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Abstract
AIM: To investigate the biological function of 14-3-3σ 
protein and to look for proteins that interact with 
14-3-3σ protein in colon cancer stem cells.

METHODS: Reverse transcription polymerase chain 
reaction was performed to amplify the 14-3-3σ  gene 
from the mRNA of colon cancer stem cells. The gene 
was then cloned into the pGEM-T vector. After being 
sequenced, the target gene 14-3-3σ  was cut from the 
pGEM-T vector and cloned into the pGBKT7 yeast ex-
pression plasmid. Then, the bait plasmid pGBKT7-14-3-
3σ was transformed into the yeast strain AH109. After 
the expression of the pGBKT7-14-3-3σ fusion protein 
in the AH109 yeast strain was accomplished, a yeast 
two-hybrid screening assay was performed by mating 
AH109 with Y187 that contained a HeLa cDNA library 
plasmid. The interaction between the 14-3-3σ protein 
and the proteins obtained from positive colonies was 
further confirmed by repeating the yeast two-hybrid 

screen. After extracting and sequencing the plasmids 
from the positive colonies, we performed a bioinformat-
ics analysis. A coimmunoprecipitation assay was per-
formed to confirm the interaction between 14-3-3σ and 
the proteins obtained from the positive colonies. Finally, 
we constructed 14-3-3σ and potassium channel modu-
latory factor 1 (KCMF1) siRNA expression plasmids and 
transfected them into colon cancer stem cells.

RESULTS: The bait plasmid pGBKT7-14-3-3σ was 
constructed successfully, and the 14-3-3σ protein had 
no toxic or autonomous activation effect on the yeast. 
Nineteen true-positive colonies were selected and 
sequenced, and their full-length sequences were ob-
tained. We searched for homologous DNA sequences 
for these sequences from GenBank. Among the posi-
tive colonies, four coding genes with known functions 
were obtained, including KCMF1 , quinone oxidore-
ductase (NQO2 ), hydroxyisobutyrate dehydrogenase 
(HIBADH) and 14-3-3σ . For the subsequent coimmu-
noprecipitation assay, the plasmids PCDEF-Flag-14-3-
3σ, PCDEF-Myc-KCMF1, PCDEF-Myc-NQO2 and PCDEF-
Myc-HIBADH were successfully constructed, and the 
sequences were further confirmed by DNA sequencing. 
The Fugene 6 reagent was used to transfect the plas-
mids, and fluorescence-activated cell sorting analysis 
showed the transfection efficiency was 97.8% after 
48 h. The HEK 293FT cells showed the stable expres-
sion of the PCDEF-Flag-14-3-3σ, PCDEF-Myc-KCMF1, 
PCDEF-Myc-NQO2 and PCDEF-Myc-HIBADH plasmids. 
After anti-Myc antibody immunoprecipitation with Myc-
KCMF1, Myc-NQO2 and Myc-HIBADH from cell lysates, 
the presence of Flag-14-3-3σ protein in the immuno-
precipitated complex was determined by western blot 
analysis. The knock-down expression of the 14-3-3σ 
and KCMF1 proteins significantly inhibited cell prolif-
eration and colony formation of SW1116csc.

CONCLUSION: Genes of the proteins that interacted 
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with 14-3-3σ were successfully screened from a HeLa 
cDNA library. KCMF1 and 14-3-3σ protein may affect 
the proliferation and colony formation of human colon 
cancer stem cells.

© 2013 Baishideng. All rights reserved.
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Core tip: Of the 14-3-3 proteins, tumor-suppressor 
activity has most clearly been defined for 14-3-3σ. In 
the study, we constructed 14-3-3σ  bait gene and ex-
pressed as a fusion to the GAL4 DNA-binding domain 
successfully. Using the yeast two-hybrid system, we 
found novel binding proteins from the HeLa cDNA li-
brary which closely interact with 14-3-3σ. Our results 
also suggest that 14-3-3σ may interact with potas-
sium channel modulatory factor 1 (KCMF1) protein. 
The knock-down expression of 14-3-3σ and KCMF1 
proteins significantly inhibited proliferation and colony 
formation of SW1116csc cells. So, 14-3-3σ and other 
proteins may be involved in proliferation and colony 
formation of human colon cancer stem cells.
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INTRODUCTION
The 14-3-3 proteins are among the most abundant pro-
teins within the cell, having been initially identified in 
1967 as a family of  acidic proteins within the mammalian 
brain. This family of  highly conserved proteins consist-
ing of  seven isotypes in human cells (β, γ, ε, η, σ, τ, ξ) 
plays crucial roles in regulating multiple cellular process-
es, including the maintenance of  cell cycle checkpoints 
and DNA repair, the prevention of  apoptosis, the onset 
of  cell differentiation and senescence, and the coordina-
tion of  cell adhesion and motility. All 14-3-3 proteins 
bind to phosphoserine/phosphothreonine-containing 
peptide motifs corresponding to the sequences RSXp-
SXP or RXXXpSXP[1]. Many 14-3-3-binding proteins 
contain sequences that closely match these motifs, al-
though a number of  ligands bind to 14-3-3 in a phospho-
independent manner using alternative sequences that do 
not closely resemble these motifs. Pozuelo Rubio et al[2] 
recently used 14-3-3-affinity chromatography and mass 
spectrometry to identify more than 200 14-3-3-binding 
ligands. All of  these ligands lost their ability to bind to 
14-3-3 upon dephosphorylation by the serine/threonine 
phosphatase PP2A in vitro. Some of  the proteins bound 
to the 14-3-3-affinity column contained sequences that 

closely matched the optimal binding motifs, while others 
diverged significantly from the consensus sequences, de-
spite their apparent phospho-specific binding.

