
Abstract. Background/Aim: Hypoxia offers resistance to
therapy in human solid tumors. The aim of the study was to
investigate whether SN-38, the active metabolite of
irinotecan, acts as a radiosensitizer through inhibition of
hypoxia-inducible factor (HIF)-1α in the human colorectal
cancer (CRC) cells. Materials and Methods: HT29 and
SW480 cells were cultured with SN-38 (0-4 μM) immediately
after irradiation (0-8 Gy). HIF-1α expression was assessed
using flow-cytometry and western blot analysis. Cell
proliferation was evaluated by the calcein assay. Apoptosis
and cell cycle were determined by flow-cytometry. Results:
Radiation up-regulated HIF-1α, and SN-38 inhibited the
radiation-induced HIF-1α. The combination of radiation and
SN-38 inhibited cell proliferation more than radiation alone;
treatment with SN-38 after radiation exposure did not
increase the number of apoptotic cells, whereas, it enhanced
the S and G2/M cell-cycle arrest and decreased the
population of cells in G1. Conclusion: SN-38 inhibits the
radiation-induced up-regulation of HIF-1α and acts as a
radiosensitizer by inducing cell-cycle arrest in CRC cells. 

It is estimated that 400,000 patients are diagnosed with rectal
cancer in the world annualy (1, 2). Neoadjuvant
chemoradiotherapy (CRT) is a standard treatment for patients
with locally advanced rectal cancer which allows tumor
reduction and decreases local recurrence (3, 4). However,
only 15-20% of patients achieve a pathological complete
response after CRT, (5, 6) which is associated with improved
overall and recurrence free survival (7). Therefore, it is
important to increase the response rate to CRT and identify

novel chemotherapeutic regimens that improve the efficacy
of this treatment.

Most solid tumors grow in a hypoxic environment, caused
by the imbalance between the demand of oxygen by the
proliferating tumor cells and the oxygen supply by the
vascular tissue. Deprivation of oxygen induces the expression
of hypoxia-inducible factor (HIF)-1α, a key molecule in
hypoxia and ischemia (8). HIF-1α influences tumor biology
by regulating the expression of over 100 genes. HIF-1α
activation helps restore oxygen homeostasis by inducing
angiogenesis through the up-regulation of vascular endothelial
growth factor (VEGF) (9, 10) and anaerobic glycolysis (11).
HIF-1α also regulates apoptosis and cell cycle, (12) and
induces autophagy (13), a cell survival mechanism in a
hypoxic environment. Furthermore, HIF-1α affects cancer
progression: (14) up-regulation of HIF-1α induces invasion
and migration through epithelial-mesenchymal transition
(EMT) (15, 16), and increases resistance to anti-cancer drugs
(17). In the clinical setting, overexpression of HIF-1α is
associated with increased chemoresistance, mortality and
metastasis in many human cancers (18, 19).

SN-38 is the active metabolite of irinotecan (CPT-11), a
widely used chemotherapeutic drug for colorectal cancer
(CRC). We previously found that the drug SN-38 overcomes
chemoresistance in a hypoxic environment through the
inhibition of HIF-1α and has an anti-tumor effect in CRC
cells (20). SN-38 inhibits DNA topoisomerase I, which is a
nuclear enzyme important during DNA replication and
transcription and inhibits DNA repair. 

Recently, it has been shown that radiation up-regulates
HIF-1α in certain cancer cells. Specifically, radiation up-
regulates HIF-1α through tumor reoxygenation in breast and
prostate cancer cells (21, 22) and, in cervical cancer cells,
the radiation-induced up-regulation of HIF-1α induces
angiogenesis (23). However, the association between
radiation and HIF-1α up-regulation in CRC cells has not
been fully clarified.

Therefore, in this study, it was investigated whether
radiation induces the up-regulation of HIF-1α in CRC cells
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and whether SN-38 can inhibit this process. Furthermore, it
was evaluated whether SN-38 acts as a radiosensitizer through
inhibition of radiation-induced HIF-1α in CRC cells. 

