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Abstract

Although limited by severe side effects and development of resistance, platinum-based therapies 

still represent the most common first-line treatment for non-small cell lung cancer (NSCLC). 

However, a crucial need in the clinical management of NSCLC is represented by the identification 
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of cases sensitive to DNA damage response (DDR)-targeting drugs, such as cisplatin or PARP 

inhibitors. Here, we provide a molecular rationale for the stratification of NSCLC patients 

potentially benefitting from platinum compounds based on the expression levels of RANBP9, a 

recently identified player of the cellular DDR. RANBP9 was found overexpressed by 

immunohistochemistry (IHC) in NSCLC compared to normal adjacent tissues (NATs) (n = 147). 

Moreover, a retrospective analysis of 132 platinum-treated patients from the multi-centric 

TAILOR trial showed that RANBP9 overexpression levels are associated with clinical response to 

platinum compounds [Progression Free Survival Hazard Ratio (RANBP9 high vs low) 1.73, 95% CI 

1.15–2.59, p = 0.0084; Overall Survival HR (RANBP9 high vs low) 1.99, 95% CI 1.27–3.11, p = 

0.003]. Accordingly, RANBP9 KO cells showed higher sensitivity to cisplatin in comparison with 

WT controls both in vitro and in vivo models. NSCLC RANBP9 KO cells were also more 

sensitive than control cells to the PARP inhibitor olaparib alone and in combination with cisplatin, 

due to defective ATM-dependent and hyper-activated PARP-dependent DDR. The current 

investigation paves the way to prospective studies to assess the clinical value of RANBP9 protein 

levels as prognostic and predictive biomarker of response to DDR-targeting drugs, leading to the 

development of new tools for the management of NSCLC patients.

Introduction

Lung cancer (LC) is the leading cause of cancer deaths in the world [1] and includes two 

main groups: Non-Small Cell Lung Cancers (NSCLC, ~85% of the cases) and small-cell 

lung cancers (~15% of total LC). NSCLC is further divided in subgroups of which 

Adenocarcinoma (LUAD, ~40%) and Squamous Cell Lung Cancer (LUSC, ~25–30%) are 

the most frequent (www.cancer.org/cancer/non-small-cell-lung-cancer/about/key-

statistics.html). Unfortunately, only 16% of patients display localized disease at diagnosis, 

while a vast majority present regional (22%) or distant (57%) tumor spread. Five-year 

survival rates range from 67% for patients with T1N0 disease, to 23% for T1–3N2 disease, 

to about 1–10% for metastatic patients [2]. Despite the development of targeted therapies [3, 

4] and the use of immune-checkpoint inhibitors [5], over 50% of NSCLC patients still do not 

benefit from those drugs [6]. Current first-line treatment for NSCLC mostly employs 

platinum-based chemotherapy [7], but a growing body of evidence indicates that 

combination therapies including chemotherapy and immune-checkpoint inhibitors (anti-

PD-1/PD-L1 antibodies) might result in better treatment outcomes [8, 9]. Cis-

diamminedichloroplatinum(II) (Cisplatin, CDDP), and its analogues oxaliplatin and 

carboplatin, cause various types of DNA crosslinks, single and double strand breaks (DSBs) 

[7, 10, 11], leading to cell cycle arrest and, eventually, cell death. Although a significant 

number of patients initially respond favorably to platinum-based regimens, the majority of 

them display severe side effects and de novo or acquired resistance to platinum compounds 

[12–16]. Thus, predictive biomarkers and new combination therapies represent a major 

unmet clinical need [17].

RANBP9 (a.k.a. RAN Binding Protein Microtubule organizing center, RANBPM) is a 

ubiquitous, evolutionarly conserved scaffold protein present both in the cell nucleus and 

cytoplasm, whose functions are still poorly characterized [18, 19].
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We have recently demonstrated that RANBP9 is both a target and a signaling facilitator of 

the Ataxia Telangiectasia Mutated (ATM) protein, the pinnacle kinase of the cellular DNA 

damage response (DDR) [20]. In NSCLC cells, RANBP9 rapidly accumulates in the nucleus 

in an ATM phosphorylation-dependent manner following exposure to ionizing radiation 

[20]. RANBP9 silencing results in reduced activation of the ATM pathway, deficiency of the 

homology-directed repair (HDR), and enhanced sensitivity to genotoxic treatments [20]. 

