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Abstract
Many studies have suggested the involvement of wild-type (wt) p53 in the repair of DNA double-
strand breaks (DSBs) via DNA end-joining (EJ) process. To investigate this possibility, we compared
the capacity and fidelity of DNA EJ in RKO cells containing wt p53 and RKO cells containing no
p53 (RKO cells with p53 knockdown). The p53 knockdown cells showed lower fidelity of DNA EJ
compared to the control RKO cells. The DNA end-protection assay revealed the association of a
protein complex including heterogeneous nuclear ribonucleoprotein G (hnRNP G) with the DNA
ends in RKO cells containing wt p53, but not with the DNA ends in RKO cells with p53 knockdown.
Depletion of endogenous hnRNP G notably diminished the fidelity of EJ in RKO cells expressing
wt p53. Moreover, an ectopic expression of hnRNP G significantly enhanced the fidelity of DNA EJ
and the protection of DNA ends in human cancer cells lacking hnRNP G protein or containing mutant
hnRNP G. Finally, using recombinant hnRNP G proteins, we demonstrated the hnRNP G protein is
able to bind to and protect DNA ends from degradation of nucleases. Our results suggest that wt p53
modulates DNA DSB repair by, in part, inducing hnRNP G, and the ability of hnRNP G to bind and
protect DNA ends may contribute its ability to promote the fidelity of DNA EJ.
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1. Introduction
Repair of DNA double-strand breaks (DSBs) involves ligation of DNA ends primarily through
non-homologous end-joining (NHEJ) in mammalian cells [1]. The NHEJ pathway requires the
Ku heterodimer and rejoins the DNA ends with an occasional loss of genetic information.
Alternative DNA EJ pathways exist [2–4] in which the DSBs are joined with decreased fidelity
and extensive deletion of the nucleotides at the DNA ends. The alternative mechanisms utilize
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small regions of microhomology at the DNA ends. Such erroneous DNA EJ may lead to
accumulation of mutations and genetic instability [5–7].

The tumor suppressor p53 plays a critical role in DNA damage surveillance and maintenance
of genetic integrity in mammalian cells [8]. Many studies have suggested a close association
between p53 and DNA EJ. For example, in vitro p53 protein can bind to either double-stranded
or single-stranded DNA ends [9–11]. The pleiotropic cellular activities of p53 include intrinsic
3′→5′ exonuclease activity, suggesting that p53 participates in the modulation of DNA EJ both
directly and indirectly [12,13]. Presence of DSBs in cells can efficiently induce the biochemical
activities of p53, resulting in cell cycle arrest, DNA repair, and/or apoptosis [14]. Also,
treatment of cells with the chemical inhibitor of p53 (PFT-α) decreased the fidelity of DNA
EJ activity in mouse fibroblasts, suggesting that p53 is necessary for the fidelity of DSBs repair
[15].

We previously reported a significant diminution of precise DNA EJ activity in p53-defective
human head and neck squamous cell carcinoma (HNSCC) cells compared with that of normal
human oral keratinocytes (NHOK) [7]. When p53 in normal fibroblasts was abrogated by
human papillomavirus (HPV) E6, the fidelity of DSBs repair was significantly decreased in
vivo and in vitro [6].

Heterogenous nuclear ribonucleoprotein G (hnRNP G) was first identified as a nuclear protein
with apparent molecular weight of 43 kDa [16,17]. It is composed of 391 amino acid (a.a.)
residues encompassing the RNA binding domain (a.a. 10-88) at the amino terminus of the
protein [17]. This structural feature suggests the physical association of hnRNP G with RNA,
which may be required for its role in RNA processing and metabolism [17–19]. hnRNP G is
detected primarily in the nuclei of mammalian cells and localized on lampbrush chromosomes
of amphibian oocytes, supporting its association with nascent RNA transcripts as part of the
transcriptional complexes [17]. hnRNP G alters pre-mRNA splicing pattern by antagonizing
the effects of Tra2β, a splicing activator [20]. Therefore, the level of hnRNP G expression and
its biological activity may affect global gene expression and maintenance of normal cellular
homeostasis. Indeed, we reported that hnRNP G is a tumor suppressor against human head and
neck cancer cells, but its mechanism of action remains to be investigated [21].

Here we show that hnRNP G promotes the fidelity of DSB repair by, in part, its ability to
protect DNA ends.

2. Materials and methods
2.1. Cells and the culture conditions

Primary NHOK were prepared from separated epithelial tissue and serially subcultured in
Keratinocyte Growth Medium (KGM, Cambrex) containing 0.15 mM Ca++ as described
previously [22]. RKO, a human colorectal carcinoma cell line obtained from Dr. M. Brattain
(Medical College of Ohio, Toledo, OH), was cultured in McCoy’s 5A (Invitrogen) medium
supplemented with 10% FBS. Human head and neck squamous cell carcinoma cell lines SCC-4
and Tu-139 were obtained from the American Type Culture Collection (ATCC) and Drs. G.
Clayman (University of Texas Medical Center, Houston, TX), respectively, and cultured in
DMEM/Ham’s F12 supplemented with 10% FBS.

