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Abstract: Purpose: This study explored the effects of phosphofructokinase-1 (PFK1) on the radiosensitivity of 
colorectal cancer (CRC) in vivo and in vitro and the underlying mechanisms. Methods: Tissue samples from 48 
patients with rectal cancer who had received neoadjuvant radiotherapy followed by surgery were analyzed. The 
expression of PFK1 in tissue samples was semi-quantitated by immunohistochemistry, and its relationship with 
clinicopathological features was analyzed. The effects of PFK1 knockdown on the survival, apoptosis, migration, 
and radiosensitivity of CRC cells were evaluated. Glycolysis-related indicators were used to examine glycolytic activ-
ity. The effects of PFK1 on the radiosensitivity of CRC in vivo were assessed by measuring tumor formation in nude 
mice. Results: PFK1 was overexpressed in rectal cancer and was higher in radiation-resistant tumors than in radia-
tion-sensitive tumors. SiRNA-induced PFK1 silencing increased apoptosis and inhibited migration and proliferation 
of CRC cells. Knockdown of PFK1 made the CRC cells sensitive to ionizing radiation in vivo. Oligomycin partially 
restored the expression of PFK1, enhanced glycolysis, and reversed the enhanced radiosensitivity of CRC cells in-
duced by siRNA-PFK1. Downregulation of PFK1 combined with irradiation inhibited growth of nude mice xenografts, 
which was related to an increase in apoptosis. Conclusions: Our study indicates that high expression of PFK1 is 
negatively correlated with radiosensitivity in CRC and likely accelerates the proliferation and migration of CRC cells. 
Downregulation of PFK1 may enhance the radiosensitivity of CRC cells in vivo and in vitro by inhibiting glycolysis.
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Introduction

Colorectal cancer (CRC) is one of the most  
common malignant tumors and the second 
leading cause of cancer-related death in the 
world [1]. According to the American Cancer 
Society, CRC ranked third in 2019 among all 
types of cancers in morbidity and mortality in 
both men and women [2]. In recent years, neo-
adjuvant and adjuvant radiotherapies have 
become the standard care for patients with 
locally advanced (T3-4) or lymph node-positive 
rectal cancer, even for patients with high-risk 
features who are considered poor or non-oper-
ative candidates.

However, some CRC patients who receive radio-
therapy have poor prognosis due to radioresis-

tance [3]. Improving the radiosensitivity of  
CRC and identifying mechanisms involved in 
radioresistance are current challenges in CRC 
treatment.

Reprogramming of energy metabolism is one  
of the important characteristics of malignant 
tumors [4]. Even in the presence of adequate 
oxygen levels, most malignant tumors obtain 
energy through glycolysis, which in turn produc-
es lactic acid. This phenomenon is called the 
Warburg effect [5]. Positron emission tomogra-
phy-computerized fluoroscopy with fluorodeoxy-
glucose as a tracer uses this high-glycolysis 
phenomenon for diagnosing diseases. In addi-
tion, some products of the Warburg effect can 
form an intracellular redox buffer network [6] 
that can increase the radiation resistance of 
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tumor cells [7]. Reducing the glycolytic activity 
can reverse the radioresistance of many tumors 
[8]. However, studies on increasing the radio-
sensitivity of CRC by inhibiting glycolysis have 
not been reported.

PFK1 is a key enzyme in the aerobic glycolysis 
pathway [9] and a key driver of intracellular  
glucose flux [10]. There are three subtypes of 
PFK1 in human tissues: PFKM (muscle), PFKL 
(liver), and PFKP (platelets) [11], each of which 
is expressed to various degrees in tissues of 
the human body. In addition to the metabolic 
effects of PFK1 in tumors, high levels of PFK1 
expression can promote the development, pro-
gression, and metastasis of cancer cells, which 
is a feature closely related to the prognosis of 
cancer patients [12-15]. Moreover, targeting 6- 
phosphofructo-2-kinase/fructose-2, 6-bisphos-
phatases, which are regulatory enzymes of  
allosteric actuators of PFK1, can enhance the 
radiosensitivity of tumor cells by inhibiting DNA 
repair [16]. However, the effects of PFK1 on 
radiosensitivity of CRC are not clear.

In this study, we investigated the effects of 
PFK1 on the proliferation, migration, and radio-
sensitivity of CRC cells to further elucidate  
the mechanisms by which PFK1 affects radio-
sensitivity in CRC. We first measured the PFK1 
expression levels in 48 rectal cancer tissues 
and CRC cell lines by immunohistochemistry 
and analyzed the relationship between PFK1 
expression and clinicopathological features. 
We explored the effects of PFK1 knockdown on 
glycolytic activity and radiosensitivity of CRC 
cells in vivo and in vitro. The results of this 
study provide a scientific basis for new strate-
gies to increase the radiosensitivity of CRC.

