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 Background: The ubiquitin–proteasome pathway (UPP) is closely associated with the occurrence and progression of cancer, 
and the 5i immunoproteasome subunit is an important antitumor target in UPP. This study aimed to charac-
terize the regulation of the immunoproteasome subunit b5i (PSMB8) in JHU-011 laryngeal carcinoma cells and 
FaDu hypopharyngeal carcinoma cells to explore a new target for the treatment of laryngeal and hypopharyn-
geal carcinomas.

 Material/Methods: JHU-011 and FaDu cells were used as effector cells in this study. By means of 60Co g-irradiation, the construc-
tion of stable cell lines of the silenced proto-oncogene c-Abl, and the addition of exogenous tyrosine kinase 
inhibitor (TKI) and activator, the transcription and protein expression levels of PSMB8 and its alternatively 
spliced isoforms in both cell lines were detected by real-time fluorescence quantitative polymerase chain re-
action (RT-PCR) and Western blot.

 Results: Ionizing radiation upregulated the transcription level of the alternatively spliced isoform of PSMB8, E2, in both 
cell lines, thereby upregulating the mRNA and protein levels of PSMB8. The silencing of the proto-oncogene 
c-Abl and the activation and inhibition of its kinetic kinase product can affect the transcription and protein lev-
els of PSMB8.

 Conclusions: Ionizing radiation can significantly upregulate the mRNA and protein levels of PSMB8, which happens through 
the upregulation of its splicing isoform E2. The proto-oncogene c-Abl and its kinetic kinase protein product can 
regulate the transcription and protein expression levels of PSMB8 and its alternatively spliced isoforms.
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Background

Head and neck squamous-cell carcinoma (HNSCC) is a common 
malignancy in humans, especially in men aged 50–70 years. 
Its morbidity and mortality rank 6th and 8th among all tumors, 
respectively [1]. The common HNSCCs are nasopharyngeal car-
cinoma, oropharyngeal carcinoma, hypopharyngeal carcinoma, 
laryngeal carcinoma, and nasal cavity, and paranasal sinus car-
cinoma. Laryngeal carcinoma and hypopharyngeal carcinoma 
have a poorer prognosis than other HNSCCs. Although the an-
atomical locations of these 2 are similar, their treatment ap-
proaches are not the same due to their different pathogene-
sis and biological behaviors. With the continuous development 
of treatments, including surgery, chemoradiotherapy, targeted 
therapy, and immunotherapy, the quality of life of these pa-
tients has significantly improved, but the overall survival has 
not. Research on new therapeutic targets for laryngeal carci-
noma and hypopharyngeal carcinoma is ongoing, and the pro-
teasome is one of the research hotspots.

The ubiquitin–proteasome pathway (UPP) is one of the path-
ways of selective protein degradation in eukaryotic cells [2]. 
Protein degradation in UPP entails first linking target proteins 
to several ubiquitin molecules (i.e., protein ubiquitination), then 
transporting the ubiquitinated protein to the proteasome for 
degradation. Proteasomes are divided into constitutive prote-
asomes and immunoproteasomes. The immunoproteasome is 
mainly responsible for antigen presentation, T cell differenti-
ation, regulation of cytokines, antioxidative stress, and other 
functions. It is not only involved in important metabolic pro-
cesses in the human body but also closely involved in the oc-
currence and progression of tumors [3].

Although a comprehensive treatment has been adopted for 
common HNSCCs with a poor prognosis, such as hypopharyn-
geal carcinoma and laryngeal carcinoma, the survival of patients 
is still very limited. Exploring new treatment methods or ther-
apeutic targets is the research direction for breaking the bot-
tleneck of therapeutic effects. Using proteasomes as a poten-
tial therapeutic target is based on research by King et al. [4], 
which indicated that inhibitors of cyclin-dependent kinases 
could cause cell cycle arrest and cell apoptosis if these inhib-
itors were not promptly degraded and inactivated via specif-
ic degradation pathways mediated by UPP. Therefore, it has 
been speculated that proteasome inhibitors (PIs) may be able 
to inhibit the proliferation of tumor cells. Further studies have 
found that the expression and activity of proteasomes are 
much higher in tumor tissue than in normal tissue. The differ-
ence is due to a higher need for proteasomes in tumor cells, 
wherein proteasomes are involved in the removal of proteins 
with translational errors or spatial conformational abnormal-
ities, caused by genetic instability of tumor cells and their dis-
ordered and rapid proliferation [5]. Therefore, compared with 
normal cells, tumor cells are more sensitive to PIs. PIs act on 
proteasomes in the UPP of tumor cells, affecting intracellular 
signaling pathways and playing a specific role in inhibiting the 
proliferation of tumor cells or inducing tumor cell apoptosis.

