Histochem Cell Biol (2014) 142:713-720
DOI 10.1007/s00418-014-1245-7

SHORT COMMUNICATION

Elevated DNA damage response in pancreatic cancer

Michael Osterman - Deion Kathawa - Diangang Liu -
Huan Guo - Chao Zhang - Mo Li - Xiaochun Yu - Fei Li

Accepted: 27 June 2014 / Published online: 8 July 2014
© Springer-Verlag Berlin Heidelberg 2014

Abstract Pancreatic cancer is one of the most aggres-
sive and intractable human malignant tumors and a lead-
ing cause of cancer-related death across the world, with
incidence equaling mortality. Because of the extremely
high malignance, this disease is usually diagnosed at its
advanced stage and recurs even after surgical excision. Pan-
creatic adenocarcinoma is generally thought to arise from
pathological changes of pancreatic duct, and the pancre-
atic ductal adenocarcinoma accounts for more than 90 %
of malignant neoplasms of the pancreas. To date, scientists
have revealed several risk factors for pancreatic cancer,
including smoking, family history, and aging. However,
the underlying molecular mechanism remains unclear.
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Meanwhile, more mutations of DNA damage response
factors have been identified in familial pancreatic cancers,
implying a potential link between DNA damage and pan-
creatic cancer. DNA damage is a recurring phenomenon in
our bodies which could be induced by exogenous agents
and endogenous metabolism. Accumulated DNA lesions
cause genomic instability which eventually results in tumo-
rigenesis. In this study, we showed obvious DNA damages
existed in human pancreatic cancer, which activated DNA
damage response and the DNA repair pathway includ-
ing ataxia-telangiectasia mutated, DNA-PK, CHKI, and
CHK?2. The persistent DNA damage in pancreatic tissue
may be the source for its tumorigenesis.
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Introduction

Pancreatic cancer is the fourth leading cause of cancer
death in America and twelfth worldwide. With a 5-year sur-
vival rate of <3 % and an average survival of <6 months,
this disease ranks the highest rate of death of any form
of cancer, surpassed only by lung cancer (Bardeesy and
DePinho 2002; Rustgi 2014). Because of the absence of
specific symptoms and limitations in diagnostic methods,
pancreatic cancer often eludes detection during its forma-
tive stages (Eckel et al. 2006; Mohammed et al. 2012).
There are two broad classifications of pancreatic can-
cer, dependent on whether or not the cancer affects the
exocrine or endocrine functions of the pancreas. The most
common form of pancreatic cancer is that affects exocrine
functions of the pancreas (Bardeesy and DePinho 2002;
Garcea et al. 2005). Of these, around 95 % are classified
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as adenocarcinoma or pancreatic ductal adenocarcinoma
(PDA), which typically arises in ducts of the pancreas
(Warshaw and Fernandez-del Castillo 1992). PDA is a
highly aggressive malignancy showing significant resist-
ance to chemotherapies (Bardeesy and DePinho 2002).
Annually, the incidence of PDA closely matches its mortal-
ity, highlighting the inefficacy of existing treatment options
(Jemal et al. 2006), and this malignancy will be the sec-
ond leading cause of cancer-related mortality in the next
decade (Ma and Jemal 2013). Many efforts were made to
reveal the cellular events and specific biochemical reactions
of pancreatic cancer, especially the PDA. However, at this
time, the exact pathology remains unclear.