Materials and methods

Patients and clinical tissue samples

This retrospective cohort study included 48 
rectal cancer patients who underwent surgery, 
radiotherapy, and chemotherapy in the Third 
Xiangya Hospital between 2008 and 2016. The 
inclusion criteria were the following: (i) postop-
erative pathology confirmed as adenocarcino-
ma; (ii) no evidence of distant metastasis at 
diagnosis (TNM stage II-III); (iii) permission to 
use tissue specimens obtained by endoscopy 
before treatment in this research; (iv) negative 
surgical margins of resected specimens; and 

(v) neoadjuvant chemoradiotherapy before 
curative resection. The neoadjuvant radiothe- 
rapy consisted of 50 Gy in 25 fractions over 5 
weeks. Based on their basic information and 
prognosis, the 48 patients were assigned to 
one of two groups: the radiation-sensitive  
group (n = 26) and the radiation-resistant group 
(n = 22). Pathologic responses to neoadjuvant 
radiotherapy were scored according to the 
tumor regression grade (TRG) developed by the 
American Joint Commission on Cancer and  
the College of American Pathology [17]. We 
defined patients with a TRG of 0 or 1 as the 
radiation-sensitive group and those with a TRG 
of 2 or 3 as the radiation-resistant group [18]. 
Tumor volume was assessed by using the gross 
tumor volume (GTV) for rectal cancer accord- 
ing to the Varian Treatment Planning System 
(Eclipse® External Beam Planning System, 
Version 11.03.1, Varian Medical Systems). The 
radiotherapy targets were delineated accord- 
ing to the Radiation Therapy Oncology Group 
consensus for rectal cancer. The GTV of stage 
III rectal cancer includes primary tumors and 
regional positive lymph nodes. All GTVs were 
examined by two oncologists and one radiolo- 
gist. 

The study was approved by the Medical Ethics 
Committee of the Third Xiangya Hospital of 
Central South University. Informed consent was 
obtained from all participating patients prior to 
initiation or enrollment in the present study.

Immunohistochemistry and scores

All rectal cancer samples were taken from pri-
mary tumors. The samples were fixed in forma-
lin, embedded in paraffin, and cut into 4-μm 
sections. The sections were deparaffinized in 
xylene. followed by microwave treatment for  
10 min in phosphate-buffered saline (PBS, pH 
6.0). After cooling for 20 min and washing with 
PBS, the sections were incubated at room tem-
perature for 10 min to inactivate endogenous 
peroxidase in the tissues. The sections were 
washed with PBS and incubated in non-immune 
animal serum for 60 min to reduce the non-
specific binding of antibodies. The sections 
were incubated overnight at 4°C with anti-
PFKM (1:300; sc-377346, Santa Cruz, CA, 
USA). Following the manufacturer’s instruc-
tions, detection of immunostaining was per-
formed using the UltraSensitiveTM S-P kit 
(KALANG, Shanghai, China) with 3,3-diamino-



Radiosensitivity of colorectal cancer cells

4925 Am J Transl Res 2020;12(9):4923-4940

benzidine (Santa Cruz, CA, USA) as the chromo-
gen. Finally, slices were redyed with hematoxy-
lin, dehydrated, cleared, and covered with 
glass. Two experienced pathologists, blinded to 
the clinicopathological status of the patients, 
read and scored the slides according to the 
immunohistochemical streptavidin-peroxidase 
method. Using this method, the expression of 
PFK1 was scored according to the proportion  
of positive cells and the staining intensity. The 
average percentage of positive tumor cells was 
examined at 400 × magnification in at least  
five random visual fields for each section. The 
samples were scored as follows: 0, the per- 
centage of positive cells was less than 5%; 1, 
between 6% and 25%; 2, between 26% and 
50%; 3, between 51% and 75%; and 4, more 
than 75%. The staining intensity was scored as 
follows: 0, no intracellular staining; 1, yellowish 
intracellular granules; 2, dark brown-orange 
intracellular granules; and 3, dark brown intra-
cellular granules. The scores of positive tumor 
cells and staining intensity were multiplied  
to obtain the immunohistochemical staining 
score: negative (-), 0 points; mildly positive (+), 
1 to 4 points; positive (++), 5 to 8 points; and 
strongly positive (+++), 9 to 12 points. Tumors 
graded (-) or (+) were regarded as having low 
expression, and tumors graded (++) or (+++) 
were regarded as having high expression. If  
the difference between the scores given by the 
two pathologists exceeded 3, the sample was 
reevaluated [19].

Cell culture and treatments

Human CRC cell lines, SW480, SW620, HCT- 
116, Colo205, HT29, caco-2, and LoVo, were 
purchased from the American Type Culture 
Collection, Manassas, VA, USA. The cells were 
cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) containing 10% fetal bovine serum at 
37°C in a 5% CO2 incubator. Oligomycin A was 
purchased from Selleck (Texas, USA). The cells 
were treated with oligomycin A at a concentra-
tion of 4 μM, which induced glycolysis but was 
not cytotoxic. Oligomycin A was added to the 
medium and cells were cultured for 12 h.  
Low-sugar DMEM and high-sugar DMEM were 
mixed at a ratio of 1:1. The final glucose con-
centration in the medium was 15 mM.

Cell transfection

HT29 and HCT116 cells were transfected with 
small interfering RNA (siRNA) targeting PFK1, 

siRNA-PFK1, using Lipofectamine™ 2000 (Invi- 
trogen; Thermo Fisher Scientific, Inc.), follow- 
ing the manufacturer’s recommendations. The 
cells were transfected for 24 h for further an- 
alysis. The sequences were as follows: PFKM-
siRNA-1336 sense 5’-GGUUAAGCGUCUGGGA- 
UAUTT-3’ and antisense 5’-AUAUCCCAGACGC- 
UUAACCTT-3’; PFKM-siRNA-1611 sense 5’-GC- 
CGGAGCUUCAUGAACAATT-3’ and antisense 5’- 
UUGUUCAUGAAGCUCCGGCTT-3’; PFKM-siRNA- 
2111 sense 5’-CUGACACAGCACUCAAUATT-3’ 
and antisense 5’-AUUGAGUGCUGUGUCAGCTT- 
3’; negative control sense 5’-UUCUCCGAACG- 
UGUCACGUTT-3’ and antisense 5’-ACGUGACA- 
CGUUCGGAGAATT-3’.

