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Inhibition of cathepsin L sensitizes human glioma 
cells to ionizing radiation in vitro through NF-κB 
signaling pathway
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Aim: Cathepsin L, a lysosomal cysteine proteinase, is exclusively elevated in a variety of malignancies, including gliomas.  In this study 
we investigated the relationship between cathepsin L and NF-κB, two radiation-responsive elements, in regulating the sensitivity of 
human glioma cells ionizing radiation (IR) in vitro.
Methods: Human glioma U251 cells were exposed to IR (10 Gy), and the expression of cathepsin L and NF-κB was measured using 
Western blotting.  The nuclear translocation of NF-κB p65 and p50 was analyzed with immunofluorescence assays.  Cell apoptosis was 
examined with clonogenic assays.  NF-κB transcription and NF-κB-dependent cyclin D1 and ATM transactivation were monitored using 
luciferase reporter and ChIP assays, respectively.  DNA damage repair was investigated using the comet assay.
Results: IR significantly increased expression of cathepsin L and NF-κB p65 and p50 in the cells.  Furthermore, IR significantly 
increased the nuclear translocation of NF-κB, and NF-κB-dependent cyclin D1 and ATM transactivation in the cells.  Knockdown of 
p65 did not change the expression of cathepsin L in IR-treated cells.  Pretreatment with Z-FY-CHO (a selective cathepsin L inhibitor), or 
knockdown of cathepsin L significantly attenuated IR-induced nuclear translocation of NF-κB and cyclin D1 and ATM transactivation, 
and sensitized the cells to IR.  Pretreatment with Z-FY-CHO, or knockdown of p65 also decreased IR-induced DNA damage repair and 
clonogenic cell survival, and sensitized the cells to IR.
Conclusion: Cathepsin L acts as an upstream regulator of NF-κB activation in human glioma cells and contributes to their sensitivity to 
IR in vitro.  Inhibition of cathepsin L can sensitize the cells to IR.
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Introduction
Radiotherapy is commonly used in cancer management, 
with 40%–60% of all cancer patients receiving radiation treat-
ment[1].  Radiotherapy is considered mandatory for glioblas-
toma patients[2].  However, the development of radioresistance 
remains a significant therapeutic hindrance and limits the 
effectiveness of ionizing radiation (IR) in treating patients with 
glioma[1, 3].

The stress-inducible transcription factor nuclear factor (NF)-
κB regulates genes involved in an array of physiological and 
pathological processes, including cell cycle control, prolifera-
tion, cell growth, metastasis, inflammation, apoptosis, and 
oncogenic activation of human cancers; it has also been impli-

#These authors contributed equally to this article.
* To whom correspondence should be addressed. 
E-mail liangzhongqin@suda.edu.cn
Received 2014-03-24   Accepted 2014-08-16

cated as a determinant of radiosensitivity[4, 5].  NF-κB is the 
heterodimeric complex of Rel family proteins (p65, p50, p52, 
c-Rel, and RelB) that interacts with the inhibitor of κB (IκB) 
proteins in the cytoplasm.  The active complex of NF-κB is 
composed of two subunits: p65 and p50[6, 7].  When the canoni-
cal NF-κB pathway is stimulated, several signaling cascades 
converge at IKK, the inhibitor of the kappa-B kinase complex, 
which phosphorylates and degrades IκBα, thereby promoting 
the nuclear translocation of NF-κB to activate the expression of 
specific target genes[8].  NF-κB activity is known to be induced 
by IR in human glioma cells[9, 10].  Aberrant NF-κB activation 
contributes to radioresistance[11, 12], and the loss or inhibition 
of NF-κB has been shown to sensitize many different tumor 
types to IR[5, 13–15].  NF-κB is known to be an important mecha-
nism for conferring resistance to radiotherapy.  There is also 
increasing evidence that inhibiting NF-κB is an attractive tar-
get for cancer therapeutics[16].

Cathepsin L (CTSL), a lysosomal cysteine proteinase, is 
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reported to be upregulated in a variety of malignancies: breast, 
lung, gastric, colon, head and neck carcinomas, melanomas, 
and gliomas[17–19].  Research supports the notion that increased 
cathepsin L expression is involved in tumor progression, 
including cell apoptosis and cell cycle, because it is able to 
degrade nuclear transcription factors[20, 21].  Cathepsin L is a 
survival protein that confers resistance to cancer cell apopto-
sis[22, 23].  The expression of cathepsin L is exclusively elevated 
in cancer cells and can be easily screened for small-molecule 
inhibitors[24, 25]; therefore, it may serve as a better therapeutic 
target than other cathepsins[26-28].

