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Long non-coding RNAs (lncRNAs) have been shown to impact
important biological functions such as proliferation, survival,
and genomic stability. To analyze radiation-induced lncRNA
expression in human tumors, we irradiated prostate cancer
cells with a single dose of 10 Gy or a multifractionated radio-
therapeutic regimen of 10 fractions with a dose of 1 Gy (10 �
1 Gy) during 5 days. We found a stable upregulation of the
lncRNA LINC00261 and LINC00665 at 2 months after radio-
therapy that was more pronounced after single-dose irradia-
tion. Analysis of the The Cancer Genome Atlas (TCGA) and
The Atlas of Non-coding RNAs in Cancer (TANRIC) databases
showed that high expression of these two lncRNAsmay be a po-
tential negative prognostic marker for overall survival of
prostate cancer patients. Knockdown of LINC00261 and
LINC00665 in long-term survivors decreased survival after re-
irradiation and affected DNA double-strand break repair.
Mechanistically, both lncRNAs showed an interdependent
expression and regulated expression of the DNA repair pro-
teins CtIP (RBBP8) and XPC as well as the microRNA miR-
329. Identifying long-term tumor adaptation mechanisms
can lead to the discovery of new molecular targets, in effect
opening up new research directions and improvingmultimodal
radiation oncologic treatment.

INTRODUCTION
Cancer cells can respond to stress such as radiotherapy or chemo-
therapy by activating survival-promoting pathways, a process called
tumor adaptation. We previously reported that radiation-induced
adaptation can occur through molecular changes in gene expression,
protein phosphorylation, and DNA repair mechanisms, and may
differ after single-dose (SD) versus clinically relevant multifractio-
nated (MF) radiotherapy.1–5 In addition, some of the observed effects
are stable and can be detected 2 months after irradiation or even
longer.2 Targeting these adaptive responses in tumor cells is a prom-
ising strategy to decrease survival of cancer cells.1,2

During the last decade, extensive research and technical advances have
uncovered that a large part of the genome is transcribed but only
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approximately 2% encodes for proteins.6,7 The non-coding RNA frac-
tion is comprised of different subtypes, including microRNA
(miRNA), small nucleolar RNA (snoRNA), circular RNA (circRNA),
and long non-coding RNA (lncRNA). lncRNAs are defined as non-
coding RNAs greater than 200 nt in length. They have been shown
to impact several cellular functions by regulating gene expression
not only of neighboring genes, but also of spatially distant genes by
a variety of mechanisms, including epigenetic modifications,8 modu-
lation of transcription,9 and interaction with miRNA.10,11

The potential clinical relevance of lncRNAs in human disease has
recently emerged, but to date only limited knowledge about the exact
mechanisms and the tissue specificity of these effects exists.12–15 For
example, the lncRNA HOTAIR has been found to promote breast
cancer metastasis,8 while SChLAP1 (LINC00913) has an important
role in tumor cell invasion of prostate cancer.16 Upregulated expres-
sion of LINC00665 was found to be a predictor of poor prognosis in
lung adenocarcinoma.11 Additionally, LINC00665 impacts tumor
proliferation by activating extracellular signal-regulated kinase
(ERK) signaling and induces resistance to the tyrosine kinase inhibi-
tor gefitinib in lung cancer.11,17

LINC00261 and its neighboring gene, the forkhead box transcription
factor-2 (FOXA2), were described as putative tumor suppressors in
lung cancer and pancreatic cancer;18–20 however, in colon cancer
and esophageal cancer, FOXA2 expression correlates with advanced
stage and metastatic burden, indicating that the role of molecules
can differ between tissues.21–23

Survival of cancer cells after radiotherapy is highly dependent on
DNA damage repair. Non-homologous end joining (NHEJ), which
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involves 53BP1-mediated inhibition of end resection, is the main
repair pathway when cells are in the G1 phase of the cell cycle or
when MF irradiation is applied.5,24 In the S/G2 phase, BRCA1 and
CtIP promote end resection and facilitate error-free homologous
recombination (HR).24 Loss of function in either pathway results in
increased cellular radiosensitivity and decreased radiation survival.
Therefore, targeting DNA repair processes is a promising approach
in cancer therapy with multiple inhibitors already in clinical trials.25