2.2. siRNA constructs, generation of virus, and infection of cells
The pSIREN-RetroQ vector (BD Biosciences), which drives the siRNAs expression under the
control of human U6 RNA Pol III promoter, was utilized. The oligonucleotides containing the
validated siRNA sequences of p53 [23] were obtained from Integrated DNA technologies.
These oligonucleotides were annealed and inserted into the pSIREN-RetroQ vector

Shin et al. Page 2

DNA Repair (Amst). Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



downstream of the U6 promoter to construct pSIREN-RetroQ-p53. The resulting plasmid was
transfected into the PA317 retrovirus packaging cell line, and the retrovirus expressing p53
siRNA was collected as described previously [24]. Retroviral vector expressing luciferase
siRNA was also prepared as controls. RKO cells (5 × 105) were infected with the retroviral
vectors in the presence of polybrene (5 μg/ml) at 37°C overnight and selected with 0.5 μg/ml
puromycin (Invitrogen). The puromycin-resistant clones were subcultured and named
Rp53KO (cells expressing p53 siRNAs) or RCTL (cells expressing luciferase siRNAs).

We constructed pLL3.7-RNPGi targeting hnRNP G. The detailed method of using pLL3.7
(Gift of Dr. Van Parijs, MIT, MA) to construct the lentivirus expressing siRNA is described
elsewhere [25]. pLL3.7-RNPGi was constructed using double-stranded oligonucleotide
cassette containing the hnRNP G target sequence (5′-GAGATATGAATGGA AAGTC -3′;
+316 to +334) which was obtained from mouse hnRNP G gene (underlined nucleotide indicated
a mismatch with human hnRNP G gene). The lentiviral vectors, LV-GFP and LV-RNPGi, were
made from pLL3.7 (GFP alone) and pLL3.7-RNPGi, respectively.

2.3. Western blot analysis
Eighty-percent confluent cells were lysed. Protein concentration was determined using Protein
Assay Reagent (BioRad). One hundred μg of protein was electrophoretically separated by SDS-
polyacrylamide gel electrophoresis (PAGE). Western blot analysis was performed using
antibodies against p53 (Oncogene Sciences), p21 (Oncogene Sciences), hnRNP G (G-17; Santa
Cruz), and β-actin (Oncogene Sciences).

2.4. In vitro DNA EJ assay
In vitro DNA EJ activity was measured using the previously described method [6,7,26,27].
This in vitro assay utilizes whole cell lysates and pCR2.1 plasmid DNA (Invitrogen) linearized
at the unique EcoRI or EcoRV site to analyze the end-joining of cohesive and blunt DNA ends,
respectively. Briefly, cell lysates were incubated with the EcoRI or EcoRV-linearized plasmid
at 37°C for 2 hours. After the end-joining reaction, PCR was performed with the EJ reaction
using the M13 primers to amplify the rejoined DNA. PCR products were separated in agarose
gel and visualized by staining with ethidium bromide. Erroneous non microhomology-
mediated end-joining (NMEJ) can occur with few nucleotide alterations at the end-joined sites,
undetectable by electrophoresis in agarose gels. This erroneous EJ can be detected by the
following procedures: Individual 186 bp fragments were cloned in pcDNA3.1/V5-His TOPO
plasmid (Invitrogen), transformed into Eschericia coli strain TOP10 (Invitrogen), and
amplified by single colony PCR using the M13 primer set. The PCR product was then digested
with EcoRI or EcoRV to determine whether the original restriction site is restored by end
joining without nucleotide alteration. The PCR fragment resistant to the enzyme digestion was
considered to be the product of erroneous DNA EJ activity [6,7,26].

2.5. In vivo DNA EJ assay
The pGL3 plasmid (Promega), in which expression of the luciferase gene is controlled by the
cytomegalovirus promoter, was used to evaluate precise DNA EJ activity that precisely rejoins
broken DNA ends in vivo [6,7,27]. The pGL3 plasmid was completely linearized by restriction
endonuclease NarI (New England Biolabs), which cleaves within the luciferase-coding region
and creates a DNA DSB with overhanging ends. The DNA was then transfected into cells with
LipofectAMINE reagent (Invitrogen) following the procedures described by the supplier. The
transfected cells were harvested and assayed for luciferase activity as described previously
[6,7,27]. The reporter plasmid was digested to completion with NarI within the luciferase-
coding region and only precise DNA EJ activity should restore the luciferase activity. The
precise EJ activity was calculated from the luciferase activity of linearized pGL3 plasmids
compared with that of the uncut plasmids. Each experiment was repeated three times.
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2.6. Cellular exonuclease assay
The linearized DNA substrates used in the in vitro DNA EJ assay were incubated with cellular
extracts for 10, 30, 60 or 120 minutes at 37°C in 30 μl reaction mixture containing 500 ng of
DNA, 30 μg cell extract, and 1X exonuclease buffer (Promega). Controls included incubation
without cell extract and incubation with 50U of exonuclease III (Promega). The reactions were
stopped and deproteinized by adding 3.75 μl of 0.5 M EDTA pH 8.0, 2.25 μl of 2% SDS and
2.25 μl of 1 mg/ml Proteinase K followed by 10 minutes of incubation at 37°C. The
deproteinized samples were separated by 0.8% agarose gel electrophoresis and visualized by
ethidium bromide staining.

