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Background: Nuclear translocation and activity of EGFR are correlated with radioresistance of cancer.
Results: PNPase, identified as a novel EGFR interacting partner, is inactivated by DNAPK-mediated Ser-776 phosphorylation
and contributes to radiosensitivity of cancer.
Conclusion: An entirely new mechanism of nuclear EGFR in radioresistance is discovered.
Significance: This study provides new insight into resistance of breast cancer to radiotherapy.

Nuclear existence of epidermal growth factor receptor
(EGFR) has been documented for more than two decades.
Resistance of cancer to radiotherapy is frequently correlated
with elevated EGFR expression, activity, and nuclear transloca-
tion. However, the role of nuclear EGFR (nEGFR) in radioresis-
tance of cancers remains elusive. In the current study, we iden-
tified a novel nEGFR-associated protein, polynucleotide
phosphorylase (PNPase), which possesses 3� to 5� exoribonu-
clease activity toward c-MYC mRNA. Knockdown of PNPase
increased radioresistance. Inactivation or knock-down of EGFR
enhanced PNPase-mediated c-MYC mRNA degradation in
breast cancer cells, and also increased its radiosensitivity. Inter-
estingly, the association of nEGFR with PNPase and DNA-de-
pendent protein kinase (DNAPK) increased significantly in
breast cancer cells after exposure to ionizing radiation (IR). We
also demonstrated that DNAPK phosphorylates PNPase at Ser-
776, which is critical for its ribonuclease activity. The phospho-
mimetic S776D mutant of PNPase impaired its ribonuclease
activity whereas the nonphosphorylatable S776A mutant effec-

tively degraded c-MYCmRNA. Here, we uncovered a novel role
of nEGFR in radioresistance, and that is, upon ionizing radia-
tion, nEGFR inactivates the ribonuclease activity of PNPase
toward c-MYC mRNA through DNAPK-mediated Ser-776
phosphorylation, leading to increase of c-MYC mRNA, which
contributes to radioresistance of cancer cells.

Epidermal growth factor receptor (EGFR)4 is a member of
the ErbB family of receptor-tyrosine kinases (RTKs) comprised
of four structurally related receptors, namely EGFR (ErbB1/
HER1), ErbB2 (HER2/Neu), ErbB3/HER3, and ErbB4/HER4
(1). Overexpression of EGFR is a key frequent event of human
tumors that acquire aggressive tumor behaviors, such as
increased proliferation, metastasis, and therapeutic resistance
(2, 3). Hence, EGFR is considered as an important therapeutic
target for human cancers, and many anti-EGFR therapies have
been developed with promising pre-clinical and clinical out-
comes (4–6).
Emerging evidence demonstrates the existence of a new

model of nuclear EGFR (nEGFR) signaling pathway, which sub-
sequently controls gene expression and regulates different cel-
lular functions (7–9). Various laboratories have shown that
nEGFRcorrelateswith patient survival inmultiple cancer types,
such as oropharyngeal cancer (10, 11), esophageal carcinoma
(12), and breast cancer (9, 13).Moreover, resistance of cancer to
radiotherapy is frequently correlated with elevated EGFR
expression, activity, and nuclear translocation (14).While stud-
ies have shown that ionizing radiation (IR) triggers caveolin-1-
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driven internalization and nuclear transport of EGFR to acti-
vate DNA-dependent protein kinase (DNAPK) in response to
DNAdouble-strand break (DSB) repair (15–17) and that block-
ing IR-induced nuclear transport of EGFR by a cyclooxyge-
nase-2 (COX-2) inhibitor, celecoxib, induces tumor cell radio-
sensitization (18), the mechanism by which nEGFR drives
radioresistance in cancers remains elusive.
Polynucleotide phosphorylase (PNPase) is an evolutionary

conserved 3�-5� exoribonuclease that uses the phosphorolytic
mechanism to degrade RNA (19–22). It maps to 2p15–2p16.1
in which genomic alterations like deletion and amplification
have been implicated in human cancers, such as diffuse large
B-cell lymphoma (23) and various genetic disorders (24).
PNPase consists of five motifs, including two catalytic RNase
PH domains separated by an �-helical domain and two RNA-
binding domains, KH and S1, at the C terminus (25, 26). A
homotrimeric complex of PNPase forms a ring-shaped enzyme
with the hexameric RNase PH domains that surround a central
channel to accommodate a single-strandedRNAmolecule (27).
In the cytoplasm, PNPase has been shown to directly and spe-
cifically degrade c-MYC mRNA by its exoribonuclease prop-
erty, resulting in cell growth arrest (28).
Here, we identify PNPase as a novel nEGFR-associated pro-

tein upon IR. Inactivation of EGFR attenuates the interaction of
EGFR/PNPase/DNAPK and results in enhanced degradation of
c-MYCmRNA by PNPase in breast cancer cells. nEGFR-medi-
ated phosphorylation of PNPase at Ser-776 by DNAPK abol-
ishes the ribonuclease activity of PNPase toward c-MYC
mRNA and increases its mRNA level. The elevated level of
c-MYCmRNA caused by inactivation of PNPase contributes to
radioresistance of cancer cells.

