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Abstract This study investigated the expression of
nucleolin in tissue samples in patients with non-small cell
lung cancer (NSCLC). Nucleolin was studied to determine
whether it has a prognostic value and if its levels correlate
with various clinicopathologic parameters. The relation-
ship between nucleolin and expression of DNA-PKcs
was also evaluated. Immunohistochemistry was used for
detecting the expression levels of nucleolin and DNA-
PKecs in tissues from 225 stage IA to IIIB NSCLC patients
who underwent lung surgery. Nucleolin was observed pre-
dominantly in the cytoplasm, and some levels were ob-
served in the nucleus. Nucleolin expression was higher in
NSCLC tissues than adjacent normal lung tissues. Among
225 NSCLC patients, 117 (52.0 %) had high expression
of nucleolin. The expression of nucleolin was significant-
ly associated with pathologic stage (P=0.013) and T sta-
tus (P=0.043). Multivariate analysis revealed that
nucleolin, cytoplasmic nucleolin, and nuclear nucleolin
expression were independent prognostic factors for both
overall survival (OS) (P<0.001) and disease-free survival
(DFS) (P<0.001). A high level of nuclear nucleolin
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served as an independent prognostic factor for better sur-
vival, while a high level of cytoplasmic nucleolin was
closely associated with worse prognosis in NSCLC pa-
tients. The expression of nucleolin and cytoplasmic
nucleolin positively correlated with DNA-PKcs
(P<0.001). These data suggest that nucleolin could be
an effective treatment target and prognostic factor for pa-
tients with NSCLC.

Keywords Nucleolin - Non-small cell lung cancer -
DNA-PKcs - Prognosis - Immunohistochemistry - Targeted
treatment

Introduction

Non-small cell lung cancer (NSCLC) is one of the most
common malignant tumors and leading causes of cancer
deaths, with an increasing incidence and a poor prognosis
[1]. Therefore, new treatment modalities that improve sur-
vival rates are urgently needed. A clearer understanding
of the biology of NSCLC at the molecular level will aid in
the development of new treatment strategies, including
methods to accurately predict the prognosis of patients
with certain clinical-pathological characteristics and iden-
tification of new targets for radiation therapy.

Resistance to cell death is a hallmark of cancer that con-
tributes to progression to high-grade malignancy and thera-
peutic resistance. Although the cellular conditions that trigger
apoptosis remain to be fully enumerated, it has been reported
that abnormalities in DNA damage sensory play a key role in
tumor development [2].

Nucleolin (C23) is a 100—110-kDa protein that is ubiqui-
tously expressed in exponentially growing eukaryotic cells,
accounting for approximately 10 % of the total protein content
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within the nucleolus [3]. It is able to bind DNA, RNA, and
protein and has been demonstrated to play an essential role in
tumorigenesis by promoting cell proliferation and inhibiting
cell apoptosis [4]. A study by Willimott et al. reported that
upregulating the expression of C23 stabilized Bcl-2 messen-
ger RNA (mRNA), which increased Bcl-2 expression level
and inhibited apoptosis [5]. Similarly, upregulating C23 in
endothelial cells was shown to inhibit hydrogen peroxide-
induced apoptosis [6]. Other studies found that downregulat-
ing Hsp70 in laryngeal cancer cells increased the fracture and
degradation of C23, which subsequently led to increased ra-
diosensitivity [7].

As a multifunctional protein, C23 is involved in DNA
damage repair [8]. C23 binding to Rad51 may regulate the
repair of chromosomal DNA by homologous recombina-
tion (HR) [9]. C23 is able to interact with Rad50 and is
recruited to DNA double-strand breaks (DSBs) in an
MRE11-NBS1-RADS50 complex-dependent manner [10].
Notably, C23 knockdown decreased ATM-dependent
phosphorylation following exposure to y-radiation or ac-
tivation of cell cycle checkpoints. Furthermore, C23
knockdown may inactivate the catalytic subunit of auto-
phosphorylation of DNA-dependent protein kinase (DNA-
PKcs) [11].

