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A B S T R A C T

Vemurafenib is a B-Raf V600E inhibitor that exerts significant inhibitory effects in melanoma but not in colon
cancer, and the mechanism of vemurafenib resistance remains unclear. In this study, bioinformatics analysis of
gene profiles in cancer cells treated with vemurafenib or its analog revealed that cell cycle progression is sig-
nificantly affected by vemurafenib. We found that CDK1 is stably activated in the vemurafenib-resistant (VR)
colon cancer sublines that we established, indicating that CDK1 activation is responsible for vemurafenib re-
sistance. As the KCTD12-CDK1 interaction is necessary for CDK1 activation, we screened an FDA-approved drug
library consisting of 616 compounds and identified that adefovir dipivoxil (AD), a nucleoside analog for
treatment of HBV infections, disrupts the CDK1-KCTD12 interaction and induces G2 phase arrest in the cell
cycle. Functional assays demonstrated that AD significantly inhibited colon cancer cell proliferation and tu-
morigenesis both in vitro and in vivo with no observed side effects. Furthermore, AD sensitized vemurafenib-
resistant colon cancer cells and tumor xenografts to vemurafenib. This study reveals that CDK1 activation in-
duces vemurafenib resistance and that AD is a promising therapeutic strategy for colon cancer both as a single
agent and in combination with vemurafenib.

1. Introduction

Colon cancer is the third most common malignancy, and more than
1,800,000 new cases were estimated to have been diagnosed worldwide
in 2018. Among these new cases, an increasing incidence of colon
cancer are being reported in adolescents and young adults [1–3]. Given
that traditional treatment, in surgery and chemoradiotherapy, does not
entirely eliminate cancer cells in patients, various targeted therapies,
such as cetuximab and regorafenib, have been developed for colon
cancer treatment, initially achieving good results in clinical application.
However, the emergence of drug resistance after a period of treatment
inevitably leads to poor treatment response or cancer recurrence. Re-
cent studies demonstrated that mutations in targeted genes or activa-
tion of “front-line proteins” involved in other oncogenic pathways are
responsible for drug resistance [4,5]. Therefore, identification of novel
therapeutic targets and development of chemosensitizing agents are
urgently needed for colon cancer therapy.

Aberrant activation of the Ras/Raf/MEK/ERK signaling pathway
promotes tumorigenesis and cancer progression [6]. B-Raf belongs to
the Raf family and is widely expressed in different cancers and plays an
important role in promoting cancer growth [7,8], indicating that B-Raf
is a potential target for anti-tumor drug development [9–11]. Vemur-
afenib is a B-Raf/B-Raf V600E inhibitor under investigation in phase 3
clinical trials for melanoma therapy [12]. Although clinical trials have
demonstrated that vemurafenib is effective for melanoma treatment,
the drug has minimal effects on colon cancer [13]. Comprehensive
analysis of published databases using the Ingenuity Pathway Analysis
(IPA) revealed that expression of CDK1 is significantly inhibited in re-
sponse to vemurafenib treatment in cancer cells [14,15] but remains
unaffected in vemurafenib-resistant (VR) cancer cells, indicating that
CDK1 might be responsible for development of vemurafenib resistance
in colon cancer [16]. To investigate the mechanisms of action for ve-
murafenib in cancer cells, we established VR cell lines by treating colon
cancer cells with increasing concentrations of vemurafenib. Herein,
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activation of CDK1 signaling in VR cells led us to hypothesize that cell
cycle checkpoints are associated with the sensitivity of cancer cells to
vemurafenib.

Cell cycle dysregulation is a common feature in human cancers
leading to at least two hallmarks of cancer development: uncontrolled
cell proliferation and genomic/chromosomal instability [17,18]. Proper
progression through the cell cycle is mediated by members of the cy-
clin-dependent kinase (CDK) family, and activity of members of this
family is regulated by specific activators (cyclins) and inhibitors (Ink 4
and Cip/Kip family members) [19]. Our previous study identified that
the interaction between potassium channel tetramerization domain
containing 12 (KCTD12) and CDK1 is necessary for CDK1 activation
and G2/M transition [20]. Constitutive CDK1 activation causes sig-
nificant changes in protein phosphorylation and drives tumor cell cycle
progression, resulting in dysregulated cell proliferation and tumor-
igenicity [21,22]. These findings suggest that CDK1 may be a ther-
apeutic target for the treatment of human cancer.