It is a well-known fact that DNA damage is a recur-
ring phenomenon in biology and is a general precipitating
factor of cancer. Our genome encounters a large amount
of DNA damages per day, which can be induced by exog-
enous physical agents, spontaneous chemical reactions,
and products of endogenous metabolism (Ciccia and
Elledge 2010). To cope with these threats, cells employ
a DNA damage response system to detect DNA damage,
activate the cell cycle checkpoint, and initiate DNA repair
process. Errors in DNA damage response lead to accumu-
lated DNA lesions and induce genomic instability which
eventually results in tumorigenesis (Jackson and Bartek
2009; Lord and Ashworth 2012). In particular, germline
mutations in some of the DNA repair genes have been
discovered in pancreatic cancer (Rustgi 2014), implying
that unrepaired DNA lesions may be a reason for induc-
ing pancreatic cancers. Notably, around 10 % of sporadic
PDAs were shown to harbor mutations of BRCA2 (Ozce-
lik et al. 1997), a tumor suppressor which functions for
DNA break repair during homologous recombination
(HR) (Zhang et al. 2009; Patel et al. 1998). As a func-
tional partner of BRCA2, PALB2 also plays a crucial role
in HR-dependent DNA damage repair (Zhang et al. 2009).
In a study of nearly 100 families with hereditary pancre-
atic cancer, four families were found to bear protein-trun-
cating mutations in PALB2 (Jones et al. 2009). Moreover,
germline heterozygous ATM mutations were found in
the families with hereditary pancreatic cancer (Roberts
et al. 2012), which further links DNA damages to pancre-
atic cancers since ATM is a core kinase in DNA damage
response network and impairment of ATM could result in
the failure of DNA repair (Matsuoka et al. 2007; Morri-
son et al. 2000). In this study, using the pancreas samples
from human, we observed obvious DNA damages in PDA
pancreas. Meanwhile, DNA damage response and differ-
ent repair pathways were also found to be activated in
these cancer samples. Our results showed a general ele-
vated DNA damage response in human pancreatic cancer,
and the accumulated DNA lesions could be an original
source of pancreatic tumorigenesis.
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Materials and methods
Chemicals and antibodies

All chemicals and media were purchased from Sigma Chem-
ical Company (St. Louis, MO) except for those specifically
mentioned. Anti-pATM (4526), pCHK1 (2341), pCHK2
(2661), and antibodies were purchased from Cell Signaling.
Anti-ATM (ab2631), CHK1 (ab47574), CHK2 (ab8108),
and pDNA-PK (ab18192) were purchased from Abcam. And
anti-p-actin (A5441) antibody was from Sigma.

Samples

Nine samples of pancreatic tissues were collected from
the Department of Pathology, Xuan Wu Hospital, Capital
Medical University, between January and August 2013. In
detail, six tissues from the patients were harvested follow-
ing the criteria: (1) histologic diagnosis of pancreatic ductal
adenocarcinoma (moderate differentiation); (2) pancreatic
tumor was primary, and the tumor size ranged from 3 to
5 cm; (3) tumor samples derived from biopsy or surgical
resection specimens were suitable for immunohistochemi-
cal assessment; (4) patients received radiotherapy or chem-
otherapy before biopsy or surgery were excluded. Three
normal adult pancreatic tissues were obtained from organ
donors who were free from any history of malignancy
and died from acute myocardial infarction. All the human
pancreatic tissues used in this study were harvested after
obtaining approval from the ethics committees at Capital
Medical University and University of Michigan, and from
the patients who gave written informed consent.

Hematoxylin and eosin (H&E) staining

Pancreatic tissues from both experimental and control sam-
ples were fixed overnight in 10 % neutral buffered forma-
lin, embedded in paraffin, and sectioned. Embedding and
sectioning were performed by the University of Michigan

Table 1 Characteristics of the patients and tumors

No. Sex Age Tumor Differentiation Lymph nodeLiver
size (cm) metastasis metastasis
TI M 54 42 Moderate - -
T2 F 52 3.7 Moderate + -
™ M 58 32 Moderate + -
T4 M 53 4.4 Moderate - -
TS F 58 4.7 Moderate - —
6 M 60 3.6 Moderate + +
Cl M 53 - - - -
c2 M 51 - - — —
C3 F 57 - - - —
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Fig. 1 DNA damage in human pancreatic cancers. a H&E staining
of duct histomorphology was performed from normal (C1-C3) and
tumor (T1-T4, and T6) pancreatic tissues. Representative images
from C2 and T4 are shown. Arrowheads indicate the carcinoma area
in duct. b H&E staining of pancreatic body histomorphology was per-
formed from normal (C1-C3) and tumor (T1-T6) pancreatic tissues.
Representative images from C1 and T3 are shown. ¢ Immunostain-
ing of phosphorylated H2AX (yH2AX) and SQ/TQ motif (pSQ/TQ)
of duct was performed from normal (C1-C3) and tumor (T2, T4, and

Microscopy and Image Analysis Core. Sections were then
subjected to hematoxylin and eosin staining.