2.7. DNA end protection gel shift assay
To analyze DNA end protection, the EcoRV-linearized plasmid was 5′-end labeled with
[γ-32P]ATP using T4 polynucleotide kinase (Invitrogen). The end-labeled DNA was incubated
with the extracts for 30 min at 37°C in a 10 μl reaction mixture containing the indicated amount
of extracts and 1X binding buffer. Ten unit of DNase I was added to the reaction and was
incubated for 30 min at 37°C. After incubation, the reactions were run on a 3.5% acrylamide
gel. Dried gels were analyzed and quantitated using PhosphorImager (Molecular Dynamics).

2.8. Identification of the proteins that co-migrate with the DNA end-binding complex
The DNA end-binding complex was excised from the gel and purified by electroelusion using
the ElutaTube Protein Extraction Kit (Fermentas Inc.). Protein isolation and purification were
performed according to the manufacturer’s guidelines. The isolated proteins were separated
by SDS-PAGE and then stained with Coomassie blue. Identified band was excised and digested
with 0.1 μg of trypsin per ml (Promega) overnight at 30°C. Tryptic peptide fragments were
extracted with 60% acetonitrile and 0.1% trifluoroacetic acid using an automated Multiprobe
II system (Packard Biosciences). The extracted peptides were dried under a vacuum,
resuspended in a matrix, and subjected to matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) analysis using a Voyager DE Pro spectrometer (Voyager-DE STR,
Applied Biosystems; UCLA Proteomics Core Facility). The resultant tryptic peptide molecular
masses were entered into the Mascot Science search engine (www.matrixscience.com) for
protein identification. The isolated proteins were separated by SDS-PAGE and subject to
Western blot analysis using antibody against hnRNP G (Santa Cruz).

2.9. Cloning of hnRNP G cDNA, construction of retroviral vectors expressing hnRNP G, and
infection of cells with the retroviruses

Wild-type and mutant K22R hnRNP G cDNAs were obtained from the total cDNA of NHOK
and Tu-139, respectively. Detailed protocols for cloning, viral construction, and infection were
described in previous publication [21].

2.10. Recombinant hnRNP G proteins and their activity to bind to DNA ends in vitro
Various GST fusion pGEX-2T (Amersham) vectors containing full-length wt, K22R or
deletion mutants (Δ89-391) hnRNP G fragments were constructed. Each hnRNP G fragments
was generated using PCR amplification. For cloning purpose, each sense primer was included
a BamHI site and each antisense primer was included an EcoRI site. A termination codon
(TGA) was created after the EcoRI site of antisense primers for the creation hnRNPG Δ89-391.
The PCR product was digested with BamHI and EcoRI, and ligated into the pGEX-2T vector
digested with the same enzymes. The primer sequences can be provided upon request. All
fusion proteins were expressed in bacteria and affinity purified with glutathione-Sepharose
(Pharmacia) according to manufacturer’s instruction.
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To directly test hnRNP G’s binding to the ends of DNA, the in vitro end protection gel shift
assay was performed by incubating only the purified hnRNP G recombinant proteins and the
DNA substrates as described in Section 2.7. Briefly, one hundred ng of the DNA substrate
labeled with 32P at the 5′ terminus was incubated with 300 ng of GST or GST-hnRNPG proteins
for 30 min at 37°C. Then, DNase I was added to the reaction and incubated for 30 min at 37°
C to digest unbound or unprotected DNA. After incubation, the reactions were run on 5.0 %
acrylamide gel in 0.5X TBE. Dried gel was analyzed using STORM phosphorimager
(Molecular Dynamics).

3. Results
3.1 Knockdown of endogenous p53 impairs the fidelity of DNA EJ activity in RKO cells

We previously showed that expression of HPV E6 in NHOK led to defective DNA EJ activity
presumably by degradation of p53 [6]. In the recent study, we investigated the direct role of
p53 in DNA EJ activity by knocking down the endogenous wt p53 by RNAi. RKO cells
expressing wt p53 were infected with a retroviral vector expressing p53 siRNA, and the
puromycin-resistant cell clones were selected. As a control, RKO cells were also infected with
a retroviral vector expressing luciferase siRNAs. The drug-resistant cells were cloned and
screened for changes in p53 expression by Western blot analysis. p53 expression in clones
Rp53KO-1, Rp53KO-2, Rp53KO-9, and Rp53KO-19 was significantly inhibited (Fig. 1A).
RCTL-1 and RCTL-2 cells infected with the control retrovirus showed normal level of p53
expressed compared to the parental RKO cells. The level of p2lWAF1/CIP1, a gene product
whose expression is regulated by p53, was also downregulated in the p53 knockdown clones
(Fig. 1A). We further defined p53 function by exposing both control (RKO and RCTL-1) and
p53 knockdown RKO (Rp53KO-1 and -2) cells to DNA damaging agent, actinomycin D (data
not shown). Genotoxic stress caused significant induction of p53 level in the control RKO cells
but not in the p53 knockdown RKO cells. DNA damage also led to induction of the p53-
dependent gene, p2lWAF1/CIP1. These data indicate that RKO has the functional p53, and that
the p53 knockdown RKO cells are functionally p53-deficient. Not only is p53 expression
abrogated, but induction of p53-dependent genes is also prevented. We also tested whether the
p53 knockdown affected the levels of proteins involved in NHEJ such as Ku70, DNA-PK,
XRCC4, DNA ligase IV, Mre11, NBS1, and Rad50. There were no significant differences in
the levels of the tested proteins in the control and the p53 knockdown clones (data not shown).
These results indicated that p53 siRNA inhibited the expression of p53 and that the knockdown
of p53 did not alter the levels of NHEJ-related proteins tested in the study.