The structure of the proteasome in eukaryotic cells is shown 
in Figure 1. The 2 outer rings are each composed of 7 differ-
ent a subunits, and the 2 inner rings are composed of 7 dif-
ferent b subunits, among which activities of 3 b subunits 
have been identified. The b1 subunit has a caspase-like activ-
ity; the b2 subunit has a trypsin-like activity; and the b5 sub-
unit has a chymotrypsin-like activity [6]. In higher eukaryotes, 
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Figure 1.  Upon stimulation with cytokines (e.g., IFN-g), the constitutively expressed b-subunits (b1, b2, and b5) of the 20S 
constructive proteasome are replaced by their inducible counterparts, b1i, b2i, and b5i, respectively, which form the 20S 
immunoproteasome (i20S).
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these 3 subunits can be induced by cytokines (such as IFN-g) 
and converted into 3 active forms, namely, b1i (LMP2, PSMB9), 
b2i (MECL-1, PSMB10), and b5i (LMP7, PSMB8), which replace 
b1, b2, and b5, respectively, to form immunoproteasomes [7]. 
The chymotrypsin region is the main functional region involved 
in cell growth and proliferation, and PSMB8 mRNA is alter-
natively spliced, giving rise to 2 protein isoforms, E1 and E2. 
Therefore, the activity of PSMB8 is more easily regulated by 
the ratio of the isoforms, and PSMB8 is the site that can eas-
ily affect the proteasome activity. At present, 3 PIs, i.e., bort-
ezomib, carfilzomib, and ixazomib, are mainly used in the clinic 
to treat multiple myeloma by targeting and inhibiting PSMB8 
(Table 1). If the regulation of PSMB8 in laryngeal and hypo-
pharyngeal carcinomas is clarified, the data could provide evi-
dence and clues for the exploration of PSMB8 as an important 
new target for the treatment of these HNSCCs.

In addition, studies have shown that ionizing radiation affects 
the 19S and 20S proteasome subunits in model organisms [8]. 
Since radiotherapy is widely used in the treatment of HNSCCs, 
the induction effect of ionizing radiation on laryngeal and hypo-
pharyngeal carcinomas is worth studying. Ionizing radiation 
can not only produce a large amount of oxygen free radicals in 
cells and induce cell apoptosis and DNA damage repair [9] but 
also enhance the cytotoxic effects of targeted drugs on tumor 
cells [10]. A recent study has indicated that the non-receptor 
tyrosine kinase encoded by the proto-oncogene c-Abl is asso-
ciated with radiotherapy resistance, and imatinib, which tar-
gets this tyrosine kinase, could radiosensitize HNSCC cells [11]. 
Meanwhile, the c-Abl-encoded non-receptor tyrosine kinase 
regulates UPP by controlling the degradation of proteasome 
subunits [12,13]. Therefore, research on the regulation of the 
c-Abl-encoded tyrosine kinase in proteasomes may lead to the 
discovery of new targeted drugs, which can be combined with 
radiotherapy to compensate for the shortage of targeted drugs 

for HNSCC and for the development of drug resistance in pa-
tients after initial susceptibility to targeted drugs.

However, in the studies on proteasomes and head and neck 
tumors, the regulatory processes of proteasomes in laryngeal 
carcinoma and hypopharyngeal carcinoma cells have not been 
reported. Therefore, we based this study on the dominant role 
of the b5i (LMP7, PSMB8) subunit in immunoproteasome func-
tion; on the data obtained by using PSMB8-targeting antitumor 
PIs; on the important role of radiotherapy in the treatment of 
laryngeal and hypopharyngeal carcinomas; and on the possi-
ble synergistic effect of combination of PIs with radiotherapy. 
This study modulated the c-Abl gene expression and the ac-
tivity of its encoded tyrosine kinase through both endogenous 
(silencing of c-Abl gene) and exogenous means (ionizing radia-
tion, inhibition and activation of tyrosine kinase), and observed 
the regulation of the mRNA and protein levels of PSMB8 in 
JHU-011 laryngeal carcinoma cells and FaDu hypopharyngeal 
carcinoma cells, in order to explore the potential of the pro-
teasome as a therapeutic target for laryngeal carcinoma and 
hypopharyngeal carcinoma.

Material and Methods

Material

Cell lines and culture conditions

JHU-011 and FaDu cells (a gift from Dr. Califano’s labora-
tory, Johns Hopkins University) were cultured in RPM-1640 
medium (GIBCO). MCF-7 human breast carcinoma cells and 
human embryonic kidney 293T (HEK293T) cells (Beijing 
Institute of Biotechnology, Beijing 100850, China) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO). 

