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Depletion of signal recognition particle 72kDa increases radiosensitivity
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ABSTRACT
The identification of genetic determinants that underpin tumor radioresistance can help the development
of targeted radiosensitizers or aid personalization of radiotherapy treatment. Here we identify signal
recognition particle 72kDa (SRP72) as a novel gene involved in radioresistance. Knockdown of SRP72
resulted in significant radiosensitization of HeLa (cervical), PSN-1 (pancreatic), and T24 (bladder), BT-549
(breast) and MCF7 (breast) tumor lines as measured by colony formation assays. SRP72 depletion also
resulted in the radiosensitization of normal lung fibroblast cell lines (HFL1 and MRC-5), demonstrating that
the effect is not restricted to tumor cells. Increased radiosensitivity was not due to impaired DNA damage
signaling or repair as assessed by g-H2AX foci formation. Instead SRP72 depletion was associated with
elevated levels of apoptosis after irradiation, as measured by caspase 3/7 activity, PARP-cleavage and
Annexin-V staining, and with an induction of the unfolded protein response. Together, our results show
that SRP72 is a novel gene involved in radioresistance.
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Introduction

Radiotherapy is a critical component of cancer treatment, with
more than 50% of cancer patients receiving this treatment in
high-income countries.1 However, because the maximum dose
that can be safely delivered to the tumor is limited by the dose
tolerance of the normal surrounding tissue,2 the amount of
radiation given to the patient is often not enough to sterilize
the irradiated tumor. If tumor cells could be selectively made
more sensitive to radiation, this could improve the effectiveness
of radiotherapy. Furthermore, identifying the genetic determi-
nants of tumor radioresistance may enable identification of
patients with radioresistant tumors based on molecular profil-
ing. In an effort to identify novel determinants of tumor radio-
sensitivity, we recently screened a ‘kinome’ siRNA library, and
identified several potential targets.3 In this paper, we describe
how one of these targets, signal recognition particle 72kDa
(SRP72), modulates radiosensitivity. SRP72 was chosen for fur-
ther investigation because it had not been previously associated
with radiosensitivity and Oncomine data suggested an elevated
expression in tumor samples.4 This differential expression
between tumor and normal tissues raised the possibility that
disruption of SRP72 might cause tumor specific effects and
therefore be an effective therapeutic strategy.

SRP72 is part of a ribonucleoprotein complex, known as the
signal recognition particle (SRP), which targets secretory pro-
teins to the rough endoplasmic reticulum, ahead of being
integrated as trans-membrane or secreted proteins.5 The
importance of this is to help secretory proteins travel across the

hydrophobic lipid bi-layers, preventing the proteins from
obtaining unfavorable structural conformations.5 The SRP
binds to the hydrophobic residues of the nascent secretory pro-
tein,6,7 which prevents further elongation of the polypeptide.
The SRP then targets the ribosome bound nascent chain to
the rough endoplasmic reticulum by binding to the SRP
receptor.8-11 When the SRP complex disassociates from the ER,
elongation resumes and translocation commences. SRP72 is the
least characterized subunit of the SRP ribonucleoprotein
complex,12-14 and its role in tumor radioresistance is unknown.
The aim of this study is to validate SRP72 as a modulator of
tumor radiosensitivity.

Results

SRP72 depletion increases radiosensitivity

Following the identification of SRP72 in the siRNA library
screen,3 we confirmed that this finding was not due to off-
target effects of the library siRNA, by using 2 separate siRNA
from a vendor different from the one used in the screen.
Knockdown of SRP72 significantly radiosensitized HeLa
cells, producing SER10 values of 1.34 and 1.25 for siSRP72–1
and siSRP72–2, respectively (Fig. 1A). Knockdown of gene
products were confirmed by immunoblotting. The 0 Gy plat-
ing efficiencies (PE) for SRP72 knockdown cells were lower
than the non-targeting control siRNA (siNT), suggesting
that depletion of SRP72 also reduces cell viability in the
absence of radiation.
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To demonstrate that the observed radiosensitivity was
not exclusive to HeLa cells, colony formation assays were
conducted in cell lines derived from tumor types where
radiotherapy plays an important role in routine clinical
practice. The T24 (bladder carcinoma), PSN-1 (pancreatic
adenocarcinoma), MCF7 and BT-549 (2 breast ductal
carcinoma) cell lines were all radiosensitized following
depletion of SRP72 using siSRP72–1. Efficient knockdown
was confirmed for all cell lines (Fig. 1C). Reduced plating

efficiency was again observed following SRP72 suppression
(Fig. 1B). In the head and neck squamous cell carcinoma
cell line SQ20B, SRP72 knockdown was completely lethal
(Plating efficiency was 0% for SRP72 siRNA versus 31%
for siNT).