Western blot

Total protein was extracted with immunopre-
cipitation buffer (Auragene, Changsha, China) 
and samples were centrifuged at 9000 rpm  
at 4°C for 10 min. The protein concentration 
was determined with a BCA protein assay kit 
(Auragene, Changsha, China). The proteins 
were separated by 10% SDS-PAGE and blotted 
onto nitrocellulose membranes, which were 
probed with anti-PFKM (1:500; sc-377346, 
Santa Cruz, CA, USA), followed by a horsera- 
dish peroxidase-conjugated secondary anti-
body (Auragene, Changsha, China). Protein 
bands were visualized with enhanced chemilu-
minescence and images were recorded (Aura- 
gene, Changsha, China). The signal intensity 
was analyzed with IPP6.0 software, and β-actin 
(1:500; sc-47778, Santa Cruz, CA, USA) was 
used as the internal control.

Cell migration assay

HT29 and HCT116 cells were inoculated in 
6-well plates at a density of 1 × 105 cells/well 
and cultured until confluence reached more 
than 90%. A wound of about 1 mm width was 
made in the cell monolayer using the tip of a 20 
μL sterile pipette tip, and the detached cells 
were removed by aspiration. The cells were 
incubated in DMEM containing 3% fetal bovine 
serum for 48 h. Three visual fields of the wound 
area were selected for each group and photo-
graphed under a microscope (Motic, Xiamen, 
China). The gel migration was calculated with 
the following formula: scratch healing rate = (1 
- width between edges of scratches after incu-
bation/width between edges of initial scratch-
es) × 100%.
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Cell proliferation assay

HT29 and HCT116 cells were incubated in 100 
µL DMEM at a density of 3 × 103 cells/well in 
96-well plates. Cell proliferation was evaluated 
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay after incu-
bation for 0, 24, 48, and 72 h, or for 24 h with 
different radiation doses (0, 2, 4, 6, and 8 Gy). 
MTT reagent (10 μL) was added to each  
well, and the cells were incubated at 37°C for 
another 4 h. The MTT solution was removed, 
and 150 µL dimethyl sulfoxide was added to 
each well to dissolve purple formazan crystals. 
The optical density (OD) was measured with a 
microplate reader (Bio-Rad, CA, USA) at a wave-
length of 570 nm (OD570). Cell proliferation is 
expressed as a percentage of the control.

Colony formation assay

The cells were transfected with siRNA-PFK1 or 
pretreated with oligomycin A before X-ray irra-
diation with various doses (0, 2, 4, 6, and 8 Gy) 
and seeded in 10-cm tissue culture dishes. The 
dishes were incubated in fresh DMEM at 37°C 
in a humidified 5% CO2 incubator for 14 days. 
The colonies were fixed with 4% methanol in 
PBS and stained with Giemsa. Colonies of at 
least 10 cells were scored as survivors and 
counted with the naked eye or a stereoscopic 
microscope. Cell colony formation was calcu-
lated with the following formula: colony forma-
tion rate = (number of cell colonies formed/
number of cells seeded) × 100%. The survival 
fraction was calculated as follows: survival frac-
tion = (colony formation rate of experimental 
group/colony formation rate of control group) × 
100%. The survival fraction of cells was fitted 
to the cell survival curve according to a linear-
quadratic model (y = 1 - (1 - exp (-k × x))^N) 
using GraphPad software (La Jolla, CA, USA).

X-ray irradiation

The radiotherapy equipment was equipped with 
an American Varian TrueBeam linear accelera-
tor (Varian, CA, USA) and radiation was emitted 
at a fixed dose rate of 4 Gy/min. Cells or mice 
were irradiated with various doses according to 
set parameters. The graded doses of X-rays 
used to irradiate cells were 0, 2, 4, 6, and 8 Gy.

Glycolysis analysis

Glycolytic activity was measured with a glucose 
assay kit, a lactic acid assay kit, an ATP assay 

kit, and a PFK1 activity kit (Nanjing, China). The 
kits were used to measure glucose consump-
tion, lactic acid production, ATP production, and 
PFK1 activity, respectively, in HT29 and HCT116 
cells following the manufacturer’s instructions.

Apoptosis assay

Apoptosis was detected in vitro by flow cytom-
etry after staining with annexin V-fluorescein 
isothiocyanate (FITC)-propidium iodide with an 
apoptosis detection kit (Sigma, CA, USA) follow-
ing the manufacturer’s instructions. Fluoresc- 
ence was measured by flow cytometry (Becton 
Dickinson, FACSCanto II, NJ, USA). The flow 
cytometry data were analyzed with BD FACS 
Diva software v6.1.3 (BD Biosciences, NJ, 
USA).

Tissue apoptosis was detected by terminal 
deoxynucleotidyl transferase-mediated dUTP 
nick end labeling (TUNEL) with an in situ 
Fluorescein TUNEL Cell Apoptosis Detection 
Kit, following the manufacturer’s instructions. 
Tissue was dehydrated, infiltrated and embed-
ded, and then sliced and pasted. The slices 
were fully dewaxed and rehydrated. Protease K 
was added and samples were incubated at 
room temperature for 20 min. Then TUNEL 
reaction solution was added and samples were 
incubated at room temperature for 10-30 min. 
The marker was added and incubated for 1.5 h, 
and diaminobenzidine substrate solution was 
added. Images were captured in three fields of 
view of each slide with a Nikon microscope. 
Apoptotic nuclei were labeled by yellow or 
brown granules.