Among the 14-3-3 proteins, 14-3-3σ is the isoform 
most directly linked to cancer[3]. There are several lines 
of  evidence indicating that 14-3-3σ acts as a tumour 
suppressor gene and that its inactivation is crucial in tu-
morigenesis. The downregulation of  14-3-3σ by CpG 
methylation is detected in adenocarcinoma of  the breast 
(96%), squamous cell carcinoma of  the vulva (60%), lung 
cancer (83%), hepatocellular carcinoma (89%), ovarian 
carcinoma (60%), endometrioid endometrial adenocar-
cinoma (74%), gastric adenocarcinoma (43%), basal cell 
carcinoma (68.3%), squamous cell carcinoma of  the 
bladder, neuroendocrine tumours (85%), and prostate 
cancer (45%)[4-10]. In our former proteomic study on hu-
man colon cancer stem cells, we found the expression of  
14-3-3σ was obviously increased in colon cancer stem 
cells compared with differentiated cancer cells[11]. 14-3-3σ 
may be involved in the course of  self-renewal, prolifera-
tion and differentiation of  colon cancer stem cells. 

To better understand the role of  14-3-3σ in the tu-
morigenesis, self-renewal, and differentiation of  stem 
cells, we used the yeast two-hybrid system to find novel 
binding proteins that interact with 14-3-3σ. The bait 
gene, 14-3-3σ , was expressed as a fusion to the GAL4 
DNA-binding domain, while the HeLa cDNA library was 
expressed as a fusion to the GAL4 activation domain. 
When the bait and library fusion proteins interact, the 
DNA-binding domain and activation domain are brought 
into proximity, thus activating the transcription of  the re-
porter genes. Using this system, we found novel binding 
proteins from the HeLa cDNA library that closely inter-
act with 14-3-3σ. This investigation provides functional 
clues for further exploration into novel cancer-related 
proteins for the treatment of  colon cancer.

MATERIALS AND METHODS
Bacteria, yeast strains and plasmids
All yeast strains and plasmids for the yeast two-hybrid ex-
periments were obtained from Clontech (Palo Alto, CA, 
United States) as components of  the MATCHMAKER 
two-hybrid system 3. The Escherichia coli (E. coli) strain 
DH5α was used to clone every shuttle plasmid. The 
pGBKT7 DNA binding domain (DNA-BD) cloning 
plasmid, pGADT7 AD cloning plasmid, pGBKT7-53 
control plasmid, pGADT7, pGBKT7-Lam control plas-
mid and pCL1 plasmid were obtained from Clontech Ltd. 
(K1612-1). The HeLa MATCHMAKER cDNA library 
was also obtained from Clontech Ltd.

Chemical agents and culture media
Taq DNA polymerase, T4 DNA ligase, EcoRI and BglII 
restriction endonuclease were purchased from Takara 
Company, Japan. Lithium acetate, semi-sulphate adenine, 
acrylamide and N,N’-bis-acrylamide were purchased from 
Sigma Company United States. Tryptone and yeast ex-
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tracts were purchased from the Oxoid Company, United 
States. X-α-gal and the culture media YPDA, SD/-Trp, 
SD/-Leu, SD/-Trp/-Leu, SD/-Trp/-Leu/-His, SD/-
Trp/-Leu/-His/-Ade were purchased from Clontech, 
United States.

Total RNA isolation human colon cancer stem cells 
Human colon cancer stem cells (SW1116csc) were iso-
lated and maintained in serum-free DMEM/F12 me-
dium supplemented with human recombinant epidermal 
growth factor (20 μg/L; Invitrogen), human recombinant 
basic fibroblast growth factor (20 μg/L; Invitrogen), 
L-glutamine (2 mmol/L), insulin (4 U/L), penicillin G  
(1 × 105 U/L), and streptomycin (100 mg/L). Total RNA 
was isolated with TRIzol reagent (Invitrogen, United 
States) according to the manufacturer’s instructions. The 
total RNA recovered from the DNase I digestion was 
measured at 260 and 280 nm with a spectrophotometer 
(Ultraspec 2000, Pharmacia Biotech), with the 260 nm 
reading used to estimate the concentration of  total RNA. 
The 260/280-nm ratios and a 1% agarose-formaldehyde 
gel stained with ethidium bromide were used to confirm 
the RNA quality of  the samples.