Immunofluorescence microscopy

Immunofluorescence was performed as described previously
(Collins et al. 2012). For staining of yH2AX, pSQ/TQ,
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T5) pancreatic tissues. Representative results from C3 and T3 are
shown. d Immunostaining of phosphorylated H2AX (yH2AX) and
SQ/TQ (pSQ/TQ) of pancreatic body was performed from normal
(C2 and C3) and tumor (T1, T2, and T6) pancreatic tissues. Repre-
sentative results from C2 and T2 are shown. Enlarged box denotes
YH2AX foci. Scale bar 20 pm. e Numbers of positive YH2AX and
pSQ/TQ cells around the duct in normal pancreas (C1-C3) and pan-
creatic tumor (T2, T4, and T5) were counted. Three independent
experiments were averaged. The error bars represent the SD

Rad51, or Ku70, tissues were fixed in 4 % paraformalde-
hyde in PBS (pH 7.4) for at least 3 h at room temperature.
After being permeabilized with 0.5 % Triton X-100 at
room temperature for 30 min, tissues were blocked in 1 %
BSA-supplemented PBS for 1 h and incubated overnight at
4 °C with the indicated antibodies, respectively. After three
washes in PBS containing 0.1 % Tween 20 and 0.01 %
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Triton X-100 for 5 min each, the tissues were labeled with
1:500 FITC-conjugated IgG or Rho-conjugated IgG for
1 h at room temperature. After washing in PBS containing
0.1 % Tween 20 and 0.01 % Triton X-100, the tissues were
co-stained with Hoechst 33258 (10 mg/ml in PBS). Finally,
the tissues were mounted on glass slides and examined with
a fluorescent microscope (Olympus, Japan).

Western blot

Protein samples from the tissues were extracted using total
protein extraction kit (Millipore, #2140). The proteins were
separated by SDS-PAGE and then electrically transferred to
polyvinylidene fluoride membranes. Following transfer, the
membranes were blocked in TBST (TBS containing 0.1 %
Tween 20) containing 5 % skimmed milk for 2 h, followed
by incubation overnight at 4 °C with the indicated antibod-
ies, respectively. After washing in TBST, the membranes
were incubated for 1 h at room temperature with 1:1,000
horseradish peroxidase (HRP)-conjugated IgG. To detect
total ATM, CHK1, or CHK2, the membranes were washed
in the washing buffer (100 mM p-mercaptoethanol, 20 %
SDS, and 62.5 mM Tris, pH 6.7) for 30 min at 55 °C and
then subjected to another round of incubation. Finally, the
membranes were detected by the enhanced chemilumines-
cence detection system (Amersham, Piscataway, NJ).

Statistical analysis

All the experiments were performed at least three times.
Results were analyzed using unpaired two-tailed Student’s
t test, and data expressed as mean £+ S.D. p values <0.05
were considered statistically significant.

Results and discussion
Occurrence of DNA damages in pancreas cancer

The six patients with pancreatic tumor (Table 1) included 4
male and 2 female patients with a mean age of 55.8 years
(T1-T6), and all had clinical symptoms, such as jaundice
and hepatomegaly. Three patients had lymph node metasta-
sis, and one had liver metastasis. The three control patients
(Table 1) include 2 males and 1 female with a mean age of
53.7 years (C1-C3). Once the tissues received, each sam-
ple was divided into three groups for subsequent experi-
ments. Figure 1a shows the representative morphologies of
the normal pancreatic duct and the duct of pancreatic can-
cer with H&E Staining. The wall of the duct that originally
neatly surrounded the normal sample became consider-
ably thicker in the tumor sample. This change indicated the
obvious adenocarcinoma of the duct, which may originate
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Fig. 2 Checkpoint activation in human pancreatic cancer. a Phos-
phorylation status of ATM and DNA-PK was tested by Western blot
from normal (C1-C3) and tumor (T2-T5) pancreatic tissues. Repre-
sentative results from C3 and T5 are shown. Total ATM and f-actin
were used for the loading controls, respectively. b Phosphorylation
status of CHK1 and CHK2 was tested by Western blot from normal
(C1-C3) and tumor (T2-T5) pancreatic tissues. Representative results
from C1 and T1 are shown. Total CHK1 and CHK?2 were used for the
loading controls, respectively

from pancreatic intraepithelial neoplasias (PanIN). For the
body of the pancreas (non-duct part), obvious fibrosis was
found in the PDA sample compared to the regular cells in
the normal pancreas. Also, the cells were misaligned, jag-
ged, and the entire structure of the outer lining of the pan-
creas seemed damaged (Fig. 1b). These results indicate the
severe cancerous cells in patient pancreatic tissues.

