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Skp2 stabilizes Mcl-1 and confers radioresistance in colorectal
cancer
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Overexpression of Skp2 plays a critical role in tumorigenesis and correlates with poor prognosis in human malignancies. Thus, Skp2
has been proposed as an attractive target for anti-tumor interventions. The expression of Skp2 in human colorectal cancer (CRC)
and the role of Skp2 in tumorigenic properties and irradiation sensitivities of CRC cells were examined by anchorage-dependent
and -independent growth assays, immunoblot, flow cytometry, immunohistochemical staining, ubiquitination analysis, co-
immunoprecipitation assay, CRISPR-Cas9-based gene knockout, and xenograft experiments. Skp2 is highly expressed in CRC patient
tissues. Blocking Skp2 expression reduces the tumorigenic properties of CRC cells in vitro and in vivo. Depletion of Skp2 confers
sensitivity to irradiation of CRC cells. Skp2 deficiency enhances irradiation-induced intrinsic apoptosis by facilitating E3 ligase FBW7-
mediated Mcl-1 ubiquitination and degradation. Knockout of Skp2 sensitizes CRC cells to irradiation treatments in vivo. Our findings
indicate that Skp2 stabilizes Mcl-1, and targeting Skp2 in combination with traditional radiotherapy might be efficacious in
treating CRC.
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INTRODUCTION
Colorectal cancer (CRC) ranks third for incidence and second for
leading cause of cancer-related mortality worldwide [1]. Curative-
intent surgery combined with adjuvant radiotherapy is a mainstay
of therapy for patients with CRC [2]. Nevertheless, CRC patients
face challenges related to treatment failure due to inherent and
acquired radiation resistance. Novel agents target various genes,
such as MEK, VEGF, PKC, HSP90, PARP, PD-1, PD-L1, and CTLA4,
developed as radiosensitizers and conducted clinical trials in the
treatment of colorectal cancer [2]. To improve the effectiveness of
radiotherapy for CRC, discovering potential targets to improve the
radiosensitivity of CRC has important clinical significance.
Irradiation (IR) exerts its cytotoxic effects by inducing cell death,

such as intrinsic apoptosis, which is regulated by the antiapoptotic
and proapoptotic Bcl-2 family members. Disruption of the balance
between antiapoptotic and proapoptotic Bcl-2 family members
can change the cell fate from survival to apoptosis. Myeloid cell
leukemia 1 (Mcl-1) is an antiapoptotic Bcl-2 family member and is
one of the most frequently overexpressed proteins in human
cancers [3], including lung cancer [4], colorectal [5], liver [6],
prostate cancer [7], and multiple myeloma [8]. Mcl-1 inhibits cell
death by binding to pro-apoptotic Bcl-2 family members to
suppress mitochondrial outer membrane permeabilization and
caspase activation, through which tumor cells evade the fate of
death. Overexpression of Mcl-1 is an important reason for the

resistance to various cancer therapies, including radio- and
chemotherapies [9, 10]. Moreover, several studies have demon-
strated that downregulating Mcl-1 expression or reducing its
stability benefits the treatment of a variety of cancers [11–15].
Therefore, Mcl-1 has emerged as an attractive target for
therapeutic strategies.
In the present study, we found that the depletion of Skp2 (S-

phase kinase-associated protein 2) enhances irradiation-induced
apoptosis, accompanied by the decrease of the Mcl-1 protein level
in human colorectal cancer cells. Targeting the Skp2-Mcl-1 axis is a
promising anti-tumor strategy to overcome radioresistance in CRC.

MATERIALS AND METHODS
Reagents and antibodies
Compounds, including MG132, cycloheximide (CHX) and SB216763
(#S1075), were purchased from Selleck Chemicals (Houston, TX). Chemical
reagents, including Tris, NaCl, SDS, and DMSO, were purchased from
Sigma-Aldrich for molecular biology and buffer preparation (St. Louis, MO).
Cell culture media and supplements were from Invitrogen (Grand Island,
NY). Antibodies against Skp2 (#2652, IB:1:2000, IHC: 1:100), α-Tubulin
(#2144, IB:1:10000), VDAC1 (#4866, IB:1:2000), Ubiquitin (#3936, IB: 1:1000),
Mcl-1(#5453, IB: 1:1000), Cytochrome c (#11940, IB:1:1000), Bax (#5023, IB:
1:1000), GSK3β (#12456, 1:1000), p-GSK3β-Ser9 (#5558, 1:1000), p-Akt-
Ser473 (#4060, 1:1000), Akt (#4691, 1:1000), Cleaved-caspase 3 (#9664, IB:
1:2000) and Cleaved-PARP (#5625, IB: 1:2000) were obtained from Cell
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Signaling Technology, Inc. (Beverly, MA). Antibodies against β-actin (A5316,
IB: 1:10000), Flag tag (F3165, IB: 1:10000), and Flag-HRP (A8592, IB: 1:20000)
were from Sigma-Aldrich (St. Louis, MO). Antibodies against p-Mcl-1-Ser159
(ab111574, 1:1000), Ki67 (ab16667, IHC: 1: 250), FBW7 (ab109617, IHC:
1:100), FBW7 (ab187815, 1:2000), Mcl-1 (ab32087, IHC:1:100), donkey anti-
rabbit IgG H&L (Alexa Fluor®568) (ab175470), and donkey anti-mouse IgG
H&L (Alexa Fluor® 488) (ab150105) were purchased from Abcam (Cam-
bridge, UK). Mcl-1 (sc-819) for immunoprecipitate was from Santa Cruz
(Dallas, TX). Secondary antibodies, including anti-rabbit IgG HRP (#7074)
and anti-mouse IgG HRP (#7076), were purchased from Cell Signaling
Technology. Antibody conjugates were visualized by chemiluminescence
(ECL; cat#34076, Thermo Fisher Scientific).

Cell lines and cell culture
Human colorectal cancer cell lines HCT116 and HT29 were purchased from
the American Type Culture Collection (ATCC, Manassas, VA). The 293T cell
was purchased from ATCC and maintained in DMEM medium supplemented
with 10% FBS and 1% antibiotics. All cells were maintained at 37 °C in a
humidified incubator with 5%CO2 according to the ATCC protocols. The cells
were cytogenetically tested and authenticated before being frozen.