EXPERIMENTAL PROCEDURES

Materials—The following antibodies and chemicals were
purchased from commercial companies: anti-EGFR (Lab
Vision); anti-PNPase (Santa Cruz Biotechnology); anti-
DNAPK (Thermo); anti-�-tubulin (Sigma); anti-lamin B1 (Cal-
biochem); anti-phosphoserine (Upstate); anti-V5 (GeneTex);
recombinant human EGF, DAPI (Sigma); 4-(3-chloroanilino)-
6,7-dimethoxyquinazoline (AG1478) and 4,5-dimethoxy-2-ni-
trobenzaldehyde (DMNB) (Calbiochem). Iressa was a gift from
Dr. Chia-Jui Yen (National Cheng Kung University Hospital,
Tainan, Taiwan).
Cell Culture—Human cell lines were grown in DME/F12

media with 10% fetal bovine serum, 100 units/ml penicillin, and
100�g/ml streptomycin in a humidified incubatorwith 5%CO2
at 37 °C.
Cell Extraction and Cell Lines—For total cell lysate extrac-

tion, cells werewashed twicewith phosphate buffer saline (PBS,
containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM

KH2PO4), and then lysed in RIPA Buffer (50 mM Tris at pH 7.5,
150 mM NaCl, 1 mM EDTA, 0.25% Na-deoxycholate, 1% Non-
idet P-40, 1 mM NaF, 1 mM Na3VO4, 1 mM PMSF, 1 �g/ml
aprotinin) by sonication. The soluble extraction was collected
from the supernatant after centrifugation at 15,000 � g for 10
min. The cytosolic and nuclear fractions were extracted as fol-
lows: cells were lysed in buffer A (20mMHEPES at pH 7, 10mM

KCl, 2 mM MgCl2, 0.5% Nonidet P-40, 1 mM NaF, 1 mM

Na3VO4, 1 mM PMSF, 1 �g/ml aprotinin) on ice, ground in a
glass dounce homogenizer, and centrifuged at 1500 � g for 10
min. The supernatant is the cytosolic fraction. The nuclear pel-
let was isolated and washed. The nuclei were lysed in NETN
buffer (20 mM Tris at pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5%
Nonidet P-40, 1 mM NaF, 1 mM Na3VO4, 1 mM PMSF, 1 �g/ml
aprotinin) by sonication. Both clones of radio-sensitive (231S)
and -resistant (231) MDA-MB 231 cell lines were obtained
from The Center for Molecular Medicine, China Medical Uni-
versity Hospital, Taichung, Taiwan.
INM and NP Purification—INM and NP purification were

performed as described previously with a slight modification
(29). The isolated nuclei in the nuclear fractions extracted using
cellular fractionation were resuspended in buffer A (0.25 M

sucrose, 50 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 1 mM dithio-
threitol, and protease inhibitor mixture), incubated with 1%
(w/v) sodium citrate at 4 °Cwith gentle rotation for 30min, and
centrifuged at 500 � g for 15 min. The pellet was resuspended
in buffer A and digested with DNase I (250 mg/ml; Sigma) at
4 °C for 14 h. After centrifugation at 10,000 � g for 2 h, the
supernatant was collected as an NP fraction, and the digested
pellet was then recentrifuged at 100,000 � g for 20 min in a
sucrose gradient to obtain purified INM fractions (30, 31). The
membrane fraction collected at the 0.25–1.60 M sucrose inter-
face contained the purified INM.
Immunoprecipitation and Western Blotting—Cell lysates

were pre-cleared with protein A/G-agarose (Pierce) in NETN
buffer with gentle mixing for 1 h at 4 °C. The pre-cleared lysate
were addedwith appropriate antibody and incubated overnight
at 4 °C. Afterward, protein A/G-agarose was added into the
mixture and incubated with gentle agitation for another 2 h at
4 °C to capture antibody and its associated proteins. For immu-
noblotting (IB), cell lysates were boiled at 100 °C for 5 min,
separated by SDS-PAGE, and transferred to a PVDF mem-
brane. The membrane was blocked with 5% skimmilk in PBST
buffer (PBS containing 0.1%Tween-20) for 1 h at room temper-
ature and then hybridized with primary antibody with gentle
agitation overnight at 4 °C. After washingwith PBST, themem-
brane was incubated with HRP-conjugated secondary antibody
(Chemicon) for 1 h at room temperature. The immunoreactive
band was visualized by the enhanced chemiluminescence (ECL)
detection reagent (GE Healthcare). The immunoprecipitated
nEGFRwas confirmed by sequencing (supplemental Fig. S1).
Confocal Microscopy—Cultured cells were washed three

times with PBS, fixed in 4% paraformaldehyde for 15 min, per-
meabilized with 0.5% Triton X-100 for 15 min, and incubated
with 5% bovine serum albumin (BSA) for 1 h. Cells were then
incubated with the primary antibodies overnight at 4 °C. Cells
were washed with PBS and then further incubated with the
appropriate secondary fluorescein isothiocyanate- or Texas
red-conjugated antibody (Molecular Probes) (1:500 dilution)
for 45min at room temperature.Nucleiwere stainedwithDAPI
before mounting. Confocal fluorescence images were captured
using a LSM 710 laser microscope (Zeiss).
RNA Extraction and Reverse Transcriptase-Polymerase

