates were subjected to IP using Myc antibody, followed by IB analysis with anti-
His antibodies after treatment with MG132 for 6 h to detect ubiquitinated HMGA?2. (H) De-ubiquitination assay of HMGA2 WT and mutant
domains (D1-D4) was performed in HEK293T cells co-transfected with His-Ub and HA-USP48, followed by treatment with 10 pmol/L MG132
for 6 h. (I) De-ubiquitination assay of HMGA?2 in HEK293T cells co-transfected with His-Ub, HA-USP48, Myc-HMGA2-K26R, and Myc-
HMGA2-K34R and treated with 10 pmol/L MG132 for 6 h. (J) De-ubiquitination assay of HMGA?2 in HEK293T cells co-transfected with His-
Ub, HA-USP48, Myc-HMGA2-K26R and treated with 10 pmol/L MG132 for 6 h. (K) Myc-HMGA?2, HA-USP48 and His-Ub plasmids with
different ubiquitin linkages (K6, K11, K27, K29, K33, K48 or K63) were co-transfected into HEK293T cells to analyze HMGA?2 ubiquitination.
The data shown in all panels are representative of three independent experiments.



1634 Can Cheng et al.

A B
208 K150,  HCTH6,,, g HCT116
=2 7] e i 7]
= b ! 3 150 .
506 8 i A = [
204 ® 3 100
5 5
202 E %0 E 50
s g 2
] = =
x 00 & 0 S 0
= = ShCtrl+ - - - - ShCtrl+ - - - - &’SthrH e e w sm &’SthrH A
USP48- + - ShUSP48#1- + - + - ShUSP48#1- + - + - ShUSP48#1- + - + - ShUSP48#1- + - + -
UsSP48C98S- - + ShUSP48#2- - + - + ShUSP48#2- - + - + ShUSP48#2- - + - + ShUSP48#2- - + - +
HMGA2 - - - + + HMGA2- - - + + HMGA2 - - - + + HMGA2 - - - + +
F H | J
7y X < 2
& & 150 & ©1.0 LR s
3 3 3 508
o o o ""v'
% % 100 % 506
) k) ) E o
£ £ 50 £ o 0.4 s
] ] © ['4
o x 0 o
ShCtrl+ - - - - ShCtl+ - - . - Vector+ - + -
ShUSP48#1- + - + - ShUSP48#1- + - + - + + USP + USP48- + - +
ShUSP48#2- - + - + ShUSP48#2- - + - + ShHMGA2#1. - ShHMGA2#1- - + +
HMGA2- - - + + HMGA2 - - - + +
K Sh USP48 #1 M
Sh Ctr Sh USP48 #1 +HMGA2 Vector ~ USP48
; P
2 &
2 g
So 1.
85 85
Ec gc
59 = w0
&% g 3
[0 0 |¢ o
g i g§
3 =3
z Z
h
1 Sh USP48 #1 -
HMG

L Sh USP48 #1 N USP48+
Sh Ctd : Sh USP48 #1 v+HMGA2 Vector USP48 Sh HMGA2 #1 40
© 5 5
2 2 ]
©
3, 8. 304
| 1 g3 %
L o = 4
il em | gc =
e == 204
=X} o g
03 23
g2 £2 104
z z
0_
ShCtrl+ - - Vector+ -

s ShUSP48#1- + + USP48 -

HMGA2 - ShHMGA2#1- -
Figure4  Ablation of USP48 expression impairs the metastatic potential of CRC cells. (A) Wound-healing assay of DLD1 cells transfected with
USP48-WT, USP48-C98S, or vector control. Migration rates in each group were quantified by measuring four different wound areas. (B—G)
USP48 knockdown was performed in HCT116 and SW480 cells, with or without HMGA?2 overexpression, followed by quantification of migration
rates through measurement of five distinct wound areas (B, C). The relative number of migrated cells in each group was determined by counting
the cells in five random fields of view (D—G). (H—J) USP48 was upregulated in DLD1 cells with or without HMGA?2 knockdown. The relative
number of migrated cells was quantified by counting the cells in five random fields of view (H, I), while migration rates were determined by
measuring five different wound areas (J). (K—L) USP48 knockdown was conducted in HCT116 cells, with or without HMGA?2 overexpression.
Representative images of lung tissue and HE-stained sections are presented in K, while the number of metastatic nodules in each group was
calculated (K). Representative images of liver tissue and HE-stained sections are shown in (L), along with the calculation of metastatic nodules for
each group (L). (M—N) USP48 was upregulated in DLDI cells with or without HMGA?2 knockdown. Representative images of the lung and HE-
staining sections are shown in (M), and the metastasis nodules in each group were calculated (M). Representative images of the liver and HE-
staining sections are shown in N, and the metastasis nodules in each group were calculated (N). The Scale bars were shown in (K—N). Data are
presented as mean + SD. One-way ANOVA test (A—N). All in vitro experiments were performed independently at least three times.
**xP < 0.001.