In the field of drug discovery, the concept of “old drugs for new
applications” is gaining increasing recognition [23]. When a new
function for a clinical drug is identified, it increases the opportunity for
that drug to be clinically utilized. In this study, a drug library consisting
of 616 Food and Drug Administration (FDA)-approved compounds was
used to screen for drugs with the potential to block the CDK1 and
KCTD12 interaction. We found that Adefovir dipivoxil (AD), a nucleo-
side analog approved by the FDA for clinical therapy of hepatitis B virus
(HBV) infections [24–26], disrupted the CDK1-KCTD12 interaction. AD
is an oral prodrug of adefovir, an analog of AMP [27]. Previous studies
demonstrated that AD suppressed viral DNA synthesis by targeting re-
verse transcriptase in host cells [28,29]. However, the role of AD in
cancer therapy remains unclear. In this study, the effects of AD on cell
cycle progression, proliferation and tumorigenicity of colon cancer cells
were investigated both in vitro and in vivo. Furthermore, we assessed
whether targeting CDK1-KCTD12 with AD enhances the sensitivity of
colon cancer cells to vemurafenib.

2. Materials and methods

2.1. Cell lines and drugs

Human colon cancer cell lines HCT116 and HT29 (ATCC, Rockville,
MD, USA) were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA) at
37 °C in 5% CO2. Vemurafenib-resistant sublines, designated HCT116-
vemurafenib resistant (VR) and HT29-VR, were established by treating
HCT116 and HT29 cells, respectively, with high concentrations
(200 μM) of vemurafenib. All cell lines were authenticated by short
tandem repeat profiling and were tested for mycoplasma contamina-
tion. Vemurafenib and adefovir dipivoxil were purchased from Selleck
Chemicals (Huston, TX, USA) and were dissolved in dimethyl sulfoxide
(DMSO).

2.2. Plasmids, transfection and infection

The CDK1 lentiviral expression plasmid was generated by PCR
amplification from a colon cancer cDNA library and cloned into the
pLVX vector. Primers for generating the CDK1 plasmid were as follows:
forward (5′-GCGAATTCATGGAAGATTATACCAAAA-3′) and reverse (
5′-GCGGATCCTTACTTATCGTCGTCATCCTTGTAATCCA TCTTCTTAAT
CTGAT-3′). Transfection, infection and establishment of stable cell lines
were performed as described previously [30,31]. The Lipofectamine™
3000 reagent (Thermo Fisher Scientific) was used for transfection ac-
cording to the manufacturer's recommendations.

2.3. Western blotting

Cell pellets suspended in lysis buffer (Cell Signaling Technology,

Danvers, MA, USA) was centrifuged at 14,000 g for 30min at 4 °C, and
the supernatant was loaded onto a sodium dodecyl sulfate (SDS) poly-
acrylamide gel for electrophoresis, after which proteins were subse-
quently transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). After blocking with 5% fat-free milk in
Tris-buffered saline-Tween 20 (TBST), membranes were incubated with
primary antibodies followed by corresponding horseradish peroxidase
(HRP)-conjugated secondary antibodies (Cell Signaling Technology).
Signals were detected using Clarity Western ECL Substrate (Bio-Rad,
Hercules, CA, USA) and visualized by exposure to autoradiographic
film. Primary antibodies used included cyclin A2 (Proteintech, Chicago,
IL, USA), CDK1, p-CDK1, and actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA).

2.4. Purification of CDK1-GST and KCTD12-His fusion proteins

Protein purification was performed as described previously [32].
The KCTD12 gene was amplified using genomic DNA from
HCT116 cells by PCR using the forward primer 5′-CGCGGATCC ATGG
CACTGGCGGATAGCACACG-3′ and the reverse primer 5′-CGCGAATTC
CTCCCTGCATAAGACGTACT-3′ following by cloning into the His-
tagged pET-28b vector. The CDK1 gene was amplified using the forward
primer 5′-CGCGGATCCATCTACCATACCCATTCACTAACT-3′ and re-
verse primer 5′-CGCGAATTCCTACATCTTCTTAATCTGATTGTCC-3′
followed by cloning into a GST flag-tagged pGEX-4T-1 vector. KCTD12
and CDK1 expression plasmids were transformed into E. coli BL21 star
(DE3) cells for subsequent expression. Bacteria were grown to a 600 nm
(OD600) optical density of approximately 1.0 at 37 °C, followed by in-
duction with 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG) for
6 h and lysing via sonication. KCTD12-his and CDK1-GST fusion pro-
teins were isolated by loading whole cell lysate onto his-binding and
GST-binding columns according to the manufacturer's instructions
(Beyotime Biotechnology, Shanghai, China) and were verified by SDS-
PAGE and Western blotting.