Materials and Methods

Cells and reagents. The human CRC cell lines HT29 and SW480
were obtained from the Japanese Cancer Research Resource Bank
(National Institutes of Biomedical Innovation, Health and Nutrition,
Ibaraki, Japan). The mutation status of the two cell lines was
checked by RT-PCR in our institution (data not shown) and was as
follows: HT29 (KRAS wild type, BRAF mutation,
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit
Alpha [PIK3CA] mutation, tumor protein p53 [TP53] mutation) and
SW480 (KRAS mutation, BRAF wild type, PIK3CA wild type,
TP53 mutation). Cells were cultured in RPMI-1640 medium
supplemented with 5% fetal calf serum, 1% antibiotic/antimycotic
and incubated in a 5% CO2 incubator at 37˚C. 

SN-38 (the active metabolite of CPT-11) was purchased from
Toronto Research Chemicals (North York, Ontario, Canada). 5-
fluorouracil (5-FU), oxaliplatin, CoCl2, bovine serum albumin, and
RPMI-1640 medium were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Fetal calf sera and antibiotic/antimycotic were
purchased from Gibco BRL (Grand Island, NY, USA).
Tetraacetoxymethyl ester (calcein-AM) was purchased from
Dojindo Lab. (Kumamoto, Japan). 

For flow-cytometry, the anti-HIF-1α phycoerythrin (PE)-
conjugated antibody (Catalogue # IC1935P) was purchased from
R&D systems (Minneapolis, MN, USA). FITC Annexin V
Apoptosis Detection Kit and FITC BrdU Flow Kit were purchased
from BD Pharmingen (San Diego, CA, USA). For western blot
analysis, the anti-HIF-1α antibody (ab2185), anti-GAPDH antibody
(ab9485), and anti-VEGFA antibody (ab46154) were purchased
from Abcam (Cambridge, MA, USA); the anti-β-actin antibody
(Catalogue # PM053) was purchased from MBL (Nagoya, Japan).
The anti-Rabbit IgG-alkaline phosphatase (AP) antibody was
purchased from Invitrogen Corp. (Carlsbad, CA, USA). 

Cell treatment with radiation and/or anticancer agents. The
radiation was given by an MBR-1505R2 X-ray generator (Hitachi
Medical Co., Tokyo, Japan). Immediately after irradiation at a dose
rate of 0.4 Gy/min (total 0, 1, 2, 4, 8 Gy), the cells were cultured
with different concentrations of SN-38 (0, 0.25, 1, 4 μM), 5-FU (0,
1.25, 5, 20 μM), or oxaliplatin (0, 1.25, 5, 20 μM) for 48 h.
Alternatively, the cells were treated with 150 μM of CoCl2 for 24
h as a positive control for the up-regulation of HIF-1α (24).

Flow-cytometric analysis. HIF-1α expression was assessed by flow-
cytometry as described previously (25), with small modifications.
Briefly, after the above-described treatments, the cells were
harvested, fixed with 4% paraformaldehyde in PBS, permeabilized
with 0.1% Tween-20 in PBS, and stained using the anti-HIF-1α PE-
conjugated antibody. The data relative to the expression of HIF-1α
in 10,000 cells were collected by flow-cytometry, using a Navios
Flow Cytometer (Beckman Coulter, Brea, CA, USA), analyzed
using the FlowJo software (Tree Star, Ashland, OR, USA), and
expressed as the mean fluorescence intensity (MFI). All experiments
were performed in triplicate, and the expression levels of HIF-1α
are presented as the mean±SD. 

Western blot analysis. Cells were harvested in Bolt LDS Sample
Buffer and Bolt Sample Reducing Agent (Thermo Fisher Scientific,
Waltham, MA, USA). After centrifugation at 15,300 g at 4˚C for 10
min, the clear supernatant was collected and used for western blot
analysis. Protein concentration was determined using the Qubit
Protein Assay Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Equal amounts of proteins were
denatured at 70˚C for 10 min, separated in Bolt 4-12% Bis-Tris Plus
gels (Thermo Fisher Scientific), then transferred onto PVDF
membranes. The blotted membranes were incubated with the primary
and secondary antibodies using the iBind Western System (Thermo
Fisher Scientific), and immunoreactive bands were visualized using
a Novex AP Rabbit Chemiluminescent Detection Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Images were
analyzed with the ImageJ software (National Institute of Health,
Bethesda, MD, USA). All experiments were performed in triplicate
and the results are expressed as means±SD.