We have recently proven that the inhibition of cathepsin L 
can block the nuclear translocation of NF-κB in neuroblas-
toma cells[29] and, furthermore, that cathepsin L contributes to 
quinolinic acid (QA)-induced NF-κB activation in rat striatal 
neurons[30].  Ongoing work in our laboratory indicates that IR 
increases cathepsin L expression and that it is involved in the 
radioresistance of glioma cells.  The results presented here 
lead us to hypothesize that cathepsin L can regulate radiation-
induced NF-κB activation.  To further investigate the rela-
tionship between these two radiation-responsive elements in 
tumor cells and to determine a possible mechanism regulating 
their modulation, cathepsin L and NF-κB were each inhibited 
to determine the effect on each other and on the radiosensiti-
zation of U251 cells.  
 
Materials and methods
Cell lines
U251 human glioma cells were cultured in DMEM medium 
(Gibco Life Technologies, Paisley, UK) supplemented with 
10% fetal bovine serum (Gibco Life Technologies).  

Antibodies and reagents
Cathepsin L inhibitor II (Z-FY-CHO) was purchased from 
Calbiochem (La Jolla, CA, USA).  Rabbit anti-NF-κB p65–ChIP 
antibodies and monoclonal mouse anti-cathepsin L antibodies 
were purchased from Abcam (Cambridge, UK).  Polyclonal 
rabbit anti-p65 antibodies and a polyclonal rabbit IκBα anti-
body was purchased from Cell Signaling Technology (Beverly, 
MA, USA).  Monoclonal mouse anti-β-actin antibody and rab-
bit anti-lamin B antibody were purchased from MultiSciences 
(MultiSciences Biotech Co, Shanghai, China).  Monoclonal 
mouse anti-p50 antibody was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA).  

shRNA transfection
Human cathepsin L shRNA, NF-κB p65 shRNA and control 
shRNA were purchased from Santa Cruz Biotechnology.  
One day before transfection, U251 cells were seeded in six-
well plates and grown in 2 mL of DMEM supplemented with 
10% FBS.  After 24 h in culture, shRNA plasmid DNA was 
transfected into cells with an shRNA Transfection Reagent 
kit according to the manufacturer’s protocol, and the cells 
were then subjected to different treatments.  Cells were lysed 
and protein extracts were isolated and utilized to detect 
cathepsin L, NF-κB, and β-actin expression by Western blot 

analysis as described below.

Western blotting
Cells were seeded in DMEM containing 10% FBS for 24 h.  
Cells were then lysed in 50 mmol/L HEPES (pH 7.4), 150 
mmol/L NaCl, 100 mmol/L NaF, 1 mmol/L MgCl2, 1.5 
mmol/L EGTA, 10% glycerol, 1% Triton X-100, 1 g/mL leu-
peptin, and 1 mmol/L PMSF.  Equal quantities of protein (40 
μg) were separated by electrophoresis on a 12% SDS-PAGE gel 
and transferred to 0.45 μm nitrocellulose transfer membranes.  
The expression of cathepsin L, p65, p50, IκBα, β-actin and 
lamin B were identified by a reaction with specific primary 
antibodies (as described above) for 15 h, followed by washing 
3 times with TBST and incubation for 1 h with secondary anti-
bodies.  After washing 3 times with TBST, reactive bands were 
detected by the Odyssey Infrared Imaging System (LI-COR 
Biosciences, Lincoln, NE, USA).

Immunofluorescence assay
The localization of NF-κB protein in U251 cells was investi-
gated using the immunofluorescence-staining assay.  Cells 
were grown on glass disks in 24-well plates and then treated 
with either 10 Gy irradiation, 12 h incubation with 10 μmol/L 
Z-FY-CHO/shRNA cathepsin L or a combination of these 
two treatments.  At 24 h after treatment, the glass disks were 
removed from the wells，washed with PBS, and fixed with 
cold methanol.  After blocking with 1% BSA, the cells were 
incubated with rabbit anti-NF-κB antibody followed by an 
anti-rabbit secondary fluorescent antibody.  Cells were then 
stained with DAPI in the dark.  Images were captured using a 
laser scanning TCS SP2 confocal microscope (Leica).