The xeroderma pigmentosa-associated XPC gene is part of the nucle-
otide excision repair (NER) pathway which is activated by bulky DNA
lesions that destabilize the DNA duplex such as cyclobutane pyrimi-
dine dimers.26 Therefore, NER is key to repairing UV-induced DNA
damage. XPC serves as damage recognition factor in this process.27

Additionally, XPC has been found to modulate NHEJ in cancer cells
and thereby also affect the sensitivity to ionizing radiation.28

In this study, we show that the lncRNAs LINC00261 and LINC0065
were stably upregulated in prostate cancer cells 2 months after radio-
therapy and affected radiation survival by regulating the expression of
the DNA repair proteins CtIP and XPC. Furthermore, high expres-
sion of either lncRNA in malignant tissue was correlated with
decreased overall survival in prostate cancer patients, indicating their
potential as molecular therapeutic targets in radiation oncology.

RESULTS
Radiation stably alters lncRNA expression in a fractionation-

dependent manner

It is widely known that ionizing radiation strongly impacts gene
expression. Previously, we have found that the fractionation of radio-
therapy and the time point when gene expression was assessed affect
the adaptive effects. Therefore, to analyze radiation-induced lncRNA
expression, we irradiated prostate cancer cells with either an SD of
10 Gy of X-ray or an MF radiotherapy consisting of 10 fractions of
1 Gy delivered during 5 days (Figure 1A). RNA expression was evalu-
ated at 24 h (short term) or at 2 months (long term) after the final ra-
diation dose (Figure 1A). As shown in Figures 1B and 1C, lncRNA
expression varied widely depending on the fractionation regimen,
with a significant upregulation of multiple lncRNAs in the long-
term cultures after a 10-Gy SD irradiation (Figures 1B and 1C; Fig-
ure S1). In parallel, the expression of the corresponding neighboring
genes was also increased (Figure 1D; Figure S1). Similar to PC3 cells,
we found a significant but less pronounced upregulation of
LINC00261 and LINC00665 in LNCaP prostate cancer cells at
2months after an SD of 10Gy but not afterMF irradiation (Figure S2).

Prostate cancer patients with a high tumor expression of

LINC00261 and LINC00665 tend to show reduced overall survival

Next, we analyzed the impact of the expression of upregulated lncRNA
in patient samples using The Cancer Genome Atlas (TCGA) and The
Atlas of Non-coding RNAs in Cancer (TANRIC) databases. Overall,
LINC00261, LINC00643, and lnc-C14ORF37-1 levels were very low
in both normal andmalignant prostate tissue (Figure 2A). In contrast,
LINC00665 was significantly overexpressed in prostate cancer
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(Figure 2A). Interestingly, there was a strong variation in lncRNA
expression between different tissues, with LINC00261 levels being
highest in normal lung and stomach tissue while LINC00665 was
most strongly expressed in prostate and ovarian cancer (Figure S3).
Furthermore, high expression of LINC00261 or LINC00665 was a
negative prognostic marker for prostate cancer patients, with overall
survival being statistically significantly reduced in comparison to the
low expression group (Figure 2B). LINC00261 expression was also
associated with decreased survival of patients with head and neck tu-
mors and renal carcinoma, but it did not affect the outcome of patients
with invasive breast cancer, squamous cell carcinoma of the lung,
stomach cancer, or hepatocellular carcinoma (Figure S4). These data
show that the role of LINC00261 seems to be tissue-specific.