Animal assay

Animal experiments were approved by the ani-
mal center of Central South University (Chang- 
sha, China) and performed following interna-
tional guidelines and procedures. To produce 
tumors in vivo, 1 × 106 HT29 cells or 1 × 106 
HT29 cells transfected with siRNA-PFK1 or  
siRNA-NC were injected subcutaneously into 
the right flank of their abdomen of nude mice. 

Tumor volume was measured at the time they 
became visible, approximately 1 week after 
injection. When the tumor volume reached  
100 mm3, tumors in the experimental group 
were irradiated with 2 Gy. Tumor volumes  
were measured at 2-day intervals. After 25 
days, the mice were sacrificed, the tumors  
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were isolated, and tumor sizes were measured 
with Vernier calipers. Tumor volume was calcu-
lated with the following formula: tumor volume 
(mm3) = (the longest diameter) × (the shortest 
diameter)2/2.

Statistical analysis

All data were analyzed using Prism version 7.0 
(GraphPad Software, Inc., La Jolla, CA, USA). 
Experimental values are expressed as mean ± 
SD. The quantitative data were compared using 
the Student t-test or univariate variance analy-
sis, and the constituent ratio was compared 
using the chi-square test. The Kruskal-Wallis 
test was used to analyze primary GTV and its 
relationship with PFK1 protein levels, and the 
Mann-Whitney U test was used to analyze  
primary GTV and its relationship with the 
response of neoadjuvant radiotherapy. A P 
value less than 0.05 was considered to indi-
cate statistical significance.

Results

PFK1 is overexpressed in rectal cancer, which 
is directly correlated with the response to ra-
diation in rectal cancer patients

PFK1 was observed in the cytoplasm of the  
rectal cancer cells (Figure 1A). PFK1 was over-

expressed in rectal cancer tissues, and its 
expression was closely correlated with TNM 
stage (P = 0.006) and primary GTV (P = 0.004), 
but it was not correlated with patient age, gen-
der, or histopathological tumor grade (P > 0.05, 
Table 1). The immunohistochemical scores of 
PFK1 expression were significantly higher in 
the radiation-resistant group than in the radia-
tion-sensitive group (P < 0.01; Figure 1B), and 
there was a statistically significant difference in 
histopathological grade (P = 0.038) and prima-
ry GTV (P = 0.017) between radiation-sensitive 
and radiation-resistant tumors (Table 2). There 
was no significant difference in age, sex, and 
TNM stage between the radiation-resistant  
and the radiation sensitive-group (Table 2). 
These results suggest that the expression of 
PFK1 might be closely related to the develop-
ment of CRC and the resistance to radiation.

PFK1 expression in CRC cells was downregu-
lated by transfection with siRNA

We measured PFK1 protein levels by western 
blot assay in the following seven human CRC 
lines: SW480, SW620, HCT116, Colo205, 
HT29, caco-2, and LoVo (Figure 2A). Among 
these cell lines, HT29 cells showed the highest 
expression of PFK1; HCT116 cells and Colo205 
cells showed the second highest expression; 
and SW620 cells had the lowest expression. 

Figure 1. PFK1 expression is associated with the response to radiation in rectal cancer patients. A. Photomicro-
graphs of PFK1 in rectal cancer tissues. B. Immunohistochemistry score of PFK1 expression in the radiation-sen-
sitive and radiation-resistant groups. S, section of a radiation-sensitive tissue sample; R, section of a radiation-
resistant tissue sample. CRC, colorectal cancer; PFK1, phosphofructokinase-1. **P < 0.01.
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Since the proliferation rate of HCT116 cells  
was higher than that of Colo205 cells, we 
selected HT29 and HCT116 cells for transfec-
tion experiments. Three siRNA-PFK1s (siRNA-
1336, siRNA-1611, and siRNA-2111) were 
transfected into HT29 and HCT116 cells. 
Compared with siRNA-NC-transfected and non-
transfected control cells, intracellular PFK1 
protein levels were decreased. The effects of 
siRNA-1336-PFK1 were the most significant (P 
< 0.001; Figure 2B). The knockdown of PFK1 by 
transfection with siRNA-1336-PFK1 in CRC cell 
lines was successful.

PFK1 knockdown can inhibit proliferation and 
migration and increase the apoptosis rate of 
human CRC cells

PFK1 was knocked down in HT29 and HCT116 
cells by RNAi, and the effects on the survival, 
migration, and apoptosis were evaluated by 
MTT, cell migration, and apoptosis assays. In 
the MTT assay, we compared the effects after 
24, 48, and 72 h. OD570 values of HT29 and 
HCT116 cells transfected with siRNA-PFK1 
were significantly lower than in cells transfect-
ed with siRNA-NC (P < 0.05, Figure 3A), which 

Table 1. Correlations of PFK1 expression with the clinicopathological features of CRC

Variable Patients (n = 48)
PFK1 expression

P value
+ ++ +++

Age, n (%) 0.746

    < 50 years 18 4 (22.22) 7 (38.89) 7 (38.89)

    ≥50 years 30 5 (16.67) 15 (50.00) 10 (33.33)

Gender, n (%) 0.526

    Male 33 7 (21.21) 16 (48.48) 10 (30.31)

    Female 15 2 (13.33) 6 (40.00) 7 (46.67)

TNM stage, n (%) 0.006

    II 9 5 (55.56) 3 (33.33) 1 (11.11)

    III 39 4 (10.26) 19 (48.72) 16 (41.02)

Histopathological grade, n (%) 0.767

    High 8 2 (25.00) 4 (50.00) 2 (25.00)

    Middle + low 40 7 (17.50) 18 (45.00) 15 (37.50)

Primary GTV, n, cm3 (median, [range]) 48 9 22 17

44.13 (30.30-56.08) 68.34 (53.57-83.24) 95.45 (72.56-122.87) 0.004
CRC, colorectal cancer; PFK1, phosphofructokinase-1; GTV, gross tumor volume.