There are currently few reports which study the effects of
nucleolin on DNA damage response in patients with NSCLC.
We hypothesized that nucleolin may serve as an important
marker for DNA damage response. In this study, the relation-
ship between nucleolin expression and the prognosis of
NSCLC patients was investigated to determine whether
nucleolin could be a new prognostic marker for the diagnosis
and treatment of NSCLC.

Materials and methods
Patients

This is a retrospective study approved by the Medical Ethical
Committee of the Third Affiliated Hospital of Harbin Medical
University, Harbin, China. The informed consent letters were
provided by all participants. This study comprised primary
NSCLC specimens and 42 adjacent normal lung tissue spec-
imens which corresponded to primary tumors from the 225
patients. Patients included stage IA to IIIB NSCLC who
underwent surgery at the Third Affiliated Hospital of Harbin
Medical University between January 2005 and December
2007. No patients received preoperative chemotherapy and
radiotherapy. The age of patients ranged from 28 to 82 years,
with a median age of 58 years. All patients were followed up
for survival analysis until March 31, 2014. Among the pa-
tients, 62 (27.6 %) had stage I disease, 87 (38.7 %) had stage
II disease, and 76 (33.8 %) had stage III disease. Histological
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classification showed that patient tumor samples consisted of
121 squamous cell carcinomas, 103 adenocarcinomas, and 1
adenosquamous carcinoma. In total, 187 patients underwent
lobectomy, 33 patients underwent pneumonectomy, and 5 pa-
tients underwent segmentectomy. One hundred and sixty-six
patients received 3 to 4 cycles of adjuvant chemotherapy, and
62 patients received postoperative radiotherapy (total dose
range, 50-66 Gy), with 2 Gy per fraction given 5 days per
week. The patients’ clinicopathological characteristics are pre-
sented in Table 1.

Immunohistochemistry

Paraffin-embedded NSCLC specimens were cut into 4-um
sections. The sections were placed on Gold Seal microscope
frosted slides (VWR Scientific, West Chester, PA, USA) and
incubated at 65 °C for 30 min. The slides were deparaffinized
in the first bottle containing xylene for 10 min, followed by
treatment for 10 min in dimethyl benzene. The slides were
rehydrated with graded alcohol concentrations using anhy-
drous ethanol for 5 min, 90 % ethanol for 5 min, 70 % ethanol
for 5 min, and deionized water for 5 min and washed with
phosphate-buffered saline (PBS, 0.1 M, pH 7.4) three times
each for 5 min. Endogenous peroxidase activity was blocked
by incubation in 3 % hydrogen peroxide (H,O,) for 10 min at
room temperature. The slides were then submerged in citrate
buffer (0.01 M, pH 6.0) and heated in a pressure cooker for
5 min for antigen retrieval. The slides were washed with PBS
three times for 5 min each. After treatment with 5 % BSA, the
slides were incubated with a mouse monoclonal antibody
against nucleolin (dilution 1:200; Santa Cruz Biotechnology)
and a rabbit polyclonal antibody against DNA-PKcs (1:500;
Thermo Scientific) overnight at 4 °C. After washing with
PBS, the slides were incubated with the biotinylated second-
ary antibody followed by peroxidase-conjugated streptavidin
for 30 min. For visualizing the reaction, we added 3 pl of 3 %
H,0, to 1 ml of 3-3'-diaminobenzidine tetrahydrochloride
(Dako, Denmark) and blend it fully. Each section was then
added with a drop of 50 pl of the mixture and chromogenic for
20 to 30 min. The slides were rinsed with distilled water,
counterstained with hematoxylin, dehydrated, and mounted
for further analysis. Mouse IgG and rabbit IgG (Cell
Signaling Technology, Beverly, MA, USA) were used as a
negative control at the same dilution as the primary antibody.