Type Drug name Binding type Target affinity Status

Boronates Bortezomib (PS-341) Reversible b5>b1 Approved by the FDA for the treatment of 
multiple myeloma and lymphoma

Ixazomib (MLN-9708/2238) Reversible b5>b1 Approved by the FDA for the treatment of 
multiple myeloma in combination with other 
drugs

Delanzomib (CEP-18770) Reversible b5>b1 Phase I and Phase II studies

Salinosporamides Marizomib (NPI-0052) Nonreversible b5>b2>b1 Approved by the FDA for the treatment of 
malignant glioma

Epoxyketones Carfilzomib (PR171) Reversible b5 Approved by the FDA for the treatment of 
multiple myeloma

Oprozomib (ONX-0912, PR-
047)

Nonreversible b5 Phase I and Phase II studies

Table 1. Classification and application of PIs.
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Heat-inactivated fetal bovine serum (HyClone) was added into 
all media. Culture conditions: 37°C, 8% CO2, pH 7.2-7.4, and 
aseptic culture at constant temperature.

Main reagents

The main reagents were Opti-MEM (Thermo Fisher Scientific 
Inc., USA); polymerase chain reaction (PCR) mix (Tiangen Biotech 
(Beijing) CO., LTD.); real-time fluorescence quantitative PCR (RT-
PCR) mixture and iTaq™ SYBR Green Supermix (Bio-Rad); b5i 
(LMP7) antibody (Santa Cruz Biotechnology); horseradish per-
oxidase (HRP) -labeled b-actin mouse monoclonal antibody 
(Millipore Sigma Canada Co.); HRP-labeled rabbit anti-goat 
antibody (Amersham Pharmacia Biotech); complementary DNA 
(cDNA) RT-PCR kit (Promega GoScript™ Reverse Transcription 
System); g-ray irradiation source: 60Co (Beijing Institute of 
Biotechnology, Beijing 100850, China); plasmid vectors pLKO.1-
TRC (Addgene plasmid #10878; http://n2t.net/addgene: 10878; 
RRID: Addgene_10878), psPAX2, and pMD2. G (Invitrogen); DNA 
restriction endonucleases AgeI (NEB, #R0552S), EcoRI (NEB, 
#R0101S), and NcoI (NEB, #R3193), along with Buffer 2 (NEB, 
#B7002S) and T4 DNA Ligase (NEB, #M0202S); FuGENE HD trans-
fection reagent (Roche); molecular weight standard: DNA Marker 
(DL2000, DL15000) (Tiangen Biotech (Beijing)); low-molecular-
weight protein standard (PageRuler Prestained protein ladder, 
26616) (Thermo Scientific); GelRed nucleic acid dye (BIOTIUM); 
DNA fragment extraction kit (A7181, column centrifugation) and 
PCR product purification kit (Promega); plasmid extraction kit and 
RNA extraction and purification kit (Tiangen Biotech, Beijing); 
the exogenous tyrosine kinase inhibitor (TKI) nilotinib (Novartis 
Pharma Stein AG); human recombinant H-IFN-g (PeproTech, 
US), with a final concentration of 150 U/ml; c-Abl activator DPH 
(MedChemExpress, US), with a final concentration of 10 mM.

Methods

Induction experiment by ionizing g-radiation

JHU-011 and FaDu cells were divided into 5 groups according 
to the dose (0 Gy, 2.5 Gy, 5 Gy, 10 Gy, and 20 Gy). The culture 
dish was irradiated with g-rays at room temperature, and the 
cells were continuously cultured for 12 h in the incubator af-
ter radiation. RNA was then extracted from the cells of each 
group and reverse-transcribed into cDNA. RT-PCR was per-
formed to find the dose that achieved the maximum tran-
scriptional induction of PSMB8. Then, the JHU-011 cells and 
FaDu cells were irradiated at this dose. After radiation, RT-PCR 
and Western blot were used to detect the changes in the tran-
scription and protein expression levels of PSMB8 (and its 2 al-
ternatively spliced isoforms E1 and E2) in FaDu and JHU-011 
cells. A fixed 60Co g-ray source was used, and the total radia-
tion dose was adjusted by changing the duration of radiation.

Detection of the rranscription levels of PSMB8 and its 
alternatively spliced isoforms using RT-PCR

The RNA of the cells of each group was extracted. The RNA was 
reverse-transcribed into cDNA and added into the reaction sys-
tem (cDNA 1 μl, 2× iQTM SYBR Green Mix 10 μl, forward prim-
er 1 μl, reverse primer 1 μl, ddH2O 7 μl) for RT-PCR. b-Actin was 
used as the internal reference. The primers were as follows:
PSMB8 primers:
Forward primer: 5’-ATTCTTCCAGTCCCTGGGTG-3’,
Reverse Primer: 5’-CTTGGAGGCTGCCGACACTGAA-3’;
b-Actin primers:
Forward primer: 5’-CTGGGACGACATGGAGAAAA-3’,
Reverse Primer: 5’-AAGGAAGGCTGGAAGAGTGC-3’;
The primers for alternatively spliced isoforms E1 and E2:
E1 Forward Primer: 5’-CATAGGAACCCCCACCCCGC-3’,
E2 Forward Primer: 5’-GCTCGCTTTACCCCGGGGAA-3’,
Shared Reverse Primer: 5’-CTTGGAGGCTGCCGACACTGAA -3’.

