
Oncotarget94247www.impactjournals.com/oncotarget

The relevance of prelamin A and RAD51 as molecular biomarkers 
in cervical cancer

Simona Leonardi1,*, Marianna Buttarelli2,*, Ilaria De Stefano3, Gabriella Ferrandina2, 
Marco Petrillo2, Gabriele Babini4, Giovanni Scambia2, Carmela Marino1, Mariateresa 
Mancuso1 and Daniela Gallo2

1Department of Sustainability, Agenzia Nazionale per le Nuove Tecnologie, l’Energia e lo Sviluppo Economico Sostenibile 
(ENEA), Rome, Italy

2Department of Obstetrics and Gynecology, Catholic University of the Sacred Heart, Rome, Italy
3Department of Radiation Physics, Guglielmo Marconi University, Rome, Italy
4Department of Physics, University of Pavia, Pavia, Italy
*These authors have contributed equally to this work

Correspondence to: Mariateresa Mancuso, email: mariateresa.mancuso@enea.it
Daniela Gallo, email: daniela.gallo@ unicatt.it

Keywords: cervix; LACC; chemoradiotherapy; DNA repair; lamin A/C
Received: April 21, 2017    Accepted: September 18, 2017    Published: October 09, 2017
Copyright: Leonardi et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 
3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

ABSTRACT

Along with their role in the maintenance of nuclear architecture, nuclear lamins 
also control genomic stability, DNA damage repair, transcription, cell proliferation, 
differentiation and senescence. Recent reports reveal that prelamin A–processing 
defects play a role in cancer development by impacting on transcription of key players 
in the maintenance of the genome stability, including RAD51. Here, we performed a 
‘proof of concept’ study evaluating the role of prelamin A and RAD51 expression in 
clinical outcome of cervical cancer patients. We analyzed biomarker expression by 
immunohistochemistry in tumor material from locally advanced cervical cancer (LACC) 
patients (n=66) and correlated data with clinicopathological parameters and with 
response to neoadjuvant chemoradiation (CT/RT). In LACC patients who underwent 
neoadjuvant CT/RT the percentage of cases showing high prelamin A levels was 
greater in patients who completely responded to treatment (25 of 40, 62.5%) than 
in patients with macroscopic residual tumor (6 of 26, 23.1%, p=0.0024). Conversely, 
patients showing high RAD51 expression were less likely to respond to treatment (14 
of 26, 53.8%) than were those with low protein levels (12 of 40, 30%, p=0.072). 
Only prelamin A retained an independent role in predicting response to treatment 
(p=0.003), while RAD51 approached statistical significance (p=0.07). Notably, high 
RAD51 expression highly significantly predicted poor outcome, emerging as an 
independent prognostic factor for disease free survival (p=0.038), while approaching 
statistical significance for overall survival (p=0.09). Our findings provide a framework 
for future prospective studies investigating molecular predictors of response to 
neoadjuvant chemoradiotherapy in LACC patients.
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INTRODUCTION

Cervical cancer is the fourth most common cancer in 
women and the seventh overall, with an estimated 528,000 
new cases and 266,000 deaths in 2012, thus accounting for 
7.5% of all cancer deaths in females [1]. Nearly all cervical 
cancers are caused by human papilloma virus (HPV) and 
just two HPV types, 16 and 18, are responsible for about 
70% of all cases [2]. While early lesions are cured with 
surgery or radiation (RT) alone, the standard treatment 
for LACC patients (FIGO stage IB2 through stage IVA) 
is concurrent chemoradiotherapy (CT/RT) [3, 4], being 
cisplatin the most commonly used drug, either alone or in 
combination with other agents (e.g. 5-fluorouracil [5-FU] 
or hydroxyurea). Although concurrent chemoradiation 
has significantly improved disease control and survival, 
patients in advanced stage of cervical cancer are at greater 
risk of recurrence and account for the majority of deaths, 
with a 5-year overall survival of about 70% [5–7]. In this 
context, investigational approaches using either neoadjuvant 
chemotherapy (NACT) or CT/RT followed by radical 
surgery (RS) have reported encouraging results in terms 
of clinical outcome, with acceptable toxicity [8–13]. 
Moreover, two randomized studies aimed at assessing the 
efficacy of completion surgery after CT/RT versus CT/RT 
only showed that CT/RT followed by RS is not superior to 
exclusive CT/RT in spite of different toxicity profile [14, 
15]. Notably, as imaging techniques have been shown not to 
be able to accurately detect residual tumor after neoadjuvant 
approaches [16], completion surgery after chemoradiation 
actually represents the only method to reliably obtain the 
most important prognostic information, that is, pathological 
response to treatment [8–10]. Pathological assessment 
of response to treatment might indeed have clinically 
relevant implications for definition of risk and pattern of 
recurrence, individualized patient counselling, and choice 
to administer adjuvant treatment. Clinicopathologic factors, 
including stage and tumor histology, as well as sophisticated 
imaging techniques like MRI and PET-CT scan may serve 
as markers for responsiveness to radiotherapy, but they are 
not likely to fully account for the observed variability. For 
this reason, various microarray studies have been performed 
in advanced-stage cervical cancer patients to identify 
biological markers predictive of response to radiotherapy, 
but no definitive results have been reached yet [17, 18]. 
According to recently published data, EGFR signaling, 
C-erbB-2, and COX-2 could represent interesting indicators 
of poor response to chemoradiation [7], but unfortunately, 
to date, no one single biomarker has achieved combined 
sensitivity and specificity values across the breadth of 
clinical presentations.