2.5. Enzyme-linked immunosorbent assay (ELISA) screening system

Experiments were performed using ELISA. Briefly, the first layer
antibody GST-tag antibody (Proteintech) in coating buffer (1 ng/μL)
was added into 96-well plates and cultured overnight at 4 °C. After
being washed with phosphate-buffered saline (PBS) and blocked with
5% bovine serum albumin (BSA), the purified fusion protein CDK1-GST
(1 μg) was added and the plate was softly rocked for 5 h at room tem-
perature. The plate was then incubated with 1 μg purified KCTD12-his
protein for 3 h at 37 °C, and 616 small molecular inhibitors (10 μM)
from the FDA-approved Drug Library (Selleck Chemicals, Huston, TX,
USA) were individually added into each well. After incubating with his-
tag antibody, the corresponding secondary antibody and tetra-
methylbenzidine (TMB), absorbance was measured at wavelengths of
450 nm and 630 nm. Levels of KCTD12-CDK1 interaction were de-
termined using the following formula: O.D.450-O.D.630 [33]. Coating
buffer, TMB and termination buffer were purchased from Neo-
Bioscience (Shenzhen, Guangdong, China).

2.6. Flow cytometric cell cycle analysis

Cells were fixed in 70% alcohol for 1 h at −20 °C followed by ad-
dition of propidium iodide (PI) staining buffer (33 μg/ml PI, 0.13mg/
ml RNaseA, 10mM EDTA, 0.5% TritonX-100) for 10min at room tem-
perature. Flow cytometry analyses of cells stained with the phospho-H3
AF488 antibody (Cell Signaling Technology) were performed as de-
scribed previously [20]. Briefly, fixed cells were treated with 0.25%
Triton X-100 on ice for 15min, incubated with phospho-H3 antibody
for 3 h at room temperature, and then stained with PI. Cells were ana-
lyzed on a BD Accuri™ C6 Analyzer (BD Biosciences, San Jose, CA,
USA).
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2.7. WST-1 assay

Cell viability was measured using a WST-1 Cell Proliferation and
Cytotoxicity Assay Kit (Beyotime Biotechnology, Shanghai, China).
Cells were seeded in 96-well plates and treated with drugs at various
concentrations and multiple time points. WST-1 reagent was added, and
cells were incubated at 37 °C for 4 h. Absorbance was measured as
described previously [34].

2.8. Carboxyfluorescein succinimidyl ester (CFSE) assay

Cells were resuspended in CFSE solution (Abcam, Cambridge, MA,
USA) at 37 °C for 10min, and staining was terminated with precooled
DMEM medium. Cells were washed twice with DMEM medium, cul-
tured at 37 °C for 48 h and then collected for flow cytometry analysis as
described previously [35].

2.9. Colony-formation assay

A colony-formation assay was performed as described previously
[36]. Briefly, cells were seeded in 6-well plates at a density of 500 cells
per well. After 14 days, cells were fixed with methanol and stained with
0.1% crystal violet. The number of colonies was then quantified for
analysis.

2.10. Coimmunoprecipitation (Co-IP)

Co-IP experiments were performed as described previously [37].
Briefly, after prewashing with IgG (Santa Cruz Biotechnology) and
protein A/G Sepharose beads (Invitrogen, Gaithersburg, MD, USA) for
1 h at 4 °C, cell lysates were incubated with the appropriate primary
antibody overnight at 4 °C followed by 4 h of incubation with protein
A/G Sepharose beads. The beads were washed three times with lysis
buffer and eluted in 2 x SDS/PAGE loading buffer for immunoblotting.

2.11. Tumorigenicity in nude mice

Tumor xenograft experiments were performed as described pre-
viously [20,38,39]. Female BALB/c nude mice aged 6–8 weeks were
maintained under standard conditions and cared for according to in-
stitutional guidelines for animal care. Briefly, cells were suspended in a
1:1 mixture of PBS:Matrigel and subcutaneously injected into the flanks
of mice. Next, mice were randomized into treatment and control groups
when tumors reached ∼5mm diameter. Treatment groups received
oral gavage of AD (10mg/kg or 50mg/kg) or vemurafenib (20mg/kg)
every other day, whereas control groups received vehicle only. An ad-
ditional treatment group was given vemurafenib (20mg/kg) combined
with AD (10mg/kg). Tumor size was measured with calipers every two
or three days, and tumor volume was calculated using the following
equation: V = (length×width2)/2. The body weight of mice was
monitored weekly during the experiments to evaluate overall health.
All animals were euthanized at the end of the study, and tumors, lungs,
liver, and kidneys were collected for further analysis. All animal ex-
periments were approved by the Ethics Committee for Animal Experi-
ments of Jinan University.