Chain Reaction (RT-PCR)—Total RNA was extracted with
TRIZOL reagent (Invitrogen) according to the manufacturer’s
instruction. The complementary DNA (cDNA) was synthe-
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sized from 5 �g of total RNA in a reaction mixture containing
2.5 �M oligo (dT) primer, 0.5 mM dNTP mixture, 200 units of
SuperScript III reverse transcriptase, 40 units of RNaseOUT, an
RNase inhibitor (all from Invitrogen). After incubation at 50 °C
for 50 min, the reaction mixture was heat inactivated at 85 °C
for 5 min and then treated with 2 units of RNase H at 37 °C for
20min. The quantitative PCR (q-PCR)was performedby detec-
tion of the hydrolyzed fluorescent probes from Universal Pro-
beLibrary (UPL; Roche) using the LightCycler 480 equipment
(Roche). Primers and UPL probes were designed using the
ProbeFinder software. The primer sets and the matched UPL
probe numbers are as following: c-MYC: 5�-CACCAGCAGC-
GACTCTGA-3� (forward), 5�-GATCCAGACTCTGACCTT-
TTGC-3� (reverse), and UPL probe 34; �-actin (ACTB): 5�-
ATTGGCAATGAGCGGTTC-3� (forward), 5�-GGATGCC-
ACAGGACTCCAT-3� (reverse), and UPL probe 11. The
q-PCR was examined by incubating the cDNA in a reaction
mixture containing, 0.5 �M of each primer, 0.1 �M UPL probe,
and 1-fold concentration of Probes Master reagent (Roche).
The amplification conditions were initial denaturation at 95 °C
for 10min, followed by 45 cycles of 95 °C for 10 s, 55 °C for 30 s,
and 72 °C for 1 s. The fluorescent signal was detected at 72 °C
step of each cycle. The relative quantification of interested gene
was normalized by�-actin, and calculated by the value of cross-
point (CP) in each fluorescence curve of each gene. For tradi-
tional PCR, the reaction mixture containing 2 �l of cDNA, 0.2
mM dNTP mixture, 2 �M of each primers, 1 unit of TaqDNA
polymerase, and 1-fold concentration of ThermalPol Buffer
(New England BioLabs) was started by denatured 95 °C for 5
min, followed by amplification of indicated cycles of 95 °C for
30 s, 55 °C for 30 s, and 72 °C for 30 s. The numbers of cycles for
amplification of c-MYC and �-actin were 35 and 25, respec-
tively. The primer sequences for these genes are as follows:
c-MYC: 5�-GGTCCTCAAGAGGTGCCACG-3� (forward), 5�-
TTACGCACAAGAGTTCCGTAGCTG-3� (reverse), and
�-actin: 5�-GCACTCTTCCAGCCTTCCTTCC-3� (forward),
5�-TCACCTTCACCGTTCCAGTTTTT-3� (reverse).
Gene Knock-down by Short-hairpin RNA (shRNA)—Knock-

down of genes were performed with the specific shRNAs deliv-
ered by the lentivirus system fromNational RNAi Core Facility
(Academia Sinica) according to the protocol. Briefly, to gener-
ate the lentivirus containing specific shRNA, 293T cells were
co-transfected with 2.25 �g of pCMV-�R8.91 plasmid harbor-
ing Gag and Pol genes, 0.25 �g of pMD.G plasmid containing
VSV-G gene for expression of envelope glycoprotein, and 2.5
�g of pLKO.1 plasmid bearing the specific shRNA for 16 h, and
then cultured in growth medium containing 1% BSA for
another 24 h. The cultured medium containing lentivirus was
collected and stored at �80 °C as aliquots for further use. To
deliver the specific shRNA construct, approximate 80% con-
fluent cells were infected with the lentivirus bearing specific
shRNA in growth medium containing 8 �g/ml polybrene and
incubated at 37 °C for 24 h. Afterward, cells were sub-cultured
and selected with 4 �g/ml puromycin. The specific shRNAs
used are as below, EGFR: TRCN0000039633 (shEGFR-1) and
TRCN0000039634 (shEGFR-2) corresponding to the se-
quences, 5�-GCTGAGAATGTGGAATACCTA-3� and 5�-
GCTGGATGATAGACGCAGATA-3�, respectively; PNPase:

TRCN0000035908 (shPNPase-2) and TRCN0000312599
(shPNPase-4) corresponding to the sequences, 5�-GCAAGAG-
ACTTCATTACTGAA-3� and 5�-GCAAGAGACTTCATTA-
CTGAA-3�, respectively; DNAPK: TRCN0000006257
(shDNAPK-1) and TRCN0000006259 (shDNAPK-2) corre-
sponding to the sequences, 5�-CCAGTGAAAGTCTGAATC-
ATT-3� and5�-GCAGCCTTATTACAAAGACAT-3�, respective-
ly; c-MYC:TRCN0000039642 (shMYC-2) andTRCN0000174055
(shMYC-5) corresponding to the sequences, 5�-CCTGAGACAG-
ATCAGCAACAA-3� and 5�-GAATGTCAAGAGGCGAAC-
ACA-3�, respectively. The shRNA construct against luciferase
(shLuc), TRCN0000072244 referring to the sequence, 5�-ATCA-
CAGAATCGTCGTATGCA-3� was used as negative control.
Mass Spectrometry—Tandem mass (MS/MS) experiments

were performed with an LTQ-FT ICR MS (Thermo Electron)
equipped with a nanoelectrospray ion source (New Objective),
an Agilent 1100 Series binary HPLC pump (Agilent Technolo-
gies) and a Famos autosampler (LC Packings). Tryptic peptide
mixtures were injected at a 10 �l/min flow rate into a self
packed pre-column with reverse phase C18 nano-column (75
�mI.D.� 200mm) that usedMagicC18AQ resin (particle size,
5 �m; pore size, 200 Å; Michrom Bioresources). The analytic
program was set at a linear gradient from 10 to 50% buffer B
with a 60 min running cycle and a split flow rate 300 nl/min.
The full-scan survey MS experiment (m/z 320–2000) was exe-
cuted in FT ICRMSwithmass resolution of 100,000 atm/z 400.
The top ten most abundant multiply charged ions detected in
the scan, which is above a minimum threshold of 1,000 counts,
were sequentially isolated for MS/MS by LTQ. Singly charged
ions were rejected for MS/MS sequencing.
Plasmids Construction, Protein Expression, and Protein