Accordingly, RANBP9 emerged as one of the top genes linked to sensitivity to DNA 

damage from a high-throughput screening of 522 cell lines [21].

Here, we evaluated the clinical relevance of RANBP9 expression in human lung tumors and 

assessed its potential use in diagnosis and treatment of LC patients. We also performed in 

vitro and in vivo experiments showing increased sensitivity to platinum compounds and 

PARP inhibitors of NSCLC cells in which RANBP9 is genetically ablated.

Materials and methods

Patients, tissues, tissue micro arrays (TMAs) and immunohistochemical analysis

For the evaluation of RANBP9 expression in normal lung tissues and in biopsies from lung 

cancer patients, OD-CT-RsLug01–007, OD-CT-RsLug01–009, and BC04022a Tissue 

MicroArrays were purchased from US Biomax (US Biomax Inc). OD-CT-RsLug01–007 is 

composed by 60 tumor samples and the associated normal adjacent tissue (NAT), equally 

divided in six different lung cancer subtypes: adenocarcinoma, squamous carcinoma, 

adenosquamous carcinoma, bronchioalveolar carcinoma, large cell carcinoma, small cell 

lung cancer. Among the squamous cell carcinoma and small cell lung cancer samples, nine 

out of ten samples were evaluable. OD-CT-RsLug01–009 is composed by 75 cases of lung 

squamous cell carcinoma and matched NAT. A total of 71 samples were evaluable. 

BC04022a is composed by 18 cases of lung squamous cell carcinoma and matched NAT. 

Eighteen cases were evaluable. For the evaluation of RANBP9 expression, an H-score > 10 

was considered as positive. Statistical significance was analyzed according to two-tailed 

Fisher exact test.

For the evaluation of RANBP9 expression in primary lung tumors and nodal metastases, 30 

FFPE primary lung adenocarcinomas and their relative synchronous lymph node metastasis 

were analyzed (M/F = 18/12; age 70.2 ± 10.4). Patients were obtained from the University of 

Padua, and the study was approved by the local ethic Committee (n. 1721/16). All the 

samples were processed using the Galileo CK3500 Arrayer (www.isenet.it), a semiautomatic 

and computer-assisted tissue macro array (TMA) platform. Two 1-mm cores were obtained 

from both the primary and the metastatic lesions and included in three TMAs. Automated 

immunohistochemical (IHC) staining was performed using the Bond Polymer Refine 

Detection kit (Leica Biosystems, Newcastle upon Tyne, UK) in the BOND-MAX system 

(Leica Biosystems) on 4 μm-thick FFPE sections with the primary antibodies for RANBP9 

(HPA050007; Sigma-Aldrich, Saint Louis, MI). For the evaluation of RANBP9 expression, 

an H-score > 10 was considered as positive. The correlation between primary and nodal 

RANBP9 expression was calculated according to Pearson Correlation Coefficient (http://

www.socscistatistics.com/tests/pearson/Default2.aspx).
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For the evaluation of RANBP9 expression on NSCLC patients who had received platinum-

based therapies as first-line treatment, TMAs from patients enrolled in the TAILOR trial 

were stained as described above. A comprehensive description of the clinical trial is reported 

elsewhere [22]. The study was approved by the Ethics Committee of Ospedale 

Fatebenefratelli e Oftalmico, Milan (03 October 2007) and was performed in accordance 

with the principles of the Declaration of Helsinki. All eligible patients provided written 

informed consent. Samples with either H-score > 100 or at least 10% of cells with moderate 

to strong RANBP9 intensity staining were considered as high-RANBP9.

Validation of commercially available anti-RANBP9 antibody (HPA050007) for IHC purpose 

(see below) was performed on 5 NSCLC tumors and matching NAT samples obtained from 

the Tissue Procurement Service of the Local University. Written informed consent was 

provided by patients after review and approval of a specified protocol by the University 

institutional review committee. Fresh frozen samples were used for protein and RNA 

extraction, as described below. Immunohistochemical staining was performed as above, with 

the only difference of the use of Nova Red for the staining from anti-RANBP9 antibody.

