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Abstract: Speckle-type POZ protein (SPOP) plays an important role in maintaining genome stability. Disability or
mutation of the SPOP gene has been reported to contribute to prostate cancer incidence and prognosis. However,
the functions of SPOP in lung cancer remain poorly understood, especially in lung adenocarcinoma (LUAD). Here,
we found that SPOP affects the LUAD cell response to radiation by regulating the DNA damage response (DDR)
pathway. SPOP is widely expressed in lung cancer cell lines, and SPOP protein levels are upregulated when cells
experience DNA damage. SPOP knockdown affects DDR repair kinetics, apoptosis and cell cycle checkpoints that
are induced by IR (ionizing radiation). Furthermore, we found that SPOP positively regulates the expression of DDR
factors Rad51 and Ku80. Taken together, these data indicate the essential roles of SPOP in the DDR signaling path-

ways and LUAD cell response to radiation.
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Introduction

Lung cancer is one of the most common caus-
es of cancer-related mortality. Non-small cell
lung carcinoma (NSCLC) constitutes the main
type of lung cancer, accounting for 85% of all
cases [1]. There are several subtypes of NSCLC,
among which lung adenocarcinoma (LUAD),
lung squamous cell carcinoma (LUSC) and large
cell lung carcinoma (LCLC) are the most com-
mon. LUSC exhibits a faster progression rate
than LUAD, but it is sensitive to radiotherapy/
chemotherapy and has a good response to sur-
gical treatment. Although LCLC accounts for
10-15% of lung cancer and lacks specific dif-
ferentiation [1, 2], current treatments have
greatly improved these patients’ survival. LUAD,
however, comprises up to 40% of lung cancer
cases and has a relatively poor treatment effi-
cacy and prognosis for radiotherapy/chemo-
therapy. In clinical practice, patients with inop-
erable stage | or Il lung cancer or who have
postoperative residual tumor are recommend-
ed to undergo radical radiotherapy or postop-

erative radiotherapy. Meanwhile, chemoradio-
therapy is commonly used to treat stage Ill and
IV lung cancer patients. These situations em-
phasize that radiation therapy is an important
regimen for various stages of lung cancer [3].
However, because of the intrinsic radiotherapy
resistance of LUAD, conventional radiotherapy
has a relatively poor therapeutic efficacy in
LUAD patients [4].

Currently, many studies have shown that the
DNA damage response (DDR) signaling pathway
is involved in the resistance of tumors to radio-
therapy. The DDR comprises four sub pathways-
DNA repair, DNA damage checkpoints, tran-
scriptional response and apoptosis-and is a
genome surveillance system that repairs DNA
lesions caused by cellular metabolites or exog-
enous DNA-damaging agents (such as IR and
chemotherapeutics) [5, 6]. Among the different
types of DNA lesions, DNA double-strand
breaks (DSB) are the most lethal forms and
they cause the principal cytotoxic impact of ion-
izing radiation/radiotherapy [7]. In mammalian
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cells, DSBs are primarily repaired by nonhomol-
ogous end joining (NHEJ) and homologous
recombination (HR), which are mainly regulated
by the DNA-PK complex and Rad51-family [8].
Delaying or arresting DNA damage checkpoints
can provide time and material conditions for
the DNA repair process. If fatal DNA lesions
cannot be repaired, the cell will initiate apopto-
sis programs and eliminate itself. This is how
radiotherapy works. Defects in any part of
these pathways may cause genomic instability
and lead to carcinogenesis of normal cells,
while abnormal activation of the DDR in tumor
cells will weaken the treatment effect of IR,
which is how the resistance of radiotherapy
works [9, 10]. Due to the key significance of
DDR system components, they have been wide-
ly studied and used as therapeutic targets in
cancer radiotherapy [10-12].