Proliferation assay. Cells were plated at 5,000 cells per well in 96-
well plates, irradiated (0 or 4 Gy) and treated with the relevant dose
of SN-38 (0, 0.125, 0.25, 0.5, 1, 2, 4 μM) for 48 h. Subsequently, 1
μM of calcein-AM was added to each well. After incubation at 37˚C
for 30 min, fluorescence intensity was measured with the Tera scan
VP (Minerva Tech, Tokyo, Japan). All experiments were performed
in triplicate, and cell viability is expressed as means±SD.

Detection of apoptosis by flow-cytometry. Cultured cells were
stained with FITC-conjugated annexin V and propidium iodide (PI)
for 5 min in the dark, using the FITC Annexin V Apoptosis
Detection Kit according to the manufacturer’s instructions. The
number of annexin V–/PI– viable cells and annexin V+ apoptotic
cells was evaluated by flow-cytometry. Simultaneously, apoptotic
cells were counted by staining with trypan blue. All experiments
were performed in triplicate, and the percentage of apoptotic cells
is expressed as the mean±SD.

Analysis of the cell cycle by flow-cytometry. The percentage of cells
in each phase of the cell cycle was analyzed by flow-cytometry
using the FITC BrdU Flow Kit, according to the manufacturer’s
instructions. Cultured cells were labeled with 1 mM BrdU solution
for 1 h, and fixed and permeabilized with BD Cytofix/Cytoperm
Buffer and BD Cytoperm Plus Buffer on ice. Subsequently, the
cells were treated with 30 μg of DNase for 1 h. Finally, BrdU and
total DNA were stained with a FITC-anti BrdU antibody and a 
7-AAD solution in the dark and analyzed by flow cytometry. The
experiments were performed three times, and the ratio of cells in
the sub-G0/G1, G0/G1, S and G2/M phases is expressed as the
mean±SD. 

Statistical analysis. All experiments were repeated at least three
times. Statistical significance of the differences was evaluated using
the unpaired, two-tailed Student’s t-test, and an association was
considered significant when p was less than 0.05. 

Results
Radiation up-regulates HIF-1α in CRC cell lines. Firstly, it
was investigated whether radiation regulates the expression
of HIF-1α in CRC cells. Flow cytometry revealed that HIF-
1α was up-regulated in HT29 cells 48 h after exposure to
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radiation (4 Gy, Figure 1A). Interestingly, radiation dose-
dependently up-regulated HIF-1α in both HT29 and SW480
cells, and the levels of HIF-1α following 4 or 8 Gy of
radiation were almost the same. The levels of HIF-1α
following 4 Gy radiation were 3.5-fold and 5-fold higher in
HT29 and SW480 cells, respectively, than those in control
cells (Figure 1B and C). 

The expression of HIF-1α after radiation exposure was
evaluated by western blot analysis. Exposure to radiation of
4 and 8 Gy up-regulated HIF-1α in the two cell lines (Figure
1D). The levels of HIF-1α following radiation (4 Gy) were
2-fold and 3-fold higher in HT29 and SW480 cells,
respectively than those in control cells (Figure 1E). 

Expression levels of HIF-1α over time after radiation
exposure. The expression of HIF-1α over time, after
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Figure 2. Levels of hypoxia-inducible factor-1α (HIF-1α) at different
times after radiation. The expression levels of HIF-1α, assessed by flow
cytometry, were the highest 24-48 h after radiation exposure. Values are
the mean±SD; *p<0.05, **p<0.01.

Figure 1. Expression levels of hypoxia-inducible factor-1α (HIF-1α) 48 h after irradiation in colorectal cancer cells. (Α) Cultured cells were stained
with an IgG phycoerythrin-conjugated (PE) antibody (negative control, white area) and with a HIF-1α PE-conjugated antibody as control (red
area). Radiation (4 Gy) induced the significant up-regulation of HIF-1α in HT29 cells (blue area); treatment with CoCl2 was used as positive
control (blue area). (Β-Ε) Radiation (2-8 Gy) up-regulated HIF-1α in HT29 and SW480 cells, as assessed by flow cytometry (B, C) and western
blot analyses (D, E). Values indicate the mean±SD; *p<0.05, **p<0.01.



exposure to radiation (4 Gy) was investigated by flow-
cytometry. In HT29 cells, HIF-1α was up-regulated 12 h
after irradiation, peaked 24-48 h post-radiation exposure, and
almost reached pre-radiation exposure levels 72 h after
exposure (Figure 2). Similar results were obtained in SW480
cells (data not shown).