USP48: A novel therapeutic target for CRC 1635

D E
HA-USP48 (IP:Anti-HA
Magnetic Beads )TOP15 1001.8e+06 HDAC4 . stjlﬁncct?r N i Sx:/%’;"‘ N
- i is- - is- -
Proten  Matched Unique _ SLIEAQTCCENEEAETVTAMASLSVGVKPAEK ~ HiSSUMOT -+ o~ &
ptides/Peptides = 80
MYH9 61/75 . <
USP48 58/102 £ | A uvo. £ ra .“LSJLSJIQ,/I‘%.
HDAC4 571121 g 60 T USP48 Z
PARP1 52171 = e &l
HDAC7 43/96 e 40 E: Ol His| -
HNRNPU 40/60 & i
NCL 37/46 o H'SE 1 HA -
HSP90AAT 34/45 @20 O‘
HSP90AB1 34/40 11 ,Adu _,,J,, 4| HAl= =lhis| T -
HEPka o 0 ik WJMMMWMM LJML%PFL%LEE% 3‘ His| HCT116
SNRNP200 5o 100 500 700 900 1100 1300 1500 1700 .
NUMA1 28/29 miz HCT116
VIM 2529
HEL-S-103 24133
C F G H
N~ - - AN MW © I~
B ) PN - S
Me222228 8 Flag- & & 0 i @ & &
aaaazz ODHODDD DD
EREERIEE & & E E & HA-USP48 - + + + + + + HA-USP48 - + + + + + + HA-USP48 + + + +
V5-Ubc9- + - + - + o M C-HDAC4 == ® =
is- o+ - - - - > 4 Y
g 2 - == EEE
is- 2 F g 2 a A | Fla SUMO-
His-SUMO3- - - - + + L P —— - £ Fag i P E HA :ll UsP48
< T
pu . - SuMO- <
s BB S B L e [ memem- HA[ mmmmm ] o Hs[ -
z
fujmommma | - | == mEe=s
—————— O Myc Q Flag - 1
e R e R
o’ =
S TETY | p——— B-TUDUIIN s e e e e e e ,BTubuIm‘——...——~—-| HisE
DLD1 HEK293T HEK293T HEK293T
| K L 111
J BEEZ S
HA-USP48 + + + Hauspas-= & QS € T
His-SUMO1 -+ + HAUSP48 + + + - VE-Ubcd + + + + + +
Flag-SENP5 - -+ His-SUMO1 - + + 2 83 2 g His-SUMO1T + + + + + +
Flag-SENP5 - - + % % ;‘f USP48 % % it
<| SuMO- < _ [lsumo- Z | HA . £ .ll l SUMO-
E His UsPas 'z: HA .3}USP45 —USP1- DUSP1-DUSP2- bUSP3—BBE- Z - }usme
B E & H'SE Posion  Sequence  SUMOjassa SRS
A plof
HAE K258 CISEF LKEEKLEGD 091 O O HA
i . K1003 ESVILLKADEPIAD 081 O O d
a3l o HisEI K359 HYIAH VKDP QSGEW 082 X X s V5
K468 VDKGKAKHEEVKEL 079 O O ,
*| w Fieo (650 COXCE APDGERCP 079 i - - - ]
HEK293T HEK293T HEK293T