Speckle-type poxvirus and zinc finger protein
(SPOP) was first reported in 1997, contains 374
amino acids and is distributed as scattered
points within the nucleus under normal condi-
tions [13]. SPOP serves as an adaptor of Cullin
3-based ubiquitin ligase and is responsible for
the degradation of many nuclear proteins. The
substrates of SPOP include the apoptosis fac-
tor DAXX [14], breast cancer metastasis su-
ppressor BRMS1 [15], Hedgehog signaling tr-
anscription factors Gli2 and GIi3 [16], steroid
receptor coactivator protein SRC-3 [17], and so
on. Moussay E et al. found that SPOP is involved
in the resistance of chronic lymphocytic leuke-
mia to fludarabine treatment [18]. Kim MS et al.
found that loss of SPOP expression was com-
mon in prostate, gastric and colorectal cancers
[19]. A recent study revealed that SPOP acts as
a novel participant in the DDR in cervical can-
cer and prostate cancer cells [20, 21]. These
works together highlighted a critical role of
SPOP in maintaining genome stability and DNA
damage response (DDR) integrity, further indi-
cating its potential in increasing the treatment
effect of DNA-damage-based therapeutics.

However, the above conjecture needs further
elucidation. Therefore, in this study, we ana-
lyzed the expression level of SPOP in different
lung cancer cell lines and uncovered the hidden
mechanism by which SPOP increases the radio-
sensitivity of LUAD cells. Finally, our results
indicate that SPOP is a potential therapeutic
target for radiotherapy among LUAD patients.
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Materials and methods

Cell cultures, antibodies and shRNA oligos

The NSCLC cell lines H226, H1703, H838,
H1299, H1437, H1975, H1563, H460, H661
and H446 were cultured in RPMI-1640 Medium.
A549 was cultured in F-12K Medium. These
mediums were supplemented with 10% fetal
bovine serum (FBS, HyClone), 100 U/ml penicil-
lin and 100 pg/ml streptomycin. Cultures were
grown in a 5% CO, incubator at 37°C. In the
case of camptothecin treatments, cells were
incubated with CPT (500 nM) for 24 h. Drugs
were purchased from Sigma. Two types of SPOP
antibodies were used in this study. The SPOP
antibody purchased from Santa Cruz Biote-
chnology (Dallas, TX) was used for immunofluo-
rescence and western blotting at a dilution of
1:1000, whereas the SPOP antibody purchased
from Proteintech (Wuhan, China) was used for
immunohistochemistry at a dilution of 1:100.
The y-H2AX antibody, Ku80 antibody and Rad-
51 antibody were purchased from Cell Signaling
Technology (Danvers, MA) and used at a dilu-
tion of 1:1000. The corresponding secondary
antibody and fluorescent-conjugated second-
ary antibody were purchased from Cell Signaling
Technology (Danvers, MA). The shSPOP plas-
mids were purchased from Genechem Tech-
nology (Shanghai, China), and the sequences of
the SPOP shRNAs were 5-CAAACGCCTGAAGC-
AATCCTA-3’, 5-GAGGTGAGTGTTGTGCAAGAT-3’,
and 5’-CACAGATCAAGGTAGTGAAAT-3'. Lentiviral
particles containing shNC (negative control
shRNA) or shSPOP were prepared according to
the standard viral packaging protocol.

Bioinformatics analysis

CCLE (Cancer Cell Line Encyclopedia, Available
online: https://portals.broadinstitute.org/ccle)
is a large genetic and pharmacologic database
of human cancer models. It integrates compu-
tational analyses by linking distinct pharmaco-
logic vulnerabilities to genomic patterns for
over 1100 cell lines [22]. The mRNA expression
levels of SPOP in different pathological types of
lung cancer were visualized using CCLE. GEPIA
(Gene Expression Profiling Interactive Analysis,
Available online: http://gepia.cancer-pku.cn/in-
dex.html) is an online tool that provides cus-
tomizable functions such as tumor/normal dif-
ferential expression analysis, profiling accord-
ing to cancer types or pathological stages, and
other important information [23]. We analyzed
the expression of SPOP in LUAD and adjacent
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tissues with this website. Oncomine (Available
online: https://www.oncomine.org) is a cancer
microarray database and integrated data-min-
ing platform by which we can interrogate
genome-wide gene expression profiles and
compare the profiles of major types of cancer
to respective normal tissues [24]. We selected
differentially expressed genes (DEGs) from lung
adenocarcinomas and normal cervical mucosa
tissues using this tool. The STRING database
(Available online: http://string-db.org) collects
the information of known and predicted protein
interactions as well as physical and indirect
functional associations [25]. The protein-pro-
tein interaction (PPI) network of how SPOP
affects significantly enriched DEGs in LUAD and
with which genes in the DNA double-strand
break response pathway were constructed by
STRING.