Immunohistochemical analysis

Evaluation of the staining for nucleolin and DNA-PKcs ex-
pression was conducted by bright-field light microscopy with
two independent and experienced pathologists without prior
knowledge of the clinicopathology of the tumors. Levels of
nucleolin and DNA-PKcs in tumor samples were classified
semiquantitatively by the total combined scores, which was
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Table 1  Association between clinicopathological characteristics of patient samples and expression of nucleolin and DNA-PKcs in NSCLC
Variables Number  Nucleolin Cytoplasmic nucleolin Nuclear nucleolin DNA-PKcs
Low High P Low High P Low High P Low High P
Age (years)
<58 117 57 60 0464 61 56 0.154 78 39 0325 64 53 0.384
>58 108 51 57 48 60 76 32 56 52
Gender
Male 165 78 87 0416 76 89 0.150 110 55 0216 83 82 0.174
Female 60 30 30 33 27 44 16 37 23
Histological type
Squamous cell carcinoma 121 60 61 0487 60 61 0.531 80 41 0.593 68 53 0.391
Adenocarcinoma 103 47 56 48 50 73 30 51 52
Adenosquamous carcinoma 1 1 0 1 0 1 0 1 0
Differentiation grade
Poor 99 48 51 0.948 47 52 0.919 66 33 0.786 49 50 0.551
Moderate 96 45 51 48 48 66 30 55 41
Well 30 15 15 14 16 22 8 16 14
Pathologic stage
I 62 39 23 0.013 38 24 0.018 19 43 0.000 38 24 0.029
I 87 37 50 31 50 63 24 35 52
I 76 30 46 33 44 48 28 33 43
T stage
Tl 44 28 16 0.043 28 16 0.035 16 28 0.001 27 17 0.072
T2 157 76 81 70 87 108 49 65 92
T3 19 5 14 5 14 14 5 6 13
T4 5 2 3 2 3 4 1 2 3
N stage
NO 111 56 55 0.760 50 61 0.599 80 31 0352 66 45 0.027
N1 43 20 23 22 21 30 13 24 19
N2 71 32 39 37 34 44 27 30 41

based on the proportion and intensity of positively stained
cells. The percentage of positively stained cells was scored
as follows: no positive cells (0), <10 % positive cells (1),
11-50 % positive cells (2), 51-75 % positive cells (3), and
>75 % positive cells (4). The staining intensity was scored as
follows: colorless (0), slightly yellow (1), yellow brown (2),
and dark brown (3). The expression levels of nucleolin and
DNA-PKcs were determined by multiplying the staining in-
tensity score with the percentage of positive stained cells.
Levels of cytoplasmic nucleolin and nuclear nucleolin were
also determined. The groups’ scores acquired from the two
pathologists were entered for statistical analyses.
Subsequently, the mean scores to calculate the median value
were obtained, which was used as a cutoff to categorize the
patients into two groups: low expression and high expression.

Statistical analysis

The association between the immunohistochemistry (IHC)
parameters and IHC/clinicopathological parameters was

analyzed using the chi-square test, Fisher’s exact test,
and Pearson rank correlation. Overall survival (OS) and
disease-free survival (DFS) were calculated using the
Kaplan-Meier method. A univariate analysis for each
prognostic variable was performed by using the log-rank
test. Multivariate analysis was conducted using the Cox
proportional hazards regression model to identify inde-
pendent prognostic factors which influenced the OS or
DFS. P<0.05 was considered statistically significant.
All statistical analyses were conducted using SPSS ver-
sion 19.0 (SPSS Inc., Chicago, IL, USA).

Results

Expression of nucleolin and DNA-PKes in NSCLC
patients

Immunohistochemistry was used to assess levels of nucleolin
and DNA-PKcs in 225 primary NSCLC and 42 adjacent
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Fig. 1 Immunohistochemical
staining of nucleolin in NSCLC
specimens. 4, B Nucleolin
expression in adjacent normal
lung tissues. C—H Nucleolin
expression in primary NSCLC
tissues

100X

400X

normal lung tissue specimens. Nucleolin expression was de-
tected in 142 (62.8 %) NSCLC tumor samples and in 15
(35.7 %) adjacent normal lung tissues. Nucleolin was ob-
served predominantly in the cytoplasm and in the nucleus.
Based on the staining and the positive staining score, 108
(48.0 %) tumor specimens showed low expression and 117
(52.0 %) tumor specimens showed high expression of
nucleolin. Overall, nucleolin was highly detectable in tumor
cells compared to neighboring normal lung tissues (Fig. 1).