Figure 5  USP48 is SUMOylated by SUMOI at Lys258. (A) Mass spectrometry detection of USP48-interacting proteins (obtained from anti-
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in HA-USP48 precipitate. (C) DLDI cells were co-transfected with His-SUMO1, His-SUMO?2, or His-SUMO3, with the HA-USP48 in the
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cated. (K) A schematic representation of the five predicted SUMO-conjugation motifs (KXE) in the USP48 protein. Down-hand side, bioin-
formatics analysis of USP48 using three independent computational programmes to detect SUMOylation sites (SUMOplotTM Analysis
Programme (Abgent), JASSA and GPS-SUMO). (L) IB analysis of total lysates and Ni-NTA magnetic beads pulldown products of HEK293T cells
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Figure 6 The function of USP48 on HMGA?2 is significantly enhanced by SUMOylation at Lys258. (A) IB analysis of total lysates and anti-HA
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3.5.  The function of USP48 on HMGA?2 is significantly
enhanced by SUMOylation at Lys-258

SUMOylation plays a critical role in the survival of eukaryotic
cells by modulating the stability, interaction, and activity of
hundreds of proteins through various pathways. USP25 interacts
with SUMO2/3, resulting in a decrease in its binding affinity to-
wards ubiquitin chains and attenuated DUB activity**. USP5 in-
teracts with and modulates the activity of Cav3.2 calcium channel,
yet its binding capacity is impaired by SUM02/3 modification™.
Furthermore, the SUMOylation of OTUB2 at Lys-233 facilitates
its interaction with YAP/TAZ and augments its deubiquitinating
activity*®. USP48 functions as a positive regulator of HMGA2
protein, exerting a pivotal role in the invasion and migration of
CRC cells. We aimed to explore the potential regulation of USP48
through other post-translational modifications and their impact on
its activity as a deubiquitinating enzyme for HMGA?2 protein. The
diversity of post-translational modifications on target proteins
often depends on their interactions with various protein partners.
To characterize the USP48 interactome, we employed mass
spectrometry and affinity purification techniques. Through mass
spectrometry with high peptide sequence coverage, non-classical
E3 SUMO-protein ligase HDAC4 and HDAC7 were identified in
USP48-containing immunoprecipitates  (Fig. 5A and B,
Supporting Information Table S4 and Fig. S5A). Our literature
review and USP48-interactome mass spectrometry analysis sug-
gest that there may be SUMOylation occurring at a specific lysine
residue of the USP48 protein, which could potentially impact its
ability to deubiquitinate the HMGAZ2 protein. In mammalian cells,
there exist five paralogues of SUMO, among which SUMOI,
SUMO2 and SUMO3 have been the focus of more extensive
research compared to their counterparts, namely SUMO4 and
SUMO5"’. To further explore the role of SUMO-mediated mod-
ifications of USP48 in CRC cells, Ni-NTA magnetic bead-
pulldowns were performed in DLD1 human CRC cells after
cotransfection of HA-USP48 WT and His-SUMO1, His-SUMO2
or His-SUMO3 plasmids. Our results show that USP48 is
mostly modified by SUMOI1, in a SUMO conjugating enzyme
Ubc9 dependent process (Fig. 5C). In CRC cells, it was observed
that endogenous USP48 underwent poly-SUMOylation (Fig. 5D
and E). According to the USP48-interactome, our findings indicate
that USP48 exhibits specific interactions with HDAC4 and
HDACT7, both of which are SUMO E3 ligases, as well as SENP5, a
SUMO-specific protease (Fig. 5F and G). Co-expression of
HDAC4 or HDACT facilitated the SUMOylation of USP48 protein
(Fig. 5H), while SENP5 inhibited the SUMOylation of USP48