The RT-PCR was performed using the Bio-Rad iQ5 Real-Time 
PCR System. The samples were denatured at 95°C for 10 min, 
followed by 45 cycles of amplification (95°C, 10 s for denatur-
ation; 60°C, 30 s for annealing). Each sample was run in trip-
licate, and the data were analyzed using the DDCt method.

Protein expression of PSMB8 detected by Western blot

The cells of each group were lysed, 200 μl of single cell-lysate 
was added to each culture dish, placed in ice-water for 30 min, 
and then centrifuged at 12, 000 rpm/min at 4°C for 10 min. 
After lysis, the Bio-Rad spectrophotometer was used to mea-
sure the absorbance of the cells at 595 nm. Then the protein 
concentration in the lysate of each group was balanced ac-
cording to the absorbance. Samples were boiled at 100°C for 
5 min, and 10 μl of each sample was used for sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (poly-
acrylamide gel concentration: 12%; b-actin as internal control). 
The polyacrylamide gel was first placed on the poly(vinylidene 
fluoride) (PVDF) membrane. Then, the stack of filter paper-gel-
PVDF membrane–filter paper was placed on a semidry trans-
fer unit for 2 h at 18 V. After blocking in skim milk, the sam-
ple was incubated with the properly diluted primary antibody 
at room temperature for 1 h. After washing, the sample was 
incubated with properly diluted secondary antibody at room 
temperature for 1 h. The primary antibody was anti-goat 
LMP7, the secondary antibody was rabbit anti-goat, and the 
internal reference was HRP-b-actin. The membranes were ex-
posed to X-ray film (Fuji) and developed with the electroche-
miluminescence (ECL) system (Perkin Elmer). After scanning 
the X-ray films, ImageJ software was used for grayscale anal-
ysis, and the relative protein expression levels were calculat-
ed based on the grayscale values.

e923621-4
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Chen N. et al.: 
Regulation of immunoproteasome in laryngeal and hypopharyngeal cancer cells

© Med Sci Monit, 2020; 26: e923621
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Construction of c-Abl-shRNA/c-Abl-Arg plasmid

According to the nucleotide sequences of c-Abl and Arg in 
GenBank (National Center for Biotechnology Information), 
starting from 25 nucleotides downstream of the initiation co-
don ATG, we searched for 21 nucleotides that conformed to AA 
(N19) and designed the forward oligo and reverse oligo. c-Abl-
short hairpin RNA (shRNA) had a silencing effect on the tar-
get gene c-Abl, and c-Abl-Arg did not have a silencing effect.

The sequences of the forward oligo and reverse oligo of c-Abl 
were as follows:
Forward: 5’CCGG-GGGAAATTGCTACCTATGG-TTCAAGAGA-
CCATAGGTAGCAATTTCCC-TTTTTG 3’,
Reverse: 5’AATTCAAAAA-GGGAAATTGCTACCTATGG-AAGTTCTCT-
CCATAGGTAGCAATTTCCC 3’.

Arg was used as the negative control of c-Abl. The sequences 
of the forward oligo and reverse oligo were as follows:
Forward: 5’CCGG-GTGACATAGCAGGAACTAC-TTCAAGAGA-
GTAGTTCCTGCTATGTCAC-TTTTTG 3’,

Reverse: 5’AATTCAAAAA-GTGACATAGCAGGAACTAC-AAGTTCTCT-
GTAGTTCCTGCTATGTCAC 3’.

The pLKO.1-TCR vector was digested with AgeI (NEB, R0552S), 
and the enzyme digestion system was separated by electro-
phoresis on a 0.8% agarose gel. The recovered products were 
purified and then digested with EcoRI (NEB, R0101S). After 
separating the enzyme digestion system, the vector fragment 
(approximately 7 kb) was recovered. The double-stranded 
oligonucleotides of c-Abl and Arg were cloned into the recov-
ered pLKO.1 vector fragment after the double enzyme diges-
tion with AgeI and EcoRI, then transformed into DH5a com-
petent cells. Five to 10 monoclonal colonies were screened 
in Luria-Bertani medium with ampicillin selection and incu-
bated at 37°C for 12 h on a shaker at 200 rpm/min, followed 
by extracting the resistance-conferring plasmids. The primer 
5’-CAAGGCTGTTAGAGAGATAATTGGA-3’ was used for sequencing.