Immunohistochemical staining (IHC)
This study was approved by the Institute Research Ethics Committees of
Xiangya Hospital, Central South University. Human colorectal cancer
tissues and the paired adjacent tissues were obtained from the
Department of Pathology at Xiangya Hospital with written informed
consent (n= 87). All the patients received no treatment before surgery.
The tissues were fixed, embedded, and subjected to IHC analysis as
described previously [13]. Briefly, after incubating at 65 °C for 1 h, the tissue
slides were submersed into sodium citrate buffer (10mM, pH6.0) and
boiled for 10min, followed by incubation in 3% H2O2 for 10min. Tissue
slides were blocked with 50% goat serum albumin at room temperature
for 1 h and incubated with the primary antibody in a humidified chamber
overnight in a cold room. Tissue slides were washed with PBS and
hybridized with the secondary antibody at room temperature for 45min.
Hematoxylin was used for counterstaining. Slides were viewed and
photographed under a light microscope and analyzed using the Image-
Pro Plus software (version 6.2) program (Media Cybernetics). The
immunoreactions were evaluated independently by two pathologists as
described previously [16]. Briefly, the percentage of positive cells was
scored as follows: 0, no positive cells; 1, ≤10% positive cells; 2, 10–50%
positive cells; 3, >50% positive cells. Staining intensity was scored as
follows: 0, no staining; 1, weak staining; 2, moderate staining; 3, dark
staining. The staining intensity score between 0–1, 1–2, and 2–3 was
further scored on a decile scale. Comprehensive score = staining
percentage × intensity. Skp2, Mcl-1, or FBW7 expression: ≤2 indicates
low expression level; >2 indicates high expression level.

Transient transfection and generation of silencing stable cell
lines
The generation of gene stable silencing cell line was performed as
described previously [17]. Two different single-guide RNAs (sgRNAs) were
used to generate CRISPR-Cas9-based Skp2 knockout constructs (sgSkp2#1
forward, 5′-AAGACTTTGTGATTGTCCGC-3′, reverse, 5′-GCGGACAATCACAAA
GTCTT-3′; sgSkp2#2 forward, 5′-GCAACGTTGCTACTCAGGTC-3′, reverse, 5′-
GACCTGAGTAGCAACGTTGC-3′). The Skp2 stable knockout single clone was
generated by transient transfection of sgSkp2 plasmids followed by
selection with 1 μg/mL puromycin for three weeks. The shGFP (#110318,
Addgene) was used as a shCtrl. Mcl-1 stable knockdown cells were
generated using shRNA (AAACCCAGGGCTGCCTTGGAAAAG), and selected
by 1mg/mL puromycin for 3 weeks. The Control siRNA (sc-37007), Mcl-1
siRNA (sc-35877), FBW7 siRNA (sc-37547) were purchased from Santa Cruz
Biotechnology (Dallas, TX). Cells were grown in 6-well plates and
transfected with 100 pmol small interfering RNA oligonucleotide using
HiPerFect transfection reagent (Cat. 301705, Qiagen) for 72 h as described
previously [18]. Cells were harvested for protein extraction and immuno-
blotting to confirm Mcl-1 or FBW7 knockdown.

Protein preparation and Western blotting
Whole-cell lysates were extracted with RIPA buffer (20mM NAP, pH 7.4,
150mM NaCl, 1% Triton, 0.5% Sodium-deoxycholate, and 0.1% SDS)
supplemented with protease inhibitors. Lysates were sonicated and
centrifuged at 12,000 × g for 15 min. Protein concentration was

determined using the BCA Assay Reagent (#23228, Pierce, Rockford, IL).
Western blotting was performed as previously described [19].

Real-time PCR analysis
The primers for Mcl-1 are as follows: Forward sequence: CCAAGAAAGCTGC
ATCGAACCAT; Reverse sequence: CAGCACATTCCTGATGCCACCT. The qPCR
analysis was performed using the ABI 7900HT with the following PCR
program: Stage 1: Activation: 50 °C for 2 min; Stage 2: Pre-soak:95 °C for
10min; Stage 3: Denaturation: 95 °C for 15 s, annealing: 60 °C for 1 min;
Stage 4: Melting curve: 95 °C for 15 s, 60 °C for 15 s, 95 °C for 15 s.

Cell viability assay
Cells were seeded at a density of 2 × 103 cells per well in 96-well plates in
100 μL of culture medium containing10% FBS and incubated in a 37 °C, 5%
CO2 incubator. Cells were treated with or without IR (2 Gy). After culturing
for another 24, 48, or 72 h, the MTS reagent (#G3581, Promega, Madison,
WI) was added to each well, and cells were incubated for another 1 h at
37 °C and measured according to the standard procedures.

Anchorage-independent cell growth assay
Cells (8 × 103 per well) were treated with or without IR (2 Gy) and seeded
into six-well plates with 0.3% Basal Medium Eagle agar containing 10% FBS
and cultured. The cultures were maintained at 37 °C in a 5% CO2 incubator
for two weeks, and colonies were counted under a microscope.

Plate colony formation assay
Cells were treated with or without IR (2 Gy, X-RAD 320, Precision X-ray, Inc.),
and then seeded into the 6 cm plate (5 × 102/well). The cultures were
maintained at 37 °C in a 5% CO2 incubator for two weeks. The colonies
were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet.
The numbers of the colony were counted under a microscope. Three
independent experiments were performed in triplicate.

Trypan blue exclusion assay
The cell number and viability were assessed by counting the cells with a
hemocytometer (Neubauer Chamber, Germany) using the trypan blue
reagent, which distinguishes alive (bright) from dead cells or non-viable
cells (blue ones).

Isolation of mitochondrial fractions
Cells from 10 cm plates were treated with or without IR (2 Gy), harvested,
and centrifuged at 850 × g for 2 min at 4 °C. The Mitochondria Isolation Kit
(#89874, Thermo Fisher Scientific) was used to extract the mitochondrial
fractions according to the manufacturers’ standard procedures.