Purification—Wild-type PNPase was cloned into the
pcDNA3.1D/V5-His-TOPO vector (Invitrogen). PNPaseS776A
or PNPaseS776D mutant was generated by QuikChange Site-
directedMutagenesis kit (Stratagene) according to the instruc-
tion manual. To purify recombinant proteins by the bacteria
expression system, each construct was subcloned into pET29a
vector containing His-tag (Novagen). The constructs were
transformed into BL21 (DE3) competent cells. The recombi-
nant proteins were induced by 0.2mM IPTG in bacteria culture.
After lysing the bacteria, the recombinant proteins were puri-
fied with Ni-NTA resin (Invitrogen).
In Vitro Kinase Assay—DNAPKwas isolated by immunopre-

cipitationwith specific antibody fromMDA-MB468 cells. Each
recombinant PNPase protein was incubated with immunopre-
cipitated DNAPK in the kinase buffer (60mMHEPES at pH 7.5,
5 mM MgCl2, 5 mM MnCl2, 3 �M Na3VO4, 1.25 mM DTT, 200
�M ATP) at 30 °C for 30 min. The mixture was then separated
on SDS-PAGE. The serine phosphorylation was detected by
Western blotting with anti-phosphoserine antibody.
In Vitro Translation and in Vitro mRNA Degradation Assay

(PNPase Activity Assay)—The in vitro translation was per-
formed with the TNT Quick-coupled Transcription/Transla-
tion system (Promega) according to the manufacturer’s
instruction. In brief, V5-tagged pPNPase, pPNPaseS776A, or
pPNPaseS776D plasmid was individually incubated with the
reaction mixture containing 20 �M methionine and 1� TNT
Quick Master Mix at 30 °C for 90 min. The in vitro mRNA
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degradation assay was carried out as previously described (32)
with a slight modification. Five micrograms of total RNA from
MDA-MB 468 cells were incubated with 5 �l of each in vitro-
translated or immunoprecipitated PNPase protein in the buffer
containing 50 mM Tris-HCl (pH 7.5), 5 mM potassium phos-
phate (pH7.5), 1mMATP, 5mMDTT, 5mMMgCl2, 80mMKCl,
and 100 ng/�l bovine serum albumin at 37 °C for 0 to 2 h. After
incubation, the RNA was purified and the amount of c-MYC
mRNA was determined by RT-PCR and q-PCR as aforemen-
tioned. The PNPase activity was measured by the relative
mRNA intensity of c-MYC/�-actin. The activity of PNPasae in
normal cell culture condition was defined as 100%.
Cell Viability Assay—Cell viability was determined by

WST-1 (4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazo-
lio]-1,3-benzene disulfonate) assay (Roche). Cells were irradi-
ated with or without indicated dosage of IR. After culturing for
another 2 days, one-tenth volume of WST-1 was added at 4 h
before harvest, and the absorbancewas detected at 450 nm.Cell
viability was normalized by the absorbance from the cells with-
out IR exposure.

RESULTS

Nuclear EGFR Associates with PNPase—To address the roles
of nuclear EGFR (nEGFR) in response to radioresistance in
breast cancer, we compared the interactome of EGFR upon

ionizing radiation (IR) from cytosolic and nuclear lysates of
MDA-MB 468 cells by immunoprecipitation with an anti-
EGFR monoclonal antibody. A nuclear EGFR-associated pro-
tein around 75 kDa was increased after IR exposure and identi-
fied as PNPase by electrospray ionization tandem mass (MS/
MS) spectrometry analysis (Fig. 1A). Moreover, the
co-localization of EGFR and PNPase in the nucleus was also
increased after IR exposure (Fig. 1B; white spots in inset 4). To
further confirm the nuclear location of EGFR-PNPase com-
plexes, we examined the sequential photosections of a nucleus
and showed that the EGFR-PNPase complexes were clearly
detected in middle sections in MDA-MB 468 cells (planes
10–14, supplemental Fig. S2). We further validated their inter-
action by immunoblotting against PNPase in the EGFR-immu-
noprecipitated complexes. As shown in Fig. 1C, the interaction
between EGFR and PNPase in the nucleus of MDA-MB 468,
MDA-MB 231, and A431 cells (Fig. 1C and supplemental Fig.
S3) was reduced by the addition of AG1478, an EGFR tyrosine
kinase inhibitor (TKI). In addition, we further demonstrated
that nEGFR associatedwith PNPase in the non-membrane-em-
bedded form as their interaction occurred mainly in the nucle-
oplasm (NP) but not the inner nuclear membrane (INM) frac-
tion (Fig. 1D). Taken together, these results suggest that EGFR
and PNPase interact mainly in the NP, and their interaction