2.12. Analysis of gene expression from gene expression omnibus (GEO)
database and IPA analysis

Gene expression datasets for melanoma [15,16] and colon cancer
cells [14] were downloaded from GEO (accession numbers GSE42872,
GSE67088, and GSE50791). Differentially expressed genes were ana-
lyzed using IPA analysis as described previously [37].

2.13. Statistical analysis

Data from three independent experiments are expressed as the
mean ± SD and were compared using Student's t-test. P < 0.05 was
considered statistically significant.

3. Results

3.1. CDK1 acts as a downstream effector of vemurafenib

To explore vemurafenib's mechanisms of action in cancer cells, we
analyzed gene expression changes in vemurafenib-treated melanoma
cells derived from the GEO repository using Ingenuity Pathway Analysis
[15,16]. We also analyzed GEO data derived from colon cancer cells
treated with PLX4720, an analog of vemurafenib [14,40]. Bioinfor-
matics analysis indicated that a cluster of differentially expressed genes
was enriched in cell cycle-related pathways in both colon cancer and
melanoma cells. Among these genes, cyclins and CDK1 were down-
regulated in colon cancer and melanoma cells treated with PLX4720 or
vemurafenib (Fig. 1A and Supplementary Fig. S1A). In addition to a
recent study demonstrating that vemurafenib treatment suppresses cell
cycle progression, we hypothesized that cell cycle checkpoints, in par-
ticular CDK1, were functionally involved in the potential anticancer
effects of vemurafenib [41]. Our results showed that CDK1 expression
was downregulated in colon cancer cells treated with vemurafenib
(Fig. 1B, Supplementary Figs. S1C and S1D) in a time- and dose-de-
pendent manner. However, data mining of public databases indicated
that unlike downregulated CDK1 expression in vemurafenib-treated
melanoma cells [15] (Supplementary Fig. S1B, left panel), vemurafenib
did not exert a significant change in CDK1 expression in VR melanoma
cells [16] (Supplementary Fig. S1B, right panel). To investigate the
changes in expression and activity of CDK1 in vemurafenib-resistant
colon cancer cells, we established two VR cell lines, HCT116-VR and
HT29-VR, by continuously incubating parental cells with high con-
centrations of vemurafenib for further study (Fig. 1C). Although ve-
murafenib inhibited growth of parental colon cancer cells in a time- and
dose-dependent manner (Supplementary Fig. S1E), VR cell lines ex-
hibited no response to vemurafenib treatment (Fig. 1D and E). We next
determined expression levels of CDK1 and p-CDK1, the inactive form of
CDK1, in the two VR colon cancer cell lines, and Western blot assays
revealed that CDK1 activity was enhanced in VR cells (Fig. 1F). These
results indicate that CDK1 not only mediates the anticancer effects of
vemurafenib but also plays an important role in the resistance of colon
cancer cells to vemurafenib.

3.2. CDK1 expression induces vemurafenib resistance in colon cancer

To study the functional role of CDK1 in vemurafenib resistance, two
colon cancer cell lines with stable overexpression of CDK1 (Fig. 2A)

Fig. 1. CDK1 is activated in vemurafenib-resistant colon cancer. (A) IPA analysis suggested significant changes in the expression of cell cycle checkpoint proteins,
including CDK1 signaling, in colon cancer cells treated with PLX4720, an analog of vemurafenib (GSE50791). (B) Colon cancer cells, HCT116 and HT29, were treated
with vemurafenib (10 μM) for 24 h, and CDK1 expression was detected by Western blotting. (C) Diagram depicting the establishment of VR sublines from colon
cancer cells. (D) HCT116-VR and HT29-VR, as well as parental cells, were treated with vemurafenib (10 μM) or DMSO for 6 days, and cell viability was determined by
WST-1 assay. (E) Comparison of the ability of vemurafenib-resistant colon cancer cells and parental cells to form colonies upon vemurafenib treatment (10 μM) using
colony formation assay. (F) Western blot was performed to detect expression levels of p-CDK1 and CDK1 in Vemurafenib-resistant colon cancer cells and parental
cells. Bars, SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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were constructed, HCT116-CDK1 and HT29-CDK1, and vemurafenib
sensitivity was assessed. WST-1 assay showed that vemurafenib had no
observed effect on CDK1-overexpressing cells. However, cell viability of
the parental cells, HCT116-CON and HT29-CON, was markedly reduced
(Fig. 2B). Similar results were observed for colony formation assays,
demonstrating that vemurafenib does not affect the ability of CDK1-
overexpressing colon cancer cells to form colonies compared to control
cells (Fig. 2C). These results suggest that CDK1 enhances the resistance
of colon cancer cells to vemurafenib.