The A-type lamins, lamin A/C belongs to type V 
intermediate filaments and together with B-type lamins, 
form the nuclear lamina in most somatic mammalian cells. 
At the cellular level, both classes of proteins have been 
ascribed structural roles in the nucleus as well as a range 

of other activities, including coordination of transcription 
and replication [19]. Prelamin A, the normal translation 
product of LMNA mRNA, is post-translationally processed 
into lamin A by two transfer reactions and two proteolytic 
cleavages [20]. Prelamin A-processing defects cause a 
series of human diseases, collectively called laminopathies, 
the most severe of which are Hutchinson Gilford progeria 
syndrome (HGPS) and restrictive dermopathy (RD), 
caused by prelamin A, or by truncated forms of prelamin 
A accumulation, respectively [21]. HGPS and RD cells 
accumulate, with passage in culture, endogenous DNA 
damage, in particular DSBs (double-strand breaks), 
indicating that DNA repair activity is impaired in these 
cells [20]. Given the functional relevance of the DNA 
repair system on carcinogenesis, several recent reports have 
revealed that loss of lamin A/C expression represents one of 
the molecular alterations that contribute to the acquisition of 
hallmark traits of cancer, and indeed lamin A/C deficiency 
has been linked to the development of different tumors [22]. 
Relevant to our interest, an extensive study was performed 
on the expression of lamins in normal cervical epithelium 
and in premalignant lesions (CIN, cervical intra-epithelia 
neoplasia), results showing a prominent lamin A staining of 
the entire epithelium, with a general decrease in high grade 
CIN lesions [23]. Moreover, prelamin A has been identified 
as a member of the “central core of cervical cancer” [24]. 
Notably, defective DNA repair arising from lamin A/C-
deficiency, has been recognized as one of the factors that 
underlie sensitivity to DNA damaging agents, and actually, 
the laminopathy-based progeroid cells were found to be 
sensitive to various DNA-damaging agents, including DSB 
inducers (ionizing radiation, camptothecin, and etoposide), 
mitomycin C (inducing interstrand cross-links), and the 
alkylating agent, methyl methanesulfonate [20]. Among the 
protein regulated by A-type lamins, Rb family members, 
53BP1, BRCA1 and RAD51 are known to play key roles in 
DNA DSBs repair by NHEJ (Non-homologous end joining) 
and HR (homologous recombination); consequently, in the 
context of defective maturation of prelamin A, loss of these 
proteins critically contributes to increased sensitivity to 
radiation or chemotherapy [25]. On the other hand, previous 
studies have demonstrated that HPV E7 increases RAD51 
(and BRCA1) levels in a transcriptional and potentially 
posttranscriptional manner [26], with a downregulation in 
cervical tumour samples following chemoradiotherapy [27].

Taking into account all these findings, we performed 
a ‘proof of concept’ study testing the impact of defective 
DNA repair arising from defective maturation of prelamin 
A, with reduction of RAD51, on treatment response and 
disease outcome in patients with LACC.

RESULTS

A total of 66 LACC patients, 5 histopathologically 
normal cervical samples, 5 low-grade and 5 high-grade 
squamous intraepithelial lesions (low-SIL and high-SIL, 