Validation of anti-RANBP9 antibody for IHC staining

We selected a commercially available anti-RANBP9 specific antibody (rabbit HPA-050007, 

Sigma), approved for IHC by the Human Protein Atlas project (http://

www.proteinatlas.org/). Western Blot (WB) analysis using a different commercially 

available antibody (rabbit Abcam ab64275) confirmed RANBP9 positivity detected by IHC 

with the HPA-050007 antibody.

To further validate this antibody, we generated subcutaneous xenografts using previously 

described and validated H460 and H1299 lung cancer cells, stably transduced with an anti-

RANBP9 shRNA (shRANBP9) or control vector (shCTRL) [20]. A total of 2 × 106 viable 

shCTRL- or shRANBP9-H460 and shCTRL- or shRANBP9-H1299 were injected 

subcutaneously into the left and right flank of 5-wk-old nude mice. At 3 weeks from 

injection, tumors were dissected and fixed in 10% formalin before paraffin embedding for 

IHC staining (Figure S2A). As shown in Figure S2B–C, in five different cases of NSCLC (3 

LUAD, 2 LUSC) and in the paired NAT, the IHC staining for RANBP9 was consistent with 

the WB. Notably, we did not observe a direct correlation between RANBP9 protein 

(assessed by IHC and WB using two different antibodies, Figure S2B–C) and mRNA levels 

(evaluated by real-time PCR, Figure S2D).

In vivo studies

Animal experiments were performed according to University institutional guidelines after 

review by an institutional review board. Athymic, immune-compromised (nude) mice were 

obtained from a shared resource at the University, originally obtained from NCI/Charles 

River and maintained in an outbred breeding scheme. A total of 5 × 106 viable A549 

RANBP9 WT or RANBP9 KO were injected subcutaneously into the left and right flank of 

5-wk-old female nude mice. At 3 weeks from injection, tumor mass was measured using a 

caliper and mice with comparable tumor size were divided into groups including at least 

three animals. Mice were then treated with 5 mg/Kg of CDDP or with control buffer (0.9% 
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NaCl in water), once a week for 3 weeks, and treatment was then suspended for one week. 

Tumor size was measured twice per week until euthanasia, as described in the results. The 

experiment was not performed in blind. Tumor volume was calculated using the formula 

(long diameter × short diameter2)/2. Tumors were dissected and fresh frozen before protein 

and RNA extraction, or fixed in 10% Formalin before paraffin embedding for IHC staining. 

Statistical significance was analyzed by unpaired Student t-test.

Statistical analysis

Statistical significance for quantitative experiments was analyzed by unpaired Student t-test. 

Results were considered significant for p-values < 0.05 (*p < 0.05; **p < 0.01; ***p < 

0.001). Two-tailed Fisher exact test and Pearson correlation coefficient were used to assess 

the statistical significance of RANBP9 expression in IHC staining experiments, as described 

below.

Chi-square test and t-test were used to analyze associations between RANBP9 expression 

status and clinical characteristics. PFS was defined as the time from the first line treatment 

start to the date of progression or death from any cause, whichever came first. OS was 

defined as the time from the first line treatment start up to the date of death from any cause. 

Subjects who had not progressed or died while on study were censored at the last disease 

assessment date. Survival curves were estimated with the Kaplan–Meier method. Univariate 

and multivariate Cox proportional hazards models were used for univariate and multivariate 

(adjusted for ECOG-PS, sex, histotype, smoke, and treatment arm) analysis to analyze the 

impact of RANBP9 expression on PFS and OS. Results were expressed as Hazard Ratios 

(HRs) and their 95% confidence intervals (95% CIs). Subgroups analysis according to 

clinical stage was performed. All statistical tests were two-sided and a p-value < 0.05 was 

considered statistically significant. Statistical analyses were carried out using SAS version 

9.4 (SAS Institute, Cary, NC).