Collecting viruses infected cells and screening the stable cell 
lines

One microgram of the constructed pLKO.1-c-Abl-shRNA plas-
mid, 750 ng of psPAX2 plasmid, and 250 ng of pMD2. G plas-
mid were added into an Eppendorf tube, and the serum-free 
OPTI-MEM medium was added up to a volume of 20 μl. After 
it was mixed with the transfection reagent, the solution was 
left for 30 min and then added to 293T cells for infection. After 
48 h, the culture medium was changed, and the supernatant 
was collected. FaDu cells and JHU-011 cells were introduced 
into 6-well plates and cultured at approximately 2×105 cells/
well, with the addition of puromycin (0.5 μg/ml). The above 

collected supernatant was added with polybrene (final con-
centration 8 μg/ml) into 6-well plates to infect the cells for 
24 h. By often refreshing the culture medium containing pu-
romycin, the cell lines stably expressing pLKO.1-c-Abl-shRNA 
were screened.

The cell lines of hypopharyngeal carcinoma and laryngeal car-
cinoma with stable expression of pLKO.1-c-Abl-Arg were pre-
pared and screened using the same method.

Endogenous silencing of the target gene c-Abl

JHU-011 cells and FaDu cells were divided into 3 groups: 
the normal control group (Nor) without lentivirus infection, 
the pLKO.1-c-Abl-Arg–transfected group (c-Abl-Arg), and the 
PLKO.1-c-Abl-shRNA-transfected group (c-Abl-shRNA). Each 
group was subdivided into 2 subgroups, one with and the 
other without IFN-g induction. The subgroups with IFN-g were 
stimulated for 24 h at a final concentration of 150 U/μl, fol-
lowed by RT-PCR and Western blot.

Grouping for the exogenous activation/inhibition of tyrosine 
kinase

JHU-011 cells and FaDu cells were inoculated in 10-cm culture 
dishes and divided into 5 groups according to the medium: 
normal 1640 medium without any inhibitor/activator (IFN-g–/
Nilo–), medium with nilotinib but without exogenous H-IFN-g 
(IFN-g–/Nilo+), medium with exogenous H-IFN-g but without ni-
lotinib (IFN-g+/Nilo–), medium with both nilotinib and exoge-
nous H-IFN-g (IFN-g+/Nilo+), and medium with only exogenous 
DPH (DPH+). In addition, the cells in the medium with both 
nilotinib and exogenous IFN-g were first pretreated with ni-
lotinib for 24 h, followed by the addition of IFN-g, then were 
cultured for 24 h before RT-PCR and Western blot. The cells in 
DPH group were cultured for 48 h before tests. The final con-
centrations of nilotinib, IFN-g, and DPH in the culture medium 
were 5 mM, 150 μ/ml, and 10 mM, respectively.

Results

Effect of ionizing g-radiation on the mRNA and protein 
levels of PSMB8 and its 2 Alternatively spliced isoforms

The involvement of proteasomes in the oxidative stress re-
sponse induced by ionizing radiation has become increasing-
ly evident in recent studies [14,15]. Radiotherapy is an impor-
tant treatment modality for patients with laryngeal carcinoma 
and hypopharyngeal carcinoma. To study the role of acute ion-
izing radiation in UPP and the regulatory effect of acute ioniz-
ing radiation on PSMB8, we first determined the dose of radi-
ation that maximized the transcriptional induction of PSMB8. 
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The results showed that 60Co g-irradiation upregulated the 
transcription level of PSMB8 in FaDu cells and JHU-011 cells, 
and the maximum upregulation was achieved at a dose of 
10 Gy (Figure 2A). In addition, we measured the Western blot 
gray value of PSMB8 using the ImageJ software. The histo-
gram (Figure 2B) shows that following 10 Gy irradiation, the 
protein expression of PSMB8 was significantly upregulated in 
FaDu cells (** P<0.01) and JHU-011 cells (*** P<0.001). 60Co 
ionizing g-radiation significantly upregulated the transcrip-
tion level of the alternatively spliced isoform E2 of PSMB8 
(** P<0.01) (Figure 2C).

Plasmid construction and the effect of targeted silencing 
of c-Abl on PSMB8 and its alternatively spliced isoforms