Oncotarget94249www.impactjournals.com/oncotarget

respectively) were evaluated, by immunohistochemical 
analysis, for prelamin A and RAD51 expression. In normal 
cervical tissues and in low-SILs results showed high 
prelamin A (mean score ± SEM 3.8 ± 0.2 for both) and low 
RAD51 (mean score 1.2 ± 0.2 and 1.2 ± 0.4, respectively) 
expression levels; on the other hand, high-SIL exhibited 
much lower prelamin A expression (mean score 1.8 ± 0.2), 
without a significant change in RAD51 levels (mean score 
1.3 ± 0.1) (Supplementary Figure 1). In the entire cancer 
series, prelamin A and RAD51 levels were 2.2 ± 0.14 and 
2.4 ± 0.12 (mean ± SEM). For prelamin A, samples with 
high expression levels mostly showed strong staining at 
the nuclear rim of tumor cells, while low-expression cases 
typically showed a punctate cytoplasmic staining. RAD51 
exhibited instead a more diffuse staining pattern in both 
the cytoplasm and nucleus as expected in a pre-treatment 
tumor biopsy (i.e. before exposure to radiation, no-stress 
condition), although cases with high expression levels 
more often displayed RAD51 foci; this latter feature is in 
line with previous reports showing that when RAD51 is 
overexpressed, foci and higher order structures are seen 
even in the absence of induced DNA damage and even 
when cells are not in S phase [28].

Correlation with clinicopathological parameters

The distribution of cases with high prelamin 
A and high RAD51 according to clinicopathological 
characteristics is shown in Table 1; in Figure 1 are 
presented representative pictures of prelamin A and RAD51 
immunostaining in cancer specimens taken at the time of 
diagnosis. No association with age, grade of differentiation, 
FIGO stage, and tumor size was found for both biomarkers. 
Notably, the percentage of cases with a high prelamin A 
levels (score 3 and 4) was significantly greater in patients 
who did completely respond to treatment (pR0, 25 of 40, 
63%) as compared to patients who did not respond (pR2, 
6 of 26, 23%) (p=0.002) (Table 1). Moreover, cases with a 
high prelamin A were observed more frequently in patients 
showing absence of metastatic involvement of lymph nodes 
compared to patients with positive lymph node status after 
chemoradiation (56% versus 14%; p=0.0068). Accordingly, 
our results revealed an high RAD51 protein level (score 3 
and 4) in non-responsive (pR2, 14 of 26, 53.8%) compared 
with responsive (pR0, 12 of 40, 30%) LACC patients, 
difference approaching statistical significance (p=0.072). 
On the other hand, RAD51 positivity was not associated to 
pathological lymph node status after chemoradiation.

Protein expression levels were also measured by 
western blotting analysis in a limited case series including 
patients with complete response to neoadjuvant treatment 
(pR0) or macroscopic residual tumor (pR2) (n=10 for 
both groups, Figure 1B and 1F). Notably, results showed 
significantly higher prelamin A and lower RAD51 levels 
in pR0 compared to pR2 cervical tumors (p<0.05 for both, 

Figure 1C and 1G), and the Spearman’s Rank analysis 
showed a significant negative correlation between the 
level of the two biomarkers (r= -0.6, p<0.05). LMNA gene 
expression levels were also quantified by RT-qPCR and, 
as shown in Figure 1D, pR0 patients exhibited a tendency 
towards higher transcript levels compared to pR2, 
although difference did not achieve statistical significance 
(n=10 for both groups, p=0.4). Quantification of RAD51 
mRNA by RT-qPCR (Figure 1H) showed, in line with 
protein data, lower levels in patients exhibiting complete 
response to treatment (pR0) compared to patients with 
macroscopic residual tumor (pR2), difference approaching 
statistical significance (p=0.07).

Predictors of residual disease after CT/RT

In the univariate analysis, low prelamin A and 
high RAD51 proved to be associated with poor chance 
of response to neoadjuvant treatment (complete response 
versus macroscopic response, Table 2). When logistic 
regression was applied, only low prelamin A retained an 
independent role in predicting a poor chance of response 
to treatment (p=0.003), while high RAD51 approached 
statistical significance (p=0.07) (Table 2).

Survival analysis

Follow-up data were available for all patients. As of 
January 2017, the median follow-up was 51 months (range, 
5–134 months). During the follow-up period, recurrence 
and death were observed in 19 and 18 of 66 patients (28.8 % 
and 27.3%, respectively). The prognostic role of prelamin 
A and RAD51 expression for both progression free survival 
(PFS) and overall survival (OS) was tested in univariate 
and multivariate analyses, adjusted for clinicopathological 
parameters (Tables 3 and 4). No differences in terms of DFS 
and OS were documented according to the expression of 
prelamin A in LACC patients. On the other hand, univariate 
analysis demonstrated a significantly shorter PFS and OS in 
patients expressing high, compared to low, RAD51 protein 
levels (p=0.011 and p=0.05, respectively) (Tables 3 and 4, 
Figure 1I). As variables found to have prognostic influence 
in univariate analyses might covariate, all statistically 
significant variables from the univariate analysis were 
included in the multivariate regression analysis to identify 
independent prognostic factors. RAD51 expression proved 
to be an independent prognostic factor (p=0.038) for DFS, 
as did tumor stage and pathological response (p=0.04 and 
p=0.003, respectively) (Table 3). A decreased OS was also 
observed for patients with high RAD51 compared with low 
RAD51 expression, although difference only approached 
statistical significance (p=0.09). Other predictors of poor 
OS were advanced tumor stage and pathological response 
(p= 0.019 and p=0.011, respectively) (Table 4).
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DISCUSSION