Table 2. Correlations of clinicopathological features with the response to neoadjuvant radiotherapy of 
CRC

Variables Patients 
(n = 48)

Radiation sensitivity 
P valueRadiation-sensitive group Radiation-resistant group

n = 26 n = 22
Age, n (%) 0.881
    < 50 years 18 10 (55.56) 8 (44.44)
    ≥50 years 30 16 (53.33) 14 (46.67)
Gender, n (%) 0.938
    Male 33 18 (54.55) 15 (45.45)
    Female 15 8 (53.33) 7 (46.67)
TNM stage, n (%) 0.404
    II 9 6 (66.67) 3 (33.33)
    III 39 20 (51.28) 19 (48.72)
Histopathological grade, n (%) 0.038
    High 8 7 (87.50) 1 (12.50)
    Middle + low 40 19 (47.50) 21 (52.50)
Primary GTV, n, cm3 (median [range]) 48 54.825 (30.30-76.38) 80.12 (58.67-122.87) 0.017
CRC, colorectal cancer; GTV, gross tumor volume.
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indicated that PFK1 knockdown reduced  
cell survival. In the cell migration assay, the 
migration of HT29 and HCT116 cells was sig-
nificantly suppressed after PFK1 knockdown 
compared with siRNA-NC-transfected and non-
transfected control cells (P < 0.05, Figure 3B, 
3C). Apoptosis of HT29 cells and HCT116 cells 
was measured by flow cytometry. After PFK1 
knockdown, the apoptosis rate was significant-
ly higher that in siRNA-NC-transfected and  
non-transfected control cells (Figure 4A, 4B).  
In summary, downregulation of PFK1 inhibits 
the proliferation and migration and promotes 
apoptosis of human CRC cells.

PFK1 knockdown enhances radiosensitivity of 
human CRC cells

The effects of downregulation of PFK1 on the 
radiosensitivity of CRC cells were investigated. 
MTT assay was used to measure the survival 
rate of HT29 and HCT116 cells treated with 
various radiation doses (0, 2, 4, 6, and 8 Gy). 
The lethal dose for 25% of HT29 and HCT116 
cells was about 2.7 Gy and 1.9 Gy, respectively; 
thus, 2 Gy was selected as the experimental 
radiation dose. The LD50 of HT29 and HCT116 
cells was approximately 6.2 Gy and 4.2 Gy, 
respectively; therefore, 6 Gy and 4 Gy were 

selected as the positive control radiation doses 
for HT29 and HCT116 cells, respectively (Figure 
5A). The survival of the cells after radiation 
exposure was also determined; the survival 
rate of PFK1 knockdown cells was significantly 
lower than that of siRNA-NC-transfected cells 
(Figure 5B).

In the apoptosis assay, the apoptosis rate of 
cells was increased after irradiation with 2 Gy, 
and the apoptosis rate increased in a radiation 
dose-dependent manner. Moreover, the apop-
tosis rate of PFK1 knockdown cells was higher 
than that of siRNA-NC-transfected control cells 
after exposure to radiation, and higher radia-
tion doses caused higher apoptosis rates 
(Figure 5C).

To further determine the effects of PFK1 knock-
down on the radiosensitivity of CRC cells, we 
performed a colony formation assay. In the 
absence or presence of irradiation, the colony 
survival fraction of PFK1 knockdown HT29 
cells was significantly lower than that of siRNA-
NC-transfected cells (Figure 6).

PFK1 knockdown increased the apoptosis rate 
and decreased the survival rate and colony for-
mation ability after exposure to radiation, indi-

Figure 2. PFK1 expression levels and the effects of siRNA on PFK1 expression in CRC cells. A. The expression levels 
of PFK1 in seven human CRC cell lines, as measured by western blot. HT29 cells exhibited the highest expression 
of PFK1 and SW620 cells exhibited the lowest expression. B. PFK1 expression levels in HT29 and HCT116 cells 
treated with three siRNA-PFK1s. SiRNA-1336-PFK1 exhibited significant inhibitory effects. Data are presented as 
mean ± SD (n = 3 independent experiments). Control, control group; siRNA-NC, negative control siRNA cells; PFK1, 
phosphofructokinase-1. **P < 0.01 and ***P < 0.001.
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cating that PFK1 knockdown might enhance 
radiosensitivity of CRC cells. In our subsequent 
experiments, we investigated the underlying 
mechanisms. 

PFK1 knockdown can inhibit glycolysis in hu-
man CRC cells

Glycolytic activity was measured in PFK1 
knockdown and siRNA-NC-transfected control 
HT29 and HCT116 cells. As illustrated in Figure 
7A, 7B, PFK1 knockdown suppressed glucose 

uptake and PFK1 activity and decreased the 
ability of the cells to produce lactic acid and 
ATP.