Flow cytometry
Cells were seeded into six-well plates for 24 h and subjected to IR (2 Gy)
treatment. After treatment, attached and floating cells were harvested. The
cells were suspended in 1 × 106 cells/mL for apoptosis analysis, and 5 μL
Annexin V and Propidium Iodide staining solution was added to 300 μL of
the cell suspension. After incubating at room temperature for 15min at
dark, stained cells were assayed and quantified using a FACSort Flow
Cytometer (BD, SanJose, CA, USA).

Ubiquitination assay
The ubiquitination assay was performed as described previously [16].
Briefly, cells were harvested and lysed with modified RIPA buffer (20mM
NAP, pH 7.4, 150mM NaCl, 1% Triton, 0.5% Sodium-deoxycholate, and 1%
SDS) supplemented with protease inhibitors and 10 mM N-Ethylmaleimide
(NEM). After sonication, the lysates were boiled at 95 °C for 15min, diluted
with RIPA buffer containing 0.1% SDS, then centrifuged at 4 °C (16,000 × g
for 15 min). The supernatant was isolated and incubated with specific
antibody and protein A/G Sepharose beads overnight at 4 °C. After
extensive washing, bound proteins were eluted with 2 × SDS sample
loading buffer and separated on an SDS-PAGE, followed by Western
blotting analysis.

In vivo tumor growth assay
The in vivo animal study was approved by the Institutional Animal Care
and Use Committee (IACUC) of Central South University (Changsha, China).

X. Yu et al.

2

Cell Death and Disease          (2022) 13:249 



All mice were maintained and manipulated according to strict guidelines
established by the Medical Research Animal Ethics Committee, Central
South University, China. Cells (1 × 106) were s.c.injected into the 6-week-old
athymic nude mice (n= 5) at the right flank to generate the xenograft
mouse model. IR treatment was initiated when tumor volume reached
100mm3. Mice were exposed to local ionizing radiation (2 Gy/twice per
week, irradiated with X-rays using X-RAD 320, Precision X-ray, Inc.) and
tumors were measured by caliper every three days. Tumor volume was
recorded and calculated according to the following formula: tumor volume
(mm3) = (length × width × width/2). Mice were monitored until the
endpoint. At that time, mice were euthanized and tumors extracted. Tumor
mass was subjected to IHC staining.

Statistical analysis
Statistical analyses were performed using SPSS (version16.0 for Windows,
SPSS Inc, Chicago, IL, USA) and GraphPad Prism 5 (GraphPad 5.0, San
Diego, CA, USA). All quantitative data are expressed as mean ± s.e.m of
three independent experiments. The Student’s t-test or ANOVA evaluated
the difference between means. Clinicopathologic significance in clinical
samples was assessed by the χ2 test or Fisher exact test for categorical
data. Mann–Whitney U-test was used when the data did not fit a normal
distribution. The Pearson rank correlation was used for correlation tests.
Wilcoxon matched-pairs signed-rank test was used for evaluating the
expression level difference between adjacent and tumor. A probability
value of p < 0.05 was used as the criterion for statistical significance.

RESULTS
Skp2 affects the tumorigenic properties and irradiation
sensitivities of human colorectal cancer cells
To determine whether Skp2 is related to the tumorigenesis of
human colorectal cancer, immunohistochemical (IHC) staining was
performed to examine the protein level of Skp2 in colorectal
cancer tissues. The results showed that Skp2 was upregulated in
CRC tissues compared to the paired adjacent tissues (Fig. 1A). To
investigate whether Skp2 affects the sensitivity of human CRC
cells to irradiation (IR), we constructed Skp2 stable knockout
HCT116 and HT29 cells. We found that depletion of Skp2 (Fig. 1B)
significantly decreased cell viability (Fig. 1C) and plate colony
formation (Fig. 1D, E) in the presence of irradiation (2 Gy) in both
HCT116 and HT29 cells. Anchorage-independency is one of the
hallmarks of cancer cells and allows tumor cells to expand and
invade adjacent tissues. Our data showed that the anchorage-
independent colony formation potential of both Skp2-knockout
HCT116 and HT29 cells in soft agar was impaired in the presence
of irradiation (Fig. 1F, G). We next constructed a xenograft mouse
model using HCT116-sgCtrl and HCT116-sgSkp2 stable cells.
Xenograft tumors derived from Skp2-knockout HCT116 cells were
treated with irradiation and exhibited a significant decrease in
tumor growth, tumor mass, and tumor cell proliferation compared
to tumors derived from Skp2-knockout cells that did not receive
the irradiation or to tumors retaining Skp2 and treated with
irradiation (Fig. 1H–J). These results suggest that blocking Skp2
expression reduces the tumorigenic properties, and Skp2 defi-
ciency confers sensitivity to irradiation of CRC cells.

Depletion of Skp2 enhances IR-induced apoptosis in human
colorectal cancer cells
We next determined whether Skp2 deficiency affects irradiation-
induced apoptosis of human CRC cells. The trypan blue exclusion
assay showed that knockout of Skp2 decreased the population of
live cells in the presence of irradiation in both HCT116 and HT29
cells (Fig. 2A). Pretreated with apoptosis inhibitor z-VAD-fmk
partially recovered the population of live cells in the presence of
irradiation (Fig. 2B), indicating that apoptosis is involved. By
analyzing the activity of caspase 3, we showed that depletion of
Skp2 increased the activity of caspase 3 in the presence of
irradiation in both HCT116 and HT29 cells (Fig. 2C). Furthermore,
the IB data demonstrated that IR-induced cleaved-caspase 3 and
-PARP were upregulated robustly in Skp2 knockout HCT116 and

HT29 stable cells (Fig. 2D). The subcellular fractions, including
mitochondrial and cytosolic fractions, were isolated to determine
whether intrinsic apoptosis was involved. Irradiation decreased
the expression of Bax in the cytosolic fraction but enhanced its
protein level in the mitochondrial fraction of HCT116 cells (Fig. 2E).
The release of cytochrome c from mitochondria to the cytoplasm
was consistently increased with irradiation treatment (Fig. 2E).
Knockout of Skp2 with irradiation treatment further promoted the
protein level of cytochrome C in the cytosolic fraction, whereas
the expression of cytochrome c in the mitochondrial fraction was
reduced. Moreover, knockout of Skp2 with irradiation further
increased the presence of Bax on mitochondria and decreased it
in the cytoplasm (Fig. 2F) in HCT116 cells. Flow cytometry results
indicated that knockout of Skp2 increased the apoptotic cells
triggered by irradiation (Fig. 2G). These data suggest that
depletion of Skp2 enhances irradiation-induced intrinsic apoptosis
in human colorectal cancer cells.