Construction of the pLKO.1-c-Abl-shRNA and pLKO.1-c-Abl-
Arg plasmids

The lentiviral vector constructed in this study was composed 
of 3 different plasmids, pLKO.1-TRC, psPAX2, and pMD2. G. 
The pLKO.1-TRC vector was used to express the RNA interfer-
ence (RNAi) fragment of c-Abl (Figure 2D), and the psPAX2 vec-
tor and pMD2. G vector were complementary vectors.
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Figure 2.  (A) JHU-011 cells, FaDu cells were divided into 5 groups according to the dose gradient (0 Gy, 2.5 Gy, 5 Gy, 10 Gy, 20 Gy), and 
g-irradiation was carried out at room temperature. After irradiation, the cells were cultured for 12 h, and then the RT-PCR 
was performed to detect the transcription level of PSMB8. The dose of 10 Gy showed the most significant induction effect 
on all 3 types of the cells (** P<0.01). (B) Western blot of PSMB8 in FaDu cells and JHU-011 cells. Lanes: 1, FaDu cells without 
irradiation; 2, FaDu cells with irradiation; 3, JHU-011 cells without irradiation; 4, JHU-011 cells with irradiation. (C) The dose 
of 10 Gy was used to irradiate the JHU-011 cells and FaDu cells, and the relative ratio between isoforms E1 and E2 was 
detected by RT-PCR. The percentage of E2 was significantly upregulated by irradiation in FaDu cells (** P<0.01) and JHU-011 
cells (** P<0.01). Each group included 3 independent repeats. Quantitative data are expressed as the mean±standard 
deviation (SD). (D) Plasmid pLKO.1-TRC contained the insertion site of the shRNA, located between the U6 promoter and 
cPPT, which originally was a stuffer of approximately 1.9 kb long. After digestion with AgeI and EcoRI, the designed double-
stranded shRNA oligos (c-Abl-shRNA and c-Abl-Arg) were inserted into the gap between the AgeI and EcoRI sites to replace 
the stuffer, yielding the vector.
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Figure 3.  Effect of targeted silencing of the c-Abl gene on the mRNA and protein levels of PSMB8 and its alternatively spliced 
isoforms. (A) JHU-011 cells and FaDu cells were divided into 6 groups (described previously). In the 3 groups with IFN-g (final 
concentration of 150 U/μl), the transcription of PSMB8 in the IFN-g+/Nor group and the IFN-g+/Arg group was significantly 
upregulated but was inhibited in the IFN-g+/c-Abl-shRNA group due to the targeted silencing of the c-Abl gene (** P<0.01). 
(B) PSMB8 protein expression levels were detected in JHU-011 cells by Western blotting, and the ImageJ software was 
used to determine the gray value and drew a histogram. Lanes 1–6 represent IFN-g–/RNAi–/Arg–, IFN-g–/RNAi–/Arg+, 
IFN-g–/RNAi+/Arg–, IFN-g+/RNAi–/Arg–, IFN-g+/RNAi–/Arg+, and IFN-g+/RNAi+/Arg–, respectively. The results show that the PSMB8 
protein expression level was inhibited in the IFN-g+/RNAi+/Arg– group (** P<0.01). (C) The PSMB8 protein expression level 
was inhibited in the IFN-g+/RNAi+/Arg- group of FaDu cells (** P <0.01). (D) FaDu cells were divided into 6 groups. RT-PCR was 
performed to determine the ratio between E1 and E2 in each group. The transcription level of isoform E2 was significantly 
upregulated by IFN-g (** P<0.01). The targeted silencing of c-Abl gene (IFN-g+/c-Abl-shRNA) downregulated the transcription 
of E2 (** P<0.01). (E) JHU-011 cells were divided into 6 groups. RT-PCR was performed to determine the ratio between E1 and 
E2 in each group, and the results were consistent with those of FaDu cells (** P<0.01). Each group contained 3 independent 
replicates. Quantitative data are expressed as the mean±SD.
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Effect of targeted silencing of the c-Abl gene on PSMB8 and 
its alternative splicing isoforms

This study showed that IFN-g significantly induced the transcrip-
tion of PSMB8 (** P<0.01). Compared with that in the pLKO.1-
c-Abl-Arg group, targeted silencing of the c-Abl gene by sta-
bly expressing pLKO.1-c-Abl-shRNA in cells downregulated the 
IFN-g-induced transcription level of PSMB8 in the laryngeal and 
hypopharyngeal carcinoma cells (Figure 3A), thus downregu-
lating the PSMB8 protein (** P<0.01) (Figure 3B, 3C), and the 
changes in the mRNA and protein expression were consistent. 
In addition, RT-PCR showed that the targeted silencing of the 
c-Abl gene changed the ratio between 2 alternatively spliced 
isoforms of PSMB8 in FaDu and JHU-011 cells and downregu-
late the mRNA level of E2 (Figure 3D, 3E).

Effect of exogenous tyrosine kinase inhibitor or activator 
on the mRNA and protein levels of PSMB8 and its 
alternatively spliced isoforms