3.3. Adefovir dipivoxil disrupts the KCTD12-CDK1 interaction

CDK1 activation is a prerequisite for its function in promoting cell
cycle progression [20], and some upstream regulators, such as cell di-
vision cycle 25 (CDC25) phosphatases, reportedly interact with and
activate CDK1 to promote cell division [20,42], indicating that tar-
geting the interaction between CDK1 and its activator represents a
promising strategy for the development of anticancer drugs. Our recent
study demonstrated that the KCTD12-CDK1 interaction is necessary for

CDK1 activation and mitosis, therefore promoting tumorigenesis [20].
In the present study, we aimed to identify small molecule inhibitors that
potently inhibited CDK1 activation through disruption of the KCTD12-
CDK1 interaction. By screening an FDA-approved library consisting of
616 compounds using the ELISA system described in Fig. 3A, we
identified three small molecular inhibitors, Topiramate, Stavudine and
Adefovir Dipivoxil (AD), that exhibited inhibitory effects on the
KCTD12-CDK1 interaction (Fig. 3B). To confirm the preliminary
screening data in cancer cells, we treated HCT116 and HT29 cells se-
parately with these three inhibitors, and coimmunoprecipitation assays
were performed to assess the KCTD12-CDK1 interaction. As shown in
Fig. 3C, KCTD12-CDK1 interaction was significantly inhibited by AD
treatment in both colon cancer cell lines, whereas the other two in-
hibitors exhibited inconsistent results in these cell lines. Furthermore,
our results demonstrated that AD suppressed CDK1 activation in a dose-
and time-dependent manner (Fig. 3D and E). AD has been clinically
used as an anti-viral drug to prevent viral replication by targeting re-
verse transcriptase, especially in treating hepatitis B virus (HBV) in-
fection [24–26] (Fig. 3F). These data demonstrate that AD also targets

Fig. 2. CDK1 induces vemurafenib resistance in colon cancer cells. (A) Successful establishment of CDK1-overexpressing HCT116 and HT29 cells. (B) HCT116-CDK1,
HT29-CDK1, and control cells were treated with vemurafenib (10 μM) for 6 days, and cell viability was examined by WST-1 assay. (C) The ability of CDK1-
overexpressing colon cancer cells and control cells to form colonies under vemurafenib treatment (10 μM) was compared by colony formation assay. Note that CDK1
overexpression increased the resistance of colon cancer cells to vemurafenib. Bars, SD; **, P < 0.01; ***, P < 0.001.
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the KCTD12-CDK1 interaction and inactivates CDK1 in cancer cells.

3.4. Adefovir dipivoxil induces G2 phase cell cycle arrest

Given that the interaction of KCTD12 and CDK1 is necessary for G2-

M transition during mitosis [20,43], we postulated that AD might have
an important effect on cancer cell division. To test this hypothesis, we
treated HCT116 colon cancer cells with AD for 24 h and found that cells
became much larger than control cells (Fig. 4A). This phenomenon
suggests that AD treatment inhibits cell division. HCT116 and