To the best of our knowledge this is the first study 
focused on the concomitant evaluation of prelamin A and 
RAD51 as predictors of pathologic response in patients 
undergoing neoadjuvant chemoradiation therapy for 
locally advanced cervical cancer. Specifically, we found 
that the pathological tumor response to chemoradiation 
was significantly reduced in tumors with low- versus high- 
prelamin A level in pre-treatment biopsy tissues; likewise, 
high RAD51 was associated with a significantly lower rate 
of pathological complete response compared to tumors with 
low expression. Only prelamin A retained an independent 
predictive role after adjustment for relevant covariates, 
though RAD51 also approached statistical significance. If 
clinically validated in prospective studies, our data support 
a role for utilizing prelamin A and RAD51 as predictive 
biomarkers for the efficacy of neoadjuvant chemoradiation 
therapy in patients with cervical cancer.

Sustenance for our findings derives from evidences 
on the role of lamin A in cancer in general [22] and, more 
specifically, in cervical cancer. Indeed, besides studies 
linking lamin A/C downregulation to HPV infection [29], 
more recently, Capo-chichi and colleagues suggested 
that lamin A/C deficiency may serve as an independent 
risk factor for CIN development and as an indicator for 
preventive therapy in cervical cancer [30]. It is worthy to 
note, however, that previous studies investigating the role 
of lamin A/C in cervical cancer actually used antibodies 
that did not distinguish between prelamin A and mature 
lamin A [29, 30]; conversely, we selected an anti-prelamin 
A polyclonal antibody that detects full-length prelamin A 
which has not yet undergone to proteolytic steps (both in 
its non-farnesylated and in its farnesylated form), while 
not cross-reacting with mature lamin A. In this respect, our 
results may provide important insights into the mechanisms 
underlying disease development. Several putative molecular 
mechanisms may be involved in A-type lamins alterations 

Table 1: Prelamin A and RAD51 expression in the overall series

Characteristics No. of patients Prelamin A high N (%) pa RAD51 high N (%) pa

All cases 66 31 (47.0) - 26 (39.4) -

Age (years)

  ≤ 52 35 16 (45.7) 1 12 (34.3) 0.452

 > 52 31 15 (48.4) 14 (45.2)

Grade

 G1-G2 30 18 (60.0) 0.120 11 (36.7) 0.601

 G3 30 11 (36.7) 14 (46.7)

 Not available 6 2 1

FIGO stage

 IB2–II 56 27 (48.2) 0.739 22 (39.3) 1

 III–IV 10 4 (40) 4 (40)

Tumor size (cm)

 < 4 6 1 (16.7) 0.200 2 (33.3) 1

  ≥ 4 59 30 (50.8) 24 (40.7)

 Not available 1 - -

Cervical residual tumor 
after CT/RT (mm)

 pR0= 0 40 25 (62.5) 0.0024 12 (30.0) 0.072

 pR2=5-80 26 6 (23.1) 14 (53.8)

Pathologic lymph node 
status after CT/RT

 Negative 52 29 (55.8) 0.0068 20 (38.5) 0.768

 Positive 14 2 (14.3) 6 (42.8)

a calculated by Fisher’s exact test. CT/RT = chemoradiation.