Immunohistochemistry and immunofluores-
cence

The tissue chip product of LUAD was purchased
from Outdo Biotech (Shanghai, China) and
included 75 pairs of lung adenocarcinoma tis-
sues and matched paraneoplastic tissues (37
cases in stage |, 18 cases in stage Il, 16 cases
in stage lll and 4 cases in stage IV). Immun-
ohistochemistry and staining were performed
according to the standard protocol. The tissue
chip was incubated with primary antibody ag-
ainst SPOP overnight at 4°C followed by se-
condary antibody for 1 h at room temperature.
Then, images were captured using microscopy
and analyzed. The cells were plated on glass
slides and divided into four groups: shNC,
shSPOP, IR, and shSPOP combined with IR. The
processing steps for the shSPOP combined
with IR group were as follows: cells were incu-
bated with shSPOP lentiviral particles for 12 h
and then grown in exchanged fresh medium for
48 h. We cultured the cells for an additional 48
h in the presence of puromycin, eliminating the
noninfected cells. After exposure to 6 Gy IR, the
medium containing puromycin was removed,
and the cells were maintained in normal medi-
um. Twenty-four hours later, the cells were fixed
with 4% PFA at 37°C for 20 min, treated with
0.02% Triton X-100 for 10 min, and then
blocked at room temperature for 1 h. Cells were
incubated with primary antibody overnight at
4°C followed by fluorescent-conjugated sec-
ondary antibody for 2 h at room temperature,
and then the nuclei were stained with DAPI for
15 min. The images of the cells were obtained
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by fluorescence microscopy (Olympus Corpo-
ration, Japan).

Western blotting and real-time PCR

The cells were lysed in RIPA lysis buffer (Pioneer
Biotechnology, China) containing a protease
inhibitor and phosphatase inhibitor cocktail.
Equal amounts of protein were separated by
SDS-PAGE and transferred to polyvinylidene
difluoride membranes. The membranes were
blocked with 5% nonfat milk diluted with TBST
(Tris-buffered saline with 0.05% Tween 20) for
2 h and then incubated with primary antibodies
at 4°C overnight and secondary antibodies at
37°C for 2 h. The membranes were washed
with TBST 3 times and Tris-buffered saline
once. An enhanced chemiluminescence detec-
tion kit (Millipore, MA) was used to develop the
signals of immunoblotted proteins, which were
detected on a JS-380A automatic gel imaging
system (Quantity One Quantitation software,
Bio-Rad Laboratories, CA). RNA was isolated
from cells using RNAfast 200 (Pioneer Bio-
technology, China). The SPOP primer/probe
sets (F: 5-ATGCTTCGGATGTCTTGGAG-3’, R: 5™-
GATTGCTTCAGGCGTTTGC-3’), Ku80 primer/pr-
obe sets (F: 5-ATTTGCTGGAGGACATTGAAAG-3’,
R: 5-CTGAATCGGCTGCTGAGG-3’), Rad51 prim-
er/probe sets (F: 5-CAACACAGACCACCAGACC-
3’, R: 5-AGAAGCATCCGCAGAAACC-3’), GAPDH
primer/probe sets (F: 5-AAGGCTGTGGGCAAG-
GTCATC-3’, R: 5-GCGTCAAAGGTGGAGGAGTGG-
3’), PrimeScript™ RT Master Mix and SYBR®
Premix Ex Tag™ were purchased from Takara
Biotechnology (Dalian, China). All real-time PCR
experiments were performed in triplicate.