protein (Fig. 5I and J). Three independent computational pro-
grams, including SUMOplotTM Analysis Programme (Abgent,
https://www.abcepta.com.cn/sumoplot), JASSA*® and  GPS-
SUMO™, were employed for bioinformatics analysis of USP48
to identify potential SUMOylation sites. The analysis revealed five
consensus motifs for SUMO-conjugation with a score greater than
0.5 in Abgent, among which five are evolutionarily conserved
from mouse to human (Fig. 5K and Fig. S5B). Additionally,
substitution of the putative SUMOylation site Lys258
(USP48-K258R) with arginine resulted in a near-complete
abrogation of USP48 protein SUMOylation (Fig. 5L). These
findings suggest that HDAC4/7 and SENP5 play a role in the
dynamic regulation of USP48 protein SUMOylation, with Lys258
identified as a potential site for this modification. Next, we
investigated the impact of SUMOylation on USP48’s enzymatic
activity as a deubiquitinating enzyme for HMGAZ2. Our findings
demonstrate that the SUMO E3 ligases HDAC4 and HDAC7
enhance the binding ability between HMGA2 and USP48 in
CRC cells, while the SUMO protease SENPS5 significantly inhibits
this interaction (Fig. 6A and B). To investigate the impact of
SUMOylation on USP48’s enzymatic activity as a deubiquitinat-
ing enzyme for HMGA?2, we assessed the interaction between
HMGA?2 and USP48. Our findings indicate that compared to
USP48-WT, the interaction between HMGA2 and USP48-K258R
mutant was relatively weak (Fig. 6C). We conducted PLA ex-
periments to determine the subcellular localization of
SUMOylated USP48. Our findings suggest that the majority of
PLA signals were detected in the nucleus, providing compelling
evidence for increased binding between SUMOylated USP48
protein and HMGA?2 (Fig. 6D-G). Compared to USP48 WT, the
USP48—K258R mutant or cotransfection of USP48 with SENP5
did not significantly reduce HMGA?2 ubiquitination (Fig. 6H and
I). However, cotransfection of HDAC4 or HDAC7 with USP48
was more effective in reducing HMGA?2 ubiquitination (Fig. 6J).
Consistent with these findings, the USP48-K258R was less effi-
cient than USP48-WT in stabilizing HMGA2 (Fig. 6K).
Cotransfection of USP48 with HDAC4 or HDAC?7 synergistically
enhances HMGA?2 stability, while cotransfection with SENP5
exhibits a weaker effect (Supporting Information Fig. S6A-C).
Next, we investigated the role of USP48 SUMOylation in driving
invasive metastasis in CRC. Interestingly, we found that recon-
stitution of USP48 WT in endogenous USP48-deficient DLDI
cells significantly increased cell migration capacity as well as lung
metastasis compared to the USP48 K258R mutant (Fig. 6L and
M). In addition, the pharmacological effects of SUMOQylation
inhibitors 2-DO08 significantly reduced the migration and lung

(E). (F—G) HEK293T cells were transfected with HA-USP48 WT or K258R. After fixation, in situ PLA for USP48-HMGA?2 was performed with
anti-HA and anti-Myc antibodies. Scale bar, 10 pm. Each red dot represents the detection of the USP48-HMGA?2 interaction complex, and the
graphs representing mean £ SD are shown in (G). (H) IB analysis of total lysates and anti-Myc immunoprecipitates of HEK293T cells transfected
with His-Ub, HA-USP48 WT/K258R and Myc-HMGA?2 and treated with MG132 (10 pmol/L for 6 h), as indicated. (I-J) IB analysis of total
lysates and anti-Myc immunoprecipitates of HEK293T cells transfected with Myc-HMGA?2, His-Ub, HA-USP438, and control vector, Flag-SENP5
(D), Myc-HDAC4 (J), or Myc-HDAC7 (J) and treated with MG132 (10 umol/L for 6 h), as indicated. (K) DLD1 cells were transfected with
specific plasmids, as indicated and treated with CHX (50 pg/mL) for the indicated time points. Quantification of HMGA?2 levels relative to -
Tubulin is shown. (L) DLDI cells stably expressing USP48 shRNA were transfected with indicated plasmids and treated with 200 umol/L 2-D08
or DMSO for 24 h. Graphic representation of the migration ability from cells described above was examined by transwell migration assay. Scale
bar, 200 pm. (M) Representative images of lung sections were stained with HE, and metastatic nodules were calculated in each group. Four-week-
old BALB/c nude mice were injected intravenously with 2 x 10° cells as in (I). 2-DO08 (4 mg/kg) or vehicle was injected intraperitoneally on Day
8 and every other day for 5 weeks. Scale bar, 1 cm. Data are presented as mean = SD. One-way ANOVA test (E). Unpaired two-tailed Student’s
t-test (G). All experiments were performed independently at least three times. ***P < 0.001, ns indicates no statistical significance.
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metastasis of USP48 WT recombinant cells (Fig. 6L and M).
However, no significant effect of 2-D08 was observed in cells
reconstituted with the USP48 K258R mutant (Fig. 6L and M). The
findings suggest that SUMOylation of USP48 significantly en-
hances its ability to stabilize HMGA?2 and promote CRC invasion
and metastasis in a HMGA2-dependent manner.