FIGURE 1. Nuclear EGFR interacts with PNPase. A, MDA-MB 468 cells were treated with or without 4 Gy ionizing radiation (IR). After 10 min, the cytosolic or
nuclear lysate was extracted and immunoprecipitated with IgG or anti-EGFR antibody and separated by SDS-PAGE. The major band near 75k Da as indicated
was identified as PNPase by tandem mass (MS/MS) spectrometry. B, left, co-localization of EGFR (green) and PNPase (red) in the nucleus (blue) at 10 min post-IR
was examined by immunofluorescence staining and observed under a confocal microscopy. The arrows in insets 3 and 4 indicate the colocalized EGFR and
PNPase in the nucleus, which is shown in yellow in the merged image. Scale bar, 5 �m. Right, bar graph shows the percentage of the 50 counted cells with
colocalized EGFR and PNPase. C, interaction between EGFR and PNPase in nuclear lysate from MDA-MB 468 and MDA-MB 231 cells were verified by IP
(immunoprecipitation)/IB (immunoblotting) with anti-EGFR/anti-PNPase antibody, respectively. Cells were treated with or without 10 �M AG1478 for 12 h, and
the interaction of EGFR and PNPase in the nucleus was examined. D, purified inner nuclear membrane (INM) and nucleoplasm (NP) portions were immuno-
precipitated using the indicated antibodies followed by IB in MDA-MB 468 cells. Eemerin, and Sp1 were used as markers for the INM, and NP, respectively. IP
performed with IgG was used as a negative control.
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requires the tyrosine kinase activity of EGFR and is enhanced
upon IR exposure.
DNAPK Phosphorylates PNPase at Ser-776—From above, we

showed that nEGFR interacts with PNPase. Next, to investigate
if and how EGFR regulates PNPase activity, we first determined
whether EGFR phosphorylates PNPase. The endogenous
PNPase protein was isolated by immunoprecipitation with a
monoclonal anti-PNPase antibody from the nucleus of
MDA-MB 468 cells, and its phosphorylation sites in vivo was
identified by tandem mass (MS-MS) spectrometric analysis.
Although no tyrosine phosphorylation was identified in vivo,
we reproducibly identified specific peptides containing phos-
phorylated serine residue at Ser-776 of PNPase, and this serine
residue was conserved amongmouse, rat, and human (Fig. 2A),
suggesting that Ser-776 phosphorylation of PNPase is an evo-
lutionarily conserved event and associated with important
functions. We then used the NetworKIN software (33) to pre-
dict the potential kinase toward Ser-776 of PNPase and found
that both ATM and DNAPK are possible candidates. To deter-
mine whether ATM or DNAPK phosphorylates Ser-776 of
PNPase, we carried out immunoprecipitation and showed that
DNAPK but not ATM associated with PNPase in the nucleus
(Fig. 2B). Moreover, to further validate that Ser-776 is the sub-
strate forDNAPKphosphorylation, we created a S776Amutant
of PNPase.We found that only the wild-type but not the S776A
mutant PNPase can be phosphorylated by DNAPK (Fig. 2C),
indicating that DNAPK has specific serine kinase activity
toward Ser-776 of PNPase.
EGFR Regulates DNAPK-mediated Serine Phosphorylation of

PNPase upon IR but Not Nuclear Translocation of PNPase—It
has been reported that IR triggers caveolin-1-driven internal-
ization and nuclear transport of EGFR to activate DNAPK (15,
16). Thus, we asked whether EGFR affects DNAPK-mediated
serine phosphorylation of PNPase after IR.We exposed cells to
4 Gy IR for 10 min and then collected cell lysate for immuno-
precipitation followed by immunoblotting (Fig. 3A and supple-
mental Fig. S4). As shown in Fig. 3, A and B, IR significantly
enhanced the association of PNPase with both EGFR and
DNAPK in the nucleus. However, when we added the inhibitor
of DNAPK (DNMB) or EGFR (Iressa), the IR-enhanced nuclear
interaction was reduced but not the nuclear translocation of
PNPase (Fig. 3B), indicating that the association of the PNPase/
EGFR or PNPase/DNAPK complex requires the kinase activity
of EGFR or DNAPK and is mainly in the nucleus. Moreover,
serine phosphorylation of PNPase was significantly increased
upon IR exposure but attenuated by Iressa or DNMB (Fig. 3, C
and D). We used a pair of radio-sensitive (231S) and -resistant
(231) MDA-MB 231 cell lines to further show that serine phos-
phorylation of PNPase was induced by IR in radio-resistant
MDA-MB 231 (231; Fig. 3E). Moreover, IR-induced serine
phosphorylation was also detected in the ectopically expressed
V5-tagged wild-type PNPase but not in the S776A nonphos-
phorylatable mutant (Fig. 3F). Altogether, these results indi-
cated that IR triggers the association of EGFR, DNAPK, and
PNPase, leading to phosphorylation of PNPase at Ser-776 by
EGFR-mediated activation of DNAPK.

Phosphorylation of PNPase at Ser-776 Abolishes Its Ribonu-
cleaseActivity—The 3�-5� exoribonuclease activity of PNPase is
known to degrade c-MYC mRNA (28). Therefore, we investi-
gated whether phosphorylation at Ser-776 of PNPase affects its
ribonuclease activity toward c-MYC mRNA. To this end, we
first established an in vitro c-MYCmRNA degradation assay of
PNPase to measure the PNPase activity. The PNPase activity
was significantly decreased in IR-treated cells (Fig. 4A, left pan-
el; Fig. 4B, lanes 2 and 3) but was restored by the addition of
EGFR (Iressa) orDNAPK (DMNB) inhibitor (Fig. 4A, right pan-
el; Fig. 4B, lanes 4 and 5). We further compared the PNPase
activity in the radio-sensitive and -resistant MDA-MB 231 cell
lines (Fig. 4C). Similarly, inhibition of PNPase activity by IRwas
restored by the addition of Iressa or DMNB in radio-resistant
MDA-MB 231 cells (Fig. 4C, lanes 4 and 5). However, in
MDA-MB 231 radio-sensitive cell line, the PNPase activity was
not affected by IR, Iressa, or DMNB (Fig. 4C, lanes 8–10).