Oligomycin A can reverse the PFK1 knock-
down-induced increase in radiosensitivity in 
CRC cells by enhancing glycolysis

To study whether PFK1 knockdown enhanced 
the radiosensitivity of CRC cells by enhancing 
glycolysis, oligomycin A, an inhibitor of mito-
chondrial H+-ATP synthase, was used in HT29 

Figure 3. PFK1 knockdown inhibits the proliferation and migration of CRC cells. (A) OD570 values were detected by 
MTT assay in HT29 and HCT116 cells transfected with siRNA-PFK1 or siRNA-NC. Scratch wound healing assay mea-
suring the migration of (B) HT29 and (C) HCT116 cells transfected with siRNA-NC or siRNA-PFK1. Data are present-
ed as mean ± SD (n = 3 independent experiments). PFK1, phosphofructokinase-1; control, control group; siRNA-NC, 
negative control siRNA cells; siRNA-PFK1, PFK1 knockdown cells. *P < 0.05, **P < 0.01, and ***P < 0.001.
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cells. Oligomycin A increases glycolytic activity 
by increasing iPFK-2 activity and fructose 2,6- 
bisphosphate content, and it inhibits or delays 
apoptosis in cancer cells [20, 21]. By western 
blot analysis, we found that with and without 
radiation exposure, PFK1 levels were partially 
restored by oligomycin A after knockdown 
(Figure 8A). Similarly, in the glycolysis assay,  
in siRNA-NC-transfected cells, oligomycin A sig-
nificantly increased glycolytic activity, and in 
PFK1 knockdown cells, it reversed the reduc-
tions in glycolytic activity and PFK1 activity 
(Figure 8B). In the apoptosis assay, oligomycin 
A also reversed the increase in apoptosis in 
irradiated PFK1 knockdown cells (Figure 8C).

MTT assay results indicated that oligomycin  
A decreased the inhibitory effects of PFK1 
knockdown on the proliferation of HT29 cells 
(Figure 9A). Furthermore, in the colony forma-
tion assay, after irradiation, the colony survival 
fraction in PFK1 knockdown cells was signifi-
cantly lower than in siRNA-NC-transfected cells. 
Oligomycin A also restored the decreased colo-
ny survival fraction of PFK1 knockdown HT29 

cells (Figure 9B, 9C). These data support the 
view that PFK1 knockdown in CRC cells inhibits 
cell survival and increases apoptosis by regu-
lating glycolysis, resulting in enhanced radio-
sensitivity of CRC cells.

PFK1 knockdown combined with X-ray irradia-
tion can inhibit the growth of transplanted tu-
mors in nude mice by increasing apoptosis

To study the effects PFK1 knockdown on the 
radiosensitivity of CRC cells in vivo, HT29  
cells, which exhibit high PFK1 expression, were 
selected for tumor transplantation experi-
ments. Nude mice were subcutaneously inocu-
lated with HT29 cells, PFK1 knockdown HT29 
cells, or siRNA-NC-transfected HT29 cells. After 
15 days, the tumor was treated with a single 
dose of 2 Gy. Tumor size was measured every 2 
days. PFK1 knockdown significantly inhibited 
the growth of implanted tumors in mice with or 
without irradiation (P < 0.05, Figure 10A, 10B). 
The apoptosis rate of each group was mea-
sured by TUNEL staining on the 25th day. With 
or without irradiation, the apoptosis rate was 

Figure 4. PFK1 knockdown promotes apoptosis of CRC cells. The apoptosis rate of (A) HT29 and (B) HCT116 cells 
treated with siRNA-NC or siRNA-PFK1 was measured by flow cytometry. Data are presented as mean ± SD (n = 3 
independent experiments). PFK1, phosphofructokinase-1; control, control group; siRNA-NC, negative control siRNA 
cells; siRNA-PFK1, PFK1 knockdown cells. *P < 0.05 and **P < 0.01.
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Figure 5. Effects of various treatments on the survival and apoptosis of CRC cells. A. The survival rate was detected 
by MTT assay in HT29 and HCT116 cells after various radiation doses (0, 2, 4, 6, and 8 Gy) for 24 h. The LD50 of 
HT29 and HCT116 cells was approximately 6.2 Gy and 4.2 Gy, respectively. B. The survival rate was detected us-
ing MTT assay in HT29 and HCT116 cells transfected with siRNA-NC or siRNA-PFK1 after treatment with or without 
radiation (2 Gy or 6 Gy) for 24 h. C. The apoptosis rate was detected by flow cytometry in siRNA-PFK1-transfected 
HT29 and HCT116 cells after exposure to irradiation. Data are presented as mean ± SD (n = 3 independent experi-
ments). PFK1, phosphofructokinase-1; siRNA-NC, negative control siRNA cells; siRNA-PFK1, PFK1 knockdown cells; 
IR, ionizing radiation. *P < 0.05, **P < 0.01, and ***P < 0.001. 

Figure 6. Effects of various treatments on the colony formation ability of CRC cells. The colony survival fraction was 
calculated in HT29 cells transfected with siRNA-NC or siRNA-PFK1 after exposure to 2 Gy irradiation. Data are pre-
sented as mean ± SD (n = 3 independent experiments). PFK1, phosphofructokinase-1; siRNA-NC, negative control 
siRNA cells; siRNA-PFK1, PFK1 knockdown cells; IR, ionizing radiation. ***P < 0.001.
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higher in the PFK1 knockdown group than in 
the control group (P < 0.05, Figure 10C, 10D). 
These in vivo results confirm that PFK1 knock-
down combined with X-ray irradiation inhibits 
the growth of xenografts in nude mice. These 
inhibitory effects may be related to an increased 
apoptosis rate. 

Discussion

Radiotherapy is an important treatment for 
CRC, but tumor radioresistance often leads to  
a poor prognosis. Therefore, the identification 
and characterization of the molecular mecha-
nisms that cause tumor radioresistance, as 

Figure 7. PFK1 knockdown inhibits glycolysis in CRC cells. Changes in glucose consumption, lactate production, ATP 
levels, and PFK1 activity of (A) HT29 and (B) HCT116 cells transfected with siRNA-PFK1 or siRNA-NC. Data are pre-
sented as mean ± SD (n = 3 independent experiments). PFK1, phosphofructokinase-1; siRNA-NC, negative control 
siRNA cells; siRNA-PFK1, PFK1 knockdown cells. ***P < 0.001.