3.6. DUB-IN-2 hinders the deubiquitinating activity of USP48
and induces the degradation of HUGA2

Our research has demonstrated that targeting USP48 leads to the
enzyme-mediated degradation of HMGA?2, which has prompted us
to investigate the potential of USP48 inhibitors in CRC therapy.
Unfortunately, there is currently a lack of reports on small
molecule inhibitors targeting USP48. In order to assess the po-
tential of small molecule inhibitors in degrading HMGA2, we
conducted a screening based on levels of the HMGA?2 protein. We
treated SW480 cells with high expression of HMGA2 with a li-
brary of 45 previously reported DUB inhibitors individually and
assessed their impact on HMGA?2 protein levels (Fig. 7A,
Supporting Information Fig. S7TA and B). We have identified two
inhibitors, namely DUB-IN-2 and Spautin-1, which significantly
reduced the levels of HMGA?2 protein. Among them, DUB-IN-2
exhibited the most substantial effect. To determine whether the
decline in HMGA?2 induced by the inhibitor was dependent on
USP48, we conducted in vitro deubiquitination experiments.
Initially, USP48 that had been purified from HEK293T cells
overexpressing HA-USP48 underwent pre-treatment using either a
DUB inhibitor or DMSO before being incubated with ubiquiti-
nated HMGAZ2. Subsequently, the degree of HMGA2 ubiquitina-
tion was assessed (Fig. 7B). Our results indicated that DUB-IN-2
effectively disrupted the USP48-mediated reduction in HMGA2
ubiquitination, suggesting a near-complete inhibition of USP48’s
deubiquitinating activity (Fig. 7C). In contrast, Spautin-1 did not
significantly impact the deubiquitination of HMGA2 by USP48,
implying alternative mechanisms for its effect on HMGA?2 sta-
bility (Fig. 7C). We aimed to investigate the regulatory role of
DUB-IN-2 in HMGA?2 ubiquitination. Our findings demonstrated
that treatment with DUB-IN-2 significantly enhances dose-
dependent ubiquitination of HMGA?2 (Fig. 7D and E). Further-
more, we evaluated the reliance of DUB-IN-2-induced down-
regulation of HMGA2 on USP48 and the ubiquitin—proteasome
system. Treatment with MG132 reversed the downregulation of
HMGA?2 induced by DUB-IN-2, indicating that DUB-IN-2 facil-
itated the proteasomal degradation of HMGA2 (Fig. 7F). In vivo
deubiquitination experiments also demonstrated that DUB-IN-2
significantly disrupted the reduction in USP48-induced ubiquiti-
nation level of HMGA2 (Fig. 7G and H). Additionally, through
in vitro deubiquitination experiments utilizing ubiquitin chains as
substrates, we have discovered that USP48 has the ability to
cleave K48-linked Di-ubiquitin. This activity was inhibited by
DUB-IN-2 but not by Spautin-1 (Fig. 7I). The treatment of DUB-
IN-2 significantly attenuated the maintenance of HMGA?2 stability
by USP48 (Fig. S7C). Moreover, our observations suggest that
DUB-IN-2 destabilizes HMGA2 via USP48 in SW480 cells
transfected with control shRNA. However, this effect was not
observed in SW480 cells transfected with USP48 shRNA, indi-
cating that DUB-IN-2 induces HMGA?2 degradation by inhibiting
the deubiquitination activity of USP48 (Fig. 7J). Next, we inves-
tigated whether DUB-IN-2 also exerted sustained pharmacological
inhibition of USP48 in vivo. It was found that significantly fewer
lung metastases occurred in mice treated with DUB-IN-2 for 5

weeks compared to the vehicle group (Fig. 7K). Taken together,
these results demonstrate the efficacy of DUB-IN-2 in inhibiting
USP48 enzyme activity and antagonizing USP48-HMGA?2
signaling during CRC metastasis.

3.7.  Elevated levels of USP48 are positively associated with the
upregulation of HMGA?2 and serve as a predictor for an
unfavorable prognosis in patients with CRC