Depletion of LINC00261 or LINC00665 increases radiosensitivity

of prostate cancer cells

To evaluate whether the upregulation of LINC00261 or LINC00665 in
the long-term SD cells impacted survival, we performed small inter-
fering RNA (siRNA) knockdown and re-irradiated the cells with
different doses (Figure 3A). We used a 3D cell culture model for
the experiments, since we found that this method more reflects the
physiological conditions in vivo.29,30 Although the siRNA-mediated
knockdown efficiently worked for both lncRNAs, LINC00261 expres-
sion was very low in the unirradiated (0 Gy) control cells and there-
fore no significant downregulation could be detected (Figure 3B).
Depletion of LINC00261 or LINC00665 resulted in reduced survival
of long-term 10-Gy SD cells but had no effect on 0-Gy cell cultures
(Figure 3C). Additionally, radiosensitivity was significantly increased
in the re-irradiated 10-Gy SD cells when LINC00261 or LINC00665
was downregulated (Figure 3D). Interestingly, the expression of
FOXA2, the neighboring gene of LINC00261, was not altered by
LINC00261 knockdown (Figure S5A). Similarly, modulation of
FOXA2 expression had no effect on LINC00261 levels or survival of
both 0-Gy and 10-Gy SD cultures (Figures S5A–S5C).

LINC00261 and LINC00665 affect radiation-induced residual

DNA damage

DNAdouble-strand breaks (DSBs) are one of themost severe forms of
DNA damage. To evaluate whether the observed effect of LINC00261
or LINC00665 knockdown on radiation survival was due to impaired
DNA repair, we analyzed the number of residual DNA DSBs in the
absence of LINC00261 or LINC00665. While the number of gH2AX
and 53BP1 foci in PC3 0-Gy long-term cultures were unaffected by
the loss of LINC00261 or LINC00665, we observed a significant in-
crease in residual foci in the irradiated 10-Gy SD cells, indicating
that LINC00261 and LINC00665modulate DNAdamage repairmech-
anisms (Figures 4A and 4B). Analysis of gH2AX and 53BP1 foci re-
vealed that the slow phase of DNA repair is more compromised by
LINC00261 and LINC00665 depletion than the rapid repair phase
that takes place in the first 6 h after irradiation (Figure S5D).

Downregulation of LINC00261 or LINC00665 affects HR and NER

To lookmore indepth abouthowLINC00261 andLINC00665 affect the
repair of DNA DSBs, we examined the gene expression of a panel of
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Figure 1. Radiotherapy leads to stable upregulation of long non-coding RNA in prostate cancer cells

(A) Schematic of treatment for single-dose (SD) and multifractionated (MF) irradiation. Short-term (ST) expression analysis was performed at 24 h after the final fraction of

radiotherapy. For long-term analysis, cells were cultured for 2 months before RNA extraction was performed. (B) Heatmap of long non-coding RNA (lncRNA) expression in

PC3 prostate cancer cells at 24 h (short-term) or at 2 months (long-term) after an SD irradiation of 10 Gy or MF radiotherapy of 10 times 1 Gy. (C and D) Genetic location and

fold change in RNA expression of indicated lncRNA (C) and neighboring genes (D). Unirradiated cell cultures were used as control. Results showmean ± SD (n = 3). See also

Figures S1 and S2.
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DNA damage repair genes after lncRNA depletion. To get a stable
knockdown, short hairpin RNA (shRNA) vectors with two different
target sequences were used. A non-targeting sequence served as the
control. As shown in Figure 5, depletion of LINC00261 or
LINC00665 led to a significant reduction of RBBP8, XPC, and TP73
genes. Additionally, LINC00665 modulated BBC3 and BRCA1 gene
expression.BRCA1 andRBBP8, which encodes for theDNArepair pro-
tein CtIP, are part of the HR pathway, while XPC is involved in the
NER. TP73 and BBC3 are associated with cell apoptosis. Interestingly,
RBBP8 was upregulated at 2 months after SD irradiation compared to
the unirradiated control (Figure S6A). Furthermore, silencing of
LINC00261 or LINC00665 decreased and delayed radiation-induced
RAD51 formation, indicating an important role for HR of these
lncRNAs (Figure S6B). These results demonstrate that the lncRNAs
LINC00261 and LINC00665modulate DNA repair pathways.