We chose nilotinib to exogenously inhibit the tyrosine kinase 
encoded by the proto-oncogene c-Abl, and exogenous activa-
tion was performed using the c-Abl activator DPH. Nilotinib is a 
highly selective inhibitor of BCR-ABL kinase. We observed that 
nilotinib, an exogenous TKI, downregulated the transcription 
level of PSMB8 in the IFN-g-induced JHU-011 cells and FaDu 
cells (Figure 4A). In addition, PSMB8 protein was downregu-
lated (Figure 4B. 4C). The ratio between alternatively spliced 
isoforms was also detected. It was found that the exogenous 
inhibitory effect of nilotinib mainly caused the relative per-
centage of E2 to decrease (Figure 4D. 4E). Compared with the 
control group, DPH upregulated the mRNA and protein levels 
of PSMB8 in JHU-011 cells and FaDu cells (Figure 4F).
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Figure 4.  Regulation of tyrosine kinase activity on the transcription and expression levels of PSMB8 and its alternatively spliced 
isoforms (A) JHU-011 cells and FaDu cells were divided into 5 groups. In the IFN-g+/Nilo+ group, nilotinib was first added 
and the cells were incubated for 24 h. Then IFN-g was added and the cells were cultured for another 24 h. In the IFN-g+/
Nilo– group, the transcription level of PSMB8 was significantly upregulated compared to that in the control group (IFN-g–/
Nilo– group) (** P<0.01), while the transcription of PSMB8 in the IFN-g–/Nilo+ group was inhibited (* P<0.05). (B) The protein 
expression of PSMB8 in the IFN-g+/Nilo+ group was downregulated compared to that in the IFN-g+/Nilo– group in FaDu cells 
(** P<0.01). (C) The protein expression of PSMB8 in the IFN-g+/Nilo+ group was downregulated in JHU-011 cells (** P<0.01). 
(D) Nilotinib downregulated the induction effect of IFN-g on isoform E2, and the percentage of isoform E2 was reduced 
(* P<0.05). In the DPH+ group, the transcription level of isoform E2 was higher than that in the control group (IFN-g–/Nilo– 
group) (** P<0.01). Quantitative data are expressed as the mean±SD. (E) In FaDu cells, the regulation of nilotinib on the 
transcription of E2 was consistent with the results in JHU-011 cells (* P<0.05). (F) In the DPH+ group, protein expression of 
PSMB8 in JHU-011 cells and FaDu cells was elevated compared to that in the blank control group (** P<0.01). Each group 
contained 3 independent replicates.

Discussion

UPP is closely involved in the cell cycle, cell differentiation, 
cell proliferation, injury repair, antigen presentation, and var-
ious intracellular signal pathways. Currently, the mechanisms 
by which UPP participates in tumor development are as fol-
lows: the activity of p53 protein is regulated by murine double 
minute 2 (MDM2); the function of MDM2 is similar to that of 
ligase E3 in UPP, which can promote the degradation of p53 
protein through UPP, thus affecting the antitumor effect of p53 
and promoting the occurrence of tumor [16,17]. The nuclear 
transcription factor NF-kB is stably expressed in a variety of 
tumors, especially in the head and neck tumors [18,19]. Most 
NF-kB dimers bind to the inhibitor IkB and remain in an inac-
tive state. When cells are stimulated by certain external factors, 
the inhibitory factor IkB is degraded by UPP, thereby increas-
ing the activity of NF-kB. UPP can also promote the degrada-
tion of inhibitor IkB precursors (P150, P100) and activate the 
NF-kB signaling pathway [20]. Therefore, the important intra-
cellular signal transduction pathways associated with tumor 
development are regulated by the UPP.

In this study, ionizing g-radiation was used since this radiation 
has an effect on proteasome activity [21,22]. Acute ionizing ra-
diation can cause a large amount of oxygen free radical accu-
mulation, cell apoptosis, repair of DNA damage, and changes 
in the expression levels of many genes [9]. Second, radiother-
apy plays an important role in the treatment of head and neck 
tumors. Radiotherapy not only can directly kill local carcinoma 
cells but also may result in the abscopal effect, which could 
increase the tumor cell sensitivity to immunotherapies [23]. 
PSMB8 is the main target of commercially available PIs. The re-
sults of this study indicated that ionizing radiation had an up-
regulating effect on PSMB8 in laryngeal and hypopharyngeal 
carcinoma cells, which was mainly due to the regulation of the 
alternatively spliced isoform E2. The induction and enhance-
ment effects of ionizing radiation on PSMB8 can increase the 
level of recognition of PSMB8 by potential PIs, thus resulting 
in a synergistic effect of combined radiotherapy and PIs. More 
importantly, since immunoproteasomes are involved in antigen 
presentation in tumor cells, the regulatory effect of ionizing 
radiation on proteasomes can enhance the immunogenicity or 
antigen-presenting function of tumor cells, which may thus be 
more easily recognized and killed by T cells. The results of this 
study suggest that the effect of g-irradiation on PSMB8 might 
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be realized by changing the ratio between PSMB8 alternatively 
spliced isoforms, and the g-irradiation could regulate the tran-
scription and protein expression levels of PSMB8 and affect 
its activity. We speculate that the possible mechanisms are as 
follows: 1. Ionizing radiation affects the upstream pathway of 
proteasome expression, such as the IFN-g signal transduction 
pathway, which is sensitive to radiation, thereby altering the 
transcription and expression levels of proteasome members. 
2. Radiation may affect different promoters in the transcrip-
tion of PSMB8, resulting in inconsistent expression levels of 
the initial exons and the differential expression between the 
2 alternatively spliced isoforms. 3. Radiation activates certain 
phosphorylation pathways, thereby promoting the transcrip-
tion and assembly processes of PSMB8.