DNA-PKcs expression was detected in 162 (72.4 %) tumor
samples and in 20 (47.6 %) adjacent normal lung tissues.
DNA-PKcs was mostly observed in the nucleus. The adjacent
normal lung epithelial cells had weak staining intensity for
DNA-PKcs compared to tumor tissues (Fig. 2). Based on the
staining scores, 105 (46.7 %) tumor specimens showed low
expression and 120 (53.3 %) tumor specimens showed high
expression of DNA-PKGcs.

Correlation with clinicopathological parameters

We next assessed whether nucleolin or DNA-PKcs ex-
pression correlated with clinicopathological parameters
in NSCLC. Table 1 demonstrated that nucleolin expres-
sion was significantly associated with the pathologic stage
and T status. Patients diagnosed with higher pathologic
stage (P=0.013) and T status (P=0.043) had higher

Fig. 2 Immunohistochemical
staining of DNA-PKcs in NSCLC
specimens. 4, B DNA-PKcs

Normal

expression in adjacent normal <
lung tissues. C—H DNA-PKcs g
expression in primary NSCLC —
tissues
=
(=
S
F

@ Springer

Pathologic stage I

Pathologic stage II

Pathologic stage I1I

expression of nucleolin. There was no statistically signif-
icant difference between nucleolin expression with age,
gender, histological type, differentiation grade, and lymph
node status (P>0.05).

The expression of DNA-PKcs was significantly associ-
ated with pathological stage and lymph node status.
Patients diagnosed with higher pathologic stage had
higher expression of DNA-PKcs (P=0.029). DNA-PKcs
expression in patients with lymph node metastasis was
significantly higher than patients without lymph node me-
tastasis (P=0.027). There was no statistically significant
difference between DNA-PKcs expression with age, gen-
der, histological type, differentiation grade, and T stage
(P>0.05, Table 1).

Correlation of nucleolin or DNA-PKcs expression
with prognosis

Based on the survival analysis of 225 NSCLC samples, the
median OS time was 51.8 months and the median DFS time
was 27.8 months.

We observed that nucleolin expression was significantly
correlated with OS and DFS. The low- and high-nucleolin
expression groups had a median OS of 85.5 and 37.1 months,
respectively. The median DFS of the low- and high-nucleolin
expression groups was 71.9 and 29.0 months, respectively.

Pathologic stage II Pathologic stage III

&
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Fig. 3 Kaplan-Meier survival curves for patients with NSCLC
categorized by nucleolin and DNA-PKcs expression. a Overall survival
of patients with high nucleolin expression compared to patients with low
nucleolin expression, P<0.001. b Disease-free survival of patients with
high nucleolin expression compared to patients with low nucleolin
expression, P<0.001. ¢ Overall survival of patients with high
cytoplasmic nucleolin expression compared to patients with low
cytoplasmic nucleolin expression, P<0.001. d Disease-free survival of
patients with high cytoplasmic nucleolin expression compared to patients

Additionally, there was a significant negative correlation be-
tween nucleolin expression levels with OS (P<0.001, Fig. 3a)
and DFS (P<0.001, Fig. 3b).

The expression of cytoplasmic nucleolin was significantly
correlated with OS and DFS. The low- and high-cytoplasmic
nucleolin expression groups had a median OS of 84.6 and
36.1 months, respectively. The median DFS of the low- and
high-cytoplasmic nucleolin expression groups was 70.0 and
29.0 months, respectively. There was also a significant nega-
tive association between cytoplasmic nucleolin expression
levels with OS (P<0.001, Fig. 3c) and DFS (P<0.001,
Fig. 3d).

Nuclear nucleolin expression level significantly correlated
with OS and DFS. In this group, the median OS in the low-
and high-nuclear nucleolin expression groups was 54.6 and
70.6 months, respectively. The median DFS of the low- and
high-nuclear nucleolin expression groups was 44.2 and
61.6 months, respectively. Expression of nuclear nucleolin
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Disea:

Overall Survival
o

o om0 1w 0% wm

Mouths.