Loss of LINC00261 or LINC00665 increases the expression of

miR-329

Next, we analyzed which molecules were involved in mediating the
observed lncRNA-associated RBBP8 and XPC gene regulation. Inter-
estingly, we saw an interdependent regulation of LINC00261 and
LINC00665, while the expression of the neighboring genes FOXA2
and ZFP14 was not changed after lncRNA knockdown (Figures 6A
and 6B). As lncRNA has been reported to impact gene expression
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 177
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Figure 2. LINC00261 and LINC00665 expression

levels negatively correlate with overall survival of

prostate cancer patients

(A) lncRNA expression in normal human prostate and

human prostate cancer tissue. Data were obtained from

The Atlas of Non-coding RNAs in Cancer (TANRIC)

database. (B) Kaplan-Meier curve for overall survival of

patients with high and low expression of LINC00261,

LNC-C14ORF37-1, LINC00665, and LINC00643. Data

were obtained through the TANRIC database. Statistical

significance was calculated using the univariate Cox

proportional hazards model. See also Figures S3 and S4.
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by modulating miRNA, we evaluated the expression of different
miRNAs that are predicted to interact with RBBP8 or XPC genes as
well as with LINC00261 (Figure 6C). We found that the expression
of miR-329 was significantly increased after depletion of LINC00261
and LINC00665, indicating a potential mechanism to regulate XPC
gene expression. Furthermore, miR-329 was downregulated at
2 months after 10-Gy SD irradiation (Figure S7).

Low expression of RBBP8 or XPC is a positive prognostic

marker for prostate cancer patients

To evaluate whether the tumor expression of RBBP8 or XPC corre-
lates with patient survival, we analyzed TCGA data of prostate cancer
patients. As shown in Figure 7A, low expression of both RBBP8 and
XPC were associated with longer disease-free survival. Patients with
178 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
disease-free survival shorter than 5 years had a
significant higher tumor expression of RBBP8
or XPC than did patients with disease-free sur-
vival of more than 5 years (Figure 7A). Accord-
ingly, patients with low tumor expression of
RBBP8 or XPC had an increased disease-free
survival (Figure 7A). Overall, these data indicate
that inhibition of the radiation-induced upregu-
lation of LINC00261 and LINC00665 and there-
fore downregulation of RBBP8 and XPC genes
may be a promising strategy for treatment of
prostate cancer (Figure 7B).

DISCUSSION
Tumor adaptation is a phenomenon that can
hamper tumor eradication and successful
treatment. By inducing pro-survival processes
during or after cancer therapy, tumor cells
may be able to escape death, resulting in
incomplete remission and disease relapse.
Analyzing these adaptive changes and under-
standing the molecular mechanisms leading
to tumor cell survival may aid in finding mo-
lecular-targeted treatment strategies to both
prevent and address tumor recurrence. We
previously found great differences in tumor
adaptation such as gene expression and protein
phosphorylation depending on the fractionation regimen of irradia-
tion and on the time point after therapy.1,2 In this study, we show
that this is also the case for lncRNA expression, with the strongest
upregulation of multiple lncRNAs including LINC00261 and
LINC00665 at 2 months after an SD of irradiation. Induction of
lncRNA after DNA damage has been described before. Sharma
et al.31 observed an increase of the lncRNA DDSR1 after treatment
with DNA-damaging agents such as camptothecin or etoposide of
skin fibroblasts and tumor cells as part of the cellular DNA damage
response. Similarly, lncRNA ANRIL and GAS5 were upregulated at
24 h after gamma radiation in HeLa and MCF7 cells.32 However,
most studies focused on the immediate changes after genotoxic
stress and did not examine long-term effects of DNA damage on
lncRNA expression.
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Figure 3. Depletion of upregulated LINC00261 and LINC00665 reduces radiation survival of prostate cancer cells

(A) Schematic of the treatment schedule for establishing long-term cultures, transfecting with siRNA, and subsequent re-irradiation. (B) lncRNA expression in PC3 cells at 48 h

after siRNA transfection measured with qPCR. Samples were normalized to the control siRNA (Co si) of the PC3 10-Gy SD long-term (LT) cells (because LINC00261

expression in PC3 0-Gy SD LT cells was too low for normalization). (C andD) Basal clonogenic survival (C) and radiation survival (D) of PC3 0-Gy SD. LT and PC3 10-Gy SD. LT