Fig. 3. AD disrupts KCTD12-CDK1 interaction and suppresses CDK1 activation. (A) The workflow of the ELISA screening system. Prokaryotic-expressed recombinant
protein CDK1-GST was purified and fixed on the plate though interaction with the GST-tag antibody immobilized on the 96-well plate. The other purified re-
combinant protein, KCTD12-His, was added into the well together with individual small molecule inhibitors derived from an FDA-approved compound library
consisting of 616 inhibitors, and interaction levels between CDK1 and KCTD12 were analyzed using the formula “OD450-OD630” based on the reaction of HRP and
TMB. (B) The absorbance in wells with different inhibitors treatment is presented as a percentage relative to the wells treated with vehicle control. Red dots indicate
compounds that exerted the most significant inhibitory effects on KCTD12-CDK1 interaction: Topiramate; Stavudine; Adefovir Dipivoxil. (C) A co-IP assay was
performed to determine the interaction of KCTD12 and CDK1 in colon cancer cells treated with Topiramate, Stavudine and Adefovir Dipivoxil. Expression of KCTD12
was determined in CDK1 immuonprecipitates by Western blotting. (D) HCT116 and HT29 cells were treated with AD in different concentrations for 24 h, and
expression levels of p-CDK1 and CDK1 were detected by Western blotting. (E) Colon cancer cells were treated with AD (10 μM) for multiple time points, and
expression and activation level of CDK1 were detected by Western blotting. (F) The structure chart of AD. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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HT29 cells were treated with AD or DMSO control, and flow cytometry
was performed to analyze cell cycle distribution. As shown in Fig. 4B,
the ratio of HCT116 cells at G2/M phase was significantly increased in
response to AD treatment, and a similar result was observed in
HT29 cells. To determine which phase AD was specifically affecting,
cells in M phase, indicated by phospho-H3-positive cells, were dis-
tinguished from cells at G2 phase. Flow cytometry analysis showed that
the ratio of M phase cells was significantly decreased, whereas the ratio
of G2 phase cells was significantly increased in HCT116 and HT29 cells
treated with AD (Fig. 4C). Moreover, expression of Cyclin A2, an im-
portant regulator of G2 phase [44], was markedly upregulated. As ex-
pected, CDK1 activity was inhibited in AD-treated colon cancer cells
(Fig. 4C). The above experiments were repeated in HCT116 and
HT29 cells with CDK1 overexpression, which are resistant to vemur-
afenib treatment, and a similar change in the percentages of G2 and M
phase cells was observed upon AD treatment (Supplementary Fig. S2A).
Therefore, the above findings indicate that AD prevents cells from en-
tering M phase in both VR and parental colon cancer cells.

3.5. Adefovir dipivoxil inhibits tumorigenesis of colon cancer cells

Next, we evaluated the effects of AD on cancer cell proliferation.
HCT116 and HT29 cells were treated with AD or DMSO control, and
data from CFSE assays revealed that cell division was significantly in-
hibited by AD (Fig. 5A). WST-1 and colony formation assays were also
performed to confirm the inhibitory effect of AD on colon cancer cell
proliferation. As shown in Fig. 5B and C, the ability of HCT116 and
HT29 cells to proliferate and form colonies was markedly reduced when
cells were treated with AD. Cell viability assays demonstrated that AD
suppressed cell growth in a time- and dose-dependent manner
(Supplementary Fig. S2B). Moreover, this finding was confirmed in VR
colon cancer cells overexpressing CDK1 (Supplementary Figs. S2C and
S2D). Next, we examined the therapeutic potential of AD using a mouse
model. HT29 cells were subcutaneously injected into nude mice to es-
tablish tumor xenografts, and mice subsequently received oral admin-
istration of AD or vehicle control. Results revealed that tumor burden
was significantly reduced by AD treatment in a dose-dependent
manner, with decreases of 33.1% and 47.1% in groups receiving 10mg/
kg and 50mg/kg, respectively, compared to vehicle-treated mice
(Fig. 5D). Western blot analysis of tumor xenografts showed an obvious
inactivation of CDK1 signaling and cell cycle arrest at the G2 phase as
indicated by increased expression of p-CDK1 and cyclin A2, respectively
(Fig. 5E). These data are consistent with the in vitro data shown in
Fig. 4. Note, no significant difference was observed between treated and
control groups in terms of body weight (Fig. 5F). Histological ex-
amination of the vital organs, including lungs, liver and kidneys, did
not reveal any overt changes in morphology, suggesting that AD
treatment had no toxic effects on animals (Fig. 5G). Collectively, we
demonstrated that AD significantly suppresses the growth of colon
cancer cells and VR cells in vitro and in vivo with no observed side ef-
fects.

3.6. Adefovir dipivoxil sensitizes vemurafenib-resistant colon cancer cells to
vemurafenib

Given that CDK1 activation leads to vemurafenib resistance in colon
cancer cells and AD inactivates CDK1 though disrupting the KCTD12-
CDK1 interaction, we next investigated whether AD treatment enhances
the sensitivity of VR colon cancer cells to vemurafenib. Using WST-1