In the next experiment, we investigated the effects of p53 knockdown on DNA EJ activity in
RKO cells by the in vitro DNA EJ assay. With the pCR2.1 plasmid linearized with EcoRI
digestion, all tested RKO clones revealed a PCR product of approximately 186 bp, giving the
appearance that the EJ activity for the DNA substrate with 5′-overhang was not altered by p53
knockdown (Fig. 1B). In contrast, when the plasmid was linearized with EcoRV, creating blunt
DNA ends, the extracts from the Rp53KO clones completely lacked the EJ activity, while the
control cells (RKO parental cells and the RCTL clones) exhibited intact EJ activity (Fig. 1B).
To determine whether there was any minor sequence alteration at the ligation site of the rejoined
EcoRI-digested plasmid, the 186 bp PCR fragment was cloned into pcDNA3.1/V5-His TOPO
plasmid in TOP10 E. coli strain and reamplified by single colony PCR. The 186 bp fragments
amplified from the individual bacterial colonies were digested with EcoRI to determine
whether the original EcoRI site was restored by DNA EJ. We found more frequent sequence
alteration [NMEJ error; 6,7] in the plasmids rejoined with the extracts of the Rp53KO clones
compared to the control cells (RKO parental cells and the RCTL clones) (Fig. 1C). The effect
of p53 on the fidelity of DNA EJ activity was further confirmed using the linearized pGL3-
Luc plasmids. The relative in vivo error-free DNA EJ activity was determined from the ratio
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of luciferase expression in the RKO clones transfected with the linearized plasmid and
luciferase expression in the same clones transfected with the uncut circular plasmid (Fig. 1D).
Approximately 11% of the linearized pGL3-Luc plasmids were correctly recircularized in the
controls (RKO, RCTL-1 and -2), whereas the efficiency of error-free DNA EJ activity was
substantially reduced in the p53 knockdown RKO clones (2.3–4.1%). These results indicate
that abrogation of p53 leads to increased errors in DNA EJ reaction.

3.2. p53 knockdown RKO cellular extract showed elevated degradation of DNA substrate
It is possible that the erroneous EJ in the p53 knockdown cells resulted from cellular
exonuclease activity causing nucleotide deletions. To check for this possibility, we compared
the endogenous exonuclease activity of the cellular extracts prepared from control and p53
knockdown RKO clones (Fig. 2A, B, and C). The pCR2.1 plasmid DNA linearized with either
EcoRI or EcoRV was incubated with the cell extracts for various time points and
electrophoresed in 0.8% agarose gels (Fig. 2A). Whereas the control cellular extract (RCTL-2)
showed a delay of 15 minutes and 30 minutes in degradation of overhang- and blunt-ended
DNA substrates, respectively, the p53 knockdown extract (Rp53KO-2) demonstrated delays
of only 5 minutes and 10 minutes, respectively, in the degradation of both DNA substrates
(Fig. 2B and 2C). Afterward exonuclease digestion proceeded at a similar rate with control and
knockdown cellular extracts. Thus, wt p53 activity increased the delay before exonuclease
digestion occurred. These data indicated that the elevation of cellular exonuclease activity was
mediated by p53 downregulation.

To ascertain the validity of results obtained with RKO cells, endogenous exonuclease activity
of NHOK was also measured by incubating the cellular extract with blunt-ended or overhang-
ended DNA substrates. Like the control RKO cellular extract, the NHOK extract demonstrated
a delay of 30 minutes in the degradation of both DNA substrates (Fig. 2D). Afterward
exonuclease digestion proceeded at the same rate with overhang ended DNA and with blunt-
ended DNA.