cells after siRNA-mediated knockdown of LINC00261 and LINC00665. Co si was used as control. Results showmean ±SD (n = 3). *p < 0.05, **p < 0.01, Student’s t test. See

also Figures S5A–S5C.
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Interestingly, there was a trend that high expression of both
LINC00261 and LINC00665 correlated with lower survival of prostate
cancer patients. However, since prostate cancer has a relatively good
prognosis and high 5-year survival rates, longer observation periods
are necessary to determine whether increased expression of these
lncRNAs is strongly associated with poor survival. While
LINC00665 is already known to be a negative prognostic marker for
multiple tumor types,17,33,34 the function of LINC00261 seems to be
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 179
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Figure 4. LINC00261 and LINC00665 knockdown increases the number of radiation-induced residual double-strand breaks

(A and B) Number of gH2AX and 53BP1 foci (A) and representative images (B). At 2 months after an SD of 10 Gy, cells were transfected with LINC00261 and LINC00665

siRNA. Co si and unirradiated cells (0 Gy) were used as controls. At 48 h after transfection, cells were re-irradiated with 0 and 4 Gy. Samples were fixed and stained at 24 h

after irradiation. Results show mean ± SD (n = 3). *p < 0.05, **p < 0.01, Student’s t test. See also Figure S5D.

Molecular Therapy: Nucleic Acids
highly tissue-dependent. In lung adenocarcinoma, LINC00261 is re-
ported to be a tumor suppressor. LINC00261 is significantly lower ex-
pressed in non-small cell lung cancer (NSCLC) than in normal lung
180 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
tissue.20,35 Upregulation of LINC00261 expression in NSCLC cells di-
minishes cell migration and induces cell cycle and growth arrest.20 In
contrast, LINC00261 overexpression in cholangiocarcinoma (CCA) is
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associated with poor prognosis and tumor progression.36 Further-
more, knockdown of LINC00261 in CCA cells attenuates prolifera-
tion, migration, and tumor invasion by promoting epithelial-mesen-
chymal transition (EMT).36 These data show that lncRNA can have
either a tumor-suppressing or a tumor-promoting effect depending
on the cancer site.

Besides the previously mentioned functions, lncRNA can modulate
miRNA expression by acting as a sponge to decrease miRNA levels
and function.37 In line with this, we saw in parallel to increased
LINC00261 and LINC00665 levels also a downregulation of miR-329
at 2 months after irradiation. Silencing of LINC00261 and
LINC00665 resulted in increased miR-329 expression, indicating an
inhibitory interaction. Similar effects on upregulation of miR-329
expression have been reported after knockdown of other lncRNAs
such as tumor protein p73 antisense RNA 1 (TP73-AS1) or snoRNA
host gene 7 (SNHG7).38,39miR-329 is described as a tumor suppressor
in several cancer types, including glioblastoma and lung cancer.39–42

In cervical cancer cells, an lncRNA-mediated increase of miR-329
levels attenuates tumor proliferation and migration.43 Additionally,
miR-329 overexpression correlates with sensitivity to chemotherapy
in neuroblastoma and colorectal cancer, and therefore targeting
lncRNA that inhibit miR-329 to increase miR-329 expression may
be a potential therapeutic approach for resistant tumors.39,40

Recently, the crucial role of lncRNA in the cellular DNA damage
response has emerged. Besides serving as interaction platforms for
DNA repair factors at the DNA damage site and facilitating DNA
focus formation,31,44 lncRNAs can also regulate radiation survival
and radiosensitivity by affecting gene expression of DNA repair fac-
tors similar to the effects we have seen for LINC00261 and
LINC00665. CtIP (RBBP8) is a key molecule of the HR repair
pathway, while XPC is involved in the NER pathway and in NHEJ
repair.24,28 We found a correlation between high expression of both
molecules with reduced disease-free survival for patients suffering
from prostate cancer. Although CtIP and XPC are part of the DNA
repair machinery and therefore involved in preserving genome integ-
rity by preventing DNA mutations and tumorigenesis,45,46 overex-
pression in cancer has been shown to be associated with poor
outcome and therapy resistance in some tumor types. A high level
of CtIP is a negative prognostic marker for plasma cell myeloma
and gastric cancer.47,48 Furthermore, targeting of XPC in colorectal
cancer increases the sensitivity to cisplatin, whereas upregulation
leads to cisplatin resistance.49 Similar results have been obtained in
lung carcinoma cells.50 In addition to decreased CtIP expression,
RAD51 foci formation, a key step in the homologous repair pathway,
was also reduced in LINC00261- and LINC00665-depleted cells,
further corroborating the role of these lncRNAs for DNA repair.51
Figure 5. LINC00261 and LINC00665 depletion alters the expression of DNA da