Construction of bait plasmid and expression of the 
14-3-3σ protein
To make the bait plasmid, reverse transcription poly-
merase chain reaction (RT-PCR) was performed to ampli-
fy the 14-3-3σ  gene from SW1116csc cells. The sequenc-
es of  the primers contained EcoRI and BglII restriction 
enzyme sites. The PCR conditions were as follows: 94 ℃ 
for 45 s, 60 ℃ for 45 s, 72 ℃ for 1 min, for 35 cycles. 
Ten nanograms of  the 747 bp PCR product were cloned 
into the pGEM-T vector. The primary structure of  the 
insert was confirmed by direct sequencing. The fragment 
encoding 14-3-3σ was released from the pGEM-T-14-3-
3σ by digestion with EcoRI and BglII and was then ligated 
into pGBKT7. Vector pGBKT7-expressing proteins 
were fused with amino acids 1-147 of  the GAL4 DNA-
BD, and pGADT7-expressing proteins were fused with 
amino acids 768-881 of  the GAL4 activation domain. 
The plasmid pGBKT7-14-3-3σ, containing the full-
length 14-3-3σ  gene, could directly express the DNA 
binding domain, c-Myc and 14-3-3σ fusion protein. The 
plasmid was transformed into the yeast strain AH109 
with the lithium acetate method.

Toxicity and autonomous activation assays
The purified bait plasmid was transformed into the 
AH109 strain and was then cultured on SD/-Trp/agar 
plates for detection. Approximately 2 mm of  AH109 col-
onies, transformed by pGBKT7-14-3-3σ and pGBKT7, 
were incubated in 3 mLYPDA liquid medium at 30 ℃ 
for 16 h with shaking. The absorbance values at 600 nm 
(A600) in different groups were compared. Additionally, 
transformants containing the pGBKT7-14-3-3σ and 
pGBKT7 plasmids were transferred to SD/-Trp/X-a-gal, 

SD/-Trp/-his/X-a-gal and SD/-Ade/-Trp/X-a-gal plates 
at 30 ℃ for 5 d. In parallel, AH109 cells transformed 
by pCL1 and pGBKT7-Lam served as the positive and 
negative controls, respectively.

Screening of the HeLa cDNA library by the yeast 
two-hybrid system
The screening of  the HeLa cDNA library was performed 
as follows. One large (2-3 mm), fresh (< 2 mo old) colony 
of  AH109 (bait) was inoculated into 50 mL SD/-Trp and 
incubated and shaken at 250-270 r/min at 30 ℃ overnight 
(16-24 h). Then, the cells were pelleted by centrifuging the 
entire 50-mL culture at 1000 r/min for 5 min. After the 
supernatant was decanted, the cell pellet was resuspended 
in the residual liquid by vortexing. A HeLa cDNA library 
was cloned into pACT2 and the yeast reporter strain 
Y187. The entire AH109 (bait) culture and 1 mL of  the 
HeLa cDNA library were combined and cultured in a 2-L 
sterile flask; 45 mL of  2 × YPDA/Kan was added and 
swirled gently. After a 20-h mating period, the cells were 
pelleted, re-suspended and spread on 50 large (150 mm) 
plates containing 100 mL SD/-Ade/-His/-Leu/-Trp. Af-
ter 6-15 d, the yeast colonies were transferred onto plates 
containing X-α-gal to evaluate the expression of  the 
MEL1 reporter gene (blue colonies).

Isolation and transformation of yeast plasmids
Approximately 1 × 106

 
colonies were screened, and posi-

tive clones were identified. The yeast plasmids were iso-
lated from the positive colonies with the lyticase method 
and transformed into super-competent E. coli DH5α by 
electroporation. The transformants were plated on am-
picillin SOB selection media and grown under selection 
conditions. Subsequently, the pACT2-cDNA constructs 
were re-isolated following the standard protocol, analysed 
by restriction digestion and sequenced.

Bioinformatics analysis
After the positive colonies were sequenced, the sequences 
were blasted against sequences in GenBank to analyse 
the function of  the genes (http://www.ncbi.nlm.nih.
gov/blast). Other bioinformatics analyses, including their 
molecular weight, theoretical PI, estimated half-life, sec-
ondary structure prediction, and so on, were respectively 
performed with different software tools (www.expasy.ch/
tools/protparam.html; www.cmpharm.ucsf.edu/nomi/ 
nnpredict.html; http://www.ch.embnet.org/software/
COILS_form.html; www.expasy.org/tools/protscale. 
html; http://www.ch.embnet.org/software/TMPRED_ 
form.html; http://www.cbs.dtu.dk/services/SignalP/).

Plasmid constructs and transfection
The plasmids in positive yeast clones were isolated from 
the colonies by the lyticase method. The 14-3-3σ , potas-
sium channel modulatory factor 1 (KCMF1), quinone 
oxidoreductase (NQO2) and hydroxyisobutyrate dehy-
drogenase (HIBADH) genes were PCR amplified with 
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bandpass filter. The EGFP-positive cells were sorted at 
2000-5000 events/s with a purification mode algorithm. 
Untransfected cells were used as a control to set the 
background fluorescence; a false-positive rate of  0.1% 
was accepted to ensure an adequate yield.