Recent studies have revealed a strong correlation between the
upregulation of HMGAZ2 protein in CRC and malignant biological
phenotypes, including epithelial—mesenchymal transition, inva-
sion, metastasis, and chemotherapy resistance. Our hypothesis
posits that USP48 upregulation leads to deubiquitination and
stabilization of HMGA?2 protein, thereby impacting CRC cell in-
vasion and metastasis. To validate our hypothesis, we investigated
the correlation between USP48 and HMGA?2 protein expression in
human CRC specimens. Our findings, as shown in Fig. 8A and B,
demonstrated a significant positive correlation between USP48
and HMGA?2 protein levels across 42 pairs of CRC specimens
(P < 0.001, Pearson r = 0.454). To further assess the clinical
significance of the USP48-HMGA?2 axis and establish their cor-
relation in CRC, we performed IHC staining to examine the
expression of these proteins in consecutive sections of tissue
microarrays (TMAs) consisting of 90 CRC tissues and 86 adjacent
normal tissues. The IHC results revealed a significant upregulation
of USP48 and HMGA?2 expression levels in CRC tissues
compared to adjacent or matched adjacent tissues (Fig. 8C—H).
Furthermore, our data also indicates a positive correlation between
the IHC scores of USP48 and HMGA?2 in these tumor samples
(Fig. 8I and J). Notably, patients with high levels of USP48 or
HMGA?2 exhibited shorter overall survival than those with low
levels of these proteins (Fig. 8K and L). Taken together, these
human CRC data strongly support our experimental findings
regarding USP48-mediated HMGA?2 stabilization (Fig. 8M).

4. Discussion

The modulation of transcriptional activity by HMGA?2 has been
linked to uncontrolled cancer progression, rapid metastasis, and
poor overall survival across a range of malignancies. In their
study on chemotherapy-resistant gastric cancer, Fan et al. found
evidence supporting the role of the HMGA2-FOXL2 axis in
regulating both EMT and metastatic potential®’. Furthermore,
prior research has demonstrated that HBXIP facilitates the
acetylation of HMGA?2 at Lys-26 through activation of the AKT
signaling pathway’*. Subsequently, AKT activation leads to
phosphorylation and activation of PCAF in esophageal squamous
cell carcinoma®”. By inhibiting the ubiquitination and proteaso-
mal degradation of PCAF, HMGA?2 accumulates and contributes
to carcinogenesis. However, the mechanisms underlying the
regulation of HMGA?2 protein activity and stability in CRC
remain elusive. In this study, USP48 was identified as a novel
DUB that can stabilize HMGA?2 and prevent its degradation in
CRC. Importantly, enhanced USP48 expression was positively
associated with elevated HMGA?2 levels in CRC tissue and
predicted unfavorable survival outcomes for patients afflicted
with this disease.