At 2months (LT) after an SD of 10Gy, PC3 cells were infectedwith shRNA-containing viru

lncRNA, two different shRNA sequences were used. A non-targeting sequence was u

molecules was analyzed with the RT2 Profiler PCR array human DNA repair pathway-foc

See also Figure S6.
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In this study we show that the radiation-induced adaptive response of
tumors is not limited to changes in gene expression and protein phos-
phorylation but also includes modulation of non-coding RNAs. The
molecular mechanisms that lead to cancer cell survival after radiation
or chemotherapy are complex and still widely unknown since they are
dependent on multiple factors such as tissue type, treatment regimen,
and time after therapy. Targeting adaptive tumor changes is a unique
and novel approach to improve cancer treatment efficacy demon-
strated here for lncRNAs as an example for prostate cancer patients.

MATERIALS AND METHODS
Cell culture and radiation exposure

PC3 cells were obtained from the NCI tumor bank in 2015 and used
up to a passage number of 15. For the experiments, asynchronously
and exponentially growing cells were cultured in RPMI 1640 contain-
ing GlutaMAX (Invitrogen) supplemented with 10% fetal bovine
serum (FBS, Invitrogen). Testing for mycoplasma was performed
on a monthly base. Cells were incubated at 37�C and 5% CO2.

Irradiation was performed at room temperature using SDs ormultiple
fractions of 320-kV X-rays with a dose rate of 2.3 Gy/min (Precision
X-Ray). MF radiation was carried out as described before with two
times 1 Gy per day (with a 6-h time interval between both radia-
tions).1 For long-term PC3 cultures, irradiated and unirradiated cells
were passaged twice a week and cultured for at least 8 weeks after ra-
diation before the cells were plated for experiments.

3D colony formation assay

3D cell culture models have been shown to mimic the conditions
in vivo and better predict the effects of molecular targeting on radia-
tion survival than conventional 2D cell culture models.29,30 Therefore,
we used 3D colony formation assays to assess the effect of lncRNA
depletion on cell survival. 3D colony formation assays were per-
formed as previously described.52,53 To prevent adhesion of cells to
the bottom of the plates, 96-well plates were coated with 1% agarose
(Sigma). Single cells were embedded in Matrigel (Corning Life Sci-
ences) with a concentration of 0.5 mg/mL. After 8 days, images of col-
onies were obtained using an EVOSmicroscope with a�2.5 objective.
An ImageJ cell counter was used to count cell clusters with more than
50 cells. Surviving fractions were calculated as follows: (treated colony
number/untreated colony number).52

Whole-genome gene expression analysis

Prostate cancer cells were irradiated with a single radiation dose of
10 Gy or MF radiation with 10 fractions of 1 Gy (two fractions per
day) with a cumulative dose of 10 Gy as published. Total RNA was
extracted at 24 h and 2 months after irradiation from three replicates
using a QIAshredder spin column (catalog no. 79654, QIAGEN) as
mage repair genes

s directed against LINC00261 or LINC00665. To exclude off-target effects, for every

sed as control for normalization. Gene expression of DNA damage repair-related

used array. Results show mean ± SD (n = 3). *p < 0.05, **p < 0.01, Student’s t test.
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Figure 6. Loss of LINC00261 and LINC00665 results in upregulation of miR-329

(A and B) LINC00261 and LINC00665 (A) as well as FOXA2 and ZFP14 (B) expression after an shRNA (sh-)mediated knockdown of LINC00261 or LINC00665. A vector with a

non-targeting sequence (NTS) was used as control. (C) Expression changes in microRNA predicted to regulate RBBP8 and XPC genes after depletion of LINC00261 or