As shown in Fig. 4D, a majority of nuclear PNPase can be
pulled down by EGFR after IR exposure, which rendered the
protein less active as indicated by the loss of PNPase activity
(Fig. 4E). These results suggest that PNPase activity is nega-
tively regulated by both EGFR and DNAPK. We also validated
the effect of EGFR andDNAPK on the PNPase activity by using
shEGFR and shDNAPK (Fig. 4F). We found that knocking
down EGFR and DNAPK restored the activity of PNPase after
IR (Fig. 4G, lanes 5 and 8 versus 2).We further constructed and
expressed V5-tagged wild-type, S776A (nonphosphorylatable
mutant), and S776D (phospho-mimetic mutant) of PNPase.
We first validated the localization of thesemutants and showed
that each of the PNPase variant can be detected in both cytoso-
lic and nuclear fractions. The distribution among all PNPase
variants was similar, suggesting that phosphorylation at Ser-
776 of PNPase does not alter its localization within the cells. To
determine whether Ser-776 phosphorylation affects the ribo-
nuclease activity of PNPase,we expressed the recombinant pro-
tein of each PNPase variant by in vitro translation and then
applied it to an in vitroRNAdegradation assay.We showed that
all these constructs gave rise to proteins of the expectedmolec-
ular weight with similar expression levels Fig. 4H, top; supple-
mental Fig. S5B, top). As expected, the nonphosphorylatable
S776A mutant exhibited similar activity compared with wild-
type PNPase whereas the phospho-mimetic S776D mutant
inactivated the ribonuclease activity of PNPase (Fig. 4H). Incu-
bation of RNAwith the in vitro-expressed wild-type PNPase or
PNPaseS776A protein resulted in significant degradation of
c-MYC mRNA but not with control (mock) or PNPaseS776D
(supplemental Fig. S5B, bottom). These results indicated that
phosphorylation at Ser-776 of PNPase is important for its ribo-
nuclease activity.
EGFRNegatively Regulates the Function of PNPase on c-MYC

mRNA Degradation—To determine whether EGFR regulates
the function of PNPase, we suppressed tyrosine kinase activity
of EGFRbyTKIs or knocked down its expression by shRNAand
determined the expression of PNPase and its downstream tar-
get, c-MYC. Inactivation of EGFR by its TKIs, AG1478, or
Iressa, did not affect the expression of PNPase but reduced the
level of its downstream target, c-MYC (Fig. 5A). Moreover,
knocking down EGFR decreased c-MYC protein (Fig. 5B) and
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mRNA (Fig. 5C) levels without altering the level of PNPase pro-
tein. On the other hand, knocking down PNPase significantly
increased both protein (Fig. 5B) and mRNA (Fig. 5C) levels of
c-MYC. These results suggest that EGFR negatively regulates
PNPase activity toward c-MYC mRNA without affecting the
protein expression of PNPase.

Knock-down of PNPase Enhances c-MYC Level and Enhances
Radioresistance in Breast Cancer Cells—We next determined
whether PNPase is involved in modulation of radiosensitivity.
InMDA-MB468breast cancer cells, we found that IR enhanced
the protein level of c-MYCwithout altering the level of PNPase
(middle two lanes, Fig. 5D), suggesting that IR repressed