Oncotarget94251www.impactjournals.com/oncotarget

Figure 1: (A) Representative pictures for high and low prelamin A immunostaining in locally advanced cervical cancer (LACC) patients 
(magnification 40x). (B) Representative western blot analysis of prelamin A expressions from patients who completely responded to 
treatment (pR0) and patients with macroscopic residual tumor (pR2) after chemoradiotherapy. #No.= patient code. (C) Densitometric 
analysis of normalized prelamin A levels respect to HSP70; columns represent the mean ± SEM for each group (n=10 for both groups). 
Difference was statistically significant between tumors from pR0 and pR2 groups (p < 0.05). (D) The relative mRNA expression of LMNA 
was evaluated by RT-PCR, utilizing specific set of primers. All samples were normalized to the housekeeping gene, B2M. Results are 
presented as the mean ± SEM of log2 fold change representative of mRNA expression levels relative to the whole population of samples 
(n=10 for both groups). (E) Representative pictures for low and high RAD51 immunostaining in LACC patients (magnification 40x). (F) 
Representative western blot analysis of RAD51 expressions from patients who completely responded to treatment (pR0) and patients with 
macroscopic residual tumor (pR2) after chemoradiotherapy. #No.= patient code. (G) Densitometric analysis of normalized RAD51 levels 
respect to HSP70; columns represent the mean ± SEM for each group (n=10 for both groups). Difference was statistically significant 
between tumors from pR0 and pR2 groups (p < 0.05). (H) The relative mRNA expression of RAD51 was evaluated by RT-PCR, utilizing 
specific set of primers. All samples were normalized to the housekeeping gene, B2M. Results are presented as the mean ± SEM of log2 fold 
change representative of mRNA expression levels relative to the whole population of samples (n=10 for both groups). (I) Kaplan–Meier 
survival curve for the probability of disease-free survival (left) and overall survival (right) according to expression of RAD51 in LACC 
patients. High expression of RAD51 was significantly associated with disease-free survival and overall survival disadvantage (p = 0.011 
and p = 0.05, respectively).
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Table 2: Univariate and multivariate analyses of clinicopathological parameters as predictors of pR2 after 
preoperative chemoradiation in LACC patients

Variables Univariate Multivariate
OR (95%CI) pa OR (95%CI) pa

Age (years)

  ≤ 52 0.95 (0.35-2.50) 1.00 - -

 > 52
Grade
 G1-G2 2.3 (0.81-6.70) 0.19 - -
 G3
FIGO stage
 IB2–II 2.7 (0.68-10.72) 0.17 - -
 III–IV
Tumor size (cm)
 < 4 3.4 (0.38-31.24) 0.39 - -
  ≥ 4
Prelamin A expression
 Low 0.18 (0.06-0.55) 0.0024 0.18 (0.06-0.6) 0.003
 High
RAD51 expression
 Low 2.72 (0.98-7.6) 0.07 2.8 (0.9-8.6) 0.07
 High

a only variables with p ≤ 0.1 at univariate analysis were included in the multivariate logistic regression model.

Table 3: Univariate and multivariate analysis of factors affecting DFS in LACC patients

Variables Univariate Multivariate
HR (95%CI) p* HR (95%CI) p*

Age (yrs)
  ≤ 52 1.22 (0.49-3.03) 0.663 - -
 > 52
Grade
 G1-G2 2.30 (0.93-5.71) 0.071 1.71 (0.59-5.0) 0.326
 G3
FIGO stage
 IB–II 7.98 (1.9-33.61) 0.005 3.0 (1.03-8.88) 0.043
 III–IV
Cervical residual tumor after CT/RT
 pR0 9.52 (3.58-25.34) <0.0001 7.88 (2.1-30.20) 0.003
 pR2
Pathologic lymph nodal status after CT/RT
 Negative 5.95 (1.79-19.80) 0.004 0.71 (0.23-2.17) 0.54
 Positive
Prelamin A expression
 Low 1.19 (0.48-2.96) 0.701 - -
 High
RAD51 expression
 Low 3.43 (1.33-8.83) 0.011 2.9 (1.06-8.13) 0.038
 High

DFS = Disease-Free Survival. HR = Hazard ratio. CI = confidence interval. *Ps were derived from the COX proportional hazards model. 
CT/RT = chemoradiation. Only variables with p-value ≤ 0.1 in the univariate analysis were included in multivariate model. χ2 of the 
model = 27.6; p value <0.0001.
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including mutations in the LMNA gene [20], epigenetic 
LMNA promoter modifications [31], degradation induced 
by viral infection (either HPV or HIV) [29], or impaired 
activity of a protease (ZMPSTE24) involved in the 
maturation of prelamin A into functional lamin A [32, 
33]. Although deeper and more comprehensive validation 
analyses with functional assays are needed before any 
definite conclusion can be drawn, overall our findings 
suggest that in LACC patients with no responsiveness to 
CT/RT, prelamin A–processing might be more efficient and 
lamin A possibly more actively produced.