Results

Lung tumors show high levels of RANBP9 protein

First, we analyzed RANBP9 protein levels by IHC in human LC tissues and paired NATs. 

To this aim, we used an antibody approved by the Human Protein Atlas (see ‘Materials and 

methods’). In the first Tissue MicroArray (TMA; OD-CT-RsLug01–007; n = 58) RANBP9 

was significantly overexpressed in the nuclei of tumors versus NATs in all LC histotypes and 

in the cytoplasm of tumors vs NATs for adenocarcinoma (LUAD), Adenosquamous, 

Bronchioalveolar and Small-Cell Carcinoma (p < 0.05; Fig. 1a and Table S1). As shown in 

Table S2, RANBP9 was significantly overexpressed both at cytoplasmic and nuclear level (p 
< 0.001) also in two larger cohorts of lung squamous cell carcinomas (LUSC) compared to 

paired NATs (OD-CT-RsLug01–009 and BC04022a, n = 89). These results were in 

agreement with a bioinformatics analysis of the COSMIC and TCGA database (Figure S1A–

B and Table S3).

In vitro, A549, H460, and H1299 NSCLC cell lines all showed increased amount of 

RANBP9 in comparison with normal-like bronchial epithelium cell lines BEAS-2B and 
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HBEC3-KT (Figure S1C). However, we did not observe a direct correlation between 

RANBP9 protein and mRNA levels neither in cancer cell lines (Figure S1D) nor in lung 

tumors (Figure S2).

Taken together, these results show that RANBP9 is frequently overexpressed in LC tumors 

and cell lines, but mRNA levels do not always positively correlate with protein levels.

Next, we analyzed by IHC primary tumor and the available nodal metastasis from a cohort 

of 30 LUAD patients, not part of the commercially available TMAs used above and obtained 

from the Department of Medicine (DIMED), Surgical Pathology Unit, University of Padua, 

Padua, Italy. Notably, nodal lesions frequently displayed similar or higher levels of 

RANBP9, in comparison to the respective primary tumors (Fig. 1b, c). Moreover, a positive 

correlation was found between RANBP9 expression levels in the primary tumor and in the 

associated nodal lesion.

These results demonstrate that RANBP9 overexpression is maintained or increased LC cells 

during the process of metastatization.

Ablation of RANBP9 increases sensitivity of NSCLC cells to cisplatin in vitro and in vivo

A549, H460, and H1299 cells stably silenced for RANBP9 show reduced ATM activation, 

defective HDR, and enhanced apoptosis following genotoxic stress [20]. Here, we aimed to 

emphasize the importance of RANBP9 in the cellular DDR by generating LC cell lines in 

which its expression was abrogated by CRISPR/Cas9 (Figure S3A–B). Although we 

obtained similar results with different cellular models of LC (Figure S3C–D), we mostly 

focused our study on A549 cells, one of the most common in vitro model of LUAD [23].

A growth assay showed that two different RANBP9 WT A549 clones had a slightly higher 

proliferation rate and cell cycle progression than KO cells (Fig. 2a, b and S4A–B). Then, we 

evaluated cell viability and proliferation in response to CDDP of RANBP9 WT and KO 

A549 clones. A significant reduction in total number of cells was observed after 72 h of 

treatment in RANBP9 KO clones compared to RANBP9 WT cells. For the two different KO 

and WT clones the average IC50 was 13.5 μM and 23.6 μM respectively (p < 0.01; Fig. 2c 

and S4C). Accordingly, CDDP treatment resulted in a significant reduction of colony 

formation by RANBP9 KO compared to WT clones (Fig. 2d and S4D).

The difference in sensitivity to CDDP was due, at least in part, to differential activation of 

apoptosis, as demonstrated by higher PARP cleavage (Fig. 3a and S5A), caspase 3/7 

activation (Fig. 3b and S5B) and annexin-V staining in RANBP9 KO A549 clones in 

comparison with WT control clones (Fig. 3c and S5C).