Irradiation decreases Mcl-1 protein level in Skp2 deficient
colorectal cancer cells
To determine the mechanisms of how depletion of Skp2
promoted IR-induced apoptosis, we examined the anti-apoptotic
Bcl-2 family members in Skp2 knockout stable cells. The results
showed that depletion of Skp2 downregulated Mcl-1 expression,
but not that of Bcl-2 or Bcl-xL (Supplementary Fig. 1A). Moreover,
the protein level of Mcl-1 was further decreased when Skp2
depletion was combined with irradiation treatment in both
HCT116 and HT29 cells (Fig. 3A). Knockdown of Mcl-1 (Fig. 3B)
and exposure to irradiation dramatically decreased the population
of live cells (Fig. 3C), increased the activity of caspase 3 (Fig. 3D) in
Mcl-1 silenced HCT116 and HT29 cells. We next determined
whether overexpression of Mcl-1 compromised irradiation-
induced apoptosis. The results revealed that ectopic overexpres-
sion of Mcl-1 (Fig. 3E) compromised irradiation decreased cell
viability (Fig. 3F), anchorage-dependent (Supplementary Fig. 1B)
and -independent colony formation (Supplementary Fig. 1C), as
well as live cell population (Fig. 3G) in Skp2 depleted HCT116 and
HT29 cells. Consistently, the activity of caspase 3 was reduced with
Mcl-1 transfection (Fig. 3H). Furthermore, reintroduction of Skp2 in
Skp2-null HCT116 cells rescued Mcl-1 expression and compro-
mised IR-induced caspase 3 activations (Supplementary Fig. 1D, E).
These data suggest that irradiation decreases the Mcl-1 protein
level in Skp2 deficient colorectal cancer cells and contributes to
irradiation-induced intrinsic apoptosis.

Irradiation promotes Mcl-1 ubiquitination and degradation
To determine the mechanism of how irradiation downregulates
Mcl-1 expression, we first performed qRT-PCR to analyze the
transcription of Mcl-1 after Skp2 depletion with or without
irradiation exposure. The result showed that the mRNA level of
Mcl-1 was unaffected in Skp2 depleted CRC cells with or without
irradiation treatment (Fig. 4A), strongly suggesting that post-
translational mechanisms chiefly regulate Mcl-1. The Western blot
results showed that Mcl-1 protein levels were reduced following
Skp2 depletion and further decreased upon irradiation treatment
in HCT116 and HT29 cells (Fig. 4B). Notably, the proteasome
inhibitor, MG132, restored Mcl-1 expression, suggesting that the
degradation of Mcl-1 was enhanced in Skp2-null CRC cells (Fig.
4B). The ubiquitination analysis revealed that depletion of Skp2
increased Mcl-1 ubiquitination in HCT116 cells, indicating that
Skp2 is required for Mcl-1 stabilization (Fig. 4C). Moreover, Mcl-1
ubiquitination was increased by irradiation treatment, which was
strongly promoted in Skp2 depleted HCT116 cells (Fig. 4D). These
data suggest that irradiation decreased Mcl-1 expression is related
to protein degradation. Human Mcl-1 protein contains a total of 13
lysine residues, and five lysine residues, including K5, K40, K136,
K194, and K197, have been shown to be ubiquitinated by FBW7
[20]. To determine whether IR-induced Mcl-1 ubiquitination occurs
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Fig. 1 Skp2 is required for the maintaining of tumorigenic properties of human colorectal cancer (CRC) cells. A Left, the representative
staining images of CRC specimens and adjacent tissues; right, quantification of the staining intensity using Image-Pro PLUS (v.6) and Image J
(NIH) computer software. ***p < 0.001. a significant difference between groups as indicated. B Immunoblot (IB) analysis of Skp2 protein level in
Skp2 knock out CRC stable cell lines. C MTS assay was performed to determine the cell viability of Skp2 knock out CRC stable cell lines treated
with/without 2 Gy irradiation (IR). ***p < 0.001. D, E Plate colony formation assay analysis of the colony formation of Skp2 knock out HCT116
(D) and HT29 (E) stable cell lines treated with/without IR (2 Gy). ***p < 0.001. F, G Soft agar assay determination of the anchorage-independent
cell growth of Skp2 knock out HCT116 (F) and HT29 (G) stable cell lines treated with/without IR (2 Gy). ***p < 0.001. H–J Average tumor volume
(H), average tumor weight (I), and the population of Ki67 positive cells (J) of HCT116-sgCtrl and HCT116-sgSkp2 xenografts treated with/
without IR. ***p < 0.001.
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on these lysine sites, we constructed a 5KR mutant, in which all of
these five lysine residues were mutated to arginine. The in vivo
ubiquitination result showed that IR-induced Mcl-1 ubiquitination
was reduced markedly in the Mcl-1 5KR mutant in HCT116 cells
(Fig. 4E). IR decreased the protein level of Mcl-1 WT but not 5KR
mutant in both HCT116 and HT29 cells (Fig. 4F). Consistently,
ectopic overexpression of Mcl-1 5KR rescued IR-decreased cell
viability (Fig. 4G), live cell population (Fig. 4H), and colony
formation (Fig. 4I). These results suggest that irradiation promotes
Mcl-1 ubiquitination and degradation, depletion of Skp2
enhanced irradiation-induced Mcl-1 destruction.