Coimmunoprecipitation and Western blotting
The HEK 293FT cell line was grown in accordance with 
the ATCC recommendations. Forty-eight hours after 
plasmid transfection, the cells were lysed in ice-cold 1% 
Triton X-100 buffer containing a cocktail of  protease 
inhibitors. The lysates were cleared by centrifugation at 
12000 g for 15 min at 4 ℃. Coimmunoprecipitation as-
says using cleared cell lysates were performed at 4 ℃ for 
2 h with the appropriate antibody. Immune complexes 
were precipitated with protein G Sepharose beads for an 
additional 1 h, washed three times with cold lysis buffer, 
resuspended in 16 Laemmli sample buffer, boiled for 
5 min, subjected to SDS-PAGE and transferred to NC 
filters. The NC filters were blocked for 1 h at 4 ℃ in 5% 
nonfat milk in TBS (50 mmol/L Tris, 150 mmol/L NaCl) 
containing 0.1% Tween-20 (Sigma). They were then incu-
bated for 2 h with primary antibodies (1:1000 dilution) in 
the blocking solution. After extensive washes in TBS 0.1% 
Tween-20, the filters were incubated for 1 h with HRP-
conjugated anti-mouse antibody (Serotech) diluted 1:5000 
in TBS 5% nonfat milk solution. After final washes in 
TBS 0.1% Tween, Western blottings were developed with 
the ECL kit from Amersham Biosciences.

siRNA plasmid constructs and transfection
Selection of  the siRNA sequence was based on the siRNA 
Target Finder and Design Tool available at the Ambion 
Inc. web site and related reference. The siRNAs targeting 
human 14-3-3σ and KCMF1 mRNA common sequence 
5’-CCCAGAAGAUGGACUUCUA-3’ and 5’-CGCGU-
GUCGAAGACUAUUU-3’ were synthesised and purified 
by Shanghai Sangon Corporation. The sense strand of  the 
pU-siRNA inserts was 5’-GATCCACCTCACCAAGGC-
CAGCACTTCAAGAGAGCTGGCCTTGGTGAG-
GTTTTTTTTGGAAGTCGACA-3’; it was inserted 
into BamHI-HindIII linearised pRNAT-U6.1/neo vector 
(Ambion Inc., Austin, TX, United States). The inserted 

specific primers, and the products were characterised 
by restriction digest using SfiI. After PCDEF-Flag and 
PCDEF-Myc plasmids were digested with the SfiI restric-
tion enzyme, 14-3-3σ, KCMF1, NQO2 and HIBADH 
cDNA were cloned into them. The correct plasmids were 
named PCDEF-Flag-14-3-3σ, PCDEF-Myc-KCMF1, 
PCDEF-Myc-NQO2 and PCDEF-Myc-HIBADH. The 
plasmid sequences were analysed by DNA sequencing. 
HEK 293FT cells (5 × 105 cells) were cultured in a 6-cm 
dish until 60% confluence was reached. Various types of  
plasmids were transfected using the Fugene 6 Transfec-
tion Kit (Roche) according to the manufacturer’s instruc-
tions (Table 1). Briefly, 1.5 µL Fugene 6 was diluted with 
100 µL Opti-MEMI (Invitrogen), mixed, and incubated 
at room temperature for 5 min. A 0.5 µg quantity of  plas-
mid was added to the Fugene 6/Opti-MEM combination 
at a 3 (DNA):1 (Fugene) ratio, then mixed and incubated 
at room temperature for 45 min. The mixture of  Fugene 
6 and plasmid DNA was then added to cells cultured in  
0.5 mL fresh Opti-MEM and incubated at 37 ℃ in 5% 
CO2. After 14-16 h, the transfection reagent was replaced 
with fresh culture medium; 48 h later, the transfected 
cells were harvested and fluorescence-activated cell sort-
ing (FACS) was performed.

Fluorescence-activated cell sorting 
FACS of  enhanced green fluorescent protein (EGFP) 
positive cells was performed on a FACS Aria (Becton 
Dickinson). The cells were washed twice with Ca2+- and 
Mg2+-free HBSS and then incubated with 50 U papain 
(Worthington) and 100 U DNase I (Sigma) in PIPES at 
37 ℃ for 10 min with gentle shaking. The samples were 
spun, resuspended in 2 mL DMEM/F12/N2 and dis-
sociated by sequentially titrating with three serially nar-
rowed glass Pasteur pipettes. The papain was inactivated 
with DMEM/F12/N2 plus 20% FBS, and the cells were 
pelleted. The pelleted cells were resuspended in HBSS 
and then passed over a 40 µm cell strainer. The cells 
were resuspended at a final concentration of  (3-6) × 106 
cells/mL with 1.0 µg 7-amino-actinomycin D (7-AAD). 
The cells were analysed by forward and side scatter for 
EGFP fluorescence through a 530 ± 30 nm bandpass fil-
ter and for 7-AAD fluorescence through a 695 ± 40 nm 

  Plasmid

1 2 3 4 5 6 7 8 Transfection control

Sample 1 Negative Sample 2 Negative Sample 3 Negative Negative Positive Positive Negative

KCMF1 Control-1 NQO2 Control-2 HIBADH  Control-3 Control-4

  Flag-mfrP53 - - - - - - - +

pEGFP 293FT

  Myc-Large T - - - - - - - +
  Flag-14-3-3 + - + - + - + -
  Myc-HIBADH - - - - + + - -
  Myc-NQO2 - - + + - - - -
  Myc-KCMF1 + + - - - - - -
  VECTOR-Myc - - - - - - - -
  VECTOR-Flag - + - + - + - -

Table 1  Different plasmids transfected into HEK 293FT cells

KCMF1: Potassium channel modulatory factor 1; NQO2: Quinone oxidoreductase; HIBADH: Hydroxyisobutyrate dehydrogenase.
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sequences were verified by DNA sequencing. The control 
siRNA vector (pU-siCONT; Ambion Inc.) was construct-
ed by the insertion of  a sequence that expressed a hair-
pin siRNA with no significant homology to any known 
sequences in the human, mouse or rat genomes. The 
control insert sequence was: 5’-GATCCACTACCGTT-
GTTATAGGTGTTCAAGAGACACCTATAACAACG-
GTAGTTTTTTGGAAA-3’. One microgram per well of  
pU-14-3-3σ-siRNA, pU-KCMF1-siRNA expression plas-
mid or control plasmid (pU-siCONT) were transfected 
into SW1116csc. Forty-eight hours later, transfection-pos-
itive cells were observed under a fluorescence microscope.