Luciferase reporter gene assay
The pGL4.32 [luc2P/NF-κB-RE/Hygro] vector (a–f) con-
tains five copies of an NF-κB response element (NF-κB-RE) 
that drives the transcription of the luciferase reporter gene 
luc2P (Photinus pyralis).  Cells were seeded in 24-well plates 
and incubated for 24 h.  The next day, cells were transiently 
cotransfected with the promoter sequence-inserted luciferase 
pGL4.32 [luc2P/NF-κB-RE/Hygro] vector and the control 
pRL-TK vector (Promega, Madison, WI, USA) with Lipo-
fectamine 2000 reagent (Invitrogen, NY, USA) 12 h before IR.  
Luciferase activity of the transfected cells was assayed using a 
dual-luciferase reporter assay kit (Promega) and luminometer 
(Infinite M200 plate counter, Tecan, Männersdorf, Switzer-
land).  Relative luciferase activity was presented as the ratio of 
firefly units to renilla units.

Chromatin immunoprecipitation (ChIP) assay
U251 cells were cultured for 24 h before treatment with IR.  
Soluble chromatin was crosslinked by adding it to formalde-
hyde at 37 °C for 10 min.  Chromatin was sheared by sonica-
tion, and DNA fragments with sizes between 0.2 and 0.7 kb 
were obtained.  Immune complexes were immunoprecipitated 
using anti-p65 or an IgG control antibody.  Protein–DNA 
cross-links were then reverted at 65 °C overnight.  DNA was 
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purified and then subjected to PCR with primers specific for 
the gene promoter region encompassing the NF-κB bind-
ing site.  Sequences of promoter-specific primers are as fol-
lows: GAPDH, 5′-GGACTCATGACCACAGTCCAT-3′ (for-
ward) and 5′-GTTCAGCTCAGGGATGACCTT-3′ (reverse); 
Cyclin D1, 5′-TCAGGGATGGCTTTTGGG-3′ (forward) 
and 5′-CAACTTCAACAAAACTCCCC-3′ (reverse); ATM, 
5′-GCAGTTTAAGCCTCTTTGTATG-3′ (forward) and 5′-CCT-
GACTTTCCTTCCGAATC-3′ (reverse).

Comet assay
DNA damage at the individual cell level following IR treat-
ment was quantified using an alkaline comet assay.  Cell sus-
pensions were mixed with low melting point agarose, embed-
ded onto a frosted glass slide pre-coated with a 0.8% layer of 
normal melting point agarose, allowed to gel at 4 °C, gently 
topped with another 0.8% normal melting point agarose layer 
and covered with a coverslip.  After the gel solidified, the cov-
erslip was removed.  Following lysis, slides were washed and 
subjected to electrophoresis under alkaline conditions at 20 V 
for 40 min.  They were then fixed, dried, and stained with 50 
μL of 5 mg/L ethidium bromide.  An Olympus CKX31 fluores-
cence microscope (10×objective) was used to capture images.  
Comet data were collected by visual scoring.  Subsequent time 
points are expressed as a percentage of the 0 time point.

Radiation treatment and clonogenic survival assay 
Cells were seeded in six-well plates at a density of 2×102 cells 
per well.  After an overnight incubation, the cells were pre-
treated with 10 μmol/L Z-FY-CHO or cathepsin L shRNA/
p65 shRNA for 12 h and exposed to different doses of radia-
tion with 6-MV X-rays from a linear accelerator (PRIMUS, 
DE, Siemens A&D LD, Nelson Avenue Concord, USA) at a 
dose rate of 198 cGy/min followed by incubation at 37 °C for 
9 d.  Colonies were fixed and stained with 0.5% crystal violet 
(Sigma Aldrich).  The surviving fraction was determined by 
the proportion of seeded cells that formed colonies following 
irradiation relative to untreated cells.

Statistical analysis
Data are expressed as the mean±SD.  At least 3 independent 
experiments were performed.  Differences in measured vari-
ables between the experimental and control groups were 
assessed by Student’s t-test.  P values less than 0.05 were con-
sidered statistically significant.  All analyses were performed 
with GraphPad Prism 5.0.