Figure 8. Oligomycin A restores the glycolysis levels and reverses the increase in apoptosis induced by PFK1 knock-
down combined with 4 Gy irradiation, thus delaying apoptosis. HT29 cells transfected with siRNA-NC or siRNA-PFK1 
and co-treated with oligomycin after treatment with or without radiation (4 Gy) for 24 h. A. Expression of PFK1 was 
detected by Western blot in HT29 cells treated with siRNA-PFK1 and oligomycin A. B. Changes in glucose concen-
tration, ATP levels, lactate production, and PFK1 activity in HT29 cells after various treatments. C. The apoptosis 
rate of HT29 cells after various treatments, as detected by flow cytometry. Data are presented as mean ± SD (n = 
3 independent experiments). PFK1, phosphofructokinase-1; siRNA-NC, negative control siRNA cells; siRNA-PFK1, 
PFK1 knockdown cells; Oligo, oligomycin A. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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well as the identification of therapeutic targe- 
ts to improve radiosensitivity, are important 
research objectives. In recent years, the glyco-
lytic phenotype of malignant tumors has been 
found to be closely related to their chemical 
and radiation resistance [8, 22]. Hexokinase, 
pyruvate kinase, and PFK1-three key enzymes 
of glycolysis-promote glycolysis [9] and are 
overexpressed in many tumors [23-26]. Inhi- 
bition of hexokinase or pyruvate kinase can 
diminish tumor radioresistance [24, 27-30]. 
However, studies of the expression of PFK1 in 

CRC cells and its effects on the response to 
radiation are rare. Here, we present one of  
the first studies to investigate the relation- 
ship between PFK1 and radiotherapy resis-
tance in CRC and to elucidate the underlying 
mechanisms.

PFK1 is highly expressed in certain malignant 
tumor tissues, e.g., glioma, bladder cancer, and 
cervical cancer [10, 11, 31, 32], and is associ-
ated with the risk of malignancy [33]. Ahsan et 
al. [12] found that the PFKM gene region 

Figure 9. Oligomycin A decreases the inhibitory effects of PFK1 knockdown on the survival and colony formation 
ability of HT29 cells with and without irradiation. A. In the absence or presence of irradiation, the cell survival rate 
was detected by MTT assay in siRNA-NC and PFK1 knockdown HT29 cells treated with or without oligomycin A. B 
and C. The colony survival fraction was detected using colony formation assay in HT29 cells treated with siRNA-NC, 
siRNA-PFK1, or siRNA-PFK1 plus oligomycin A after irradiation with 0, 2, 4, 6, or 8 Gy. Data are presented as mean ± 
SD (n = 3 independent experiments). PFK1, phosphofructokinase-1; siRNA-NC, negative control siRNA cells; siRNA-
PFK1, PFK1 knockdown cells; oligo, oligomycin A. *P < 0.05, **P < 0.01, and ***P < 0.001.
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12q13.11 is closely associated with the risk of 
breast cancer. In the present study, we exam-
ined the tissue samples of 48 patients with rec-
tal cancer by immunohistochemistry. We found 
that PFK1 was overexpressed in rectal cancer 
tissues, and that PFK1 expression was closely 
correlated with TNM stage and primary GTV. In 
addition, we found that PFK1 was expressed  
to various degrees in seven human CRC cell 
lines. These results indicate that PFK1 may 
play a key role in the development and progres-
sion of CRC. PFKP expression has been found 
to be increased in oral cancer and is associat-
ed with tumor tissue differentiation and lymph 
node metastasis, and downregulation of PFKP 
expression inhibited autophagy, proliferation, 
migration, and invasion of oral cancer cells 
[25]. In the present study, we downregulated 
the expression of PFK1 in HCT116 and HT29 

cells (which highly express PFK1) by RNAi. PFK1 
knockdown significantly inhibited cell prolifera-
tion and migration and promoted apoptosis. Li 
et al. [10] similarly reported that upregulation of 
TAp73, a key regulator of PFK1, promoted the 
Warburg effect and enhanced cell proliferation 
in CRC, liver cancer, and other tumors. Wang et 
al. [33] found that miR-128, which directly tar-
gets the 3’ untranslated region of PFK1, nega-
tively regulated the expression of PFKL in lung 
cancer cells and inhibited colony formation and 
tumor growth. These findings suggested that 
PFK1 can enhance the proliferation and inva-
sion of cancer tissues and could thus play an 
important role in the occurrence and develop-
ment of CRC.

To adapt to adverse microenvironments, most 
tumors obtain energy through glycolysis, which 