Cell proliferation assay and colony formation in soft agar
SW1116csc and siRNA-transfected SW1116csc cells were 
seeded at a density of  1 × 104 in 35-mm Petri dishes. The 
cultured cells stained with trypan blue were observed and 
counted in triplicate over 6 wk. The cells were disassoci-
ated, suspended in medium containing 0.3% agar, and 
plated onto a bottom layer containing 0.6% agar. The 
cells were plated at a density of  3 × 104 cells/6-cm dish, 
and the number of  colonies that were > 0.5 mm in diam-
eter was counted 14 d later.

RESULTS
RNA quality characterisation
Total RNA was extracted from 1 × 108 SW1116csc cells 
and yielded approximately 10 μg of  high purity total 
RNA. The absorbance ratios of  the RNA at 260/280 and 
230/260 nm were 2.03 and 2.00, respectively, indicating 
that the RNA was of  the highest quality and was there-
fore useful for the following experiments.

Construction of the pGBKT7-14-3-3σ plasmid
The bait plasmid pGBKT7-14-3-3σ was constructed 
with complete E6 cDNA successfully, and the results of  
sequencing analysis suggested that the cDNA was in-
frame, no artefacts were added to the E6 sequence and 
the restriction sites were correct (Figure 1).

Toxicity and autonomous activation assays
Two to three millimetre AH109 colonies, transformed 

by pGBKT7-14-3-3σ and pGBKT7, were incubated in 
3 mL YPDA liquid medium. The A600 nm values in the 
AH109-pGBKT7-14-3-3σ and AH109-pGBKT7 groups 
were 0.98 and 0.99, respectively, which suggested that the 
pGBKT7-14-3-3σ plasmid was not toxic to yeast and had 
no effect on the growth of  the yeast. Furthermore, the 
AH109-pGBKT7-14-3-3σ clones were white and were 
detected on the SD/-Trp/-His/X-α-gal and SD/-Ade/-
Trp/X-α-gal plates (Figure 2). Therefore, the 14-3-3σ 
protein was believed to have no autonomous activation 
effect.

Screening for positive clones
Diploids were detected under an inverted microscope 20 h  
after co-incubation, which indicated that yeast mating 
was successful. Nineteen positive colonies grew on the 
SD/-Ade/-His/-Leu/-Trp/X-α-gal agar medium and 
restreaked three times. Finally, 19 putative positive yeast 
colonies were obtained.

Gene sequencing and analysis
Nineteen positive yeast colonies were selected, and each 
purified plasmid DNA was directly transferred to compe-
tent DH5α cells by electroporation. The transformants 
containing only the pGADT7-HeLa cDNA library 
plasmids were obtained by plating on LB/Amp agar me-
dium. Sequencing analysis was performed, and 4 genes 
that interacted with 14-3-3σ , including KCMF1, NQO2, 
HIBADH and 14-3-3σ , were identified (Table 2). 

Verification of protein interactions between X and Y in 
yeast
The diploids were detected under an inverted micro-
scope, and blue colonies were grown on the SD/-Ade/-
His/-Leu/-Trp/X-α-gal agar medium.

Plasmid constructs and transfection efficience
The PCDEF-Flag-14-3-3σ, PCDEF-Myc-KCMF1, 
PCDEF-Myc-NQO2 and PCDEF-Myc-HIBADH plas-
mids were successfully constructed. The sequences of  
the plasmids were further confirmed by DNA sequenc-
ing. The plasmids were transfected into HEK 293FT cells 
with the Fugene 6 reagent (Figure 3). After 48 h, FACS 
assay was performed and showed that the transfection ef-
ficiency was 97.8% (Figure 4).

pGBKT7-14-3-3σ

Kan

2u

TRP1 
promotor

TRP1  gene

f1 ori ADH1 promotor

DNA-BD

c-Myc

EcoRI

14-3-3σ

BamHI

ADH1 terminator

pUC ori

Figure 1  Map of bait plasmid pGBKT7-14-3-3σ.

A B C

Figure 2  X-Gal filter assay analysis result. A: Negative control plasmid pG-
BKT7; B: Positive control plasmid pCL1; C: pGBKT7-14-3-3σ plasmid.

Zou J et al . 14-3-3σ and colon cancer stem cells



3775 June 28, 2013|Volume 19|Issue 24|WJG|www.wjgnet.com

Confirmation of interaction by coimmunoprecipitation
Three interactions detected in this two-hybrid screen were 
further confirmed in HEK 293FT cells by specific coim-
munoprecipitation of  Flag-tagged bait proteins with the 
three Myc-tagged prey proteins. HEK 293FT cells stably 
expressed the PCDEF-Flag-14-3-3σ, PCDEF-Myc-KC-
MF1, PCDEF-Myc-NQO2 and PCDEF-Myc-HIBADH 
plasmids (Figure 5A). An anti-Myc antibody was used 
to immunoprecipitate Myc-KCMF1, Myc-NQO2 and 
Myc-HIBADH from cell lysates. The presence of  Flag-
14-3-3σ protein in the immunoprecipitated complex 
was determined by western blot analysis (Figure 5B).  
These coimmunoprecipitations confirm that several of  
the novel interactions identified in the present two-hybrid 
screen are reproducible in the context of  mammalian 

cells and therefore validate the results obtained by the 
two-hybrid assay.