3.3. Identification of a novel DNA end-protection complex in RKO cells expressing wt p53
but not in the p53 knockdown RKO cells

The p53 knockdown RKO cellular extracts demonstrated elevated exonuclease activity and
appeared to be defective in protecting the termini of a DNA substrate against nuclease
digestion. Therefore, we speculated that the shortening of the delay for exonuclease activity
in the p53 knockdown cellular extract could result from a loss of p53 molecules at the termini
of the DNA substrate, thereby decreasing their protection from exonuclease. To test this
possibility, we performed a modified gel shift assay (end-protection gel shift assay) with the
DNA substrate labeled with 32P at the 5′ terminus (Fig. 3). After incubation of end-labeled,
EcoRV-linearized plasmid with cellular extracts, the labeled DNA was digested with DNase
I (Fig. 3A lanes 4 and 6). With control RCTL-2 cellular extract containing wt p53, a DNA end-
binding complex was observed (Fig. 3A lane 6), indicating that the 5′ ends of the DNA substrate
were protected from DNase I digestion by bound protein(s). In contrast, such a complex was
not detected in the p53 knockdown cellular extract (Fig. 3A lane 4). The formation of the
complex was enhanced by increasing the amount of control RCTL-2 cellular extract (Fig. 3B
lanes 4, 5, and 6) but not detected with increasing the amount of the p53 knockdown cellular
extract (data not shown). In addition, whereas the control cellular extract caused a large gel
shift in the absence of DNase I treatment (Fig. 3A lane 5 and Fig. 3B lane 3), such a shift was
not observed with the p53 knockdown extract (Fig. 3A lane 3). These results indicate that the
5′ ends of the linearized plasmid are protected from nuclease digestion by putative protein
complex, and the DNA end-protection capacity is abolished by knockdown of wt p53.
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3.4. Identification of hnRNP G protein in the DNA end protection complex
To identify the protein associated with DNA end-protection, the DNA and protein complex
(Fig. 3, asterisk) from the modified gel shift experiment was isolated by electroelution. Cellular
protein(s) was/were dissociated from the complex by boiling, separated by SDS-PAGE, and
visualized by Coomassie blue staining. As shown in Figure 4A, a protein band (~40 kDa) was
detected in the isolated DNA end-protection complex. To determine whether the p53 protein
was present in the complex, the resolved protein(s) from the complex was/were subjected to
Western blot analysis using anti-p53 antibody (Fig. 4B). The assay did not reveal the presence
of p53 protein in the DNA end-protection complex, indicating that p53 mediates DNA end-
protection through unknown factor(s).

To identify the protein that co-purified with the protected DNA ends, the ~40 kDa protein band
was excised from the gel, digested with trypsin to obtain individual peptide fragments, and
combined with matrices. Dried matrix-peptide mixtures were subjected to MALDI-TOF.
Peptide masses obtained from a protein band at ~40 kDa matched the peptide fingerprint for
hnRNP G. The identity of this protein as hnRNP G was confirmed by Western blot analysis
using the DNA end-protection complex with specific antibodies against hnRNP G (Fig. 5A).
We compared the level of hnRNP G in the control RKO cells (RCTL-1 and -2) and in NHOK
with that in the p53 knockdown RKO clones (Rp53KO-1 and -2). Western blot analysis
revealed that the level of hnRNP G was substantially decreased in the p53 knockdown RKO
clones, compared to that of the control RKO clones (Fig. 5B). The above results raised the
possibility that p53 maintains the fidelity of DNA EJ activity by DNA end-protection from
cellular exonuclease through upregulation of hnRNP G expression.

3.5. Depletion of endogenous hnRNP G expression resulted in decrease fidelity of DNA EJ
To examine whether the p53-mediated EJ fidelity is specifically associated with hnRNP G, we
knocked down the endogenous hnRNP G of RKO cells by infecting them with lentiviral vectors
expressing hnRNP G siRNA or GFP alone. At two days post-infection, more than 90% of the
RKO cells infected with LV-GFP or LV-RNPGi demonstrated green fluorescence (data not
shown), indicating efficient infectivity. Also at two days post-infection, the endogenous
hnRNP G expression level was decreased by 90% in RKO cells infected with LV-RNPGi if
compared to the cells infected with LV-GFP (Fig. 6A). We next performed the in vivo DNA
EJ assay using the RKO cells infected with LV-GFP or LV-RNPGi. Compared to the control
RKO cells, the error-free DNA EJ activity in the hnRNP G-depleted RKO cells resulted in 3-
fold reduction (Fig. 6B), the amount that is comparable to that in the p53 knockdown RKO
cells (Fig. 1D).

3.6. wt hnRNP G enhanced the fidelity of DNA EJ in cancer cells lacking the expression of
hnRNP G

We recently showed lack of wt hnRNP G expression in human head and neck squamous cell
carcinoma (HNSCC) tissues and lines, which do not express wt p53 [21]. We also showed
decreased fidelity of DNA EJ activity in these cancer cells compared with normal human
epithelial cells, which expressed readily detectable level of hnRNP G [7,21]. To obtain a direct
evidence of the role of hnRNP G in the fidelity of DNA EJ activity, we infected HNSCC cells
lacking hnRNP G protein (human tongue carcinoma SCC-4 cells) or containing mutant K22R
hnRNP G (human larynx carcinoma Tu-139 cells) with the retroviruses expressing wt or K22R
mutant hnRNP G [21]. The infected cells successfully expressed the exogenous wt or mutant
hnRNP G protein (Fig. 7A)

To examine the effect of hnRNP G on DNA EJ activity, the in vivo DNA EJ assay was carried
out using the control cells expressing empty vector and the cells overexpressing hnRNP G. An
average of 6.2% of the linearized pGL3-Luc plasmids were correctly recircularized in the
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control SCC4-LX cells, whereas the error-free DNA EJ activity was substantially increased in
the SCC4-wtRG cells expressing wt hnRNP G, but not in SCC4-K22R cells expressing mutant
hnRNP G (Fig. 7B). Similar effect of hnRNP G was also found in the Tu-139 cell line. We
further investigated the effect of hnRNP G expression on erroneous NMEJ activity in SCC-4
and Tu-139. In both cell lines, the restoration of wt hnRNP G notably lowered the frequency
of erroneous DNA EJ (Fig. 7C).