FBW7 is required for IR-induced Mcl-1 ubiquitination
To determine how IR-induced Mcl-1 ubiquitination in Skp2 knockout
cells, we first examined which signaling pathway was changed in
these stable cells. Previous studies have shown that the E3 ligase Skp2
plays a crucial role in tumorigenesis and Herceptin sensitivity in breast
cancer by activating Akt signaling in an Akt K63-linked ubiquitination-
dependent manner [21]. Indeed, we found that depletion of Skp2
reduced K63-linked ubiquitination and phosphorylation of Akt
(Supplementary Fig. 2A). Moreover, the immunoblotting results

confirmed that IR treatment further reduced Akt activity and
downstream kinase GSK3β, in Skp2 knockout HCT116 and HT29 cells
(Supplementary Fig. 2B, C), indicating that Skp2 is required for Akt
signaling activation in CRC cells even with IR treatment. Over-
expression of constitutively activated Akt1 (Myr-Akt) impaired IR-
induced Mcl-1 reduction and cleaved-caspase 3 induction (Supple-
mentary Fig. 2D). GSK3β-mediated Mcl-1 S159 phosphorylation
promoted for Mcl-1 ubiquitination [22]. To determine whether IR
decreased Mcl-1 is dependent on GSK3β, we generated GSK3β
knockdown HCT116 cells and found that silencing of GSK3β by
shRNA restored Mcl-1 protein level and compromised IR-induced
cleaved-caspase 3 expression (Supplementary Fig. 2E). Importantly,
blocking the kinase activity of GSK3β by small molecule inhibitor
SB216763 restored Mcl-1 expression in Skp2-null HCT116 cells
(Supplementary Fig. 2F). Our data support the notion that IR reduces
Mcl-1 in CRC cells is dependent on Skp2-Akt-GSK3β signaling.
Because GSK3β-induced Mcl-1 phosphorylation enhanced

FBW7-mediated Mcl-1 degradation and FBW7 is frequently
mutated in around 15–20% of human CRC, we next examined
the interaction between Mcl-1 and the E3 ligase FBW7 in CRC cells.
The result showed that FBW7 is bound with Mcl-1 in HCT116 cells,

Fig. 2 Depletion of Skp2 enhances IR-induced intrinsic apoptosis. A Skp2 knockout CRC stable cells were treated with/without IR (2 Gy) and
cultured for 72 h, live cell population was determined by trypan blue exclusion assay. ***p < 0.001. B, C Skp2 knockout CRC stable cells were
pretreated with pan-caspase inhibitor z-VAD-fmk for 4 h, followed by 2 Gy IR treatment. Cells were cultured for 72 h, live cell population was
determined by trypan blue exclusion assay (B), caspase 3 activity was examined by Caspase 3 Assay Kit (C). *p < 0.05, **p < 0.01, ***p < 0.001. D
Skp2 knockout HCT116 (left) and HT29 (right) stable cells were treated with/without IR (2 Gy) and cultured for 72 h, whole-cell extract (WCE)
was subjected to IB analysis. E HCT116 cells were treated with/without IR (2 Gy) and cultured for 72 h, subcellular fractions were isolated and
subjected to IB analysis. F, G Skp2 knockout HCT116 stable cells were treated with/without IR (2 Gy) and cultured for 72 h, subcellular fractions
were isolated and subjected to IB analysis (F), the population of apoptotic cells was examined by flow cytometry (G). **p < 0.01.
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and this interaction was elevated by the depletion of Skp2 (Fig.
5A). Knockdown of FBW7 rescued Mcl-1 expression in Skp2-
knockout HCT116 (Fig. 5B) and HT29 (Supplementary Fig. 3A) cells.
Co-IP results demonstrated that irradiation (2 Gy) significantly
increased the interaction between Mcl-1 and FBW7 in HCT116 (Fig.
5C) and HT29 (Supplementary Fig. 3B) cells. Moreover, knockdown
of FBW7 compromised irradiation-induced reduction of Mcl-1 and
impaired IR-induced apoptosis in HCT116 (Fig. 5D) and HT29
(Supplementary Fig. 3C) cells. We further examined whether FBW7
regulates Mcl-1 ubiquitination. The result showed that suppres-
sion of FBW7 by small interfering RNA compromised Mcl-1
ubiquitination in Skp2 depletion cells (Fig. 5E). Consistently,
knockdown of FBW7 also decreased IR-induced Mcl-1 ubiquitina-
tion in HCT116 cells (Fig. 5F). To determine whether IR-induced
Mcl-1 ubiquitination in Skp2-null cell is dependent on FBW7, we
silenced FBW7 and examined Mcl-1 ubiquitination. The result
showed that IR strongly induced Mcl-1 ubiquitination in Skp2-null
HCT116 cells, and the knockdown of FBW7 compromised this
efficacy (Fig. 5G). Consistently, knockdown of FBW7 attenuated IR-
decreased cell viability (Fig. 5H) and live cell population (Fig. 5I).

Moreover, depletion of FBW7 decreased IR-induced caspase 3
activity (Fig. 5J) in Skp2-null HCT116 cells. These results suggest
that FBW7 plays a critical role in IR-promoted Mcl-1 ubiquitination
and destruction.

Irradiation inhibits in vivo tumor growth
We next investigated whether Mcl-1 affects the sensitivity of CRC cells
to radiotherapy in vivo. We performed the xenograft tumors using
HCT116 cells. Xenograft tumors derived from Mcl-1 knockdown
HCT116 cells were treated with irradiation and exhibited a significant
decrease in tumor growth (Fig. 6A), tumor mass (Fig. 6B), and tumor
cell proliferation (Fig. 6C) compared to tumors derived from Mcl-1
knockdown cells that did not receive the irradiation treatment or to
tumors retaining WT Mcl-1 and treated with irradiation (Fig. 6A). In the
Mcl-1 knockdown HCT116 tumors, reintroduction of Mcl-1 5KR
mutant impaired the anti-tumor effectiveness of irradiation treatment
(Fig. 6A–C). We next determined the radiotherapeutic function of Mcl-
1 ubiquitination in vivo. Xenograft tumors derived from Skp2-null
HCT116 cells that were treated with irradiation exhibited reduced
tumor growth (Fig. 6D), tumor mass (Fig. 6E), and tumor cell