and colony formation assays, we found that combined use of AD and
vemurafenib exerted a more potent effect on suppression of cancer cell
proliferation compared to either vemurafenib or AD treatment alone in
CDK1-expressing colon cancer cells (Fig. 6A and B). To examine whe-
ther AD reverses the resistance of CDK1-overexpressing colon cancer
cells to vemurafenib in vivo, HT29 cells with ectopic expression of CDK1
were subcutaneously injected into nude mice, and tumor-bearing mice
were treated with vemurafenib, AD alone or a combination. Although
vemurafenib or AD had no effect or only a modest anti-proliferative
effect on tumors, combined vemurafenib and AD exerted a significantly
synergistic effect on suppressing the growth of tumor xenografts
(Fig. 6C). Moreover, immunohistochemical analysis of Ki-67 prolifera-
tion index also provided evidence that tumor cell proliferation was
significantly inhibited by combined use of vemurafenib and AD (mean
index decreased from 51.7% in the vehicle-treated group to 47.0% in
the vemurafenib-treated group and 22.0% in the AD/Vemurafenib
combination-treated group) (Fig. 6D). Western blot analysis of tumor
xenografts showed that CDK1 activation in VR tumors was significantly
inhibited by combined use of vemurafenib and AD (Fig. 6E). Con-
sidering the lack of significant changes in body weight (Fig. 6F), our
results demonstrate treatment efficacy and safety of AD as a vemur-
afenib sensitizer in colon cancer cells.

4. Discussion

B-Raf is frequently overexpressed in different cancers and plays an
important role in tumorigenesis [7,8]. Previous studies have demon-
strated that vemurafenib exhibits significant effects on suppressing
melanoma cell proliferation by targeting B-Raf/B-Raf V600E. However,
the mechanism by which vemurafenib suppresses cancer cell pro-
liferation remains unclear, and the therapeutic efficacy of vemurafenib
on colon cancer is reduced compared to melanoma [13]. Understanding
the molecular mechanisms underlying drug resistance can provide clues
to identify potential targets for development of anticancer drugs. A
recent study demonstrated that colon cancer is unresponsive to ve-
murafenib treatment due to feedback activation of EGFR [13]. More-
over, cancer cells will also be unresponsive to targeted drugs if certain
“front-line proteins”, including direct performers, such as cyclins and
epithelial-mesenchymal transition (EMT) factors that receive signals
from upstream factors and lead to tumorigenesis and cancer develop-
ment, are activated [45]. This finding suggests that targeting “front-line
proteins” may be a better strategy for overcoming tumor resistance to
chemotherapeutic drugs. In this study, we uncovered the mechanism
for chemoresistance of colon cancer cells to vemurafenib and aimed to
resolve this problem by focusing on “front-line proteins”. Using IPA
analysis, we found that cell cycle checkpoint signaling is one of the
biological processes affected by vemurafenib, and expression of CDK1,
one of the “front-line proteins”, was significantly decreased. Further-
more, CDK1 overexpression significantly increased colon cancer cell
resistance to vemurafenib, indicating that CDK1 is an effector of ve-
murafenib and plays an important role in vemurafenib resistance in
colon cancer (Figs. 1–2, Supplementary Fig. S1).

Signal transduction is dependent on specific protein-protein inter-
actions in cells [46,47], and emerging evidence suggests that these
protein-protein interactions are potential targets for cancer treatment
[48,49]. Modified ELISA has been used to detect protein-protein in-
teractions and facilitates the screening of small molecules targeting
protein-protein interaction in vitro. For example, researchers identified
SLCB050 as a novel anti-tumor compound that inhibits DX2-p14/ARF

Fig. 4. AD prevents colon cancer cells from entering M phase. (A) Images of HCT116 cells treated with AD (10 μM) or DMSO for 24 h. (B) Cell cycle distribution was
examined by flow cytometry in cells treated with DMSO or AD (10 μM) for 36 h. Data showed that AD induced G2/M cell cycle arrest in HCT116 and HT29 cells. (C)
Cells at M phase were distinguished from the cells at G2/M phase using a phopho-H3 antibody in flow cytometry analysis. Percentages of G2 phase cells among the
whole population and percentages of M phase among the G2/M phase cells were statistically derived. Western blot data indicated increased expression levels of
pCDK1 and cyclin A2. R, cells at G2 phase. Bars, SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared to DMSO-treated cells.
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Fig. 5. AD suppresses tumorigenesis of colon cancer cells in vitro and in vivo. (A) HCT116 and HT29 cells treated with DMSO or AD (10 μM) for 48 h were stained with
CFSE, and the rate of cell division was analyzed by flow cytometry. (B) Comparison of cell viability in colon cancer cells with or without AD treatment by WST-1
assays. (C) Colony formation ability of colon cancer cells with or without AD treatment was examined by colony formation assays. (D) Nude mice bearing HT29-
derived xenografts were orally administered AD (10mg/kg or 50mg/kg) or vehicle daily (n=6 per group). Tumor curves showing that AD significantly suppressed
growth of tumor xenografts. (E) Expression levels of cyclin A2, pCDK1 and CDK1 were compared between tumors from mice treated with AD and vehicle, by Western
blot. (F) Body weight of nude mice during the AD treatment period. (G) Representative images of liver, kidney and lung specimens stained with hematoxylin and
eosin (H&E) indicated no toxic effects. Bars, SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared to the control group treated with DMSO.
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interactions using the ELISA screening system [50]. Our previous study
demonstrated that the KCTD12-CDK1 interaction was a prerequisite to
CDK1 activation and promotes cell division. During the cell cycle,
proper G2/M transition is important for cell division, and CDK1 acti-
vation is a precondition for G2/M transition [20]. Although some CDK1
inhibitors have been developed, such as Ro-3306, this compound has
not been used for clinical therapy, and the side effects are unclear [20].
By performing ELISA screening and a series of functional assays, we
found that AD inhibits the KCTD12-CDK1 interaction and suppresses
growth of colon cancer cells in vitro and in vivo (Figs. 3–5), further
suggesting that targeting protein-protein interactions is a promising
strategy for developing novel therapeutic agents.