To gauge whether SRP72 could be a potential therapeutic
target, we sought to determine whether the radiosensitization
was tumor specific. However, the normal lung fibroblast cell
lines, MRC-5 and HFL1 were both significantly radiosensitized

Figure 1. SRP72 knockdown causes tumor cell radiosensitization. (A) Colony forming assay of HeLa cells irradiated following transfection with non-targeting (siNT),
siSRP72–1 and siSRP72–2 siRNA. Knockdown was confirmed by immunoblotting (inset). (B) Colony forming assay of T24, PSN-1, MCF7 and BT-549 cells, irradiated follow-
ing transfection with siNT and siSRP72–1. (C) Knockdown of siRNA transfections from (B) confirmed by immunoblotting. Colony forming assay: representative of n D 3
experiments, data show the mean C/¡ SD from triplicate wells, p-values generated by factorial 2-way ANOVA and the sensitization enhancement ratio at 10% surviving
fraction (SER10) are indicated.
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following the knockdown of SRP72 (Fig. 2A, B), suggesting that
targeting SRP72 in cancer patients is unlikely to improve the
therapeutic window.

SRP72 depletion potentiates apoptosis

Next we sought to identify the mechanism by which SRP72-
depleted cells died following radiation. HeLa cells were used for
these mechanistic experiments because of the efficient and
reproducible SRP72 knockdown that was achieved in this cell
line. In the first instance we investigated whether there were
any differences in radiation-induced cell cycle arrest following
SRP72 depletion. Knockdown of SRP72 in HeLa cells resulted
in a reduced radiation-induced G2 arrest compared with siNT
(Fig. 3A). Although the reduction was not statistically signifi-
cant across separate experiments (Fig. 3B), this observation
does suggest an effect on cell cycle checkpoints. We subse-
quently looked into DNA repair following radiation. DNA
damage foci quantification showed that cells with SRP72
knockdown showed no significant difference in g-H2AX foci at
30 min and 24 hours after irradiation when compared with
siNT (Fig. 3C and D). This suggests that the observed radiosen-
sitization is not the result of increased radiation-induced DNA
damage or reduced DNA repair.

Subsequently, we investigated whether elevated apoptosis
could explain the increased cell death. Analysis of the sub-G1
population in the cell cycle profiles shown earlier did not iden-
tify a significant increase in apoptosis (Fig. 3B). However, these
analyses were done at early time points, and we therefore
decided to assess apoptosis 3 d after irradiation. Levels of apo-
ptosis were investigated following knockdown and irradiation

of SRP72-depleted cells. Poly (ADP-ribose) polymerase
(PARP) cleavage when measured by immunoblotting following
IR was strongly increased comparing siNT to siSRP72
(Fig. 4A). The elevation in apoptosis was further confirmed by
Annexin-V PI staining and Caspase activity assays (Fig. 4B, C).
Knockdown of SRP72 also caused an increase in Caspase 3/7
activity and Annexin-V staining in the absence of radiation,
mirroring the reduced plating efficiencies seen in the clono-
genic assays. These assays were performed using both SRP72
siRNAs, siSRP72–1 and siSRP72–2, further confirming the
absence of off-target effects.

SRP72 depletion does not affect protein synthesis
and induces the unfolded protein response

As SRP72 is involved in the targeting of polypeptides across the
endoplasmatic reticulum, we investigated whether its depletion
affected protein synthesis using the non-radioactive SUnSET
assay.15 This method measures the incorporation of puromy-
cin, a structural analog of aminoacyl tRNA, into nascent poly-
peptides, which can subsequently be detected with a
puromycin antibody. Using this assay, we could not detect any
apparent decrease in protein synthesis in SRP72 siRNA trans-
fected cells (Fig. 5A, B). Effective protein synthesis inhibition
was demonstrated after incubation cycloheximide, which inter-
feres with the translocation step in protein synthesis, thus vali-
dating the assay.