It is well known that several layers of regulation in the 
DNA damage response intersect with lamin: loss of lamin 
A function reduces the transcription of RAD51 and BRCA1 
and also results in the downregulation and mislocalization 
of the tumor suppressors RB105 and ING1, as well as the 
DNA repair factor p53-binding protein 1 (53BP1) [22]. 
These types of target alterations can ultimately promote 

sensitivity to chemotherapeutic strategies that capitalize on 
an impaired ability for DNA repair, including cisplatin and 
radiation. RAD51 represents a central protein of homologous 
recombination (HR) pathway in response to DSBs induced 
by radiation and/or chemotherapy treatment such as cisplatin, 
with several studies showing that overexpression of RAD51 
is associated with treatment resistance and outcome in a 
variety of tumors [34]. Here we show indeed that RAD51 
overexpression is associated with reduced response to therapy 
and an unfavorable outcome, emerging as an independent 
prognostic factor for disease free survival, and approaching 
statistical significance for overall survival. Notably, this 
trend was confirmed by WB analysis in a subset of patients, 
and, more importantly, we found, in the same patients, a 
upregulation in RAD51 mRNA levels, as expected on the 
basis of previous literature data. In line with our results, 
previous studies demonstrated increased RAD51 expression 
in pre-treatment tumor biopsies in non-responsive compared 

Table 4: Univariate and multivariate analysis of factors affecting OS in LACC patients

Variables Univariate Multivariate

HR (95%CI) p* HR (95%CI) p*

Age (yrs)

  ≤ 52 1.52 (0.60-3.8) 0.379 - -

 > 52

Grade

 G1-G2 1.41 (0.54-3.67) 0.481 - -

 G3

FIGO stage

 IB–II 11.74 (2.57-53.71) 0.002 3.70 (1.24-11.04) 0.019

 III–IV

Cervical residual tumor after CT/RT

 pR0 10.66 (3.94-28.82) <0.0001 6.17 (1.52-25.08) 0.011

 pR2

Pathologic lymph nodal status after CT/RT

 Negative 11.66 (3.34-40.72) 0.0001 1.92 (0.64-5.77) 0.24

 Positive

Prelamin A expression

 Low 1.08 (0.43-2.75) 0.868 - -

 High

RAD51 expression

 Low 2.59 (1.00-6.70) 0.05 2.36 (0.86-6.49) 0.09

 High

OS = Overall Survival. HR = Hazard ratio. CI = confidence interval. *Ps were derived from the COX proportional hazards 
model. CT/RT = chemoradiation. Only variables with p-value ≤ 0.1 in the univariate analysis were included in multivariate 
model. χ2 of the model = 28.7; p value <0.0001.
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with responsive advanced squamous cervical cancer patients 
[35]. Besides, a protective effect on clinical outcome of 
cervical cancer patients of the RAD51 172TT genotype, has 
been also reported as a possible consequence of a lower 
cellular capacity for DSB repair and, in turn, a greater 
sensitivity to chemotherapeutic agents [36]. It is worthy to 
note that inhibiting RAD51 has been explored as a way to 
sensitize cancer cells to chemotherapy and radiotherapy 
and, more recently, the benefits of targeting RAD51 in 
combination with conventional cancer therapies and newer 
PARPi [poly (ADP-ribose) polymerase inhibitors] treatments 
have been described [34].

The lack of any prognostic role for prelamin A 
expression remains to be clarified: indeed, besides the 
relatively small sample size of our series, also the complexity 
of this biologic pathway may result in heterogeneity of 
clinical data. In addition, it has to be acknowledged that the 

association between biological markers and response to local 
treatments, such as pelvic CT/RT, does not imply tout court 
the association with survival outcome, as well as pattern of 
relapse (e.g. local, loco-regional, distant).

In conclusion, our findings, that should be validated 
in a larger prospective trial, provide a framework for 
sustaining molecular-based patient-tailored treatments, 
employing RAD51 inhibitors as single agents or in 
combination with other therapies for cervical cancer.

MATERIALS AND METHODS

Patients

This retrospective study included 66 cervical cancer 
patients admitted to the Gynecologic Oncology Unit, 
Catholic University of the Sacred Heart, Rome between April 

Table 5: Clinicopathological features of the overall series

Characteristics No. of patients (%)

All cases 66

Age (years)

  ≤ 52 35 (53.0)

 > 52 31 (47.0)

Histotype

 Squamous 64 (97)

 Other 2 (3)

Grade

 1-2 30 (45.5)

 3 30 (45.5)

 Not available 6 (9.0)

FIGO stage

 IB2–II 56 (84.8)

 III–IV 10 (15.2)

Tumor size (cm)

 < 4 6 (9.1)

  ≥ 4 59 (89.4)

 Not available 1 (1.5)

Cervical residual tumor after CT/RT (mm)

 pR0 = 0 40 (60.6)

 pR2 = 5-80 (median value 17) 26 (39.4)

Pathologic lymph node status after CT/RT

 Negative 52 (78.8)

 Positive 14 (21.2)