We also compared the exonuclease activity of nuclear extracts prepared from SCC4-LX,
SCC4-wtRG, and SCC4-K22R upon DNA substrates (Fig. 7D). The expression of wt hnRNP
G significantly increased the amount of protected DNA substrate compared with those of
LXSN and mutant K22R (Fig. 7D). These results indicate that hnRNP G enhances the fidelity
of DNA EJ activity and the protection of DNA ends.

3.7. hnRNP G directly binds to DNA ends in vitro
To investigate whether hnRNP G directly binds to DNA ends, we performed the in vitro end
protection gel shift assay by incubating only the purified hnRNP G recombinant proteins and
the DNA substrates (Fig. 8). For this purpose, we first constructed and purified GST-tagged
full-length wt hnRNP G and the K22R hnRNP G mutant and deleted hnRNP G (Δ89-391)
recombinant proteins (data not shown). The most prominent structural feature of hnRNP G is
the presence of RNA-binding domain (residues 10-88) at the amino terminus [17,18]. The
physical interaction of hnRNP G with DNA ends was determined by the presence of shifted
specific radioactive signal containing the 5′-32P-ends of DNA substrates. Shifted specific
radioactive signals were observed from the reaction containing the full-length hnRNPG (Fig.
8, lane 4) or the hnRNPGΔ89-391 (Fig. 8, lane 6) protein, indicating that the 5′-32P-ends of
DNA substrates were protected from DNase I digestion by bound wt hnRNP G or
hnRNPGΔ89-391. We did not observe such signal when GST or GST-K22R was incubated
with the labeled DNA substrates (lane 3 and 5). These results led us to conclude that (i) hnRNP
G directly binds to DNA ends and (ii) the RNA-binding domain (residues 1-88) of hnRNP G
is sufficient for the DNA end-binding activity of hnRNP G, and (iii) K22R point mutation
causes the loss of DNA end-binding activity of wt hnRNP G.

4. Discussion
DNA end-joining (EJ) represents the major DSBs repair mechanism in mammalian cells, but
its fidelity remains to be elucidated. The fidelity represents the ability to rejoin the break
accurately which affects genetic stability and the potential onset of oncogenesis. The present
work is the first demonstration that hnRNP G protein is a novel p53 target gene product and
plays an important role in the fidelity of DNA DSBs repair.

Our p53 siRNAs experiment demonstrated that cellular extracts derived from p53 knockdown
RKO cells showed a higher error incidence and a significantly diminished precise in vivo DNA
EJ activity if compared to extracts from RKO expressing wt p53. Together with our previous
observation [6,7], our result showed an important role of p53 in the fidelity of DNA EJ. This
is also consistent with a report that the p53 inhibitor pifithrin-α significantly reduced precise
DNA ligation in murine fibroblasts [15]. However, the underlying mechanism or molecular
determinant for the p53-mediated EJ fidelity has not been reported.

We detected a close relationship between the p53 status and the level of hnRNP G expression,
i.e., a significant reduction of hnRNP G expression in both p53 knockdown cellular extracts
and p53-defective cancer cells compared to that in wt p53 expressing cells [7,21]. We found
transcriptional regulation of hnRNP G by p53 through a putative p53 binding site (−1,430 to
−1,411) as well as a possible post-translational stabilization of hnRNP G by DNA damage,
ubiquitin-dependent proteasomal pathway (unpublished our observation). We are currently
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investigating detail mechanisms underlying the transcription regulation of hnRNP G by p53
and a potential role for p53 in the post-translational stabilization of hnRNP G by DNA damage.
Furthermore, the knockdown of endogenous hnRNP G in RKO cells expressing wt p53 resulted
in a significant reduction in EJ fidelity, which is comparable to that in the p53 knockdown
RKO cells (Fig. 1D and 6B). These data suggested that hnRNP G may be a target of the p53
tumor suppressor and a key molecular determinant in the p53-mediated EJ fidelity. This new
role for the p53 protein in the regulation of hnRNP G is to be added to its role as a key regulator
in genetic stability via regulation of its target genes [8].