Comet assay, cell cycle and apoptosis analysis

The cells were divided into four treatment
groups: shNC, shSPOP, IR, and shSPOP com-
bined with IR. Comet Assay kits (Trevigen, MD)
were used in this study. Twenty-four hours after
IR, the cells were harvested and mixed with
agarose for electrophoresis. The nuclear DNA
was stained with SYBR green dye for 10 min,
and the images were then obtained by fluores-
cence microscopy. The olive tail moment was
measured using CASP software. The cells were
seeded in 6 well plates at a density of 2*10°
cells/well and divided into four groups as
before. We collected cells for subsequent cell
cycle and apoptosis analyses 24 h after IR.
Cells were fixed with 70% ethanol (2 h, 4°C) and
treated with propidium iodide and RNase A (30
min, 37°C) for cell cycle analysis. Apoptosis
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Figure 1. SPOP was widely expressed in different lung cancer cell lines. A. The
mRNA expression of SPOP in different histopathological lung cancer cell lines
from CCLE. B. Western blotting result showing the expression of SPOP across
different lung cancer cell lines. B-Actin was probed as a loading control. C. The
expression of SPOP in lung tumor tissues (T) and adjacent normal tissues (N)
from GEPIA. D. SPOP immunohistochemical staining for a cancer tissue (CT)
and matched adjacent tissue (AT), pair in the LUAD tissue chip. E. The relation-
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was quantified with a KGI biotechnology apop-
tosis kit (Nanjing, China). Both cell cycle and
apoptosis analyses were performed using flow
cytometry (BD Biosciences, CA).

Methylthiazoltetrazolium (MTT) and colony
forming assay

Cells were seeded in 96-well plates at a density
of 4000 cells/well in 200 pL of culture medium
and divided into four groups: shNC, shSPOP, IR,
and shSPOP combined with IR. Cells were incu-
bated for 24 h, 48 h and 72 h after IR, then 20
uL of 3-(4, 5-dimethylthiazol-2-y1)-2, 5-diphe-
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Results

SPOP is widely expressed in
different lung cancer cell lines

According to pathological classification, lung
cancer can be divided mainly into 4 categories:
LUSC, LUAD, LCLC and SCLC. To address the
role of SPOP in LUAD, we started with profiling
the mRNA expression of SPOP in different his-
topathological lung cancer cell lines with the
CCLE online database. The results showed that
SPOP was expressed in a broad range of tissue
types and cell lines (Figure 1A). Western
blotting results also show the protein level
among these cell lines (Figure 1B). We further
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Table 1. DEGs from the two profile datasets (GSE19188 and GSE31210)

DEGs Gene Name

Upregulated TMEM106B, CCNB1, HIST1H2BD, HN1, EPRS, SRD5A1, GPR89B, GOLM1, GINS1, MDK,
GPR89A, DNMT3A, HMGB3, MELK, SGPL1, COL11A1, PDIA4, KDM5B, SRPK1, ERO1L, SLC2A1,
RALGPS2, UBE2C, DNAH14, TXNDC17, MARCH6, PDZD11, KIF2C, GFPT1, CDCA7, GJB2,
BUB1B, SFXN1, PGM2L1, MTA3, MCTS1, TNPO1, CNPY2, MLF1IP, ZWINT, H2AFV, EIF2AK1,
HIST2H2AA3, GORASP2, SLC35B2, MRPS24, FAM83A, FAM199X, TOP2A, GPT2

Downregulated ADAMTSS, AGER, GPM6A, ADH1B, IGSF10, GDF10, TNXB, ADAMTSL3, KCNT2, FHL5, ASPA,
SPG20, CLIC5, FAM107A, TNNC1, CDH19, TGFBR3, PKNOX2, KCNK3, SYNE1, SLIT3, FXYD1,
SPTBN1, FGF2, ITIH5, SHROOM4, NPR1, ROBO4, TAL1, FAM189A2, CBFA2T3, CELF2, MAMDC2,
C190rf59, EMCN, HIGD1B, TMOD1, MYCT1, FHL1, CFD, SCN4B, TCF21, SFTPC, PELO, PEAR1,