To further study the regulation of PSMB8, we used the proto-
oncogene c-Abl as the key. C-Abl is a homologous gene of the 
proto-oncogene v-Abl [24]. It encodes a non-receptor tyrosine 
kinase that can catalyze the phosphorylation of tyrosine res-
idues in many substrate proteins. It has been confirmed that 
the c-Abl gene can regulate proteasome subunits, and the 
c-Abl-encoded tyrosine kinase may be involved in radiation 
resistance of cancer cells; however, the regulatory effects of 
c-Abl on proteasome subunits have not been reported in laryn-
geal and hypopharyngeal cancer cells. In this study, c-Abl was 
used as the target gene to construct the pLKO.1-c-Abl-shRNA 
lentiviral vector, and endogenous silencing of c-Abl was done 
by the double-stranded RNA–mediated RNAi process. The re-
sults suggest that endogenous silencing of the c-Abl gene can 
downregulate the transcription and protein expression lev-
els of PSMB8 mainly by affecting the transcription of isoform 
E2. We speculate that isoform E2 plays a major role in the ac-
tivity of the immunoproteasome. The constructed pLKO.1-c-
Abl-shRNA plasmid and the stably transfected cell lines allowed 
us to knock down the target gene c-Abl, which lays a founda-
tion for further study on the regulatory mechanisms of pro-
teasomes and other biological effects in laryngeal carcinoma 
and hypopharyngeal carcinoma cells.

The transformation process of normal cells to tumor cells in 
the head and neck is closely related to the activation of tyro-
sine kinases. For example, epidermal growth factor receptor 
(EGFR) belongs to the tyrosine kinase receptor family. To fur-
ther clarify the roles of the upstream and downstream proteins 
of PSMB8, we further activated and inhibited the expression 
product of c-Abl. Unlike EGFR, the protein encoded by c-Abl 
is a non-receptor tyrosine kinase. Small-molecule TKIs, such 
as imatinib, dasatinib, and nilotinib, can exert their inhibitory 
effects by inhibiting BCR-Abl fusion protein. We chose the TKI 
nilotinib and activator DPH and observed whether their exog-
enous effect on c-Abl gene expression products would affect 
PSMB8. On the one hand, the results confirmed consistent 

regulatory effects of the c-Abl gene and its protein product 
on the upstream and downstream effectors of PSMB8 in la-
ryngeal and hypopharyngeal carcinoma cells, showing that 
the induction of c-Abl in proteasomes was achieved through 
its encoded tyrosine kinase rather than through other path-
ways. On the other hand, the upregulating effect of c-Abl and 
its tyrosine kinase on isoform E2 of PSMB8 further confirmed 
the importance of E2 in the regulation of PSMB8, suggesting 
that the c-Abl pathway can be used as a potential inhibition 
pathway and E2 can be used as a potential inhibition target.

Bortezomib, a specific PI that has been used in clinical prac-
tice, was approved by the US Food and Drug Administration in 
2003 for the treatment of multiple myeloma. The drug binds 
to the 20S proteasome subunit b5i and 26S proteasome sub-
unit b1i and achieves its antitumor effects by inhibiting the 
decomposition of specific proteins related to tumor suppressor 
genes in UPP [25,26]. For head and neck tumors, bortezomib 
does not significantly inhibit proliferation-related pathways, 
such as STAT3, and has no significant effect on the expres-
sion of EGFR; therefore, it has poor efficacy in HNSCC in drug 
experiments and clinical applications [27,28]. Nevertheless, 
the role of PIs in the treatment of other tumors still provides 
new thinking for the treatment of head and neck tumors, and 
some studies are currently underway [29–31]. This study, for 
the first time, elucidated the effect of proteasome inhibition 
on the UPP and PSMB8 in laryngeal and hypopharyngeal car-
cinoma cells. The upregulation of PSMB8 by ionizing radia-
tion (radiotherapy) may synergistically enhance the targeting 
of PSMB8 by PIs, and the regulatory effects of the c-Abl gene 
and its expression product on isoform E2 confirmed the im-
portance of E2 in the regulation of PSMB8. These results can 
provide some references for exploring new therapeutic targets 
for HNSCCs and facilitate the application of PIs in the treat-
ment of HNSCCs.

Conclusions

Ionizing radiation can upregulate the mRNA and protein lev-
els of PSMB8 in FaDu cells and JHU-011 cells, which happens 
through the upregulation of its splicing isoform E2. The proto-
oncogene c-Abl and its kinase protein product can regulate 
the transcription and protein expression levels of PSMB8. 
The findings of this study imply that PSMB8 may be a poten-
tial research target in the treatment of laryngeal and hypo-
pharyngeal carcinoma.
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