Fig. 3 Irradiation decreases Mcl-1 protein level. A Skp2 knockout CRC stable cells were treated with/without IR (2 Gy) and cultured for 72 h,
WCE was subjected to IB analysis. B–D HCT116, and HT29 cells were transfected with siMcl-1 for 24 h, followed by IR (2 Gy) treated and
cultured for 72 h. WCE was subjected to IB analysis (B). The live cell population was determined by trypan blue exclusion assay (C). Caspase 3
activity was examined by Caspase 3 Assay Kit (D). ***p < 0.001. E–H Mcl-1 was transiently transfected into Skp2 depleted HCT116 and HT29
cells using lipofectamine 2000 and maintained for 24 h. Cells were treated by IR (2 Gy) and cultured for 72 h. WCE was subjected to IB analysis
(E). Cell viability and live cell population were determined by MTS assay (F) and trypan blue exclusion assay (G), respectively. Caspase 3 activity
was examined by Caspase 3 Assay Kit (H). **p < 0.01, ***p < 0.001.
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Fig. 4 Irradiation promotes Mcl-1 ubiquitination and degradation. A Mcl-1 mRNA expression in Skp2 depleted CRC cells with IR treatment
was examined by real-time RT-PCR. B Skp2 depleted HCT116, and HT29 cells were treated with IR (2 Gy) and cultured for 72 h, MG132 (25 μM)
was added to the cell culture medium and maintained for 6 h. WCE was subjected to IB analysis. C Skp2 knockout HCT116 cells were treated
with MG132 for 6 h, WCE was prepared and subjected to Mcl-1 ubiquitination analysis. D Skp2 depleted HCT116 cells were treated with
MG132 (25 μM) for 6 h, followed by IR (2 Gy) treatment and cultured for 1 h. WCE was subjected to Mcl-1 ubiquitination analysis. E Flag-Mcl-1
wild type or 5KR mutant was transfected into HCT116 cells using lipofectamine 2000 for 48 h and treated with IR as indicated. WCE was
extracted after IR treatment for 1 h and subjected to Mcl-1 ubiquitination analysis. F Flag-Mcl-1 wild type or 5KR mutant was transfected into
HCT116 cells for 24 h, followed by IR (2 Gy) treatment, and cultured for 72 h. WCE was subjected to IB analysis. G–I Flag-Mcl-1 wild type or 5KR
mutant was transfected into HCT116 and HT29 cells for 24 h, followed by IR (2 Gy) treatment and cultured for 72 h. Cell viability and live cell
population were determined by MTS assay (G) and trypan blue exclusion assay (H), respectively. Colony formation was examined by plate
colony formation assay (I). *p < 0.05, **p < 0.01, ***p < 0.001.
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proliferation (Fig. 6F). However, silent of FBW7 in Skp2-null HCT116
cells rescues tumorigenesis under irradiation treatment (Fig. 6D–F).
These results suggest that Mcl-1 stabilization confers radioresistance
in CRC cells. Knockout of Skp2 sensitized CRC cells to radiotherapy is
dependent on FBW7-mediated Mcl-1 ubiquitination and degradation.

Skp2 positively correlates with Mcl-1 in CRC tissues
To determine the clinical relevance of our findings, we evaluated
Skp2, Mcl-1, and FBW7 protein levels in 87 primary CRC specimens
(Supplementary Tables 1 and 2) by immunohistochemical (IHC)
analysis. The results showed that Skp2 is significantly more highly
expressed in CRC tumor tissue than in adjacent non-tumor tissues
(Supplementary Table 1). Moreover, a high Skp2 protein level is
significantly associated with a more advanced tumor stage, as well
as lymph node involvement (Supplementary Table 2). The
representative staining images with a high or low level of Skp2
expression, as well as Mcl-1 and FBW7, were shown (Fig. 7A). By
systematically analyzing the IHC staining results, the details were
summarized according to the score of Skp2, Mcl-1, and FWB7.
Among 87 patients, 38 cases of the high level of Mcl-1 were seen
in all 53 individuals with a high level of Skp2 staining (Fig. 7B). In
comparison, 39 of 49 patients with a high level of Mcl-1 exhibited
downregulated protein level of FBW7 (Fig. 7C). Also, high Skp2
expression was accompanied by a low level of FBW7, 37 cases of
the low level of FBW7 were detected in all 53 patients with a high
level of Skp2 (Fig. 7D). As expected, a statistically significant
positive correlation between Skp2 and Mcl-1 and a negative
correlation between FBW7 and Mcl-1 (Fig. 7E, F) were observed.
However, it appears that Skp2 and FBW7 were not significantly
negatively correlated in our CRC cohort (Fig. 7G). These findings

suggest that Skp2 positively correlates with Mcl-1, which is
negatively correlated with E3 ligase FBW7, which may contribute
to tumorigenesis of CRC.

DISCUSSION
Mcl-1 is frequently overexpressed in human tumors and
contributes to tumor development, progression, and poor
prognosis. Mcl-1 is a relatively short-lived protein and post-
translationally regulated through ubiquitination and deubiquitina-
tion. E3 ubiquitin ligases, including Mule [23], β-TrCP [22], and
FBW7 [13, 20, 24] have been identified to directly interact and
induce Mcl-1 polyubiquitination and proteasomal degradation in
response to apoptotic stimuli. E3 ligase Parkin has been implicated
in Mcl-1 degradation in response to mitochondrial depolarization
[25, 26]. Trim17-mediated ubiquitination and degradation of Mcl-1
initiate apoptosis in neurons [27]. FBXO4 is recently identified as
an E3 ubiquitin ligase to interact and promote Mcl-1 ubiquitina-
tion and degradation in lung cancer [12]. APC/CCdc20 has been
shown to engage in the ubiquitination of Mcl-1 and to control
Mcl-1 stability during mitosis [15, 28]. Intriguingly, E3 ligase TRAF6
promotes nondegradative K63-linked polyubiquitination of Mcl-1
that antagonizes Mcl-1 interaction with the 20S proteasome,
thereby protecting Mcl-1 from degradation elicited by chemother-
apeutic drugs [29]. Deubiquitinases can reverse ubiquitylation.
Deubiquitinases USP9X [30], Ku70 [31], JOSD1 [32], DUB3/USP17L2
[33], and USP13 [34] have been described to stabilize Mcl-1,
promote tumor cell survival and suppress apoptosis. Our results
showed that knockout of Skp2 did not cause the accumulation of
Mcl-1 protein (Fig. 3A, lane 1 vs. lane 3, in both left and right