To test whether the absence of RANBP9 in NSCLC cells caused an increased sensitivity to 

cisplatin in vivo, we injected A549 RANBP9 WT and KO cells subcutaneously into athymic 

nude mice. Mice bearing tumors of comparable size were randomly divided into two 

subgroups and treated with CDDP or vehicle. As reported in Fig. 3d, e, the ratio of tumor 

volume in control versus treated mice (T/C) was significantly higher in RANBP9-expressing 

tumors than in KO (0.77 vs. 0.27 at day 15 and 0.85 vs. 0.38 at day 19; p < 0.05).

Tessari et al. Page 6

Oncogene. Author manuscript; available in PMC 2019 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Overall, these results show that the absence of RANBP9 renders NSCLC cells sensitive to 

platinum-based drugs both in vitro and in vivo.

RANBP9 is predictive of response to platinum in NSCLC patients

Next, we investigated the potential value of RANBP9 as prognostic and predictive 

biomarker in NSCLC patients. To this aim, we used specimens form a cohort of patients 

previously enrolled in the multicentric randomized controlled TArceva Italian Lung 

Optimization tRial (TAILOR) trial [22]. All patients eligible for the study had recurred or 

progressed after a first-line treatment with a platinum compound. A total of 132 patient 

specimens, collected at first diagnosis, were used to generate a TMA and evaluate RANBP9 

levels by IHC. Patients demographic and characteristics are summarized in Table S4A. 

RANBP9 was overexpressed in the 27.3% of patients, and it correlated with high tumor 

stage at diagnosis (IIIb-IV vs. I-II-IIIa, χ2 = 15.7, p < 0.0001) and with previous adjuvant 

therapy (χ2 = 12.6; p = 0.0004; Table S4B). No correlation was found between RANBP9 

expression and either age, sex, performance status (PS), history of smoke, tumor grade or 

histology.

After a median follow-up of 69.8 months, 63.5% of RANBP9low (H-score ≤ 100 or less than 

10% of cells with moderate to strong RANBP9 intensity staining) and 86.1% of patients 

RANBP9high (H-score > 100 or at least 10% of cells with moderate to strong RANBP9 

intensity staining) had died (Table S4C). The percentage of dead and/or progressed patients 

was 85.4 vs. 97.2 in RANBP9low and RANBP9high cases, respectively. The median 

progression free survival (PFS, defined as the time from the first-line treatment start to the 

date of progression or death from any cause, whichever came first) at the platinum-based 

first-line treatment for RANBP9low patients was 11 months, while for RANBP9high patients 

was 4.5 months (Table S4D). At the univariate analysis, the hazard ratio (HR) for 

RANBP9high vs. RANBP9low cases was 1.71 (95% CI = 1.14–2.55; p = 0.009). At 

multivariate analysis, after adjusting for sex, PS, history of smoking and histotype, RANBP9 

confirmed its value as independent biomarker predictive of sensitivity to platinum in 

NSCLC patients (HR [RANBP9
high vs. RANBP9

low
] = 1.73; 95% CI = 1.15–2.59; p = 0.008; 

Fig. 4a).

Given the positive correlation of RANBP9 expression and advanced stage of disease at first 

disease presentation, we performed a subgroup analysis according to tumor stage at 

diagnosis. RANBP9 overexpression confirmed to be a negative predictive factor for 

sensitivity to platinum in stage I-IIIa patients (multivariate analysis HR [RANBP9
high 

vs. RANBP9
low

] = 3.28; 95% CI = 1.18–9.11; p = 0.02). On the contrary, RANBP9 

overexpression was not significantly associated to a worse PFS in stage IIIb/IV patients 

(multivariate analysis HR [RANBP9
high vs. RANBP9

low
] = 0.84; 95% CI 0.49–1.41; p = 0.5).

When the overall survival (OS, defined as the time from the first-line treatment start up to 

the date of death from any cause) was analyzed, the HR [RANBP9
high vs. RANBP9

low
] at the 

univariate analysis was 1.7 (95% CI 1.1–2.62; p = 0.017) and once the analysis has been 

adjusted for sex, PS, history of smoking, tumor histology and second-line treatment 

(erlotinib/docetaxel/patient, not randomized), the HR [RANBP9
high vs. RANBP9

low
] was 1.99 

(95% CI 1.27–3.11; p = 0.003; Fig. 4b).
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All together, these data indicate that RANBP9, if validated in a prospective study, is a 

potential novel predictive and prognostic biomarker for the selection of NSCLC patients that 

would benefit from the treatment with platinum compounds.