Mouths

o-free Survival

oo oof

W wm  wmo  wm 1™

Mouths

O wm 6o @m  we  wwem 1m0 B
Mouths

with low cytoplasmic nucleolin expression, P <0.001. e Overall survival
of patients with high nuclear nucleolin expression compared to patients
with low nuclear nucleolin expression, P=0.020. f Disease-free survival
of patients with high nuclear nucleolin expression compared to patients
with low nuclear nucleolin expression, P=0.003. g Overall survival of
patients with high DNA-PKcs expression compared to patients with low
DNA-PKcs expression, P<0.001. h Disease-free survival of patients
with high DNA-PKcs expression compared to patients with low DNA-
PKcs expression, P<0.001

significantly correlated with OS (P=0.020, Fig. 3¢) and
DFS (P=0.003, Fig. 3f).

The expression of DNA-PKcs also significantly corre-
lated with OS and DFS. Groups with low DNA-PKcs had
a lower median OS than those expressing high levels of
DNA-PKcs (68.7 vs 25.7 months). The median DFS of
the low- and high-DNA-PKcs expression groups was 58.2
and 19.6 months, respectively. There was a significant
negative correlation between expression levels of DNA-
PKcs with OS (P<0.001, Fig. 3g) and DFS (P<0.001,
Fig. 3h).

Multivariate analysis revealed that tumor histological type,
pathologic stage, nucleolin, cytoplasmic nucleolin, nuclear
nucleolin, and DNA-PKcs expression were independent prog-
nostic factors for both OS and DFS (Table 2).

We analyzed the histological type which correlated with
prognosis. The OS (67.5 vs 50.3 months) and DFS (57.5 vs
38.1 months) were much improved in patients with squamous

Table 2 Multivariate survival

analysis with independent Variables RR 95 % CI P RR 95 % CI P

prognostic factors
Histological type 1.423 1.638-2.764 <0.001 1.466 1.077-1.995 <0.001
Pathologic stage 2.128 1.015-1.995 0.040 1.607 1.292-1.999 0.014
Nucleolin 0.244 0.154-0.386 <0.001 0.355 0.238-0.529 <0.001
Cytoplasmic nucleolin 0.216 0.147-0.317 <0.001 0.307 0.219-0.431 <0.001
Nuclear nucleolin 2.053 1.354-3.112 <0.001 1.998 1.361-2.935 <0.001
DNA-PKcs 0.252 0.162-0.391 <0.001 0.355 0.240-0.524 <0.001

RR relative risk, CI confidence interval.
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cell carcinoma than in those with adenocarcinoma, respective-
ly (Fig. 4a, b). We further investigated the relationship be-
tween the histological type and localization of nucleolin
(Fig. 5). We observed that high expression of cytoplasmic
nucleolin was associated with poorer OS and DFS in patients
with squamous cell carcinoma or adenocarcinoma (Fig. 4c—f).
Additionally, high expression of nuclear nucleolin was also
associated with improved DFS in patients with squamous cell
carcinoma (P=0.011, Fig. 4h).

Correlation between nucleolin and DNA-PKcs gene

We further investigated the association between nucleolin
and DNA-PKcs expression (Table 3). The analysis dem-
onstrated that nucleolin and cytoplasmic nucleolin posi-
tively correlate with DNA-PKcs expression, while no as-
sociation was observed between nuclear nucleolin and
DNA-PKcs expression.

In total, 81.7 % (98/120) of patients with high DNA-PKcs
had high nucleolin expression. This is in contrast to 18.3 %
(21/120) of patients with high DNA-PKcs and low nucleolin
expression (P<0.001). Similar to nucleolin expression,
78.3 % (94/120) of patients with high DNA-PKcs had con-
current high cytoplasmic nucleolin expression. This is in con-
trast to 21.7 % (26/120) of patients with high DNA-PKcs and
low cytoplasmic nucleolin expression (P<0.001). In
nucleolin-negative cases, DNA-PKcs expression significantly
influenced OS (53.8 vs 91.5 months; P=0.001) and DFS

Ovara vt
2 L L]
Overst Survival

(45.6 vs 77.0 months; P=0.014). In patients that did not ex-
press cytoplasmic nucleolin, DNA-PKcs expression signifi-
cantly influenced OS (55.6 vs 89.8 months; P=0.010) and
DFS (47.8 vs 74.5 months; P=0.030).