SN-38 inhibits the radiation-induced up-regulation of HIF-1α.
Treatment of HT29 cells with radiation was associated with
up-regulation of HIF-1α (Figure 3). However, treatment of the
cells with increasing concentrations of SN-38 (0.25-4 μM) 
48 h after irradiation (4 Gy) resulted in a dose-dependent
reduction of HIF-1α levels (Figure 3A). Contrarily, treatment
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Figure 3. Effect of SN-8 on radiation-induced up-regulation of hypoxia-inducible factor-1 a (HIF-1α). (Α) Expression levels of HIF-1α in HT29
cells exposed to radiation (4 Gy) and treated with SN-38, 5-fluorouracil (5-FU) or oxaliplatin, evaluated by flow-cytometry. (B) SN-38 (0.25-4 μM)
significantly inhibited the radiation-induced expression of HIF-1α, while 5-FU and oxaliplatin did not. (C, D) Effect of SN-38 on radiation-induced
HIF-1α and vascular endothelial growth factor (VEGF) expression by western blot analysis. Values are the mean±SD; *p<0.05, **p<0.01. N.S.:
Not significant.



with 5-FU and oxaliplatin did not inhibit the expression of
radiation-induced HIF-1α (Figure 3B). 

The inhibitory effect of SN-38 on HIF-1α expression
was also evaluated by western blot. SN-38 (0.25-4 μM)
inhibited the expression of HIF-1α induced by radiation
and that of VEGF, which is induced by HIF-1α, and is the
prototypical angiogenic cytokine in solid tumors (Figure 3C
and D) (26). Similar results were obtained in SW480 cells
(data not shown).

SN-38 enhances the effect of radiation in CRC cells. HT29
cells were treated with SN-38, with or without radiation 
(4 Gy), and the effect of the treatment was assessed by
measuring cell proliferation. Figure 4 shows that addition of
SN-38 (0.25-2 μM) significantly enhanced the effect of
radiation in HT-29 cells (Figure 4a). The strongest effect was
observed upon treatment with 1 μM of SN-38. Specifically,
at this concentration, the cell count in control and radiation-
exposed cells was similar (246 and 232, respectively);

treatment with SN-38 induced a significant difference in the
number of control vs. radiation-exposed cells (138 vs. 86,
respectively, Figure 4B and C). Similar results were obtained
in SW480 cells (data not shown).

Cotreatment with SN-38 and radiation exposure does not
enhance apoptosis. To investigate the mechanism through
which SN-38 enhances the effect of radiation, apoptosis was
investigated in cells treated with SN-38 (1 μM) and
radiation (4 Gy). The population of apoptotic HT29 cells
(annexin V+/PI–) was similar in control and radiation-
exposed cells (1.3% vs. 0.5%, respectively). Furthermore,
cotreatment with SN-38 and radiation exposure did not
increase the percentage of apoptotic cells (0.5% vs. 1.4%,
respectively). Furthermore, the percentage of dead cells
upon radiation exposure, measured by trypan blue staining,
was not significantly different in SN-38 treated and
untreated cells (Figure 5b). Similar results were obtained in
SW480 cells (data not shown).
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Figure 4. Cell counts after treatment by SN-38 with or without radiation. HT29 cells were treated with various concentrations of SN-38 (0-4 μM)
for 48 h with or without radiation (4 Gy), and treatment effect was assessed by relative cell count. Relative cell count was calculated as the ratio
to the values obtained with control cells after treatment with or without radiation for 48 h, respectively. 0.25-2 μM of SN-38 significantly enhanced
the treatment effect of radiation (A), which was most significant at 1 μM of SN-38 (B). Cell counts after each treatment were evaluated by calcein-
AM solution (C). Values are given as the mean±SD; *p<0.05. N.S.: Not significant.
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Figure 6. SN-38 affects the cell cycle of cells exposed to radiation. Cell cycle was evaluated by flow-cytometry using BrdU- FITC and 7-AAD staining
of HT29 cells after each treatment (control, radiation [4 Gy], SN-38 [1 μM] and radiation [4 Gy] + SN-38 [1 μM]). Radiation induced G2/M phase
(red-lined area) cell-cycle arrest, and SN-38 induced S phase (blue-lined area) and G2/M phase cell-cycle arrest. Treatment with SN-38 after radiation
exposure strongly enhanced S and G2/M cell-cycle arrest and decreased the number of cells in G1 (black-lined). Values are the mean±SD.