The indication of many FDA-approved drugs includes various dis-
eases other than cancer. Given that the side effects of these “old drugs”
and the corresponding countermeasures for clinical treatment are
known [51], “old drugs for novel use” is a promising strategy for de-
veloping anticancer drugs. AD was the focus of this study. A clinic trial
launched in Japan demonstrated that antiviral therapy with AD con-
veyed longer survival for postoperative HBV-related hepatocellular
carcinoma (HBV-HCC) patients [52]. Another study claimed that AD
treatment was effective in normalizing liver function, decreasing HBV-
HCC recurrence, and improving postoperative survival [53]. In the
present study, a series of experiments demonstrated that AD suppresses
colon cancer cell proliferation by inactivating CDK1 and inducing G2
phase arrest. Moreover, inactivation of CDK1 by AD reversed CDK1
expression-induced vemurafenib resistance in colon cancer cells,
thereby sensitizing VR colon cancer cells to vemurafenib (Figs. 6–7).
Furthermore, combined use of AD and vemurafenib exhibited a more
potent effect on colon cancer growth inhibition.

Colon cancer is one of the most common malignancies worldwide

[1,54]. As most “front-line proteins” are evolutionarily conserved and
rarely mutated, these proteins represent more suitable targets for de-
velopment of novel treatment agents. Our study demonstrated that the
activation of CDK1, one of the “front-line proteins”, is significantly
inhibited by AD, a nucleoside analog approved by the FDA to treat HBV
infection. For the first time, our data provide solid evidence that AD
used as a single agent or in combination with vemurafenib significantly
induces G2 cell cycle arrest to inhibit tumorigenesis of colon cancer
cells by disrupting the interaction between CDK1 and KCTD12, thus
supporting the hypothesis that AD administration may be a potential
strategy for colon cancer therapy.
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Fig. 6. AD reverses the resistance of VR colon cancer cells to vemurafenib. (A, B) HCT116-CDK1 and HT29-CDK1 cells were treated with vemurafenib (10 μM), AD
(1 μM), or the combination of both, and cell viability and colony formation ability were measured by WST-1 (A) and colony-formation assays (B). (C) Nude mice
bearing HT29-CDK1-derived tumor xenografts were treated with vemurafenib (20mg/kg), AD (10mg/kg) or a combination of vemurafenib and AD daily (n= 6 per
group). (D) Immunohistochemical analysis of Ki-67 proliferative index. (E) Expression of p-CDK1 and CDK1 was compared among tumors from mice treated with
vemurafenib, AD, or a combination of vemurafenib and AD by Western blot. (F) Body weight of nude mice during the experiment period suggested the safety of the
single and combined treatments. Bars, SD; n.s., nonsignificance; *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared to control group unless otherwise indicated.

Fig. 7. Schematic diagram summarizing the
mechanism for AD sensitizing colon cancer cells
to vemurafenib treatment. (A) Colon cancer cells
show no response to vemurafenib after a period
of vemurafenib treatment. AD sensitizes colon
cancer cells to vemurafenib, and the combined
use of vemurafenib and AD induces growth ar-
rest in colon cancer cells. (B) CDK1 activation
induces unresponsiveness of colon cancer to
vemurafenib, while AD inactivates CDK1 by
disrupting the KCTD12-CDK1 interaction, thus
sensitizing colon cancer cells to vemurafenib.
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