Fig. 5 FBW7 is required for IR-induced Mcl-1 ubiquitination. A Skp2 knockout HCT116 cells were treated with MG132 for 6 h, WCE was
subjected to co-immunoprecipitation (Co-IP) analysis. B siFBW7 was transfected into Skp2 depleted HCT116 cells and subjected to IB analysis.
C HCT116 cells were treated with IR (2 Gy), WCE was collected 1 h later and subjected to Co-IP analysis. D siFBW7 was transfected into HCT116
cells for 24 h, followed by IR (2 Gy) treatment. Cells were cultured for 72 h, WCE was subjected to IB analysis. E siFBW7 was transfected into
Skp2 depleted HCT116 cells for 48 h, followed by MG132 treatment for 6 h, WCE was subjected to IP-mediated Mcl-1 ubiquitination analysis. F
HCT116 cells were transfected with siCtrl or siFBW7 and cultured for 48 h. After being incubated with MG132 for 6 h, the cells were treated
with IR. WCE was collected 1 h later and subjected to IP-mediated Mcl-1 ubiquitination analysis. G–J Skp2 depleted HCT116 cells were
transfected with siCtrl or siFBW7 and cultured for 48 h. After being incubated with MG132 for 6 h, the cells were treated with IR. WCE was
collected 1 h later and subjected to IP-mediated Mcl-1 ubiquitination analysis (G). Cell viability and live cell population was determined by
MTS assay (H) and trypan blue exclusion assay (I), respectively. Caspase 3 activity was examined by Caspase 3 Assay Kit (J). ***p < 0.001.
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panels), and depletion of Skp2 increased Mcl-1 ubiquitination (Fig.
4C), indicating that IR-induced Mcl-1 reduction is likely regulated
through other E3 ligases rather than Skp2. We subsequently
confirmed that another F-box protein, FBW7, fulfills this function.
Since the regulation of Mcl-1 stabilization depends on different
stimuli and cell types, the identification of more E3 ligases and
DUBs that regulate Mcl-1 is important for Mcl-1-targeted
therapies.
Regulation of Mcl-1 ubiquitination is primarily mediated by its

phosphorylation at multiple sites in response to different signaling
events [35]. Multiple Mcl-1 phosphorylation sites have been

identified, including Ser64, Thr92, Ser121, Ser159, and Thr163 [36],
which slows or accelerates Mcl-1 degradation [37]. Among them,
phosphorylation on Thr92 and Thr163 by Cdk2/cyclinE [38], Ser159
by GSK3β [39], Thr92 by Cdk5 [40], and Thr92 by CDK1/cyclin B1
[28] led to increased ubiquitinylation and degradation of Mcl-1.
Furthermore, a previous study indicated that Mcl-1 phosphoryla-
tion is required for UV-stimulated Mcl-1 degradation [41]. Our
current data showed that IR treatment reduced Akt activity and
downstream kinase GSK3β in Skp2 knockout HCT116 and HT29
cells (Supplementary Fig. 2B, C). Blocking the kinase activity of
GSK3β by small molecule inhibitor SB216763 restored Mcl-1

Fig. 6 Irradiation inhibits in vivo tumor growth. A–C Mcl-1 5KR reintroduction into Mcl-1 knockdown HCT116 cells rescues tumorigenesis
under IR treatment. Mcl-1 5KR mutant was reintroduced into Mcl-1 knockdown HCT116 cells by lipofectamine 2000. The positive colonies
were selected by G418 for 3 weeks, followed by injection into nude mice to establish the xenograft mouse model. Tumor size was monitored
(A). Tumors were weighed (B). Ki67 positive cells were examined by IHC staining (C). Scale bar, 50 µm. **p < 0.01, ***p < 0.001. D–F Knockdown
of FBW7 in Skp2-null HCT116 cells rescues tumorigenesis under IR treatment. FBW7 was silenced in Skp2-null HCT116 cells and injected into
nude mice to establish the xenograft mouse model. Tumor size was monitored (D). Tumors were weighed (E). Ki67 positive cells were
examined by IHC staining (F). Scale bar, 50 µm. **p < 0.01, ***p < 0.001.
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expression in Skp2-null HCT116 cells (Supplementary Fig. 2F). Our
results suggested that phosphorylation of Mcl-1 on Ser159 is
essential for IR-induced Mcl-1 downregulation, and GSK3β
mediates this Mcl-1 phosphorylation in response to IR treatment.
In addition, we found that both depletion of Skp2 (Fig. 5A) and IR
treatment (Fig. 5C) significantly increased the FBW7 and Mcl-1
interaction, thus promoting FBW7-mediated phosphorylated-Mcl-
1 degradation and ultimately sensitizing CRC cells to radiotherapy.
However, we could not exclude the possibility that Mcl-1 is
phosphorylated on other sites by other kinases to regulate its
stabilization, and the mechanisms underlying how Skp2 regulates
FBW7 and Mcl-1 interaction need to be further explored.
Skp2 and FBW7 are two different recognition subunits of the