As it is conceivable that disruption of the signal recognition
complex leads to accumulation of misfolded proteins triggering
the unfolded protein response, we investigated whether this
was the case following SRP72 depletion. We measured the

Figure 2. SRP72 knockdown radiosensitizes normal tissue cell lines. (A) Colony forming assay of MRC-5 and HFL1 cells irradiated following transfection with siNT and
siSRP72–1. (B) Confirmation of knockdown by immunoblotting. Colony forming assay: representative of n D 3 experiments, data show the mean C/¡ SD from triplicate
wells, p-values generated by factorial 2-way ANOVA and the sensitization enhancement ratio at 10% surviving fraction (SER10) are indicated.
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induction of 3 genes known to be induced during the unfolded
protein response, ATF4, CHOP, and ERDJ416,17 and used the
N-glycosylation inhibitor tunicamycin, a potent ER stress
inducer,17 as positive control. Indeed we found that the mRNA
levels of all 3 genes were increased following siSRP72 transfec-
tion (Fig. 5C), confirming that SRP72 depletion induces the
unfolded protein response.

Discussion

In this paper we show for the first time that a component
of the signal recognition particle, SRP72, modulates radio-
sensitivity. The decreased radiosurvival in SRP72-depleted
cells was associated with a delayed G2/M arrest but was not
caused by an inhibition in DNA damage signaling or repair.
Instead we found that the radiosensitivity caused by SRP72
knockdown was associated with an elevation in apoptosis.

Increased apoptosis was also found in SRP72-depleted cells
in the absence of irradiation. In one cell line, the head and
neck cancer line, SQ20B, depletion of SRP72 was completely
lethal, suggesting that the degree of SRP72 dependency is
cell line specific. The decreased survival in clonogenic sur-
vival assays suggests that apoptosis is synergistically
increased in the context of irradiation. SRP72 depletion did
not affect protein synthesis but it did induce the unfolded
protein response, which is likely to be a major cause of the
increased levels of apoptosis in these cells.

Although we did not specifically investigate the other com-
ponents of the signal recognition particle, analysis of our
siRNA screen data suggested that depletion of 2 other compo-
nents, SRP54 and SRPRB, did not significantly increase radio-
sensitivity (ref.18 and unpublished observations).

There is minimal literature regarding SRP72 and its involve-
ment in cancer progression or radioresistance. A study

Figure 3. Cell cycle profile and DNA-damage foci formation following SRP72 knockdown and irradiation. (A) Cell cycle profile of HeLa cells irradiated 72 hours after trans-
fection with siSRP72–1. Cells were fixed at different time points post-irradiation and stained with propidium iodide followed by flow cytometry and curve fitting with
ModFit software (dark gray: G1, white: S; light gray: G2/M); representative of n D 3 experiments. (B) Quantification of the cell cycle profiles and sub-G1 population from 3
individual experiments. (C) DNA damage foci at 24 hours after IR. HeLa cells were irradiated at 6 Gy 72 hours after transfection with siSRP72–1, fixed 24 hours later and
probed for g-H2AX. Foci were imaged and quantified using the IN Cell analyzer, counting at least 500 cells per well. (D) DNA damage foci at 30 min after IR. HeLa cells
were irradiated at 1 Gy 72 hours after siRNA transfection with siSRP72–1 and fixed 30 min later and treated as described in (C). Representative experiment of n D 3 is
shown. Foci data are the mean C/¡ SD from triplicate wells. Unpaired 2-sided students t-tests comparing siNT to siSRP72, ��p < 0.01. Radiation doses of 1 Gy and 6 Gy
were used for the 30 min and 24h foci time points, respectively, to ensure optimal foci quantification.
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exploring the differences between how death receptor 4 and 5
(DR4 & DR5) are regulated in response to TRAIL mediated
apoptosis identified SRP72 as a regulator of this response.19

The authors found that depleting SRP72 in HCT15 cells con-
ferred resistance against DR4 dependent apoptosis.19 In con-
trast to our results, they did not see a reduction in cell viability
or growth arrest with SRP72 knockdown.

Depletion of SRP72 caused radiosensitization in tumor lines
derived from several histological sites suggesting that it is not
restricted to tumor type. However, as non-cancerous lung
fibroblast cells were also radiosensitized by SRP72 depletion,
drug inhibition of SRP72 is unlikely to be a useful therapeutic
strategy, as it is not anticipated to improve the therapeutic win-
dow for radiotherapy treatment. Nevertheless, expression of
SRP72 may be associated with radioresistance and we are cur-
rently assessing whether this gene will be included in an ‘intrin-
sic radiosensitivity’ signature to predict patients’ response to
radiotherapy.