Ablation of RANBP9 impairs ATM activation and results in increased levels of chromatin-
bound PARylated proteins

RANBP9 is a target and a facilitator of the ATM kinase and its silencing in NSCLC cells 

causes deficits of the HDR after IR exposure [20, 21]. We tested whether A549 cells in 

which RANBP9 is genetically ablated showed deficiencies of the ATM-dependent DDR 

pathway leading to HDR in response to cisplatin (Fig. 5a). In comparison to controls, 

RANBP9 KO cells showed a reduced activation of ATM (S1981), Chk2 (T68) and p53 

(S15). Also, higher overall levels of p53 were observed in WT vs. KO cells, likely due to 

increased protein stability of phosphorylated p53.

In NSCLC cells the ATM/Chk2 pathway stimulation results in a significant activation of the 

late-S/early-G2-phase checkpoint [24, 25]. However, we observed that RANBP9 KO cells 

accumulated in the S-phase of the cell cycle (Fig. 5b) in comparison to RANBP9 WT 

controls, suggesting that the ablation of RANBP9 causes NSCLC cells to activate different 

cell-cycle checkpoints to cope with genotoxic stress.

We also found that the absence of RANBP9 affects specifically the ATM-dependent but not 

the insulin-dependent activation of AKT, a well-known regulator of cell survival upon stress 

(Fig. 5c).

When one DDR mechanism is impaired, cancer cells become dependent on alternative repair 

players [26, 27] such as Poly(ADP-ribose) Polymerase 1 (PARP1) [28, 29]. For this reason, 

we assessed the status of PARP activation in RANBP9 WT and KO cells. As shown in Fig. 

5d, RANBP9 KO cells showed higher amounts of PARylated chromatin-bound proteins in 

comparison with WT cells, both at the basal level and after treatment with CDDP. 

Accordingly, RANBP9 WT cells showed an increase in phosphorylated H2AX (gamma-

H2AX), a target of ATM during HDR-mediated DNA repair, after platinum exposure. 

Conversely, in RANBP9 KO cells, gamma-H2AX levels were not altered by treatment with 

platinum.

These data indicate that the loss of RANBP9 causes an increase of PARylated proteins 

bound to the chromatin of NSCLC cells.

RANBP9 ablation enhances NSCLC cells sensitivity to PARP inhibitors alone and in 
combination with CDDP

To investigate whether RANBP9 absence affected NSCLC sensitivity to PARPi, we treated 

A549 WT and KO clones with AZD2281 (olaparib). RANBP9 KO cells were significantly 

less in numbers and formed also significantly fewer colonies than controls in response to 

olaparib (Fig. 6a–c and S6A–C).

PARPi generate different types of DNA damage, ultimately resulting in DNA DSBs [30, 31]. 

Thus, we evaluated the effect of RANBP9 ablation on H2AX phosphorylation and DNA 
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repair by HDR following exposure of cells to olaparib. As shown in Fig. 6d, e and S6D–E, 

olaparib was able to induce γH2AX foci in RANBP9 WT cells while they were almost 

absent in KO cells.

Finally, we tested the effects of CDDP and olaparib combination. Overall, RANBP9 KO 

cells displayed reduced growth and increased late-apoptosis activation in comparison with 

WT cells upon treatment with CDDP, olaparib or the combination of the two drugs (Fig. 6f, 

g and S6F).

In summary, these results indicate that RANBP9 KO NSCLC cells rely on PARP-dependent 

mechanisms for DNA repair to cope with both basal and CDDP-induced genotoxic stress. 

Moreover, inhibition of PARP in the absence of RANBP9 results in reduced NSCLC cell 

proliferation and enhanced apoptosis alone or in combination with CDDP.

Discussion

NSCLC patients are mostly treated with platinum-based drugs [4]. Since the main 

mechanism of action of platinum compounds is based on induction of DNA damage, a full 

understanding and appropriate knowledge of the DDR is crucial.