CT/RT = chemoradiation.
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2001 and April 2013. Staging was performed according to 
FIGO classification. Patients with a diagnosis of stage IB2-
IVA LACC disease were evaluated in the study. The trial was 
approved by the local Ethics Committee and Institutional 
Review Board (Protocol P/966/CE/2012) and all patients 
signed a written informed consent agreeing to submit to all 
the procedures described and for their data to be collected. 
Pre-treatment tumour tissue biopsies were obtained during 
staging procedures, the joint assessment by surgeon and 
pathologist allowing an unequivocal identification of tumor 
area to be sampled. Tissue specimens were formalin-fixed 
paraffin-embedded for diagnostic histopathology and 
immunohistochemical analyses. For a subset of patients, 
frozen tissue samples were also available for analysis 
(n=20). Patients received preoperative CT/RT; RT was 
administered to the pelvic region (39.6-50.3 Gy) according 
to specific protocols, and concomitant chemotherapy 
included cisplatin and 5-fluorouracil or capecitabine [9, 10]. 
Seven or 8 weeks after the end of concomitant CT/RT, all 
cases were submitted to radical hysterectomy and pelvic 
± aortic lymphadenectomy. After surgery, patients were 
triaged to routine follow-up procedure according to the 
previously reported schedule [9, 10]. Pathologic complete 
response was defined as the absence of any residual tumor 
after treatment at any site level (residual tumor=None, pR0), 
microscopic response included cases with persistence of only 
microscopic tumor foci at any site level (≤ 3 mm maximum 
dimension, pR1), while macroscopic response included 
cases with persistence of residual tumor > 3 mm (maximum 
dimension, pR2) [37]. In order to maximize the identification 
of potential differences in the biomarker profile associated 
with CT/RT responsiveness, we decided to focus our analysis 
on patients with complete response versus macroscopic 
residual tumor. The clinicopathological characteristics of 
the study population have been summarized in Table 5. 
Histopathologically normal cervical samples (n=5), as well 
as low-grade (low-SIL, n=5), and high-grade squamous 
intraepithelial lesion (high-SIL, n=5) were also included in 
the study.

Immunohistochemical analyses

Immunohistochemical analysis was carried out on 
three-micrometer-thick paraffin sections as previously 
described [38]. Briefly, 3-μm thick tumor sections were de-
waxed and rehydrated; heat-induced antigen retrieval was 
carried out using EDTA buffer (pH 8.0) for 30 minutes, 
then to inhibit endogenous peroxidase the sections were 
incubated in 3% H2O2 in distillate water for 10 minutes. 
Sections were incubated with primary antibody at dilution 
1:100, overnight at 4°C for rabbit anti-human Prelamin A 
(≠0045, Diatheva Cartoceto PU, Italy), and at 1h at 37°C 
for  mouse  anti-human  RAD51  [≠MA5-14419,  clone 
51RAD01(3C10), Invitrogen Carlsbad, California, USA]. 
Sections were incubated with the secondary anti-rabbit 
EnVision System-HRP (DakoCytomation Carpinteria, CA, 

USA) against Prelamin A and anti-mouse EnVision System-
HRP (DakoCytomation) against RAD51. The analysis of 
all tissue sections was done without any prior knowledge of 
clinical parameters by 3 authors (SL, MM, IDS) by means 
of light microscopy. For both proteins, staining intensity 
was estimated by: i) a four-step scale based on visual 
examination; ii) the percentage of positive cells from 0 to 
100%. Using these two parameters (intensity and % positive 
tumor cells) a final IHC score was composed according 
to the following criteria: negative= tumors without any 
detectable staining; score 1= tumors with very low staining 
intensity in < 80% tumor cells; score 2= tumors with low 
staining intensity in <50% tumor cells; score 3= tumors 
with high staining intensity in >50% tumor cells; score 4= 
tumors with very high staining intensity in >80% tumor 
cells. The proportion of immunostained tumor cells was 
assessed by evaluating the entire tumor area. Tumors with 
score 1 and 2 were rated as “low” whereas those with score 
3 and 4 were rated as “high”. Cut-off values were defined 
according to data distribution, showing that in the entire 
cancer series prelamin A and RAD51 levels were 2.2 ± 0.14 
and 2.4 ± 0.12, respectively.