To investigate the link between DNA damage and pan-
creatic cancers, we tested the existence of DNA damages
in these pancreas tissues. It is well realized that H2AX, a
variant of canonical histone H2A, plays an important role
in spreading the signal of the damage, and phosphorylated
H2AX (yH2AX) is required for the stabilization of numer-
ous of DNA damage response factors at DNA lesions (Paull
et al. 2000; Srivastava et al. 2009). Therefore, YH2AX
is usually used for the surrogate marker of DNA dam-
age presence (Li et al. 2013; Li and Yu 2013). As shown
in Fig. lc, no staining of yH2AX was detected in the nor-
mal samples of pancreas. While the signal of yYH2AX was
highly positive in both duct and the tissue around duct in
the tumor sample. Also, we found evident foci within the
cells from these samples (enlarged box in Fig. 1c). To fur-
ther confirm the occurrence of DNA damages, we tested
the status of serine or threonine residues that precede glu-
tamine residues, called SQ/TQ motifs, which are a large
number of phosphorylation substrates and phosphoryl-
ated by kinases upon DNA damages (Cortez et al. 1999;
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Fig. 3 Activation of DNA repair pathways in human pancreatic can-
cer. a Immunostaining of Rad51 and Ku70 of duct was performed
from normal (C1-C3) and tumor (T1, T2, and T4) pancreatic tissues.
Representative images from C2 and T1 are shown. b Immunostain-
ing of Rad51 and Ku70 of pancreatic body was performed from
normal (C1-C3) and tumor (T1-T4) pancreatic tissues. Representa-

Traven and Heierhorst 2005). As expected, phosphoryl-
ated SQ/TQ (pSQ/TQ) was also detected in the tumor
sample but not the normal sample, and the positive signal
of pSQ/TQ was co-localized with yH2AX, indicating the
obvious existence of DNA damages in human pancreatic
cancer. Similarly, the signals of yYH2AX and pSQ/TQ were
also positive in the body of pancreas from the tumor sam-
ples (Fig. 1d), and they were exactly co-localized as that in
Fig. 1c. Both the numbers of yH2AX and pSQ/TQ positive
cells around duct in the normal and tumor tissue are sum-
marized in Fig. le.

Checkpoint pathway in pancreas cancer

When DNA damages occur, cells must start the system of
DNA damage response to activate the cell cycle check-
point, initiate DNA repair process, or drive the cells to
apoptosis (Ghosal and Chen 2013; Sengupta and Harris
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tive images from C2 and T3 are shown. Enlarged box denotes Rad51
foci. Scale bar 20 pm. ¢ Numbers of positive Rad51 and Ku70 cells
around the duct in normal pancreas (C1-C3) and pancreatic tumor
(T1, T2, and T4) were counted. Three independent experiments were
averaged. The error bars represent the SD

2005). In the system of the DNA damage response, ataxia-
telangiectasia mutated (ATM) and DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) are members of the
phosphoinositide-3-kinase-related protein kinase (PIKK)
family. They are rapidly activated in response to DNA dam-
age and are believed to be the earliest sensor of DNA dam-
ages (Falck et al. 2005). To explore whether DNA response
was activated in the tumor samples, we tested the status of
ATM and DNA-PK. As shown in Fig. 2a, both ATM and
DNA-PK were activated in tumor pancreas rather than in
normal pancreas, indicating the active response upon the
DNA damages in the pancreases of the patients. As ATM
and DNA-PK respond mainly to DNA double-strand breaks
(DSBs) for promoting homologous recombination (HR)
and Non-homologous end joining (NHEJ), respectively
(Falck et al. 2005), these data suggested that the DSBs may
be the major DNA lesions in the cancerous tissue. DSBs
are more deleterious than other types of DNA lesions
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Fig. 4 Model of DNA damage induced pancreatic cancer. Pancreas
is susceptive to DNA damages induced by radiation, cellular metabo-
lism, replication error, and chemical exposure. If not repaired timely,
massive DNA damages accumulates in pancreatic cells, which causes
cellular genomic instability, mutations, and chromosome transloca-
tions. These cells loss of control and eventually become carcinoma
cells, which results in pancreatic cancer

since they do not leave an intact complementary strand to
be used as a template for repair. If accumulated, they can
ultimately cause chromosome translocations that result in
tumorigenesis (Jackson and Bartek 2009; Polo and Jack-
son 2011). Thus, these results built a potential link between
DNA damage to tumorigenesis of pancreas.