Previous studies showed that RANBP9 is critical for DNA double-strand breaks repair in 

NSCLC cells [20]. For this reason, we aimed to investigate the clinical relevance of these 

observations and the possible role of RANBP9 in the treatment of NSCLC patients.

An IHC survey performed on a total of 147 samples (Fig. 1, Table S1–S2) unequivocally 

shows that LC malignancies have increased levels of RANBP9 in comparison with NATs, 

independently of the histotype. This observation is in agreement with data from the 

COSMIC and TGCA databases clearly indicating that RANBP9 is overexpressed in NSCLC 

(Figure S1A–B). Furthermore, high amounts of RANBP9 are maintained or increased in 

nodal metastases compared to primary tumors (Fig. 1) suggesting a positive role of 

RANBP9 in LC progression.

Up-to-date, mostly in vitro evidence suggested that RANBP9 might have tumor suppressive 

functions [18, 19, 32–36]. However, RANBP9 appears to be rarely mutated and mostly 

overexpressed rather than downregulated in all types of cancers (Table S3). A recent analysis 

of a cohort of stage I and II LC patients suggested a positive correlation of higher levels of 

RANBP9 mRNA with better LC prognosis [37] in apparent contrast with our current 

findings. However, this latter study was exclusively based on mRNA expression and highly 

biased for early stage cases. In fact, the analysis of the entire LC TCGA collection does not 

show any significant correlation between RANBP9 mRNA levels and clinical outcome (not 

shown). In the current study, we observed in vitro and ex vivo (Figure S1C–D and S2B–C) 

that RANBP9 protein and mRNA levels does not always positively correlate, in agreement 

with well-known observations especially for proteins involved in cellular stress response 

[38–40]. For this reason, we decided to rely on and further validate (Figure S2) an IHC 

reagent approved by the Human Protein Atlas Project, using multiple techniques (western 

blot and IHC).
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Other than establishing increased expression at late stages, our study focuses on the role of 

RANBP9 in response to genotoxic therapies. However, it is tempting to speculate that 

RANBP9, similarly to other DDR players, might display both pro- and anti-tumorigenic 

functions, depending on multiple factors such as the cellular context, the molecular partners 

and the tumorigenesis status. In fact, although proteins involved in DNA repair prevent 

accumulation of DNA damage and cellular transformation [41, 42], their overexpression is 

associated with resistance to genotoxic treatments [43]. Taken together, these observations 

highlight the need for the generation of models of NSCLC for systematic in vivo studies to 

elucidate the role of RANBP9 in different steps of lung tumorigenesis.

Regarding the clinical relevance of our findings, it was previously shown that NSCLC cell 

lines silenced for RANBP9 were more sensitive to ionizing radiation and CDDP [20]. Here, 

we generated complete RANBP9 KO NSCLC cell lines to maximize the detection of a 

cellular phenotype. In agreement with previous results, abrogation of RANBP9 caused an 

impairment of HDR-based DDR to genotoxic treatments both in vitro and in vivo (Figs. 2, 3, 

5, 6 and S3–5). Of note, the variations in sensitivity in the presence or absence of RANBP9 

observed in our in vitro and in vivo studies are quantitatively in the same range as for other 

previously reported cisplatin-sensitizing proteins (~2 folds, depending on the cell type 

analyzed) [44, 45]. Prompted by this observation, we measured RANBP9 protein levels on a 

cohort of NSCLC patients from the TAILOR study [22] that had undergone a first-line 

platinum-based treatment. In those patients, higher levels of RANBP9 correlated with lower 

OS and PFS (Fig. 4a, b), in accordance with and further supporting the relevance of the data 

obtained in vitro. However, it has to be considered that the influence of RANBP9 expression 

on OS can only be partially evaluated, since patients from the TAILOR study underwent 

multiple second-line treatments including either docetaxel or erlotinib. Relevant to this 

limitation in our study, it has been demonstrated that, while abrogation/ deficiency of the 

ATM-dependent pathways (including the ATM-MDC1-BRCA1/RAP80/ABRAXAS 

pathway) enhances the sensitivity to platinum-based drugs, the opposite effect is observed in 

response to microtubule-targeting agents [46–48].