Inhibition of cell proliferation and colony formation of 
SW1116csc by siRNA plasmid transfection
After pU-14-3-3σ-siRNA or pU-KCMF1-siRNA ex-
pression plasmid transfection, the knock-down of  the 
14-3-3σ and KCMF1 proteins in SW1116csc cells was 
observed (Figure 6A). We tested for differences in the 

  Bait Prey library Identical colonies Positive clone name Positive gene identified NCBI accession number Gene code match

  pGB-14-3-3 19

Sigma 12 SFN NM_006142.3 Yes Full
Sigma 13 Lengh
Sigma 30

Human HeLa Sigma 4 HIBADH NM_152740.3 Yes Full
MATCHMAKER Sigma 15 Lengh

cDNA library Sigma 21 NQO2 NM_000904.3 Yes Full
Sigma 32 Lengh
Sigma 23
Sigma 33 Full
Sigma 28 KCMF1 NM_020122.4 Yes Lengh

Table 2  Positive hit of the screening HeLa cDNA library

KCMF1: Potassium channel modulatory factor 1; NQO2: Quinone oxidoreductase; HIBADH: Hydroxyisobutyrate dehydrogenase.

Figure 3  Plasmids transfected with the Fugene 6 transfection reagent. A: 
HEK 293FT cells in light phase 48 h after transfection with plasmids; B: HEK 
293FT cells in fluorescent phase 48 h after transfection with plasmids.
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Figure 4  Fluorescence-activated cell sorting assay. It demonstrates the 
method for calculating green fluorescent protein (GFP)-positive cells with 
fluorescence-activated cell sorting. The debris is gated out, and the target 
populations are identified and positively or negatively selected. The dot plots 
represent 10000 events, with the side scatter and forward scatter plots (A) and 
the fluorescence intensity of GFP (B). Figure B shows a histogram demonstrat-
ing the GFP-positive cell populations. The histogram plots the fluorescence of 
GFP-positive cells on region M1 against counts on the Y-axis.
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proliferation rate between SW1116csc and siRNA-trans
fected SW1116csc. The cells were examined from week 1 
to week 7 after seeding. As shown in Figure 6B, there was 
a difference in the growth rate between the transfected 
and control cells. The transfected cells grew slowly and 
showed growth inhibition after week 4. The self-renew-
ing capacity of  the transfected cells was also examined 
with the colony formation assay. When plated at a density 
of  100 cells/well, 14-3-3σ-siRNA, KCMF1-siRNA and 
14-3-3σ + KCMF1-siRNA transfected cells generated a 
lower mean number of  tumour spheres (57.4 ± 3.6, 55.3 
± 3.3 and 23.7 ± 2.8, respectively) compared to the SW-
1116csc cells (71.4 ± 4.1) (Figure 6C).

Discussion
Protein-protein interactions occur in a wide variety of  
biological processes and essentially control cell fate from 
division to death. Yeast two-hybrid assays represent a 
versatile tool to study protein interactions in vivo. The 
yeast two-hybrid system 3, based on the system originally 
designed by Fields and Song, takes advantage of  the 
properties of  the GAL4 protein of  the yeast Saccharomyces  
cerevisiae. The GAL4-based assay uses the yeast transcrip-
tion factor GAL4 for the detection of  protein interac-
tions by transcriptional activation. GAL4 possesses a 
characteristic phenomenon in which the transactivation 
function can be restored when the factor’s DNA-binding 
domain (DBD) and its transcription-AD are brought 
together by two interacting heterologous proteins. The 
GAL4-yeast two-hybrid assay uses two expression vec-
tors, one with DBD and the other with AD. The GAL4-
DBD fuses to protein “X” and GAL4-AD fuses to pro-
tein “Y” to form the bait and the target of  the interaction 

trap, respectively. A selection of  host cells with different 
reporter genes and different growth selection markers 
provides a means to detect and confirm protein-protein 
interactions and has significantly fewer false positives.

To investigate the role of  14-3-3σ in tumorigenesis, 
the yeast two-hybrid system 3 was used to screen the 
proteins interacting with 14-3-3σ. In this study, the bait 
plasmid pGBKT7-14-3-3σ was transformed into the 
yeast strain AH109. To further confirm the expression of  
14-3-3σ protein in the AH109 yeast strain, we performed 
Western blotting analysis and observed strong 14-3-3σ 
expression. After the bait plasmid pGBKT7-14-3-3σ 
yeast strain AH109 was mated with the HeLa cDNA li-
brary yeast strain Y187, resulting diploid yeast cells were 
plated on QDO media containing X-a-gal. Nineteen 
true positives were confirmed and obtained. Through 
sequencing analysis of  isolated library plasmids, we ob-
tained the sequences of  four types of  genes with known 
functions.