Skp1-Cullin1-F-box protein (SCF) E3 ligase complex that recognize
specific substrates for ubiquitination [42] and also have opposite
functional and biological effects. Skp2 functions as an oncoprotein
and exerts oncogenic functions through ubiquitination of its
substrates such as p21 [43], p27 [44], p57 [45], E-cadherin [46],
FOXO1 [47], Akt [48], and others. Therefore, Skp2 plays a crucial
role in governing many critical cellular processes, including cell
growth, apoptosis, differentiation, cell cycle progression, migra-
tion, invasion, and metastasis [49]. Skp2 is frequently over-
expressed in various human cancer [49, 50], including colorectal
cancer [17]. Moreover, overexpression of Skp2 is positively

correlated with TNM stage, node capsular invasion, lymphovas-
cular invasion and is strongly associated with poor prognosis in
CRC patients [51, 52]. Additionally, Skp2 has been reportedly
involved in developing drug resistance [53–55] or radiation
resistance [56]. On the contrary, FBW7 functions as a tumor
suppressor and is commonly downregulated in cancer. Aberration
or inactivation of FBW7 expression has been observed in human
cancers, such as breast cancer [57], and leukemia [58], which is
thought to be involved in tumorigenesis, progress, prognosis, and
drug resistance [24, 59, 60]. FBW7 mRNA expression is reported to
be significantly reduced in colorectal cancer [20, 61, 62]. FBW7
targets many well-characterized oncoproteins, including c-MYC
[63], CyclinE [64], c-JUN [65], Mcl-1 [24], and Notch intracellular
domain 1 (NICD1) [66] for ubiquitylation-mediated proteasomal
degradation [59]. Intriguingly, the stability and proteasomal
degradation of FBW7 itself is regulated by deubiquitinase USP9X
[67] and E3 ligase TRIP12 [68]. We found that depletion of
Skp2 significantly increased the FBW7 and Mcl-1 interaction (Fig.
5A), enhanced IR-induced Mcl-1 ubiquitination (Fig. 4D), which
was dependent on the E3 ligase FBW7 (Fig. 5E), and ultimately
sensitizing CRC cells to radiotherapy both in vitro (Fig. 1) and
in vivo (Fig. 6). Though the precise mechanism underlying Skp2
deficiency-increased FBW7 and Mcl-1 interaction remains unclear,
the oncoprotein Skp2 is still an attractive anti-cancer target.

Fig. 7 Skp2 positively correlates with Mcl-1 in CRC tissues. A representative cases from 87 CRC specimens were analyzed by IHC staining
with Skp2, Mcl-1, and FBW7. B The percentage of samples displaying low or high Skp2 expression compared to the expression levels of Mcl-1.
C The percentage of specimens displaying low or high Mcl-1 expression compared to the expression levels of FBW7. D The percentage of
specimens displaying low or high Skp2 expression compared to the expression levels of FBW7. E Scatterplot showing the positive correlation
between Skp2 and Mcl-1. F Scatterplot showing the negative correlation between Mcl-1 and FBW7. G Scatterplot showing no correlation
between Skp2 and FBW7.
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Our results showed a trend that Skp2 is required to maintain Mcl-1
stability in IR-treated CRC cells, and depletion of Skp2 increased
Mcl-1 ubiquitination (Fig. 4C), and Skp2 is positively correlated
with Mcl-1 expression in CRC tissues (Fig. 7H), suggesting Skp2
plays a role in maintaining of Mcl-1 stability and expression
upregulation, finally contributes to tumorigenesis of CRC. It has
been reported that a growing number of E3 ligases function as
transcriptional coactivators. For example, Skp2 has been revealed
to act as a transcriptional coactivator with c-Myc to regulate gene
expression [69, 70]. The simultaneous presence of c-Myc and Skp2
were detected at the c-Myc target gene promoter [70]. Whether
Skp2 is associated with other transcriptional factor and/or other
proteins and recruited to the Mcl-1 promoter to regulate Mcl-1
transcription and expression require further exploration.
An increasing number of pharmacological agents targeted for

inhibiting E3 ligases and deubiquitinases have been developed.
The MDM2 inhibitor Nutlin-3 effectively restores p53 function and
induces cell cycle arrest and apoptosis in MDM2 expression human
rhabdomyosarcoma cells with wild-type p53 [71]. Serdemetan, an
MDM2 inhibitor, mitigates experimental pulmonary hypertension
(PH) in mice, partially through the inhibition of MDM2-mediated
ubiquitination of angiotensin-converting enzyme 2 (ACE2) and
thus rectified ACE2 expression [72]. APC/Ccdc20 inhibitor Apcin
suppresses the metastasis in triple-negative breast cancer [73].
Skp2 inhibitor SZL P1–41 restricts cancer stem cell traits and cancer
progression by selectively suppressing Skp2 ubiquitin ligase
activity [74]. USP14 inhibitor IU1 significantly increases CD36
ubiquitination and stabilizes CD36 protein by removing the
polyubiquitin chains, decreasing foam cell formation by down-
regulating CD36-mediated lipid uptake, and providing a potential
therapeutic target for atherosclerosis [75]. Spautin-1 reportedly
suppresses autophagy by inhibiting the USP10 and USP13
deubiquitinases [76]. P22077, a dual inhibitor of USP7/USP47
[77], overcomes tyrosine kinase inhibitor resistance and eradicates
leukemia stem/progenitor cells in chronic myelogenous leukemia
through inhibiting its novel substrate Y-box binding protein 1 (YB-
1) deubiquitination and suppresses DNA damage repair [78].
Several pharmacological agents have been shown to diminish Mcl-
1 expression by inhibiting Mcl-1 production or enhancing Mcl-1
degradation. For instance, the USP9X inhibitor WP1130 lowers Mcl-
1 levels in chronic myelogenous leukemia and enhances sensitivity
to apoptosis by facilitating Mcl-1 degradation [79]. Thus, the
further discovery of highly selective and effective E3 ligases and
deubiquitinases inhibitors with fewer side effects are required for
clinical treatment.
Targeting Mcl-1 appears to be a promising strategy in cancer

therapy. Unfortunately, there were no Mcl-1 inhibitors have been
approved currently. Our results indicated that irradiation induces
CRC cell apoptosis through FWB7-mediated Mcl-1 degradation.
Mcl-1 regulates the radiosensitivity of CRC cells and might be a
target for CRC radiosensitization. Combining E3 ligases upstream
of Mcl-1 with traditional radiotherapy would be efficacious in
treating CRC.
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