The structural feature of hnRNP G indicated that like other hnRNPs, hnRNP G is directly
associated with RNA and involved in RNA metabolism [17–19]. Moreover, protein domain-
mapping studies showed the presence of RNP-consensus RNA binding domain (residues
10-88) at the amino-terminus of hnRNP G, including the codon 22 [17]. Others suggested that
the RNA binding capability of hnRNPs is critical for its effects on gene regulation [24]. A
recent study demonstrated that hnRNP G may modulate cellular splicing preferences,
suggesting the deregulation of hnRNP G may impose profound effects on the alteration of
cellular transcriptome [20]. Therefore, pleiotropic effects of hnRNP G on multiple biological
pathways due to its ability to modulate RNA processing have been speculated, but its roles in
DNA repair and carcinogenesis have not been investigated [28]. For instance, hnRNP G
demonstrated tumor suppressive effect against human cancer cells [21], and here we report a
novel effect of hnRNP G on the fidelity of DNA EJ activity by, in part, the ability of hnRNP
G to bind and protect DNA ends. However, we would not rule out a possibility that other
biological activities of hnRNP G, i.e., tumor suppression and EJ fidelity, are due to the global
effect of hnRNP G in gene expression through the processing of mRNAs rather than through
its direct effect on DNA EJ.

How could hnRNP G modulate the fidelity of DNA EJ? After exposure of free DNA end created
from DSB, one cellular response would be to prevent exonuclease attack at DNA ends that
arise as a consequence of DNA damage. Inhibition of cellular exonuclease activity and/or
protection of DNA ends from exonuclease attack may be a critical initial step in the repairing
damaged DNA and the maintenance of genomic stability by preventing deleterious degradation
of DNA at inappropriate loci. Therefore, in this regard, our finding suggests an important role
of hnRNP G for this process (Fig. 8). DNA end protection by hnRNP G prevents DNA ends
from exonuclease attack, gives cells time to maintain intact DNA ends and eventually allow
the DNA machinery to correct the damage without losing genetic information.

It is of interest to point out that the K22R hnRNP G mutant seems to be a very important mutant
form that would help in elucidating the role of hnRNP G in EJ due to the following reasons:
i) K22R point mutation is a naturally occurring mutant form that we obtained from Tu-139
cancer cells; ii) K22R resides in the RNA-binding domain that is critical for the RNA-splicing
function of hnRNP G; and iii) K22R failed to enhance EJ fidelity and DNA end protection.
Based on the above, we could speculate at least two non-mutually exclusive mechanisms: 1)
hnRNP G has a global effect on the cellular levels of several proteins, which may indirectly
affect the DNA EJ activity, and 2) the DNA end-binding and protection of hnRNP G may
directly affect the fidelity of DNA EJ. The slower exonuclease activity in the hnRNP G
overexpressing cells was attributable to an increased delay in the initiation of DNA degradation
possibly caused by hnRNP G binding and protection of the DNA ends against exonuclease
activity.

The pleiotropic cellular activities of p53 include intrinsic 3′→5′ exonuclease activity.
Interestingly, the p53 knockdown RKO cells exhibited accelerated exonuclease activity with
both 5′-overhang and blunt-ended DNA substrates when compared to the control RKO
expressing wt p53. The slower exonuclease activity in the control RKO was attributable to an
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increased delay in the initiation of DNA degradation possibly caused by hnRNP G binding and
protection of the DNA ends against exonuclease activity. Another possibility is that the intrinsic
exonuclease activity of p53 itself may be involved since p53 must not be activated, e.g.,
phosphorylated, to possess this activity [29]. Alternatively, p53 inhibition of another cellular
exonuclease activity could be involved in the increased exonuclease activity of p53 knockdown
RKO cells since p53 transcriptionally inhibits cellular genes harboring exonuclease activity
[30] or modulates exonuclease activity through physical interaction [31].

In summary, the above data revealed a novel function for the hnRNP G protein, i.e., a role in
the error-free DSBs EJ pathway. Moreover, we have detected that the absence or significant
reduction of hnRNP G protein in precancerous, malignant oral lesions, and cancer cells derived
from head and neck SCC compared to normal human oral epithelia and cultured oral
keratinocytes [21]. Thus, hnRNP G may play an important role in the maintenance of genetic
integrity and possible carcinogenesis.
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Fig. 1. Effect of p53 knockdown on the fidelity of DNA EJ
(A) Cell lysates prepared from parental RKO, two control RKO clones (RCTL-1 and -2)
infected with retroviruses expressing control siRNA, and four RKO clones (Rp53KO-1, -2, -9,
and -19) infected with retroviruses expressing p53 siRNA. Western analysis was performed
using anti-p53 and anti-p21. Anti-actin antibody was used as a loading control. (B) In vitro
DNA EJ assay. Upper panel: The EcoRI-linearized plasmid was incubated with cellular
extracts and amplified as described in Materials and Methods. Lower panel: The EcoRV-
linearized plasmid was incubated with cellular extracts and amplified. (C) Effect of p53
knockdown on the frequency of erroneous DNA EJ activity in RKO cells. (D) In vivo DNA
EJ assay. Effect of p53 knockdown on the relative error-free DNA EJ capacity in vivo. The
relative error-free DNA EJ capacity was calculated by comparing luciferase activity expressed
in cells transfected with NarI-digested plasmid with that of the uncut plasmid. The results were
obtained from three independent transfection experiments. The error bars indicate ±S.D from
three different assays.
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Fig. 2. Effect of p53 knockdown on cellular exonuclease activity
(A) The EcoRV-linearized (upper) or EcoRI-linearized (lower) plasmids were incubated with
30 μg of extracts for indicated min. As controls, the DNA substrates were incubated without
cell extract or with 50 U of exonuclease III. (B) Quantitative expression of exonuclease activity.
The intensity determined by Scion imaging (Scion Corporation, Frederick, MD) of unincubated
DNA substrate (no extract) was used as control (100%). (C) Quantitative expression of
exonuclease activity. The EcoRI-linearized plasmids were incubated without cell extract or
with 30 μg of extracts for indicated min. (D) Quantitative expression of exonuclease activity
of NHOK.
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Fig. 3. Effect of p53 knockdown on DNA end protection
(A) End protection gel shift assay with the control RKO (RCTL-2) and the p53 knockdown
RKO (Rp53KO-2) extracts. * indicates a novel DNA end-binding complex containing 5′-32P-
ends of DNA substrates and protein(s). (B) Dose-dependent effect of RCTL-1 cellular extract
on DNA ends protection. Lane 3, 5μg of the extract; Lane 4, 2μg of the extract; Lane 4, 5μg
of the extract; Lane 4, 10μg of the extract.