In addition to their well-known pro-proliferative and 
anti-apoptotic effects, 14-3-3 proteins have also been 
found to suppress cell growth and cell-cycle progres-
sion, especially after DNA damage, indicating functions 
in tumour suppression[12-15]. Of  the 14-3-3 proteins, the 
tumour-suppressor activity has most clearly been defined 
for 14-3-3σ[16-19]. 14-3-3σ is unique among the 14-3-3 
proteins in that it is expressed primarily in epithelial cells 
and forms homodimers almost exclusively[20]. Further in-
sight as to why the loss of  14-3-3σ might facilitate tumor 
formation comes from the discoveries by Wilker et al[21] 
reported that 14-3-3σ is a crucial regulator of  translation 
during mitosis and that 14-3-3σ function is required for 
proper mitotic exit and cytokinesis. In eukaryotic cells, 
most mRNA translation occurs via a cap-dependent 
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mechanism in which ribosome recruitment begins with 
the binding of  eukaryotic initiation factors, such as eI-
F4B, to a modified guanosine residue (known as a “cap’’) 
at the 5’ end of  the mRNA. However, some mRNAs 
contain internal ribosome entry sites and are translated 
in a cap-independent manner. During mitosis, cap-
dependent translation is suppressed and cap-independent 
translation is stimulated, allowing for the translation of  
key cell-cycle regulators such as cell division cycle 2-like 
1. Experiments by Wilker et al[21] showed that 14-3-3σ 
is needed for the mitotic switch from cap-dependent to 
cap-independent translation and that 14-3-3σ appears to 
mediate this switch by binding to eIF4B and perhaps oth-
er factors involved in cap-dependent translation. When 
cells are depleted of  14-3-3σ, cap-dependent translation 
is not suppressed and cytokinesis is impaired, resulting in 

the generation of  binucleated cells, a phenotype observed 
in the early stages of  tumour formation. 

14-3-3 acts as an adaptor or “chaperone molecule”, 
which is able to move freely from the cytoplasm to the 
nucleus and vice-versa[22]. 14-3-3 proteins are mainly 
cytoplasmic molecules; they can form homodimers or 
heterodimers, and interact with various cellular proteins. 
14-3-3 proteins are phosphoserine-binding proteins that 
bind the consensus motifs RSXpSXP and RXY/FXp-
SXP. These consensus motifs are present in almost all of  
the 14-3-3 binding proteins[1]. More than a hundred small 
molecules interact with 14-3-3 in a phosphorylation-de-
pendent manner. These proteins include protein kinases 
(murine leukaemia viral oncogene homologue-RAF1, 
MEK kinase, PI3 kinase and Grb10), receptor proteins 
(insulin-like growth factor 1 and glucocorticoid recep-
tors), enzymes (serotonin N-acetyltransferase, tyrosine 
and tryptophan hydroxylase), structural and cytoskeletal 
proteins (vimentins and keratins), scaffolding molecules 
(calmodulin), proteins involved in cell cycle control (cdc25, 
p53, p27 and wee1) proteins involved in transcriptional 
control (histone acetyltransferase, and TATA box binding 
proteins), and proteins involved in apoptosis (BAD)[1,23]. 
However, a few proteins interact with 14-3-3 in a phos-
phorylation-independent manner such as Bax. Recently, 
using direct proteomic analysis, researchers have identified 
a large number of  polypeptides (> 200) that can associ-
ate with 14-3-3 proteins. These polypeptides are involved 
in numerous cell functions, including fatty acid synthe-
sis, reductive metabolism, iron and other metabolisms, 
DNA/chromatin interactions including transcription fac-
tors, RNA binding, protein synthesis, protein folding and 
processing, proteolysis, protease inhibitors, ubiquitin me-
tabolism, cellular signaling and apoptosis, actin dynamics, 
cellular trafficking and transporters, signaling kinases, cell 
division, nuclear proteins, oncogenic signaling, and cyto-
skeletal proteins[2,24]. A study demonstrated that some of  
the 14-3-3 binding proteins are involved in the regulation 
of  the cytoskeleton, GTPase functions, membrane signal-
ing, and cell fate determination[25]. In this study, we found 
that 14-3-3σ could interact with the proteins KCMF1, 
NQO2, HIBADH and 14-3-3σ.

The function of  NQO2 is not clearly understood. 
NQO2 is expressed selectively in the kidneys, skeletal 
muscles, liver, heart, and lungs, suggesting a tissue-spe-
cific action of  the enzyme. Some studies have suggested 
that greater NQO2 expression may activate certain types 
of  chemicals in the brain, leading to oxidative stress and 
neuronal damage[26]. Other studies have implied that 
NQO2 can protect against quinone-induced skin carcino-
genesis[27]. Recently, new evidence has shown for the first 
time that NQO2 catalyses the reduction of  electrophilic 
oestrogen quinones and thereby acts as a detoxification 
enzyme. Gaikwad et al[28] successfully demonstrated that 
oestrogen-3,4-quinone binds to NQO2 and established 
that oestrogen quinines are endogenous biological sub-
strates of  NQO2. Moreover, they demonstrated that 
NQO2 is faster at reducing oestrogen quinones than its 
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homologue NQO1. Such findings reveal a possible re-
lationship between breast cancer and NQO2, although 
no studies to date have addressed this issue. In addition, 
NQO2 can stabilise the p53 protein[29], a known breast 
tumor suppressor gene product. p53 is recognised as a 
highly penetrant breast cancer susceptibility gene, and 
loss of  both p53 and breast cancer type 1 susceptibil-
ity protein (BRCA1) results in the rapid and efficient 
formation of  mammary carcinomas[30]. Interestingly, the 
expression of  14-3-3σ is coordinately upregulated by the 
cellular tumour antigen p53 and BRCA1 and contributes 
to the DNA-damage-induced cell-cycle checkpoint medi-
ated by these tumour suppressors[31]. It is logical to as-
sume that 14-3-3σ binds to and sequesters NQO2 in the 
cytoplasm, thus enabling DNA damage to be repaired be-
fore the cell cycle progresses. In this study, we found that 
14-3-3σ could interact with NQO2 directly and further 
confirmed the important function of  14-3-3σ protein in 
DNA repair and cell cycle progress.