LINC00665. Results show mean ± SD (n = 3). **p < 0.01, Student’s t test. See also Figure S7.
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previously published.2 Unirradiated cells were used as controls. All
extracted RNAs were purified with an RNeasy mini kit (QIAGEN).
The microarray analysis was done using CodeLink Whole Genome
Bioarrays representing 55,000 probes. CodeLink Expression Analysis
software (GE Healthcare) was used to process the scanned images
from arrays (gridding and feature intensity), and the data generated
for each feature on the array were analyzed with GeneSpring software
(Agilent Technologies). Raw intensity data for each gene on every array
were normalized to the median intensity of the raw values from that
array.

Stable shRNA-mediated knockdown of lncRNA

Stable knockdown of lncRNA was performed as previously pub-
lished.1 293T cells were transfected with shRNA-containing plasmids
(Dharmacon), and the psPAX2 and pMD2.VSVG packaging con-
structs were transfected using Lipofectamine 2000 (Invitrogen). A
non-targeting sequence vector was used as the control. The virus-con-
taining media were harvested and filtered through a 0.45-mm polyvi-
nylidene fluoride (PVDF) syringe filter (Millipore). PC3 cells were
transduced with the virus-containing media and 8 mg/mL Polybrene
(Sigma). The selection was performed with puromycin (InvivoGen).
Knockdown of lncRNA expression was confirmed by qPCR. For
each lncRNA, two different shRNA sequences were used.

siRNA transfection

At 24 h after cell plating, cells were incubated with a pool of four
siRNA duplexes (SMARTpool) targeting LINC00261 or LINC00665
RNA expression and DharmaFECT 4 transfection reagent (Dharma-
con) according to the manufacturer’s protocol and as previously
described.54 A nontargeted siRNA pool (Dharmacon) was used as
the control. At 24 h after transfection, cell cultures were plated for col-
ony formation assays, foci analysis, or quantitative real-time PCR.
Irradiation or RNA extraction was carried out at 48 h after transfec-
tion (time point of maximal knockdown).

Real-time PCR

For quantitative real-time PCR, 1 mg of total RNA was reverse tran-
scribed using RT2

first-strand synthesis kits (QIAGEN, 330401) as
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 183
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Figure 7. RBBP8 and XPC are associated with decreased disease-free survival in human prostate cancer

(A) Gene expression of RBBP8 and XPC in 337 prostate cancer samples. Gene expression in patients with disease-free survival longer than 5 years and shorter than 5 years is

shown as boxplots. Kaplan-Meier curves for disease-free survival of the low expression group (lower third), medium expression group (middle third), and high expression

group (upper third). Expression data were obtained from TCGA database and KM-express analysis tool. For statistical analysis, the Student’s t test was used. (B) Schematic

of how LINC00261 and LINC0065 regulate DNA repair and survival.
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previously published.2 RT2 SYBR Green ROX qPCR master mix
(QIAGEN, 330520) and RT2 qPCR primer assays (QIAGEN, 330001)
were used for expression analysis of LINC00261, LINC00665, FOXA2,
and ZFP14. Expression values were normalized to the housekeeping
gene GAPDH. For quantitative real-time PCR reactions, an Applied
Biosystems thermal cycler (QuantStudio 3) was used. After a holding
stage at 95�C for 15 min, 40 cycles of alternate denaturation at 95�C
for 15 s and annealing/extension at 60�C for 1 min were performed.
Amelt curve analysis was performed to ensure the specificity of the cor-
responding real-time PCR reactions. Fold change was calculated as
2�DDCt, where DDCt = DCt (test) � DCt (control), DCt = Ct (gene) –
Ct (GAPDH), andCt is the threshold cycle number. All assays were per-
184 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
formed in triplicates. Statistical significance was calculated using an un-
paired Student’s t test.