Results
Increased protein expression of cathepsin L and nuclear trans
location of NF-κB p65 and p50 in glioma U251 cells following IR 
To determine the effect of IR on cathepsin L expression and 
its role in determining IR sensitivity in cancer cells, we first 
examined the expression level of cathepsin L in whole cells at 
various time points following their exposure to IR.  The treat-
ment of U251 cells with IR caused a dose-dependent activation 
of cathepsin L as evidenced by Western blot analysis.  The 

expression of cathepsin L (26 kDa) in U251 cells increased at 
approximately 30 min following exposure to IR (Figure 1A).  
Furthermore, clear nuclear translocation of IR-induced cathep-
sin L was observed (Figure 1B).  The stimulative effect of IR on 
NF-κB activation was also verified by Western blot analysis.  
NF-κB nuclear protein was demonstrably increased in tumor 
cells treated with IR.  IR activated both NF-κB p65 and p50 in 
U251 cells in a time-dependent manner, reaching maximum 
activation at 2 h and returning to control levels by 8 h (Figure 
1C).  Moreover, IR induced the nuclear translocation of p65 
and p50 in U251 cells in a dose-dependent manner 2 h post-
IR (Figure 1D).  These results clearly show that IR activates 
cathepsin L and induces the nuclear translocation of NF-κB.  
However, whether cathepsin L is directly involved in the 
regulation of NF-κB remains to be explored.  The maximum 
activation of NF-κB in U251 cells was at 2 h following IR (10 
Gy); therefore, this IR dose and timepoint were chosen for the 
following experiments.

Inhibition of cathepsin L sensitizes glioma U251 cells to IR
To further determine the role of cathepsin L in IR sensitivity of 
tumor cells, we suppressed cathepsin L by using the inhibitor 
Z-FY-CHO or cathepsin L shRNA before subjecting the cells to 
a series of IR dosages.  Colony-forming assays demonstrated 
that Z-FY-CHO sensitizes U251 cells to IR (Figure 2A).  Next, 
cathepsin L expression in U251, U251-consh (cells trans-
fected with control shRNA) and U251-Lsh (cells transfected 
with cathepsin L shRNA) cells confirmed the knockdown of 
cathepsin L expression (Figure 2B).  U251-Lsh cells were more 
sensitive than U251-consh cells to IR (Figure 2C).  Figure 2 
demonstrates that the inhibition of cathepsin L in U251 cells 
augmented the colony-inhibiting effect of IR.  These results 
indicate that IR-stimulated cathepsin L had a protective role in 
tumor cells, contributing to their growth, survival, and resis-
tance to radiotherapy.

Inhibition of cathepsin L using ZFYCHO or cathepsin L shRNA 
reduced IR-induced nuclear translocation of NF-κB
Because cathepsin L was shown to have a prosurvival role 
in tumor cells treated with IR (Figure 1 and 2), we wanted to 
determine whether there was an association between the func-
tion of cathepsin L and the activity of NF-κB in the radioresis-
tance of U251 cells.  As shown above, nuclear translocation of 
p65 and p50 in U251 cells increased 2 h post-IR (10 Gy), while 
IR-induced activation of p65 and p50 in U251 cells was par-
tially blocked by Z-FY-CHO (Figure 3A).  The effect of Z-FY-
CHO on IR-induced nuclear translocation of p65 was more 
clearly observed by immunofluorescence (Figure 4A).  Parallel 
to changes in NF-κB activation, the partial degradation of IκBα 
by IR was also reduced using Z-FY-CHO (Figure 3A).  Simi-
larly, IR-induced activation of NF-κB in U251-Lsh cells was 
less evident than in U251-consh cells (Figure 3B and 4B).  Con-
sistent with the altered p65 and p50 activation, IR triggered 
less degradation of IκBα in U251-Lsh cells compared to U251-
consh cells (Figure 3C).  These data indicate that cathepsin L 
plays such a critical role in the IR-induced activation of NF-κB 
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that it could be a mediator of NF-κB-mediated radioresistance 
in U251 cells.  