Materials and methods

Cell culture

HeLa, BT-549, PSN-1, T24, MRC-5, HFL1 and MCF7 cells
were purchased from American Type Culture Collection
(ATCC). SQ20B cells were supplied by Dr. Ralph Weichsel-
baum (University of Chicago). HeLa, BT-549, PSN-1 and
MCF7 were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) and T24 in RPMI. MRC-5 cells were cultured in

minimum essential medium (MEM). HFL1 cells were cultured
in DMEM/F-12. Media (Sigma) were supplemented with 10%
Fetal Bovine Serum (FBS). Cells were regularly tested for myco-
plasma using the MycoAlert kit (Lonza). Cell lines grown
beyond 4 months after purchase were authenticated by the
DNA Diagnostics Center by short tandem repeat (STR)
profiling.

siRNA transfections

Cells were transfected in 6-well plates with siRNA using INTER-
FERin-HTS (Polyplus) transfection reagent in a reverse transfec-
tion procedure. Ambion Silencer Select siRNA (20 nMol/L; Life
Technologies) was used for all assays. The sense strand
sequences for SRP72 were as follows: SRP72 (1): GGACAAGU-
GUUAUACCGUU and SRP72 (2): GGCAAUUAGUGACCUA-
CAA. Silencer Select Negative Control No. 1 siRNA was used as
negative control. The volume of INTERFERin-HTS ranged from
1 ml to 2 ml per well and the seeding density from 150,000 to
200,000 cells per well, depending on the cell line. Cells were re-
plated for colony formation assays, knockdown confirmation,
and other downstream assays 72 hours after transfection.

Colony formation assays

Single cell suspensions of siRNA transfected cells were plated
in 6-well plates and left 4 hours at 37�C (5% CO2) to adhere.
For unirradiated plates, 200 cells were plated per well (1000

Figure 4. SRP72 knockdown potentiates apoptosis following IR. HeLa cells were irradiated with 6 Gy IR 72 hours after siRNA transfection with siNT and siSRP72–1 and
siSRP72–2. (A) Immunoblotting with cleaved PARP-1 antibody on cell lysates obtained 72 hours post irradiation, representative experiment of n D 3. (B) Annexin-V/PI
staining performed 72 hours post irradiation and samples analyzed by flow cytometry, representative experiment of n D 3 is shown, data represented as mean C/¡ SD
from triplicate wells. Unpaired 2-sided students t-tests comparing siNT to siSRP72 knockdown, ��p < 0.01, ���p < 0.001. (C) Caspase 3/7 activity measured 72 hours post
irradiation and normalized to cell viability readout. Representative experiment of nD 3 is shown, data show the meanC/¡ SD from triplicate wells. Unpaired 2-sided stu-
dents t-tests comparing siNT to siSRP72 knockdown, ���p< 0.001.
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cells in the case for MRC-5 and HFL1 cells) and this number
was doubled for each 2 Gy of increased radiation dose. Plates
were irradiated at 2, 4 and 6 Gy using a caesium-137 irradia-
tor, Gamma Service: GSR D1; dose rate 1.938 Gymin¡1.
Colonies were grown for 10–14 d and stained with crystal
violet.

Treatment effects on dose survival curves were calculated as
follows:

a) Survival data was fitted using non-linear regression with
the linear quadratic equation: S D exp - (aD C bD2), S
denotes survival probability, D (Gy) is radiation dose
and a (Gy¡1) and b (Gy¡2) are parameter constants. An
indicator variable was introduced to specify targeting
and non-targeting condition as described previously.20

The sensitization enhancement ratio at 10% surviving
fraction (SER10) was calculated: SER10: Duntreated /
Dtreated, where Duntreated and Dtreated yield 10% survival as
calculated using a (Gy¡1) and b (Gy¡2) parameters.

b) A factorial 2-way ANOVA was performed with survival
as the dependent variable and dose levels (2, 4 and 6 Gy)
and treatment (siRNA) as the 2 factors; interaction
between dose and treatment was estimated.

Immunoblotting

Protein lysates were prepared using RIPA lysis buffer (Thermo
Scientific) and proteins were separated using SDS-PAGE elec-
trophoresis followed by immunoblotting. Bound antibodies
against SRP72 (Epitomics, #T1841) and cleaved PARP-1 (New
England Biolabs, #9541) were detected by developing film
exposed to nitrocellulose membrane incubated with chemilu-
minescence reagent (SuperSignal, Millipore).