QKI, GKN2, GPMEB, RYR2, FABP4

inquired the mRNA expression of SPOP in LUAD
tissues (T) and adjacent normal tissues (N) by
GEPIA and found no significant difference
between these two types of tissues (Figure 1C).
The LUAD tissue chip, which includes 75 pairs
of cancer tissues (CT) and matched adjacent
tissues (AT), was investigated for SPOP expres-
sion by immunohistochemistry, and similar
results were obtained as GEPIA. Figure 1D
shows representative images of one pair of
cancer and adjacent tissues from the tissue
chip. Next, we selected differentially expressed
genes (DEGs) in lung adenocarcinomas and
normal lung mucosa tissues from two GEO
datasets, GSE19188 [26] and GSE31210 [27]
(GSE19188 contains 45 LUAD and 65 adjacent
normal lung samples; GSE31210 contains 226
LUAD and 20 normal lung tissues). The DEGs
ranked by p-values from low to high are listed in
Table 1. Then, by using another online data-
base, STRING, we found that some of these
DEGs were associated with SPOP to some
extent (Figure 1E). Although the SPOP express-
ion levels between LUAD and normal tissues
had little difference, these findings still empha-
size an important role of SPOP in LUAD.

SPOP knockdown leads to DNA DSB repair de-
fects and DSB accumulation in H1299 cells

To characterize SPOP’s functions in the DDR
signaling pathways, we started by examining
whether the expression level of SPOP was
changed after DNA damage. In unperturbed
H1299 cells, SPOP expression was relatively
weak. However, 24 h after the cells treated with
6 Gy IR, we observed increasing expression of
SPOP protein and mRNA (Figure 2A, 2D and
2E) (P<0.05). These observations strongly in-
dicated that SPOP was upregulated in response
to DNA damage. To confirm this, we construct-
ed a SPOP knockdown system using shRNA
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plasmids. All three independent shSPOP plas-
mids suppressed SPOP expression at the tran-
scriptional level, but plasmid-2 and plasmid-3
were more effective (Figure 2F). Because lenti-
viral particles can be more efficient in infecting
cells, we further constructed shRNA lentiviral
particles corresponding to the sequences in
plasmid-2 and plasmid-3. Lentivirus-1 (packed
with the plasmid-2 sequence) and lentivirus-2
(packed with the plasmid-3 sequence) were
both worked. Figure 2B, 2C and 2G, 2H show
the mRNA and protein levels of SPOP that were
knocked down by shSPOP lentivirus-1 (shSPOP-
v1) and lentivirus-2 (shSPOP-v2) in H1299 and
A549 cell lines. We chose these vectors to per-
form the following tests.

It is widely accepted that y-H2AX foci, a phos-
phorylated form of histone variant H2AX, are a
marker of DNA DSBs [28]. Consequently, we
monitored the DNA DSB repair capacity of
H1299 cells by measuring y-H2AX foci immuno-
fluorescence. Four groups of H1299 cells,
shNC, shSPOP-v1, IR, and shSPOP-vl com-
bined with IR, were fixed for immunofluores-
cence staining, following their respective tr-
eatments. The number of positive y-H2AX foci
in each group was counted by microscopy.
Statistical comparison between shNC and IR
told that the IR could induce gamma-H2AX foci
formation (P<0.001). The degree of foci chang-
es between non-IR stimulated and IR stimulat-
ed in SPOP knockdown cell lines showed a sig-
nificant enhancement in the number of foci
(P<0.001) (Figure 21 and 2K) Comparing these
two increased foci levels, we could see the DNA
DSB repair defects in SPOP knockdown cell
line. We further performed a neutral single cell
gel electrophoresis assay (comet assay), a
method that exclusively visualizes cellular DSB,
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Figure 2. SPOP knockdown led to DNA DSB repair defects and DSB accumulation in H1299 cells. (A) Expression level
of SPOP in H1299 control cells and cells treated by IR. B-Actin was probed as a loading control. (B) Expression level of
SPOP in H1299 cells infected with shNC, lentivirus-1 or lentivirus-2. 3-Actin was probed as a loading control. (C) Exp-
ression level of SPOP in A549 cells infected with shNC, lentivirus-1 or lentivirus-2. 3-Actin was probed as a loading
control. (D) Relative grayscale value of (A) (*P<0.05). (E) Relative mRNA levels of SPOP in control cells and cells
treated with IR. Total RNA was extracted from H1299 cells, and mRNA expression was examined by RT-PCR. Rela-
tive levels of SPOP mRNA were normalized to those of GAPDH (internal control) (*P<0.05). (F) Three independent
shSPOP plasmids suppressed SPOP expression at the transcriptional level (*P<0.05, **P<0.01, ***P<0.001).
(G) Two independent shSPOP lentiviral particles suppressed SPOP expression in the H1299 cell line at the tran-
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scriptional level (***P<0.001). (H) Two independent shSPOP lentiviral particles suppressed SPOP expression in
the A549 cell line at the transcriptional level (***P<0.001). (I) Quantitation of y-H2AX foci in (K) (***P<0.001).
(J) Quantitation of the olive tail moment in (L) (***P<0.001). (K) Immunofluorescence of the y-H2AX foci. (L) The
neutral single-cell gel electrophoresis assay (comet assay) for the olive tail moment.