Z-FY-CHO and cathepsin L shRNA inhibit IR-induced NF-κB 
dependent transcriptional activation
We investigated the ability of p65 to bind its consensus 
sequence in U251 cells, U251-consh and U251-Lsh cells follow-
ing IR using a luciferase-reporter assay.  IR did not influence 
the expression of the internal control plasmid used to moni-
tor transfection efficiency (data not shown).  Consistent with 
increased DNA binding, the luciferase expression in U251 cells 
increased following IR and could be partially blocked by Z-FY-
CHO (Figure 5A).  Similarly, luciferase expression post-IR in 

U251-consh cells was higher than in U251-Lsh cells (Figure 
5B).  ChIP analysis was used to determine whether radiation-
induced NF-κB enhances its downstream target genes Cyclin 
D1 and ATM.  The recruitment of p65 to both the Cyclin D1 
promoter (Figure 5C) and ATM promoter (Figure 5D) was 
significantly enhanced in U251-consh cells after exposure to IR 
compared to U251-Lsh cells, as expected.  Thus, inhibition of 
cathepsin L blocked the activation and transcription of NF-κB 
in U251 cells treated with IR.  In these experiments, suppres-
sion of cathepsin L by Z-FY-CHO or cathepsin L shRNA in IR-
treated cells suggests that cathepsin L plays a key role in the 
regulation of IR-induced NF-κB transcriptional activity.

Figure 1.  The expression of cathepsin L protein and nuclear translocation of NF-κB p65 and p50 in U251 cells following IR was analyzed by Western 
blot.  (A) Western blot analysis of cathepsin L in U251 cells treated with IR (10 Gy).  β-Actin was used as an internal control.  bP<0.05, cP<0.01 vs control.  
(B) Immunofluorescence assay of cathepsin L expression in U251 cells treated with IR (10 Gy).  (C) Western blot analysis of the nuclear translocation 
of NF-κB in U251 cells treated with IR (10 Gy).  Lamin B was used as a nuclear internal control.  bP<0.05, cP<0.01 vs control.  (D) Western blot analysis 
of NF-κB expression in the nucleus of U251 cells following various doses of IR.  Lamin B was used as a nuclear internal control.  bP<0.05, cP<0.01 vs 
control.
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NF-κB inhibition sensitizes U251 cells to IR without affecting 
cathepsin L
After showing that cathepsin L is required for the expression 
and translocation of NF-κB in IR-treated cells (Figures 3, 4 and 
5), we next determined the effect of NF-κB on cathepsin L.  
p65 expression analysis in U251 cells, U251-consh and U251-
p65sh cells confirmed the efficiency of p65 knockdown (Figure 
6A).  An increase in cathepsin L expression (26 kDa) could be 
observed starting 30 min after IR exposure (Figure 1A).  Thus, 
we compared the expression of cathepsin L in U251-p65sh 
(cells transfected with p65 shRNA) and U251-consh cells 30 
min following control or IR exposure; no obvious change 
between these two types of cells was observed (Figure 6B).  
This suggests that p65 knockdown has no evident effect on the 
expression of cathepsin L (26 kDa).  These results suggest that, 
in IR-treated U251 cells, cathepsin L acts as an upstream regu-
lator of NF-κB activation.  The alkaline comet assay was used 

to examine IR-induced single-strand break (SSB) formation 
and repair at the individual cell level (Figure 6C).  Clonogenic 
assays also showed that reduced NF-κB expression is cor-
related with radiation-induced apoptosis, thereby sensitizing 
U251 cells to IR (Figure 7).  These results provide evidence that 
direct inhibition of cathepsin L in U251 cancer cells is capable 
of enhancing radiation-induced cell death through the NF-κB 
signaling pathway.

Discussion 
This study determined that cathepsin L acts as a regulator 
of NF-κB during radiotherapy of U251 cells.  The expression 
of cathepsin L (26 kDa) and nuclear translocation of NF-κB 
increased significantly after exposure to IR in U251 cells.  
Additionally, in line with our hypothesis, the expression of 
cathepsin L increased prior to the nuclear translocation of 
NF-κB.

Figure 2.  The inhibition of cathepsin L sensitized U251 cells to IR.  (A) 
Clonogenic survival curves for U251 cells treated with radiation (0, 2, 4, 6, 
and 8 Gy) alone or in combination with Z-FY-CHO.  (B) Western blot of CTSL 
in whole cell extracts from parental U251, U251-consh and U251-Lsh 
cells.  β-Actin was used as an internal control.  cP<0.01 vs U251.  fP<0.01 
vs U251-consh group.  (C) Clonogenic survival curves for U251-consh and 
U251-p65sh cells treated with radiation (0, 2, 4, 6, and 8 Gy).
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To investigate whether cathepsin L is involved in the activa-
tion of NF-κB, we reduced cathepsin L expression by treat-
ing U251 cells with the selective cathepsin L inhibitor Z-FY-
CHO 12 h prior to radiation, or by transfecting the U251 cells 
with cathepsin L shRNA to establish a stable, low cathepsin 
L-expressing cell line using hygromycin selection.  IR-induced 
nuclear translocation of NF-κB was reduced when the expres-
sion of cathepsin L was decreased based on Western blotting 
and immunofluorescence assays.  NF-κB-dependent transcrip-
tional activation was impaired in U251 cells following IR as 
measured by a dual-luciferase reporter assay.  Furthermore, 
results of ChIP assays are congruent with the hypothesis that 
the inhibition of cathepsin L blocks the binding activity of 