The locally increased kinase (e.g., ATM and DNA-PKs)
activation is believed to be important for efficient phospho-
rylation of their substrates, including the downstream effec-
tor kinases, checkpoint kinase 1 (CHK1), and checkpoint
kinase 2 (CHK2) (Reinhardt and Yaffe 2009; Falck et al.
2005; Kastan and Bartek 2004). CHK1 and CHK2 regulate
checkpoint network in responses to DSBs and transiently
delay cell-cycle progression in G1, S, or G2 phases, or even
impose prolonged, durable cell-cycle arrests in either Gl
or G2, before entry into the subsequent S phase or mitosis,
respectively (Kastan and Bartek 2004). To further confirm
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our proposition, we examined the activation of CHK1 and
CHK2. As expected, CHK1 and CHK2 were both phospho-
rylated in the samples from the pancreatic tumor but not in
the normal pancreas (Fig. 2b). These results indicated an
overall activation of the checkpoint pathway upon the DNA
damages in pancreas cancer and the cell cycle was arrested
by these active kinases. Normally, the G2/M checkpoint
only transiently exists, which allows the completion of
quick DNA damage repair before entering into mitosis so
that the DNA lesions would not be transmitted from mother
cells to daughter cells (Chen et al. 2000; Abraham 2001).
However, prolonged arresting at the G2/M boundary may
cause the mitotic exit and genomic instability (Chiu et al.
2005; Yang et al. 2010; Hirose et al. 2001), which eventu-
ally leads to tumorigenesis.

DNA repair pathway in pancreatic cancer

Accumulation of DSBs is one of the major reasons for
tumorigenesis. The persistent DNA damages will keep the
DNA repair pathway active in vivo until all the damages
repaired (Sancar et al. 2004). It is well known that HR and
NHE] are the two major repair pathways for DSB repair
(Bristow and Hill 2008). The NHEJ repair pathway can
be activated in any phase of the cell cycle for error-prone
repair. While the HR pathway is preferentially activated in
the S and G2 phases of the cell cycle when a sister chro-
matid is available as the template for error-free repair of
the DNA DSBs (Sandhu et al. 2000). Since Rad51 and
Ku70/80 play the central roles in the HR and NHEJ path-
ways, respectively, we tested the signals of these two pro-
teins by immunostaining. As seen in Fig. 3a, the signals
of Rad51 and Ku70 were negative in normal pancreas
(upper), but were notably stained in and around the duct of
the patient pancreas, and these signals were well co-local-
ized (lower). Similarly, this pattern was also found in the
body of the patient pancreas (Fig. 3b). Both the numbers of
Rad51 and Ku70 positive cells around duct in the normal
and tumor tissue are summarized in Fig. 3c. These results
indicated that both HR and NHEJ pathways were active in
the tumor pancreas tissue, implying the persistent DSBs
in this area. It is worth noting that persistent expressions
of Rad51 and Ku70/80 have been observed in many can-
cer cells (Nagathihalli and Nagaraju 2011; Komuro et al.
2005), further suggesting the correlation between DNA
damages and pancreatic cancer.

In the past decades, many advances have been made to
understand DNA damage and human cancers. Research
studies in pancreatic cancer have involved detection of
DNA damage derived from carcinogen exposure and
endogenous metabolic processes (Li et al. 2004). For
instance, smoking-induced aromatic DNA adducts and
other types of DNA damage have been detected in human
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pancreas (Wang et al. 1998; Li et al. 2002; Thompson et al.
1999; Kadlubar et al. 1998). In particular, an increasing
number of mutations of DNA response factors, including
ATM, BRCA2, PALB2, FANCC, and FANCG, have been
identified in chronic pancreatitis and pancreatic cancer
(Rustgi 2014; van der Heijden et al. 2003), and genomic
instability is a hallmark feature of sporadic PDA (Campbell
et al. 2010). These studies and our current findings suggest
that the human pancreas is susceptible to carcinogen expo-
sure which causes DNA damages, and the accumulated
DNA damages might contribute to genetic mutation, and in
turn to tumorigenesis (Fig. 4).
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