Focus array

Extracted RNA was subjected to complementary cDNA synthesis us-
ing RT2

first-strand cDNA synthesis (QIAGEN, 330404) according to
the manufacturer’s instructions and as previously published.1 Quan-
titative real-time PCR was performed using RT2 SYBR Green qPCR
master mix. The reaction (25 mL) along with cDNA was aliquoted
into the wells of an RT2 Profiler PCR array (human DNA damage
signaling pathway; QIAGEN, 330231, PAHS-029ZA), which contains
84 genes involved in DNA damage signaling pathway pre-dispensed,
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laboratory-verified, specific primer pairs. This enabled us to analyze
expression of a focused panel of genes related to the ATR/ATM
signaling network and transcriptional targets of DNA damage
response. Data were analyzed using the RT2 Profiler array analysis
software version 3.5 (SABiosciences). Relative gene expression was
calculated by normalization to the arithmetic mean of five house-
keeping genes (ACTB, B2M, GAPDH, HPRT1, RPLP0).

miRNA expression analysis

To identify potential miRNA that could function as a link between the
lncRNAs LINC00261 and LINC00665 and the genes RBBP8 and XPC,
we used DIANA Tools v2,55 the miRWalk database (http://mirwalk.
umm.uni-heidelberg.de/),56 and the miRDB database (http://www.
mirdb.org/).57 200 ng of total RNA was reverse transcribed into
cDNA with miScript II RT kit (QIAGEN, 218160) to preferentially
convert mature miRNAs into cDNA according to the manufacturer’s
protocol. miScript primer assays (QIAGEN, 218300) were subse-
quently used to detect differential expression in irradiated versus con-
trol samples. Quantitative real-time PCR reactions were performed in
an Applied Biosystems thermal cycler (ABI 7500). PCR steps included
the holding stage at 95�C for 10 min followed by 40 cycles of alternate
denaturation at 95�C for 15 s, annealing at 55�C for 30 s, and exten-
sion at 70�C for 35 s. A melt curve analysis was performed to ensure
the specificity of the corresponding real-time PCR reactions. snoRNA
U6 was used as the normalizing control. All assays were performed in
triplicate. Statistical significance was calculated using a Student’s un-
paired t test.

Foci analysis

For analysis of residual DNA DSBs, immunofluorescence staining of
gH2AX and 53BP1 was performed.5 At 24 h after plating, cells were
re-irradiated with an SD of 4 Gy (X-ray) and incubated for 24 h at
37�C, 5% CO2. Fixation was accomplished using 3% formaldehyde/
PBS for 15 min. After permeabilization with 0.25% Triton X-100/
PBS for 10 min, samples were blocked with 3% BSA/PBS for
30 min. Staining of gH2AX and 53BP1 was carried out with specific
antibodies overnight at 4�C and with secondary antibodies for 1 h at
room temperature. Cell nuclei were stained with Vectashield/DAPI
mounting medium (Alexis). Images were acquired using an AxioIma-
ger.Z1/ApoTome microscope (Zeiss).

lncRNA/gene expression analysis in patient samples

For lncRNA expression analysis, the interactive platforms TAN-
RIC (https://www.tanric.org) and MiTranscriptome (http://
mitranscriptome.org) were used.58,59 lncRNA expression data
were analyzed in prostate cancer and normal prostate samples
from patients included in TCGA database. For survival analysis,
patient survival was analyzed in patients with a low and high
expression of the indicated lncRNA. For gene expression analysis
of RBBP8 and XPC, TCGA data were assessed using the online
analysis tool KM-express.60 Normalized TCGA mRNA expression
was evaluated for prostate cancer patients with a disease-free sur-
vival of exactly or more than 5 years and compared to patients
with a disease-free survival of less than 5 years. Additionally, pa-
tients were grouped in a high expression group (upper third), a
medium expression group (middle third), and a low expression
group (lower third), and disease-free survival of these groups
was depicted with a Kaplan-Meier curve. Significant differences
in gene expression were calculated with a two-sided Student’s t
test.

Data analysis

Analysis of data was performed with Microsoft Excel 2013 or R soft-
ware as published.1 Fold change was calculated by normalizing the
measured values to the corresponding control. Statistical significance
was tested with an unpaired, two-sided Student’s t test. Results were
considered statistically significant when a p value of less than 0.05 was
reached.
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