DUBs have garnered significant attention in cancer progression
due to their ability to stabilize oncoproteins. Numerous studies
have demonstrated the critical roles played by USPs in tumor
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Figure 7 DUB-IN-2 hinders the deubiquitinating activity of USP48 and induces the degradation of HMGAZ2. (A) Relative protein level of
HMGAZ2 in the screening of DUBs inhibitors. The SW480 cells were treated with the library of 45 reported DUB inhibitors at a concentration of
2.5 umol/L for 12 h as indicated, and then, the protein levels of HMGA2 were assessed by Western blotting. (B) Schematic diagram of USP48
activity detection after treatment with compounds in vitro. (C) Ubiquitinated HMGA?2 was immunoprecipitated from HEK293T cells transfected
with Myc-HMGA?2 and His-Ub plasmids with after 10 pmol/L MG132 treatment. Purified USP48 from HEK293T cells overexpressing HA-
USP48 was pretreated with DUB inhibitors for 1 h and subsequently incubated with ubiquitinated HMGA?2 for 6 h. Then, the ubiquitylation
level of HMGA?2 was evaluated. (D) HEK293T cells were co-transfected with MYC-HMGA?2 and His-ubiquitin, and then treated with 2.5 pmol/L
DUB-IN-2 24 h. After pretreatment with MG132 (10 umol/L) for 6 h, anti-Myc beads were used for IP, and anti-Myc and His antibodies were
used for IB analysis. (E) The deubiquitinating effect of USP48 on HMGA?2 upon treatment with different concentrations of DUB-IN-2. HA-
USP48 was exposed to 5, 2.5 and 1 pumol/L DUB-IN-2 and then incubated with ubiquitinated HMGAZ2. The ubiquitylation level of HMGA?2
was measured. (F) IB analysis of HMGA2 and (-Tubulin in HCT116 and SW480 cells pretreated with 2.5 pmol/L DUB-IN-2 24 h and then
treated with MG132 (10 umol/L) for 6 h. (G, H) DLDI and HEK293T cells were co-transfected with MYC-HMGA?2, HA-USP48 and His-
ubiquitin, and then treated with 2.5 pmol/L DUB-IN-2 24 h. After pretreatment with MG132 (10 pmol/L) for 6 h, anti-Myc beads were used
for IP, and anti-Myc, anti-HA and His antibodies were used for IB analysis. (I) Purified HA-USP48 was pretreated with Spautin-1 (2.5 pmol/L) or
DUB-IN-2 (2.5 pmol/L) for 10 min and then incubated with K48-linked Di-ubiquitin in the presence of the compound at 37 °C for 1.5 h. Samples
were then analyzed by IB analysis with a ubiquitin-specific antibody. (J) IB analysis of HMGA?2 and §-Tubulin in control and USP48-knockdown
SW480 cells treated with 2.5 pmol/L DUB-IN-2 24 h. (K) Representative images of lung sections were stained with HE, and metastatic nodules
were calculated in each group. Four-week-old BALB/c nude mice were injected intravenously with 2 x 10° DLDI cells with high USP48
expression. DUB-IN-2 (1 mg/kg) or vehicle was injected intraperitoneally on Day 8 and every other day for 5 weeks. Scale bar, 1 cm
kP < 0.001.
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Figure 8 Elevated levels of USP48 are positively associated with the upregulation of HMGA?2 and serve as a predictor for an unfavorable
prognosis in patients with CRC. (A) Cell lysates from 42 pairs CRC tissues and matched adjacent tissues were blotted with USP48 and HMGA2
antibodies. (B) Correlation analysis of USP48 and HMGA?2 in CRC tissues and matched adjacent tissues. Statistical analyses were performed
using the chi-square test. Pearson r indicates the correlation coefficient. (C—E) Representative images of USP48 highly expressed in CRC tissues
and IHC score of USP48 in CRC and matched adjacent tissue, respectively. Data are presented as mean + SD. The comparison between cancer
tissues and adjacent or matched adjacent tissues can be conducted using either a Wilcoxon unpaired test or paired #-test. (F—H) Representative
images of HMGA?2 highly expressed in CRC tissues and IHC score of HMGA?2 in CRC and matched adjacent tissue, respectively. Data are
presented as mean = SD. The comparison between cancer tissues and adjacent or matched adjacent tissues can be conducted using either a
Wilcoxon unpaired test or paired z-test. (I) Representative images showing the simultaneous high or low expression of both USP48 and HMGA?2 in
CRC tissues with a scale bar of 100 pm. (J) USP48 protein scores (X axis) in CRC positively correlate with HMGA?2 protein scores (Y axis) in
individual patients. The P-value was calculated from a linear regression analysis. r is the correlation coefficient. (K—L) Kaplan—Meier curves of
the overall survival of CRC patients (90 patients), stratified by USP48 (K) or HMGA?2 (L) protein levels. The P-value was calculated from a log-
rank test. HR, hazard ratio. (M) Working model of SUMOylated USP48-mediated HMGA?2 deubiquitination. ***P < 0.001.
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invasion and metastasis. For example, USP1 promotes breast
cancer metastasis by deubiquitinating KPNA2°'. Additionally,
USP3 accelerates gastric cancer development by stabilizing
COL9A3/COL6AS through deubiquitination®”. USP11 stabilizes
PPP1CA and promotes the growth and metastasis of CRC by
activating the ERK/MAPK pathway, indicating its potential as a
prognostic marker™>. As a member of the deubiquitinating enzyme
family, the diverse roles of USP48 across different tumor types
can be ascribed to a multitude of factors, encompassing the in-
tricacies of cancer biology, the context-specific nature of tissues,
and the intricate interplay among various molecular pathways.
USP48 specifically interacts with Glil to remove ubiquitin and
regulate the Hedgehog signaling pathway, thereby promoting
glioblastoma tumorigenesis™®. In addition, USP48 plays a pivotal
role in the development of numerous aggressive cancers due to its
ability to deubiquitinate $-catenin, which is known to initiate non-
small cell lung cancer’. USP48 bound GSDME and removed
K48-linked ubiquitination at positions K120 and K189 to promote
pyroptosis in cancer™. Furthermore, USP48 plays an oncogene
role in hepatocellular carcinoma, stabilising SIRT6 to attenuate
HCC glycolysis and malignancy”’. This study has identified that
USP48 directly interacts with HMGA?2, and overexpression of
USP48 significantly increases the protein expression of HMGA?2
while decreasing its ubiquitination. Conversely, knockdown of
USP48 enhances HMGA?2 degradation. Furthermore, our findings
suggest that USP48 stabilizes HMGA2 through K6- and K48-
linked deubiquitination. We have determined that Lys26 in the
N-terminal region of HMGA?2 plays a critical role in the deubi-
quitination of HMGAZ2 by USP48. Interestingly, we have observed
a positive correlation between the expression levels of HMGA2
and USP48 in both CRC patient samples and cell lines. Our
findings suggest that USP48 partially regulates HMGA2 to pro-
mote the malignant phenotype of CRC. USP48 promoted the
migration and invasion of CRC cells by upregulating HMGA?2
expression. The pro-metastatic effect induced by USP48 over-
expression was reversed upon depletion of HMGAZ2. Interestingly,
we discovered that SUMOylation on Lys-258 significantly
enhanced USP48-mediated deubiquitination of HMGA2. Our
findings demonstrated that HDAC4 and HDAC7 promoted the
SUMOylation of USP48, while SENP5 cleaved it. The lysine
residue 258 in USP48 is evolutionarily conserved, and its
SUMOylation plays a critical role in stabilizing HMGAZ2. Notably,
the introduction of K258R mutation into USP48 abolished its
SUMOylation and compromised its ability to stabilize HMGA?2.
Although we failed to identify a conserved SIM motif in HMGA?2,
our findings demonstrated that the SUMOylated USP48 could still
strongly interact with HMGAZ2, thereby enhancing the affinity of
USP48 for ubiquitin chains and augmenting its DUB activity. We
hypothesize that the SUMOylation of USP48 may interact with a
non-classically conserved SIM motif (V-V-Q-K) in the HMGA2
protein, or induce conformational changes in USP48 to better
accommodate the HMGA?2 protein**. The precise mechanism
underlying the enhancement of USP48-mediated deubiquitination
of HMGA2 protein by SUMOylation remains incompletely
elucidated in this study, but it represents a topic for our future
investigations. The protein expression levels of USP48 and
HMGA?2 were significantly elevated in CRC tissues compared to
adjacent normal tissues, and a positive correlation was observed
between the expressions of USP48 and HMGA?2 in CRC samples.
Our study identifies USP48 as a novel deubiquitinating enzyme
for HMGAZ2, providing insights into the regulatory mechanism of
HMGA?2 in CRC. In vivo and in vitro functional investigations