and confirmed the SPOP knockdown-mediated
IR-induced accumulation of DSB. The higher
mean comet tail moment in the shSPOP com-
bined with IR group indicates that SPOP inhibi-
tion caused more DSB accumulation in H1299
cells after IR (P<0.001) (Figure 2J and 2L).

SPOP knockdown affects cell cycle check-
points and apoptosis in LUAD

Because of the synergistic effect of the DDR
system (including DNA repair, DNA damage
checkpoints and apoptosis), we further investi-
gated whether SPOP knockdown would affect
these biological processes. H1299 cells were
divided into four treatment groups: shNC,
shSPOP-v1, IR, and shSPOP-v1 combined with
IR. Twenty-four hours after IR treatment, we col-
lected each group of cells for cell cycle and
apoptosis analyses. As shown in Figure 3A and
3G, the number of cells in G2/M phase was sig-
nificantly higher in the IR group than in the
shNC group, indicating that activation of the
G2/M checkpoint resulted from IR (P<0.001).
Likewise, the shSPOP-vl combined with IR
group also showed increased activation of the
G2/M checkpoint when compared with the
shSPOP group (P<0.001). Figure 3B and 3H
show similar trends in the A549 cell line. These
findings reveal the effects of SPOP knockdown
on cell cycle checkpoints. Next, we performed
flow cytometry to measure the effect of the
treatments on apoptosis. Comparison between
shNC and IR groups showed that IR treatment
increased cell apoptosis (P<0.001). The apop-
tosis level between non-IR stimulated and IR
stimulated in SPOP knockdown cell lines also
showed a significant enhancement (P<0.001).
Comparing these two increased levels, the
results indicated that IR-induced apoptosis was
enhanced by SPOP knockdown in H1299 cells
(Figure 3C and 3F). Camptothecin (CPT) is a
classic DNA damage agent and is most com-
monly used to study DNA damage mechanisms.
Here, we also used CPT to assess the sensitiza-
tion effect of SPOP on lung cancer cell lines.
Consistently, SPOP knockdown was found to
increase the apoptosis ratio in both H1299
(Figure 3D and 3I) and A549 (Figure 3E and 3J)
cell lines under DNA damage conditions.
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SPOP knockdown modulates the expression of
the DSB repair protein Rad51

DNA DSBs are primarily repaired by nonhomol-
ogous end joining (NHEJ) and homologous
recombination (HR). As SPOP knockdown led to
DNA DSB repair defects and DSB accumulation
in H1299 cells, we further tested whether SPOP
affected the NHEJ and HR pathways. We down-
loaded the genes that participate in DNA dou-
ble-strand break response pathways from the
PathCards database (Available online: http://
pathcards.genecards.org/). Then, a PPl netwo-
rk of SPOP with these genes was constructed
by STRING. We found that SPOP was potentially
connected to 9 related genes: MAPKS8, TP53,
UBA52, UBC, LIG4, RPS27A, UBB, RAD51 and
XRCC5 (Ku80) (Figure 4A). These findings sug-
gest that SPOP might participate in the DNA
double-strand break response. Because of the
key functions of Rad51 and Ku80 in HR and
NHEJ, respectively, we examined their expres-
sion levels by western blotting and further
found that SPOP knockdown affected the
expression of the DSB repair proteins Rad51
and Ku80 in the H1299 cell line (Figure 4B and
4C). Next, we examined their mRNA levels by
g-PCR and found that the mRNA level of Rad51
was upregulated under SPOP knockdown con-
ditions (P<0.05), while there was no significant
change in Ku80 levels (Figure 4D-G).