Shin et al. Page 14

DNA Repair (Amst). Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Identification of a ~40 kDa protein in the DNA end-binding complex
(A) The DNA end-binding complex and whole lysate from the RKO control clone (RCTL-2)
were resolved in an SDS-PAGE and then stained with Coomassie blue. (B) The DNA end-
binding complex and whole lysate from the RKO control clone (RCTL-2) were resolved by
SDS-PAGE and subjected to Western blotting using anti-p53.
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Fig. 5. Identification of hnRNP G in the DNA end-binding complex
(A) Upper panel: The DNA end-binding complex and whole lysates from RCTL-2 and
Rp53KO-2 were subjected to Western using anti-hnRNP G. Lower panel: The complex and
whole lysates were resolved in an SDS-PAGE and then stained with Coomassie blue. (B)
Western analysis of hnRNP G in NHOK, two control RKO clones (RCTL-1 and -2) and two
p53 knockdown RKO clones (Rp53KO-1, and -2). Membrane stained with Ponceau-S to serves
as the internal control to account for the loading error.
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Fig. 6. Inhibition of endogenous hnRNP G resulted in decreased fidelity of DNA EJ
(A) RKO cells were infected with LV-RNPGi or LV-GFP, and, 48 hr after infection, hnRNP
G knockdown was examined by RT-PCR and Western analysis. (B) Effect of hnRNP G
depletion on the error-free DNA EJ capacity in vivo. RKO cells were transfected with the
plasmids for 7 hr and incubated for additional 48 hr without the plasmids in order to obtain the
maximum hnRNP G knockdown which was achieved at 48 hr post-infection. Then, the cells
were subjected to the luciferase reporter assay. The relative error-free DNA EJ capacity was
calculated by comparing luciferase activity expressed in cells transfected with NarI-digested
plasmid with that of the uncut plasmid. The results were obtained from three independent
transfection experiments. The error bars indicate ±S.D from three different assays.
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Fig. 7. Effect of hnRNP G on DNA EJ activity in cancer cells
(A) Ectopic expression of wt hnRNP G or mutant hnRNP G (K22R) in two HNSCC cell lines
(SCC-4 and Tu-139). Western blotting analysis was performed using the antibody against
hnRNP G. Parent, non-infected cells; LX, cells infected with retrovirus expressing empty
vector (LXSN); wtRG, cells infected with retrovirus expressing wt hnRNP G (LXSN-wtRG);
K22R, cells infected with retrovirus expressing mutant hnRNP G (LXSN-K22R). (B) Effect
of hnRNP G overexpression on the fidelity of DNA EJ in vivo. The relative error-free DNA
EJ capacity was calculated as described in Materials and Methods. Each experiment was
performed with a triplicate dish. The error bars indicate ±SD from three independent
experiments. (C) Effect of hnRNP G overexpression on the fidelity of DNA EJ in vitro. The
frequency of erroneous DNA EJ was calculated by counting the number of EcoRI or EcoRV-
resistant PCR products as a percentage of the total number of tested PCR products. ND, not
determined. (D) Effect of hnRNP G overexpression on cellular exonuclease activity. The
EcoRV-linearized (upper) plasmids were incubated with 30 μg of extracts for indicated min.
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Fig. 8. hnRNP G directly binds to DNA ends in vitro
End protection gel shift assay was performed by incubating end-labeled DNA substrates and
GST (lane 3), GST-tagged full-length wt hnRNP G (lane 4), the K22R hnRNP G mutant (lane
5) or deleted hnRNP G (Δ89-391; lane 6) recombinant proteins. The bottom arrow indicates
the position of free DNA ends; the upper arrows indicate protected/bound DNA ends containing
the recombinant hnRNP G proteins.
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