Figure 5. SN-38 does not affect apoptosis of cells exposed to radiation. (A) Apoptosis was evaluated by flow-cytometry using annexin V/FITC and
propidium iodide (PI) staining of HT29 cells after each treatment (control, radiation [4 Gy], SN-38 [1 μM] and radiation [4 Gy] + SN-38 [1 μM]).
Treatment with SN-38 did not increase the number of apoptotic cells. (B) Similar results were obtained by Trypan blue staining of cells exposed to
radiation and treated with SN-38. Values indicate the mean±SD. N.S.: Not significant.



Cotreatment with SN-38 and radiation exposure induces S
and G2/M phase cell cycle arrest. Radiation exposure (4 Gy)
resulted in the arrest of cells in the G1 (55.4% vs. 61.3%,
control vs. radiation, respectively) and G2/M (7.2% vs.
12.3%, control vs. radiation, respectively) phases of the cell
cycle (Figure 6). Treatment with SN-38 (1 μM) induced S
and G2/M cell cycle arrest (44.2% vs. 66.5%, control vs. 
SN-38, respectively). Furthermore, cotreatment with SN-38
and radiation exposure strongly enhanced the arrest in the S
and G2/M phases of the cell cycle (44.2% vs. 71.4%, control
vs. radiation + SN-38, respectively), and greatly decreased
the population of cells in the G1 growth phase (55.4% vs.
24.3%, control vs. radiation + SN-38, respectively) (Table I).
Therefore, SN-38 acts as a radiosensitizer through the S and
G2/M phases of the cell cycle. Similar results were obtained
in SW480 cells (data not shown).

Discussion

It was first examined whether radiation up-regulates HIF-1α
in human CRC cells (HT29 and SW480). Flow-cytometry
and western blotting revealed that 2-8 Gy radiation dose-
dependently up-regulated HIF-1α. Regarding the timing of
HIF-1α expression, HIF-1α levels increased 12 h after
irradiation, peaked at 24-48 h, and then decreased. Moeller
and colleagues also reported that radiation dose-dependently
up-regulated HIF-1α, and the levels of expression peaked at
48 h after irradiation in breast cancer cells (21). With respect
to dose of radiation, some studies indicate that 2-6 Gy
radiation up-regulated HIF-1α in head and neck squamous
and endometroid cancer cells (27, 28), and 3-9 Gy radiation
up-regulated HIF-1α in lung adenocarcinoma cells; (29)
these results are in agreement with our findings. Based on
our results radiation up-regulated HIF-1α even in CRC cells.

In a hypoxic environment, HIF-1α activation induces
angiogenesis through the up-regulation of VEGF (9, 10) and
anaerobic glycolysis, (11) and increases resistance to anti-
cancer drugs (17). Our data show that radiation up-regulates
VEGF, as well as HIF-1α, in CRC cells. These results suggest
that radiation-induced HIF-1α plays a role in cell survival
upon radiation treatment as it does in a hypoxic environment. 