SPOP knockdown sensitizes LUAD cells to ir-
radiation

It has been reported that knockdown or muta-
tion of SPOP may increase the response to
DNA-damaging therapeutics in cervical cancer
and prostate cancer cells, but there is no rela-
tive research reporting the radiosensitive effect
of SPOP on LUAD cells. We divided the cancer
cells into four groups as described above and
incubated them 24 h, 48 h and 72 h after 6 Gy
IR for MTT-based cell viability analysis or 10-14
days after O Gy to 6 Gy IR for colony forming
assay. The MTT results showed that shSPOP
combined with IR significantly inhibited cell pro-
liferation compared to that of the IR group
(Figure 5A and 5B). The clonogenic assay
results (Figure 5D) and their quantification
(Figure 5C) are also showed that SPOP knoc-
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Figure 3. SPOP knockdown affected cell cycle checkpoints and apoptosis in H1299 cells. A and G. Cell cycle analysis of the H1299 cell line from four treatment
groups (shNC, shSPOP, IR, shSPOP combined with IR) by flow cytometry (***P<0.001). B and H. Cell cycle analysis of the A549 cell line from four treatment groups
(shNC, shSPOP, IR, shSPOP combined with IR) by flow cytometry (***P<0.001). C and F. Apoptosis analysis of H1299 cells from four treatment groups (shNC,
shSPOP, IR, shSPOP combined with IR) by flow cytometry (**P<0.01, ***P<0.001). D and |. Apoptosis analysis of H1299 cells from six treatment groups (shNC,
shSPOP-v1/2, shNC+CPT, shSPOP-v1/2+IR) by flow cytometry (*P<0.05, **P<0.01, ***P<0.001). E and J. Apoptosis analysis of A549 cells from six treatment
groups (shNC, shSPOP-v1/2, shNC+CPT, shSPOP-v1/2+IR) by flow cytometry (*P<0.05, **P<0.01, ***P<0.001).
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Figure 4. SPOP knockdown mediated the expression of the DSB repair protein Rad51. A. The relationship between SPOP and 9 genes in the DNA double-strand
break response pathways. B and C. The effect of knocking down SPOP (by shSPOP-v1 or shSPOP-v2) on Rad51 and Ku80 expression in H1299 cells. B-Actin was
probed as a loading control. D-G. Relative mRNA levels of Rad51 and Ku80 in four groups (shNC, shSPOP, shNC+IR, shSPOP combined with IR) of H1299 cells.
Relative levels of Rad51 and Ku80O mRNA were normalized to those of GAPDH (internal control) (*P<0.05).
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kdown significantly improved the radiosensitiv-
ity of H1299 and A549 cells. Thus, these
results indicated not only that SPOP knock-
down sensitized LUAD cells to irradiation but
also that SPOP could be a potential therapeutic
target in radiotherapy.

Discussion

LUAD is the most common type of lung cancer
and radiotherapy is an important therapeutic
strategy for inoperable and locally advanced
LUAD [29, 30]; however, patients’ treatment
response to radiotherapy is largely limited by
the cancer’s intrinsic radioresistance. The
major mechanisms underlying radiotherapy
resistance are increased DDR activity and DNA
DSB repair efficiency in tumor cells. DNA carry-
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ing the basic information of the human genome
is constantly subject to multiple endogenous or
exogenous insults and manifests different pat-
terns of damage (e.g., deamination, pyrimidine
dimer, mismatches, interstrand crosslinking,
DNA SSBs and DSBs) [31, 32]. On the one
hand, the DDR signaling system that evolved in
eukaryotic organisms can repair these DNA
damages and keep cells from undergoing muta-
tion, carcinogenesis and even death. On the
other hand, the unusual activation of DDR is
also an important contributor to radioresis-
tance in tumor cells because it tends to ignore
or over repair the DNA DSBs, which is the prin-
cipal cytotoxic effect of radiotherapy. Currently,
DDR has been associated with radioresistance
in many kinds of tumors, including LUAD [33-
35]. Multiple works focusing on the inhibition of
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proteins involved in DDR signaling, such as
ATM, ATR, Cyclin B, CHK1/2 and so on, have
touted this approach as a viable strategy to
increase the effectiveness of tumor radiothera-
py [12, 36-41].