FIGURE 2. Phosphorylation of PNPase at Ser-776 is mediated by DNAPK. A, PNPase in the nuclear lysate was isolated by IP from MDA-MB 468 cells. The
phosphorylated residue of PNPase was identified at Ser-776 by tandem mass (MS/MS) spectrometric analysis. The top panel shows the alignment of the
flanking regions of Ser-776 of PNPase among different species. B, total and nuclear lysates were immunoprecipitated with IgG, anti-DNAPK (top panel) or
anti-ATM (middle panel) antibody, and PNPase in the IP complex was determined by IB. The expression of indicated protein in lysate was also examined by IB
(bottom panel). C, purified recombinant His-tagged PNPase or PNPaseS776A proteins were incubated with immunoprecipitated DNAPK and applied to in vitro
kinase assay. The reaction mixture was separated by SDS-PAGE, followed by IB with anti-p-Ser antibody (top). The Coomassie Blue-stained gel (bottom) served
as loading control.
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FIGURE 3. EGFR regulates DNAPK-mediated serine phosphorylation of PNPase at Ser-776 upon ionizing radiation. A, MDA-MB 468 and MDA-MB 231
cells were irradiated with or without 4 Gy IR. After 10 min, nuclear lysates were harvested and individually immunoprecipitated with antibodies against IgG or
PNPase, followed by SDS-PAGE separation and IB (upper panel). The endogenous expression levels of the indicated protein were examined by IB (lower panel).
B, MDA-MB 468 cells were irradiated with or without 4 Gy IR in the presence or absence 10 �M DMNB or 10 �M Iressa. After indicated treatment, cytosolic (C) and
nuclear (N) lysates were harvested and individually immunoprecipitated with antibody against IgG or EGFR, followed by SDS-PAGE separation and IB (upper
panel). The endogenous levels of DNAPK and PNPase are shown in the lower panel. C, same as B, at the indicated time interval, The nuclear lysates of MDA-MB
468 cells were harvested and individually IP with antibody against IgG or PNPase, followed by SDS-PAGE separation and IB (upper panel). The endogenous levels
of DNAPK and EGFR were shown in the lower panel. D, MDA-MB 231 cells were irradiated with or without 4 Gy IR in the presence or absence 10 �M DMNB or 10
�M Iressa. After 10 min, nuclear lysates were harvested and individually immunoprecipitated with antibody against IgG or PNPase, followed by IB for phospho-
serine (p-Ser) (upper panel). The endogenous expression level of PNPase was shown in the lower panel. E, MDA-MB 231 radio-resistant (231) and radio-sensitive
(231S) cells were irradiated with or without 4 Gy IR. After 10 min, nuclear lysates were harvested and individually immunoprecipitated with antibody against
IgG or PNPase, followed by IB for phospho-serine (p-Ser) (upper panel). The endogenous expression level of PNPase was shown in the lower panel. F, HEK-293
cells were transfected with plasmid harboring V5-tagged PNPase or PNPaseS776A. These transfectants were exposed to 0 or 4 Gy IR. After 10 min, cell lysate was
extracted and immunoprecipitated with anti-V5 antibody, followed by IB for p-Ser (upper panel) or V5 (lower panel).
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FIGURE 4. Phosphorylation of PNPase at Ser-776 abolishes its ribonuclease activity. MDA-MB 468 cells were exposed with or without 4 Gy IR (A, left panel),
or treated with or without 10 �M AG1478 or 10 �M Iressa for 12 h (A, right panel). PNPase was isolated by IP with anti-PNPase antibody from total lysates. The
degradation of c-MYC mRNA after each treatment was determined by the in vitro c-MYC mRNA degradation assay with each immunoprecipitated PNPase. B,
MDA-MB 468 cells were exposed with or without 4 Gy IR, or treated with or without 10 �M DMNB or 10 �M Iressa for 12 h. PNPase was isolated by individual IP
with antibody against IgG or PNPase from total lysates. The ribonuclease activity of PNPase toward c-MYC mRNA after each treatment was determined by the
in vitro mRNA degradation assay with each immunoprecipitated IgG or PNPase. C, MDA-MB 231 radio-resistant (231) and radio-sensitive (231S) cells were
exposed with or without 4 Gy IR, or treated with or without 10 �M DMNB or 10 �M Iressa for 12 h. PNPase was isolated by individually IP with antibody against
IgG or PNPase from total lysates. The ribonuclease activity of PNPase toward c-MYC mRNA after each treatment was determined by the in vitro mRNA
degradation assay. D, MDA-MB 468 cells were exposed with 4 Gy IR. PNPase was isolated by individual IP with antibody against IgG or PNPase or EGFR from
cytosolic (C) and nuclear (N) lysates. E, ribonuclease activity of PNPase or bound to EGFR toward c-MYC mRNA after each treatment was determined by the in
vitro mRNA degradation assay by using same amount of immunoprecipitated PNPase. F, MDA-MB 468 cells were infected with lentivirus containing shRNAs
against luciferase (Luc, as negative control), EGFR (shEGFR-1), or DNAPK (shDNAPK-1 and shDNAPK-2) to knock down specific gene expression. PNPase was
isolated by individually IP with antibody against IgG or PNPase from total lysates. G, ribonuclease activity of PNPase toward c-MYC mRNA after each treatment
was determined by the in vitro mRNA degradation assay by using same amount of immunoprecipitated PNPase. H, each PNPase variant was in vitro translated
by TNT-coupled reticulocyte lysate system, and the expression of each recombinant PNPase protein was determined by IB (top). The ribonuclease activity of
each in vitro translated PNPase was examined as aforementioned (lower panel). The PNPase activity was measured by the relative mRNA intensity of c-MYC/
�-actin through qPCR. The activity of PNPase in normal cell culture condition or wild type from in vitro translated will be defined as 100%. ***, p � 0.005; **, p �
0.01 by t test.

FIGURE 5. PNPase function is negatively regulated by EGFR. A, MDA-MB 468 cells were treated with or without 10 �M AG1478 or 10 �M Iressa for 12 h. The
expressions of c-MYC and indicated proteins were examined. MDA-MB 468 cells were infected with lentivirus containing shRNAs against luciferase (Luc, as
negative control), EGFR (shEGFR-1 and shEGFR-2), PNPase (shPNPase-2 and shPNPase-4) or c-MYC (shMYC-2 and shMYC-5) to knock down specific gene
expression. The protein (B) and mRNA (C; shEGFR-1 and shPNPase-4) expression of the PNPase target, c-MYC, were determined by IB and qRTPCR, respectively.
D, each shRNA-infected cell line (shEGFR-1 and shPNPase-4) was irradiated with or without 4 Gy IR. The expression of c-MYC and indicated proteins were
examined by IB. E to G, survival of indicated shRNA-infected cells was determined after 2 days post-irradiation in MDA-MB 468 cells (E; shEGFR-1 and shPNPase-4
and F; shMYC-2 and shMYC-5) and in MDA-MB 231 cells (G; shEGFR-1, shPNPase-4 and shMYC-5). The blots in F and G represent the indicated protein expression
in each shRNA-infected cells. **, p � 0.01 by t test.
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PNPase activity toward c-MYC mRNA. Knocking down
PNPase enhanced radioresistance of both MDA-MB 468 and
MDA-MB 231 breast cancer cells (Fig. 5, E and G). In contrast,
knocking down EGFR decreased the levels of c-MYC protein
(Fig. 5D) and increased radiosensitivity of these cells (Fig. 5, E,
G, and supplemental Fig. S6). Based on our findings and previ-
ous studies (34, 35), radioresistance via silencing of PNPase is
likely due to elevated levels c-MYC. Indeed, we further showed
that knocking down c-MYC increased the radiosensitivity of
these cells after IR (Fig. 5, F and G).
In summary, we provided evidence in this study to demon-