have demonstrated that overexpression of USP48 promotes the
proliferation of CRC cells. The signaling pathway mediated by the
USP48—HMGA? axis plays a critical role in promoting invasion
and metastasis of CRC cells. Patients with relatively high levels of
both USP48 and HMGA?2 exhibit poor overall survival rates.
Therefore, targeting USP48 may represent a promising therapeutic
strategy for CRC. We have established a screening model based on
HMGAZ? stability and identified DUB-IN-2 as a potent inhibitor of
USP48. Mechanistically, DUB-IN-2 promotes the ubiquitination
and proteasomal degradation of HMGA?2, in part through its in-
hibition of USP48. Although DUB-IN-2 may not exhibit drug-like
properties in humans, our findings demonstrate the feasibility of
small molecule inhibition of USP48’s HMGA?2 deubiquitinating
activity, providing a promising starting point for developing
USP48 inhibitors.

5. Conclusions

In summary, our studies provide new insights into the function of
USP48 in CRC cell invasion and metastasis through deubiqui-
tination and stabilization of HMGAZ2 oncoprotein. We then
demonstrate that inhibition of USP48 by shRNA or its newly
discovered inhibitor DUB-IN-2 triggers HMGA?2 degradation,
thereby inhibiting CRC cell metastasis in vitro and in vivo.
Furthermore, SUMOylation of USP48 significantly enhanced its
ability to stabilize HMGA?2 and promote CRC cell invasion and
metastasis in an HMGA2-dependent manner. The pharmaco-
logical effects of SUMOylation inhibitor 2-D08 significantly
reduced the pro-metastatic effects of USP48 in CRC. In sum-
mary, our study not only reveals the mechanism of USP48
regulation of HMGA?2 ubiquitination degradation, but also vali-
dates USP48 as a potential therapeutic target for CRC, and
suggests that DUB-IN-2 is promising as a USP48 inhibitor for
the treatment of CRC.
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