NF-κB to its target genes Cyclin D1 and ATM following IR.  
The inhibition of cathepsin L increased the radiosensitivity of 
U251 cells to IR by reducing IR-induced DNA damage repair 
and clonogenic cell survival.  Altogether, the above data dem-
onstrates that the inhibition of cathepsin L reduces radiation-
induced NF-κB activation, which is involved in radioresis-
tance, thereby improving the sensitivity of U251 cells to ion-
izing radiation.

Some studies have discovered a regulatory loop in which 
cathepsin L acts as a downstream target gene of NF-κB in 
murine C2C12 cells.  In this model, cathepsin L is downregu-
lated when IκBβ was silenced[31, 32].  These studies were focused 
on NF-κB-mediated modulation of cathepsin L, but cathepsin 

Figure 3.  Altered IR-induced nuclear translocation of NF-κB following selective inhibition of cathepsin L with Z-FY-CHO or cathepsin L shRNA. (A) 
Western blot analysis of IκBα expression and the nuclear translocation of NF-κB in U251 cells treated with Z-FY-CHO, IR, or both. Lamin B was used as a 
nuclear internal control. bP<0.05, cP<0.01 vs control. eP<0.05, fP<0.01 vs IR alone group. (B) Western blot analysis of the nuclear translocation of NF-κB 
in U251-consh and U251-Lsh cells treated with IR (10 Gy). Lamin B was used as a nuclear internal control.  cP<0.01 vs control. eP<0.05, fP<0.01 vs IR 
alone group.
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L-mediated modulation of the NF-κB signaling pathways has 
not been well studied.  Thus, the interaction between cathep-
sin L and NF-κB remains unclear.

Here, we demonstrated a relationship between cathepsin L 
and NF-κB, confirming that cathepsin L affects the radiosensi-
tivity of U251 cells via the regulation of NF-κB signaling.  We 
established NF-κB knockdown U251 cell lines by using p65 
shRNA.  Unsurprisingly, no distinction in the basal expression 
level of cathepsin L was observed between U251-p65sh cells 
and irradiated or control RNA transfected cells, which means 
that the inhibition of NF-κB had no significant impact on the 
expression of cathepsin L in U251 cells.

To further understand cathepsin L’s mechanism of action, 
we tested the extent of DNA damage following IR.  The 
results of alkaline comet assays and clonogenic cell survival 
experiments suggested that IR-induced DNA damage repair 
and clonogenic cell survival in U251 cells were significantly 
decreased when NF-κB was inhibited, respectively, implying 
increased radiosensitivity of U251 cells; however, there was no 
notable difference between irradiated and nonirradiated U251-
p65sh cells at the level of DNA damage repair or clonogenic 
cell survival.  Thus, we observed that NF-κB is closely related 
to radioresistance but has little impact on the expression of 

cathepsin L in U251 cells.
However, studies working to elucidate the exact mecha-

nisms involved in cathepsin L regulation of NF-κB pathway 
regulation are still needed.  Further understanding of how the 
cathepsin L pathway works may provide new insights into 
the cancer process.  Because the activity of NF-κB is tightly 
regulated by interaction with inhibitory IκB proteins, it is pre-
sumed that cathepsin L is involved in the proteolysis of IκBα, 
which in turn accelerates the activation of NF-κB[30].  Moreover, 
active cathepsin L (26 kDa) can translocate to the nucleus to 
mediate the proteolytic processing of CUX1 to generate p110 
CUX1, which is the active form of full-length p200 CUX1[33, 34].  
CUX1 plays an important role in the transcriptional regulation 
of chemotactic factors that are mediated by NF-κB[35].  Further-
more, CUX1 regulates ATM expression in response to DNA 
damage by binding to the promoter of the DDR gene ATM; 
this demonstrates that CUX1 is required for ATM-/ATR-
mediated cellular responses to genotoxic stress following IR 
exposure[36].  Cathepsin L most likely regulates the activity of 
NF-κB and its downstream effectors via the CUX1 pathway.  