KCMF1 encodes a zinc-finger protein with hitherto 
barely characterised function. KCMF1 was mentioned in 
2001 at NCBI as an expressed sequence tag clone poten-
tially involved in the regulation of  potassium channels. 
A partial expressed sequence tag sequence of  KCMF1 
was identified as a differentially regulated gene during 
kidney tubulogenesis in vitro and designated as develop-
ing branching tubulogenesis 91 (Debt91)[32]. In addition, 
KCMF1 was shown to be downregulated in Ewing’
s sarcoma cell lines after the overexpression of  CD99 
and upregulated through fibroblast growth factor (FGF) 
receptor signalling pathways in gastric cancer cells and 
was consequently named basic FGF induced in gastric 
cancer[33]. Kreppel et al[34] showed that the nuclear zinc-
finger protein KCMF1 was overexpressed in epithelial 
cancers and especially in human and mouse pancreatic 
cancer. KCMF1 enhanced proliferation, migration and 
invasion. The downregulation of  KCMF1 in vivo re-
duced preneoplastic changes in the transforming growth 
factor-α transgenic pancreatic cancer model. One study 
showed that 14-3-3σ was highly expressed in pancreatic 
adenocarcinoma[35]. Our results suggest that 14-3-3σ may 
also interact with KCMF1. The knock-down of  14-3-3σ 
and KCMF1 proteins expression significantly inhibited 
cell proliferation and colony formation of  human colon 
cancer stem cells. Further study is required to understand 
how the interaction between 14-3-3σ and KCMF1 pro-
teins affects cell proliferation and colony formation of  
SW1116csc.

In summary, we constructed a 14-3-3σ  bait gene 
and successfully expressed it as a fusion with the GAL4 
DNA-binding domain. Using the yeast two-hybrid sys-
tem, we found novel binding proteins (KCMF1, NQO2, 
HIBADH and 14-3-3σ) from the HeLa cDNA library 
that closely interact with 14-3-3σ. The knock-down of  
14-3-3σ and KCMF1 protein expression significantly in-
hibited cell proliferation and colony formation of  colon 
cancer stem cells.

COMMENTS
Background
The cancer stem cell (CSC) hypothesis is currently at the center of a rapidly 
evolving field, involving a change of perspective on the development and treat-
ment of cancers. However, research has been hampered by the lack of distinct 
molecular markers of CSCs. Among all 14-3-3 proteins, 14-3-3σ is the isoform 
most directly linked to cancer. There are several lines of evidence indicating 
that 14-3-3σ acts as a tumor suppressor gene and that its inactivation is crucial 
in tumorigenesis.
Research frontiers
All 14-3-3 proteins bind to phosphoserine/phosphothreonine-containing pep-
tide motifs corresponding to the sequences RSXpSXP or RXXXpSXP. Many 
14-3-3-binding proteins contain sequences that closely match these motifs, 
although a number of ligands bind to 14-3-3 in a phospho-independent manner 
using alternative sequences that do not closely resemble these motifs. The 
interaction of 14-3-3σ with other proteins may be involved in proliferation and 
colony formation of human colon cancer stem cells.
Innovations and breakthroughs
The authors constructed 14-3-3σ  bait gene and expressed as a fusion to the 
GAL4 DNA-binding domain successfully. Using the yeast two-hybrid system, we 
found novel binding proteins [potassium channel modulatory factor 1 (KCMF1), 
quinone oxidoreductase, hydroxyisobutyrate dehydrogenase and 14-3-3σ] from 
the HeLa cDNA library which closely interact with 14-3-3σ. The knock-down ex-
pression of 14-3-3σ and KCMF1 proteins significantly inhibited cell proliferation 
and colony formation of colon cancer stem cells.
Applications
The study of CSCs has important implications for future cancer treatment and 
therapies. The CSC hypothesis states that if the CSCs were eliminated, the 
tumor would simply regress due to differentiation and cell death. By selectively 
targeting CSCs relative proteins, it may be possible to treat patients with ag-
gressive, non-resectable tumors and prevent the tumor from metastasizing.
Terminology
14-3-3 proteins are among the most abundant proteins within the cell, having 
been initially identified in 1967 as a family of acidic proteins within the mamma-
lian brain. This family of highly conserved proteins consisting of seven isotypes 
in human cells (β, γ, ε, η, σ, τ, ξ) plays crucial roles in regulating multiple cel-
lular processes including the maintenance of cell cycle checkpoints and DNA 
repair, the prevention of apoptosis, the onset of cell differentiation and senes-
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