Speckle-type POZ protein (SPOP), which has
been reported in many tumor cells, plays an
important role in maintaining genome stability
and DDR activity [42-47]. However, the functi-
ons of SPOP and the possibilities for targeting
this protein to increase the sensitivity of LUAD
radiotherapy have not yet been reported. In this
study, we found that SPOP was not only evenly
and widely expressed in lung cancer cell lines
but also related to some important DEGs in
LUAD. Furthermore, we observed that SPOP
protein was upregulated after DNA damage in
H1299 cells, and SPOP knockdown led to DSB
repair defects as well as DSB accumulation.
Such intervention also affected the cell cycle
checkpoints and apoptosis pathway after IR.
Then, we investigated the underlying molecular
mechanisms of DDR defects caused by SPOP
knockdown and found that inhibiting the
expression of SPOP could upregulate the DDR
factor Rad51. Finally, we demonstrated that
SPOP knockdown increased the radiation sen-
sitivity of LUAD cell lines and identified SPOP as
a potential therapeutic target for radiotherapy
among LUAD patients.

The DDR signaling system mainly contains four
subpathways as described above: DNA repair,
DNA damage checkpoints, transcriptional res-
ponse and apoptosis. Our research found that
IR-induced DNA damage was sustained and
accumulated under SPOP-inhibited conditions.
These results indicated that conventional DNA
repair function was disturbed by SPOP knock-
down. Since IR-induced DSBs have been
reported to be primarily repaired by nonhomol-
ogous end joining (NHEJ) and homologous
recombination (HR), we further investigated the
function of SPOP in these two repair modes. By
using the PathCards database, we observed
that multiple key proteins (MAPKS8, TP53, UBC,
UBA52, LIG4, RPS27A, UBB, RAD51 and XRCC5
(Ku80)) participating in DSB repair pathways
showed a direct or indirect connection with
SPOP. Among these genes, Rad51 is a central
factor involved in HR-mediated DSB repair. It
has been established as a radiosensitization
target in multiple cancers [48, 49]. King HO et
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al. found that Rad51 causes significant radio-
sensitization in glioblastoma stem cells [50],
and Balbous A et al. showed that Rad51 inhi-
bition can be a therapeutic strategy to help
increase the efficacy of glioblastoma radioth-
erapy [51]. Similar conclusions were also ob-
served in esophageal cancer and breast can-
cer [52, 53]. In our study, Rad51 was markedly
increased by shSPOP intervention. This result
not only corresponds to previous conclusions
and publications [21] that SPOP has a specific
role in maintaining DNA damage repair but also
details that SPOP may participate in the HR
process by working with Rad51. This research
illustrates the close relationship between SPOP
and Rad51 and emphasizes the importance of
SPOP in improving the radiotherapy efficacy in
lung cancer patients. However, it seems con-
fusing that Rad51 inhibition has been shown to
increase the radiosensitization in previous
reports, while Rad51 upregulation mediated by
SPOP increases cell radiosensitization accord-
ing to our research. To explain this, we tend to
attribute this discrepancy to the E3 ubiquitin
enzyme function of SPOP, whose inhibition
upregulates Rad51 expression and possibly
affects other HR-related proteins, even the
whole HR signal pathway. We also believe this
is related with the SPOP-related DNA repair
impairment and DSB accumulation. Further
experimental argumentation is required to
prove this interference.

Taken together, the data from our study reveal
that SPOP influences the DNA damage
response by affecting cell cycle checkpoints,
apoptosis progress and the HR repair pathway.
Meanwhile, we identified SPOP as a potential
target to increase the radiosensitivity of LUAD.
In the future, in order to improve the prognosis
of LAUD patients and the feasibility of clinical
application of SPOP, it is necessary to further
study the specific mechanisms behind these
phenomena.
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