Immunofluorescence

siRNA-transfected cells were re-plated into 96-well plates and
left to adhere for 4 hours at 37�C before irradiation. Plates were
then fixed at different time points using 3% formaldehyde. Cells
were probed for g-H2AX (Upstate/Millipore, #05–636)
antibody as described previously,21 and foci were imaged and
quantified using an IN Cell Analyzer (GE).

Flow cytometry

siRNA-transfected HeLa cells were re-plated into 6-well plates
at a concentration of 1 £ 105 cells/well. Plates were left to

Figure 5. SRP72 depletion induces the unfolded protein response. (A) SRP72 depletion does not affect protein synthesis. Four days after transfection with siSRP72–1,
HeLa cells were labeled with puromycin in the presence or absence of the translation inhibitor cycloheximide. Cell lysates were analyzed by Western blotting with anti-
puromycin antibody. Representative experiment of nD 3 is shown. (B) Quantification of the Western blots from 3 experiments by densitometric scanning and normalizing
to the vinculin loading controls and no-puromycin lanes. Data show the mean C/¡ SD. (C) Expression levels of 3 markers for the unfolded protein response. Four days
after transfection with siSRP72–1 or 24 hours after treatment with tunicamycin, mRNA levels of ATF4, CHOP, ERDJ4 were analyzed by qRT-PCR. Representative experiment
of nD 3 is shown, data show the mean C/¡ SD from duplicate wells. Unpaired 2-sided students t-tests comparing siNT to siSRP72 knockdown, �p < 0.05.
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adhere for 4 hours and irradiated at 6 Gy. For cell cycle analy-
sis, cells were fixed at different time points using ice cold 70%
ethanol and after a PBS wash stained in Propidium iodide
(PI) staining solution (50 mg/ml PI, 200 mg/ml RNase).
Stained cells were run on a BD FACScan flow cytometer and
plots analyzed using ModFit software. For Annexin-V/PI
staining, cells were stained using the Annexin-V-FLUOS stain-
ing kit (Roche) as per manufacturer’s instructions. Samples
were run on a FACSCalibur and analyzed by CellQuest (Bec-
ton Dickinson).

Caspase 3/7 activity assay

Cells were plated into 96-well plates and left to adhere for
4 hours at 37�C before irradiation at 6 Gy and incubated for
another 72 hours. Prior to caspase activity measurement, cells
were first incubated with 50ml 10 mg/ml resazurin (Sigma) in
medium for 1 hour before fluorescence measurement at 560Ex/
590Em on a POLARstar Omega plate reader to assess cell num-
ber. Subsequently, 50 ml of Caspase-Glo 3/7 assay (Promega)
solution was added, plates were left for 1 hour at room temper-
ature and luminescence was read using a POLARstar Omega
plate reader. Luminescence values were normalized to cell
number fluorescence values to account for cell number differ-
ences between wells.

Measurement of protein synthesis

Cells were incubated with 10 mg/ml puromycin for 30 min at
37�C, followed by a further 60 min at 37�C after washout of
the puromycin. Cycloheximide (20 mM) was added 20 min
before puromycin addition as a positive control for inhibition
of protein synthesis. Protein lysates were prepared as
described above and incorporated puromycin was detected by
Western blotting with monoclonal anti-puromycin (Millipore,
#MABE343).

qRT-PCR for unfolded protein response

Four days after siRNA transfection or 24 hour after treatment
with 1 mg/ml tunicamycin, RNA was extracted using the RNeasy
kit (Qiagen) followed by cDNA synthesis using the qPCRBIO
cDNA synthesis kit (PCR Biosystems). PCR was performed with
the Brilliant II SYBR green kit (Agilent Technologies) using the
following primers. GAPDH-F: CCGCATCTTCTTTTGCGTCGC,
GAPDH-R: AAATGAGCCCCAGCCTTCTCCATG. ATF4 F: T
GACCTGGAAACCATGCCAG, ATF4 R: AATGATCTGGAGT
GGAGGAC, CHOP F: GGAGCATCAGTCCCCCACTT, CHOP
R: TGTGGGATTGAGGGTCACATC, ERDJ4 F: AAAATAA-
GAGCCCGGATGCT, ERDJ4 R: CGCTTCTTGGATCCAG
TGTT. Ct values were converted into relative copy number and
normalized to the GAPDH control.
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