Discussion

In this study, levels of nucleolin were reported to be highly
expressed in NSCLC tissues. As determined by IHC,
nucleolin expression was detected in 62.8 % (142/225) of
patients with stage IA to IIIB NSCLC who underwent lung
surgery and in 35.7 % (15/42) of patients with adjacent normal
lung tissues. This indicated that nucleolin expression was sig-
nificantly high in tumor tissues compared to adjacent normal
lung tissues.

However, only a few studies have assessed the role of
nucleolin in NSCLC. Nucleolin was detected in 34.2 % (50/
146) of patients with NSCLC [12]. Nucleolin levels were
detected at higher levels in NSCLC samples compared to a
previous study [12]. This could be attributed to sample size
and the cutoff point used to define levels of nucleolin. A total
0f 267 specimens (225 tumor specimens and 42 adjacent nor-
mal lung tissues) were used for the IHC analyses, which is
higher than other previous published studies. Moreover, the
cutoff point used was based on the median score of nucleolin
expression that allow categorization of patients into low- or
high-nucleolin expression groups. The selected median score

Disease-free Survival

Fig. 4 Kaplan-Meier survival curves for patients with NSCLC
categorized by squamous cell carcinoma and adenocarcinoma. a
Overall survival of patients with squamous cell carcinoma compared to
adenocarcinoma, P<0.001. b Disease-free survival of patients with
squamous cell carcinoma compared to adenocarcinoma, P<0.001. ¢
Overall survival of patients with high cytoplasmic nucleolin expression
compared to patients with low cytoplasmic nucleolin expression in
squamous cell carcinoma, P<0.001. d Disease-free survival of patients
with high cytoplasmic nucleolin expression compared to patients with
low cytoplasmic nucleolin expression in squamous cell carcinoma,
P<0.001. e Overall survival of patients with high cytoplasmic
nucleolin expression compared to patients with low cytoplasmic
nucleolin expression in adenocarcinoma, P<0.001. f Disease-free
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survival of patients with high cytoplasmic nucleolin expression
compared to patients with low cytoplasmic nucleolin expression in
adenocarcinoma, P<0.001. g Overall survival of patients with high
nuclear nucleolin expression compared to patients with low nuclear
nucleolin expression in squamous cell carcinoma, P=0.149. h Disease-
free survival of patients with high nuclear nucleolin expression compared
to patients with low nuclear nucleolin expression in squamous cell
carcinoma, P=0.011. i Overall survival of patients with high nuclear
nucleolin expression compared to patients with low nuclear nucleolin
expression in adenocarcinoma, P=0.098. j Disease-free survival of
patients with high nuclear nucleolin expression compared to patients
with low nuclear nucleolin expression in adenocarcinoma, P=0.208
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Fig. 5 Immunohistochemical
staining of cytoplasmic and
nuclear nucleolin in NSCLC
specimens. 4, B Nuclear
nucleolin expression in
adenocarcinoma tissues. C, D
Cytoplasmic nucleolin expression
in adenocarcinoma tissues. E, F'
nuclear nucleolin expression in
squamous cell carcinoma tissues.
G, H Cytoplasmic nucleolin
expression in squamous cell
carcinoma tissues

Nuclear nucleolin

100X

400X

used in this study as the cutoff point may reduce the maximal
deviation.

Nucleolin expression was an independent prognostic factor
for poor survival [12]. In this study, nucleolin expression level
was demonstrated to be independent prognostic factors for
both OS and DFS. The median OS of the low- and high-
nucleolin expression groups was 85.5 and 37.1 months, re-
spectively. The median DFS of the low- and high-nucleolin
expression groups was 71.9 and 29.0 months, respectively.

In our study, the cellular localization of nucleolin was
assessed as a prognostic factor. Based on the staining scores
and localization that were obtained, 109 (48.4 %) tumor spec-
imens showed low expression and 116 (51.6 %) tumor spec-
imens showed high expression of cytoplasmic nucleolin as
well as 154 (68.4 %) tumor had low expression and 71
(31.6 %) tumor had high expression of nuclear nucleolin.
Another study demonstrated that among the 124 samples from
patients with gastric cancer, 85 (68.5 %) had a high expression
level of nucleolin. A high level of cytoplasmic nucleolin was
associated with poorer survival, while high nucleolar staining
was associated with better prognosis [13], which was consis-
tent with the results from our study. We observed that high
levels of nuclear nucleolin were an independent prognostic
factor for better survival, while high levels of cytoplasmic
nucleolin were closely associated with poorer prognosis in
NSCLC patients.