Western blot analysis

Protein were isolated from frozen tissue biopsies 
using the All Prep® DNA/RNA/Protein Mini Kit (Qiagen, 
Germany) following the manufacturer’s protocol. After 
extraction, equal amounts of protein (30 μg/sample) were 
separated using a 10% precast gel (Mini-PROTEAN® 
TGX™ Precast Protein Gel Bio-rad Laboratories Hercules, 
California), subsequently blotted to PVDF mini-membrane 
(Trans-Blot® Turbo™ Mini PVDF Transferand) and 
transferred using the Trans-Blot® Turbo™ Transfer System 
(Bio-Rad) with 25V, 1.0 A, for 30 minutes. Sequentially 
the membrane was probed with the following primary 
antibodies: anti-prelamin A dilution 1:1000 (Diatheva); 
anti-RAD51 dilution 1:500 (Invitrogen); anti-HSP70 (cod 
H5147, Sigma-Aldrich Saint Louis USA) at 4°C overnight. 
Specific proteins were visualized with Image- Quant LAS 
500 system (GE Healthcare Europe GmbH, Milan, Italy).

Real time PCR

Total RNA was extracted from frozen tissue biopsies 
using AllPrep DNA/RNA/Protein Mini Kit (Qiagen). 
RNA concentration was measured using a NanoDrop 
2000 spectrophotometer (Thermo Scientific, Waltham, 
MA) and RNA integrity was confirmed by Bioanalyzer 
(Agilent Technologies, Palo Alto, CA). All samples had 
an RNA integrity number (RIN) in the range 4.0–10.0. 
RNA was reverse-transcribed to cDNA using iScript™ 
cDNA Synthesis Kit (Bio-Rad), according to the 
manufacturer’s protocol. To evaluate RAD51 and LMNA 
mRNA levels, each cDNA was subjected to real time PCR 
(qPCR). Amplifications were carried out using specific 
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primers and the iQ SYBR Green Supermix (Bio-Rad) in 
a final volume of 20 μl, starting with a 3-min template 
denaturation step at 95°C followed by 40 cycles of 15 s at 
95°C and 1 min at 60°C. RT-qPCR was carried out in CFX 
Connect Real Time PCR Detection System (Bio-Rad), 
according to manufacturer’s instructions. In each assay, 
standard curves were generated using a serial dilution 
of the initial amount of control cDNA to determine 
the range of template concentrations, which showed a 
good linearity and efficiency for the different reactions; 
efficiency values between 80 and 100% were found for 
each primer set and taken into account for the comparative 
quantitation analysis. Melting curves of the reaction 
products were also generated to assess the specificity 
of the measured fluorescence. The PCR primers for 
detecting specific transcripts were the following: LMNA  
forward CGGATGCGCTGCAGGAA; reverse CCAGGTT 
GCTGTTCCTCTCA; RAD51 forward 5′-AGCTGGGAA 
CTGCAACTCAT-3′;  reverse  5′-CTGCATTGCCATT 
AGCTCCAC-3′;  ACTB forward CCAACCGCGAGA 
AGATGAC; reverse TAGCACAGCCTGGATAGCAA;  
B2M forward 5′- TTAGCTGTGCTCGCGCTAC-3′; reverse 
5′-CTCTGCTGGATGACGTGAGTAA-3′;  GAPDH 
forward GAACGGGAAGCTTGTCATCAA; reverse ATC 
GCCCCACTTGATTTTGG. Among the endogenous 
reference genes included on the array (GAPDH, ACTB, 
B2M) B2M was chosen for normalizing the data following 
visualization of the global Ct value distribution. All 
samples were amplified in triplicate and normalized to the 
housekeeping gene, B2M. The mean of threshold cycles 
(Ct, take-off point of reactions) for each specimen was 
used to obtain the fold change of gene expression level 
according to the -ΔΔCt method [39] and relative to the 
mean ΔCt of the whole population of samples.

Statistical analysis

The expression of molecular biomarkers and their 
association according to clinicopathological parameters 
were evaluated using the Fisher’s exact test. A logistic 
regression model was used to investigate the role of 
clinicopathological variables as predictors of pathological 
response after CT/RT. The prognostic effect of the various 
parameters on clinical outcome (i.e. recurrence or death of 
disease) was tested by plotting survival curves according to 
Kaplan–Meier method, and comparing groups using the log 
rank test, as well as by multivariate analysis using the Cox 
model. Kaplan–Meier survival estimates were generated 
from date of histological diagnosis to time of the last 
follow up or death. In univariate analysis, each parameter 
was categorized for subsequent statistical analysis. Only 
variables with p-value ≤0.1 in the univariate analysis were 
included in multivariate model. P values were two-sided, 
with p≤0.05  considered  as  significant.  The  remaining 
data were analyzed using the Mann–Whitney U test. 
Correlations between variables were identified employing 

the Spearman’s rank correlation. All statistical analyses 
were performed using the GraphPad Prism5 Software (San 
Diego, CA, USA). Cox analysis was performed using the 
StatPlus 2009 (AnalystSoft, Vancouver, Canada).
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