In this study it was also investigated whether SN-38, the
active metabolite of CPT-11, inhibits the up-regulation of
HIF-1α induced by radiation. It was found that SN-38
inhibited radiation-induced HIF-1α up-regulation in a dose-
dependent manner. Contrarily, 5-FU and oxaliplatin did not
have the same effect. We have previously reported a similar
effect of SN-38, which inhibited HIF-1α up-regulation in a
hypoxic environment (20). Here, the inhibition of the
radiation-induced expression of HIF-1α by SN-38 was
associated with the concomitant inhibition of VEGF, that is
induced by HIF-1α. These dates suggest that SN-38 inhibits
the effect of radiation-induced HIF-1α. In glioma cells, SN-

38 inhibits the translation of HIF-1α mRNA (30), therefore
reducing the levels of proteins whose expression is activated
by HIF-1α such as VEGF, matrix metalloproteinase-2
(MMP2), and Glut1/3 in a hypoxic environment (31, 32). It
is suggested that SN-38 inhibits the radiation-induced
expression of HIF-1α in a similar way.

Also, the effect of the inhibition of the radiation-induced
expression of HIF-1α by SN-38 was examined on cell
proliferation. As shown in Figure 4, 0.25-2 μM of SN-38
enhances the radiation-induced inhibition of cell proliferation,
indicating that SN-38 acts as a radiosensitizer. In CRC cells,
treatment with 0.1-4 μM of SN-38 induces an anti-tumor effect
under normal or hypoxic condition in vitro (20, 33). To reveal
the mechanism through which SN-38 inhibits cell proliferation,
flow-cytometry was used which showed that treatment with
SN-38 to radiation did not affect apoptosis. Furthermore, co-
treatment of cells with SN-38 and radiation enhanced S and
G2/M cell-cycle arrest, indicating that SN-38 acts as a
radiosensitizer by inducing cell cycle arrest. It has been
reported that radiation induces G2/M cell-cycle arrest in
hepatocellular carcinoma and cholangiocarcinoma cancer cells
(34, 35) and SN-38 induces S and G2/M cell cycle arrest in
CRC cells (36, 37). In this study, treatment with SN-38
potentiated the effects of radiation on the cell cycle and
decreased the population of cells in the G1 phase, therefore
inhibiting cell proliferation. 

It has been reported that a ubiquitin-conjugating enzyme E2
inhibitor acts as a radiosensitizer through inhibiting HIF-1α,
and RNA sequencing proved that ubiquitin-conjugating
enzyme E2 inhibitor inhibited HIF-1α pathway in both TP-53
wild and mutant CRC cells (HCT116, SW480) (38). It was
also reported that suppression of HIF-1α through RNA
interference induces G2/M cell-cycle arrest in HCT 116 cells,
(22) and suppression of radiation-induced HIF-1α through
other means induces G2/M cell-cycle arrest in lung
adenocarcinoma cells (29). Though it cannot be excluded that
SN-38 acts as a radiosensitizer through different pathways, it
can be suggested that SN-38 acts primarily through the
inhibition of the radiation-induced expression of HIF-1α. 

Recently, certain agents have been reported as
radiosensitizers for CRC cells, though they have not been used
in clinical settings, yet (39-42). SN-38 is the active metabolite
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Table I. Cell-cycle analysis of treated cells.

                                    Sub-G0/G1        G0/G1              S             G2/M

Control                          0.4±0.1         55.4±2.1     37.0±2.0       7.2±0.2 
Radiation                       0.7±0.2         61.3±3.4     25.7±2.1    12.3±0.5 
SN-38                            3.3±1.0         30.2±3.3      45.2±2.9    21.3±1.8 
Radiation + SN-38        4.1±0.8         24.3±1.8      45.1±2.2     26.3±2.2



of CPT-11, which is a widely used chemotherapeutic drug for
patients with CRC. Some clinical trials have investigated the
efficacy of a neoadjuvant CRT treatment including CPT-11 for
rectal cancer and reported a pathological response rate as high
as 25-35% (43, 44). The efficacy of a CRT regimen including
CPT-11 is expected. Our results support the effectiveness of a
CRT regimen including CPT-11 in vitro, and a randomized
trial of a CRT regimen including CPT-11 compared to that
without CPT-11 is anticipated.

In conclusion, SN-38 inhibits the radiation-induced up-
regulation of HIF-1α and acts as a radiosensitizer by
inducing S and G2/M cell-cycle arrest in CRC cells.
Therefore, SN-38 is an extremely promising drug to use in
chemoradiotherapy treatments for rectal cancer.
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