Table 3  Correlation between the expression of nucleolin and DNA-
PKcs

DNA-PKcs Nucleolin ~ Cytoplasmic nucleolin ~ Nuclear nucleolin
High Low High Low High Low

High 98 22 94 26 41 79

Low 19 86 22 83 30 75

P <0.001 <0.001 0.367

cc 0.4518 0.4576 0.06

Adenocarcinoma

Cytoplasmic nucleolin

Squamous cell carcinoma

Nuclear nucleolin Cytoplasmic nucleolin

Nucleolin is found to be most abundant in the nucleolus,
which comprised approximately 10 % of the total nucleoli
protein. As a multifunctional protein, nucleolin is involved
in DNA damage repair. It is reported to function as a stress-
responsive mRNA-binding protein, binding to untranslated
regions (UTRs) of mRNA in a sequence-nonspecific manner
to stabilize the mRNAs [14] or regulate their translation.
Nucleolin repressed p53 translation by binding to both the
5'- and 3'-UTRs of p53 mRNA and binding to the same 5'-
and 3’-UTR interaction region that is critical for the recruit-
ment of RPL26 to p53 mRNA during DNA damage [15]. In
our previous study, knockdown of nucleolin inhibited DNA-
PKcs phosphorylation activity at the S2056 and T2609 sites,
thus reducing radiation-induced damage repair and increasing
the radiosensitivity of NSCLC cells [16]. Therefore, we hy-
pothesized that nucleolin may serve as an important biomarker
for DNA damage response and investigated the relationship
between nucleolin and DNA-PKcs.

DNA-PKcs, a key protein in the NHEJ pathway, consists of
a 465-kDa catalytic subunit (DNA-PKcs) and a heterodimeric
regulatory complex (Ku) that comprises a 70-kDa subunit
(Ku70) and an 86-kDa subunit (Ku80) [17]. The expression
of DNA-PKcs was significantly higher in tumor tissues than
in normal tissues. Patients with high DNA-PKcs expression
were associated with a significantly worse OS and DFS than
those with lower expression [18]. Our results demonstrated
that DNA-PKcs expression is highly over-expressed in
NSCLC tissues and correlates with a worsen OS and DFS.

We next analyzed the relationship between nucleolin with
DNA-PKcs expression in tissue samples obtained from pa-
tients with NSCLC. The analysis showed that there was a
positive correlation between nucleolin, cytoplasmic nucleolin,
and DNA-PKecs. In samples that were negative for DNA-
PKecs, high expression of nucleolin and cytoplasmic nucleolin
was associated with a poorer OS and DFS. In patient samples
with high expression of DNA-PKcs and nucleolin, the OS
(29.6 vs 89.8 months) and DFS (19.6 vs 74.5 months) of
patients were significantly reduced compared to samples that
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had low expression. In samples with high expression of DNA-
PKecs and cytoplasmic nucleolin, the OS (22.6 vs 91.5 months)
and DFS (17.6 vs 77.0 months) of patients were significantly
reduced compared to those of lower expression. These results
demonstrated that high expression of nucleolin and cytoplas-
mic nucleolin correlated with DNA-PKcs levels and was as-
sociated with worse survival. In our previous study, nucleolin
knockdown inhibited DNA-PKcs phosphorylation activity in
NSCLC cells, suggesting that nucleolin may affect the tumor
treatment through DNA damage repair pathways.

We also observed that nucleolin levels are associated with
DNA damage repair (e.g., DNA-PKcs) and could serve as a
potential biomarker of treatment outcome. Nucleolin may be
an effective treatment target and prognostic factor in patients
with NSCLC. There is currently a phase II study to assess
AS1411-targeted nucleolin for the treatment of metastatic re-
nal cell carcinoma [19]. Further studies will include targeting
nucleolin to potentially improve survival benefits in patients
with NSCLC.
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