It is likely that cathepsin L participates in NF-κB mediated 
radioresistance through several other correlating mechanisms 
to mediate CUX1 as well.  For instance, β-Catenin, a key medi-

Figure 4. Altered IR-induced nuclear translocation of NF-κB following selective inhibition of cathepsin L with Z-FY-CHO or cathepsin L shRNA. (A) p65 
protein immunofluorescence in U251 cells treated with Z-FY-CHO, IR, or both.  (B) p65 protein immunofluorescence in in U251-consh and U251-Lsh cells 
treated with IR (10 Gy).
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ator in the Wnt pathway, is a novel target of CUX1[37, 38].  Dif-
ferential crosstalk exists between β-catenin/Tcf and the NF-κB 
pathway in various cancer types, which has implications on 
the mechanism described above[39] and provides a mechanistic 
link between the Wnt cascade and NF-κB activation[40].

Some articles have posited that cathepsin L is condition-
ally regulated by NF-κB when the cells were in mitochondrial 
respiratory stress[31, 32].  However, we recently found the oppo-
site regulatory mechanism--that cathepsin L contributes to 
NF-κB activation in the presence of quinolinic acid in rat stria-
tal neurons.  How these signals respond to radiation may vary 

under different conditions.  Thus, it is reasonable for us to 
speculate that cathepsin L could also act on nuclear transcrip-
tional factors and then regulate the activity of NF-κB either 
directly or indirectly.

The interaction between the NF-κB and cathepsin L path-
ways occurs at multiple cellular levels.  The results of our 
study show that the modulation of the cathepsin L signaling 
pathway affects NF-κB signaling in U251 cells.  Cathepsin L 
most likely has other interaction partners and functions in a 
complex network to regulate NF-κB pathways.  In this report, 
we present a new interaction modality for the two radio-asso-

Figure 5.  Reduced NF-κB-dependent transcriptional activation in U251 cells following IR with selective inhibition of cathepsin L with Z-FY-CHO (A) 
or cathepsin L shRNA (B).  NF-κB activity was assessed using an NF-κB-RE firefly luciferase reporter vector (Promega).  For normalization, cells were 
cotransfected with a constitutive Renilla luciferase reporter (Promega).  bP<0.05, cP<0.01 vs control.  eP<0.05 vs IR alone group.  X-ray (10 Gy) 
exposure enhanced the recruitment of NF-κB to the cyclin D1 and ATM promoters in U251 cells, while the radiation-induced recruitment was reduced 
by inhibiting cathepsin L.  (C) U251-consh and U251-Lsh cells were examined by ChIP assays with and without IR treatment.  The recruitment of NF-
κB to the cyclin D1 promoter in U251 cells is shown.  (D) Recruitment of NF-κB to the ATM promoter in U251-consh and U251-Lsh cells.  Chromatin 
was immunoprecipitated with mouse IgG (negative control), antibodies to p65 and RNA polymerase II (positive control).  The derived fragments were 
amplified by real-time PCR.  cP<0.01 vs control shRNA group.  eP<0.05 vs control shRNA plus IR group.



408

www.nature.com/aps
Yang N et al

Acta Pharmacologica Sinica

npg

ciated proteins in U251 cells under genotoxic stress induced 
by IR.

In summary, our study identified that cathepsin L plays an 
important role in mediating NF-κB activation and contributes 

to radioresistance in U251 cell lines.  The inhibition of cathep-
sin L can reduce NF-κB activation to enhance IR-induced 
cytotoxicity, which makes it a potential target for tumor radio-
therapy.

Figure 6.  Effect of p65 shRNA on the expression of p65 and cathepsin L in U251 and MCF-7 cells.  (A) Western blot of p65 whole cell extracts from 
normal U251, U251-consh and U251-p65sh cells.  β-Actin was used as an internal control.  cP<0.01 vs U251.  fP<0.01 vs U251-consh.  (B) Western blot 
analysis of cathepsin L in U251-consh and U251-p65sh cells 30 min following control or X-ray (10 Gy) treatment.  (C) Representative images of alkaline 
comet assay and the quantification of the percentages of cells with comet tails in U251-consh and U251-p65sh cells treated with radiation (10 Gy) 
alone or in combination with Z-FY-CHO.  bP<0.05, cP<0.01 vs U251-consh group at the relative time points.  
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