strate amechanism of EGFR-mediated radioresistance through
inactivation of PNPase. IR triggers EGFR translocation into the
nucleus. Then, nEGFR associates withDNAPK and activates its
serine kinase activity toward Ser-776 of PNPase. This in turn
represses the ribonuclease activity of PNPase toward c-MYC
mRNA, resulting in cell survival and resistance to IR (Fig. 6).

DISCUSSION

It has been showed that IR induces the kinase activity of
EGFR, which contributes to protection of cancer cells from kill-
ing by radiotherapy (36, 37). Somatic mutations in the tyrosine
kinase domain of EGFR, which is defective in nuclear translo-
cation, abrogate EGFR-mediated radioresistance in non-small
cell lung carcinoma (38). IR-induced nuclear translocation of
EGFR through protein kinase C- (39) and caveolin-1-(16)
dependent mechanisms activates DNAPK (15) to launch DNA
DSB repair, leading to radioprotection of cancer cells. Treat-
ment of the anti-EGFR antibody, C225 (cetuximab), blocks
nuclear translocation of EGFR and consequently inhibits
DNAPK activity, resulting in increased radiosensitivity of can-
cer (40). Deletion of nuclear localization signal sequence of
EGFR impairs its nuclear localization and association with
DNAPK, leading to reduced DNAPK kinase activity and defi-
cient DNA repair (17). Altogether, IR-induced nuclear trans-
port of EGFR is essential for activation of DNAPK activity and
DNA DSB repair. In this study, we uncover a novel role of IR-
induced nEGFR/DNAPK complex in radioresistance through

association with and inactivation of PNPase exoribonuclease
activity (Fig. 4).
Although PNPase has been known to have a 3�-5� exoribo-

nuclease activity (19–22), its regulation upon IR is still unclear.
The study of gene structure of PNPase revealed that its pro-
moter contains an interferon stimulated regulatory element
(ISRE) and one SP1 element, which are crucial for the expres-
sion of PNPase in human melanoma HO-1 cells. Treating cells
with interferon results in transcriptional up-regulation of
PNPase through JAK/STAT signaling pathway (41). Here, we
identified DNAPK, which is activated by IR-induced nEGFR, as
a serine kinase toward Ser-776 of PNPase (Fig. 2). IR induced
Ser-776 phosphorylation of PNPase without altering its protein
level (Fig. 3, C–F), and IR-induced phosphorylation could be
abolished by addition of a clinical used EGFRTKI, Iressa (Fig. 3,
C and D). Phosphorylation at Ser-776 of PNPase disrupts its
ribonuclease activity on c-MYC mRNA degradation without
alteration of its cellular localization (supplemental Fig. S5A).
These results provide new regulatory mechanism of PNPase
through post-translational suppression via Ser-776 phos-
phorylation by nEGFR activated DNAPK upon IR.
Human PNPase was originally cloned from a subtracted

cDNA library prepared from cells with terminal differentiation
and senescence, suggesting that PNPase may play important
roles in these physiological functions (21). Overexpression of
PNPase results in suppression of cell growth by degradation of
c-MYC mRNA (28) through the RNase PH domain of PNPase
(32). c-MYC has been characterized as a proto-oncogene, of
which expression is crucial in cell growth and malignancy of
cancers including breast cancer (42, 43), and up-regulated
expression or gene amplification of c-MYCupon IR is observed
in different types of cancers, such as breast cancer (44–46) and
acute myeloid leukemia (47). Moreover, elevated protein levels
of c-MYC protects cancer cells from radiotherapy (34, 35),
which could be a result of direct activation of transcription of a
DNAdouble-stranded break repair gene,NBS1, by c-MYCpro-
tein (48).

FIGURE 6. The proposed model of EGFR in the regulation of PNPase. A schematic illustrating the regulation of PNPase activity toward c-MYC mRNA by EGFR
and DNAPK. Left: in normal condition, PNPase actively regulates the homeostasis of c-MYC mRNA. Right: Exposure to IR increases translocation of EGFR into the
nucleus and increases its association with DNAPK and PNPase. EGFR then activates the serine kinase activity of DNAPK toward Ser-776 of PNPase to suppress
its ribonuclease activity, leading to increase of c-MYC mRNA. The elevated c-MYC contributes to cell survival and radioresistance.
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Here, we identified a novel nEGFR-associated protein,
PNPase, which is inactivated via Ser-776 phosphorylation by
DNAPK. Upon IR, nEGFR-activated DNAPK suppresses
PNPase ribonuclease activity toward c-MYC mRNA. The up-
regulated c-MYCmRNA resulted from inactivation of PNPase
may contribute to nEGFR-mediated radioresistance (Fig. 6).
Our studies provide valuable insights on how nEGFR mediates
cell survival in response to radiation in breast cancer through
PNPase.
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