Figure 10. PFK1 knockdown enhances the radiosensitivity of CRC cells in vivo. A. Photographs of tumors derived 
from siRNA-PFK1-transfected or siRNA-NC-transfected HT29 cells at the end of the observation period. Irradiated 
and non-irradiated tissues at 15 days. B. Tumor growth curve in nude mice. After tumor cells were injected subcu-
taneously into the right flank of the abdomen of nude mice, the short and long diameters of the tumors were mea-
sured every 2 days, and tumor volumes (mm3) were calculated. C. Tumor tissues were stained with the indicated 
reagent after various treatments at the end of the observation period. Brown indicates apoptotic cells and blue 
indicates nuclei. D. The apoptosis rate was detected by TUNEL in implanted tumors under various treatments at the 
end of the observation period. Data are presented as mean ± SD (n = 5 per group). PFK1, phosphofructokinase-1; 
control, control group; siRNA-NC, negative control siRNA cells; siRNA-PFK1, PFK1 knockdown cells. *P < 0.05 and 
**P < 0.01.
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is rapid and inefficient, rather than by oxidative 
phosphorylation [5, 34]. PFK1, the second key 
enzyme of glycolysis, is the most important 
regulatory factor in the glycolysis pathway and 
promotes the Warburg effect [11, 35]. In the 
present study, we decreased glucose uptake, 
lactic acid and ATP production, and PFK1 activ-
ity in CRC cells by downregulating PFK1 expres-
sion, thus inhibiting glycolysis. These results 
suggest that PFK1 knockdown could inhibit glu-
cose metabolism in CRC cells. The high glyco-
lytic activity of malignant tumors not only pro-
vides a growth advantage but also contributes 
to tumor radioresistance [36-38]. Tumor tissu- 
es produce lactic acid due to active glycolysis 
[39], and the accumulation of lactic acid can 
promote tumor recurrence, metastasis, and 
radiotherapy resistance [40, 41]. In the present 
study, we found that PFK1 knockdown enhanc- 
ed the radiosensitivity of CRC cells, which may 
have been the result of an increase in apopto-
sis and inhibition of colony formation and cell 
proliferation. Through tumor forming experi-
ments in nude mice, we found that PFK1  
knockdown combined with X-ray irradiation 
inhibited the growth of implanted tumors in 
mice by promoting apoptosis. Our data are  
consistent with previous findings that epigallo-
catechin-3-gallate enhanced the inhibition of 
sorafenib on the growth of hepatocellular car- 
cinoma cells in xenotransplantation mice by 
directly inhibiting the activity of PFK [35]. 
However, the specific mechanism leading to the 
enhanced radiosensitivity of CRC caused by 
PFK1 remains unclear. 

To verify whether PFK1 knockdown enhanced 
the radiosensitivity of CRC cells by reducing  
the levels of glycolysis, we treated human CRC 
HT29 cells with oligomycin A, an inhibitor of 
mitochondrial F0F1ATP synthase that can in- 
duce and enhance glycolysis in a variety of can-
cer cells [42-44]. Oligomycin A also inhibited 
TNF-induced apoptosis [21] and delayed apop-
tosis by decreasing the intracellular release  
of cytochrome c [20]. Moreover, oligomycin A 
activated AMP-dependent protein kinase in 
hatched monocytes, increased iPFK-2 activity 
and fructose 2,6-bisphosphate content, and 
increased glycolytic activity. Fructose 2,6-bis- 
phosphate is one of the strongest activators of 
PFK1 [45]. In our experiments, oligomycin A 
partially reversed the downregulation of PFK1, 
the decrease in glycolytic and PFK1 activity, 

and the enhancement of radiosensitivity trig-
gered by PFK1 knockdown combined with radi-
ation treatment in HT29 cells. These results are 
similar to those reported by Bhatt et al. [36], 
who found that a mitochondrial respiratory reg-
ulator (dinitrophenol) enhanced the radiosensi-
tivity of tumors by inducing glycolysis. We also 
found that the expression of PFK1 in the radia-
tion-resistant group was upregulated in pati- 
ents with rectal cancer and that there was a 
statistical difference in the histopathological 
grade and primary GTV between the radiation-
resistant group and the radiation-sensitive 
group, a result that differs from those of Cui et 
al. [46]. This discrepancy might be explained  
by the small sample size of high-grade rectal 
cancer specimens in our study. These results 
suggest that PFK1 activity is a determinant of 
the radiosensitivity of CRC that may enhance 
tumor radiosensitivity and improve the progno-
sis of patients by inhibiting glycolysis and lactic 
acid production. Therefore, PFK1 may be used 
as a target for the radiosensitization of CRC.

We wanted to further explore the downstream 
molecular mechanisms of PFK1 knockdown 
affecting the radiosensitivity of CRC cells. Bhatt 
et al. [36] found that elevation of glycolysis 
results in increased expression of repair pro-
teins Rad51 and Ku70, which appears to facili-
tate the DNA repair in tumor cells and to be 
partly responsible for radioresistance. More- 
over, PFK1 promoted the connection between 
Yes-associated protein (YAP)/tafazzin (TAZ) 
with its transcriptional cofactors TEADs, and 
maintained the cell proliferation induced by 
YAP/TAZ. The expression of YAP/TAZ, important 
transcriptional coactivators regulating prolifer-
ation, survival, and self-renewal, was associat-
ed with glycolysis, and the activity of YAP/TAZ 
was regulated by glycolysis to promote can- 
cer cell proliferation and tumorigenesis [47]. 
Recent research demonstrated that the radio-
sensitivity of pancreatic cancer was increased 
upon inhibition of YAP/TAZ activity [48]. There- 
fore, we hypothesize that PFK1 knockdown 
might enhance radiosensitivity by reducing 
YAP/TAZ expression and facilitating the DNA 
repair; however, further experiments are need-
ed to confirm this hypothesis.

In addition, the effects of PFK1 knockdown on 
CRC radiosensitivity are not well understood, 
which may be related to the siRNA transfection 
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efficiency. In future studies, we aim to use 
shRNA instead of siRNA to silence PFK1 for bet-
ter and more stable sensitization.

In conclusion, high PFK1 expression is nega-
tively correlated with radiosensitivity in CRC 
and likely accelerates the proliferation and 
migration of CRC cells. PFK1 knockdown may 
enhance the radiosensitivity of CRC cells in vivo 
and in vitro by inhibiting glycolysis. Therefore, 
downregulation of PFK1 may be a new thera-
peutic strategy for patients with radioresistant 
CRC.
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