When genes involved in HDR are lost or mutated, the use of PARP inhibitors (PARPi) 

blocks the ability of cancer cells to repair DNA damages through alternative pathways (i.e., 

PARP-dependent DNA repair), resulting in “synthetic lethality” [30, 49]. In certain tumor 

types such as ovarian cancer, somatic alterations in BRCA1 or BRCA2 genes result in a 

dramatic defect of HDR (frequently reported as “BRCAness phenotype”), making cancer 

cells dependent on PARP activity [49]. The use of PARPi in cells showing a BRCAness 

phenotype causes cancer cell death due to synthetic lethality, which is one of the most 

promising approaches in exploiting the DNA-repair deficiency in the clinic [43]. However, 

BRCA germline or somatic mutations in NSCLC have only rarely been described [50]. On 

the other hand, it is now accepted that a BRCAness-like phenotype can be the result of 

genetic and epigenetic changes other than mutations of the two BRCA genes [51]. Thus, in 

order to identify NSCLC patients that could benefit from PARPi, biomarkers of 

dysfunctional HDR need to be identified and tested. Here we show that RANBP9 KO cells 

displayed increased amount of chromatin-bound PARylated proteins, possibly as a 

compensatory mechanism to cope with genotoxic stress. Accordingly, in the absence of 

RANBP9, NSCLC cell lines became significantly more sensitive to PARP targeting using 
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olaparib. This result supports the potential use of RANBP9 as a biomarker of a “BRCAness-

like” phenotype to identify NSCLC patients that might benefit from therapies with PARP-

targeting agents (Fig. 7). Future studies will be required to assess the potential involvement 

of RANBP9 in other known mechanisms of resistance/sensitivity to PARP inhibitors, such 

as those involving components of ATR pathway, receptor tyrosine kinases or the putative 

RNA/DNA helicase SLFN11 [52–54]. In summary, the present study provides preclinical 

and clinical data indicating that lower RANBP9 protein levels might be used, after 

perspective validation, as a biomarker predictive of response to platinum based compounds. 

However, the retrospective nature of the current study limits our conclusions to the 

association between RANBP9 protein levels and clinical outcome of NSCLC. Nonetheless, 

our results pave the way to future prospective clinical studies in NSCLC patients, using 

RANBP9 levels to evaluate the potential benefit of PARP inhibitors, a class of compounds 

still lacking a reliable predictive biomarker in LC patients. Finally, our data also suggest 

RANBP9 inhibition as a new potential strategy for targeting the DDR in NSCLC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
RANBP9 is overexpressed in lung cancer primary tumors and nodal metastases. a 
Representative examples of RANBP9 expression evaluated by IHC (Nova Red staining) in 

different histotypes of lung cancer and in normal adjacent tissue (NAT). Scale bars represent 

100 μm. b Upper panel: RANBP9 protein levels evaluated by IHC in 30 cases of NSCLC 

primary tumors (yellow bars) and corresponding nodal metastasis (orange bars). Lower 

panel: positive correlation of RANBP9 protein levels between the primary lung 

adenocarcinomas and the nodal lesions (R2 = 0.48886; p < 0.001). The correlation was 

calculated according to Pearson correlation coefficient. Trend is indicated by a red dotted 

line. c Representative examples of RANBP9 expression in primary tumors and in the 

corresponding nodal lesions evaluated by IHC (DAB staining) in three different, 

representative patient specimens. Scale bars represent 100 μm
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Fig. 2. 
Effects of RANBP9 abrogation on NSCLC cells proliferation and sensitivity to cisplatin. a 
Growth curve of RANBP9 WT and KO clones showing the lower proliferation rate of cells 

lacking in RANBP9 expression. Data are representative of two independent experiments 

performed in triplicate. b Cell cycle analysis by flow cytometry of propidium iodide stained 

cells. Red peaks indicate G1 and G2 phase, stripes indicate S phase. Cells were treated with 

nocodazole 200 ng/mL for 24 h to induce G2-blockage in order to identify the percentage of 

cells moving from G1 to G2 phase. Data are representative of two independent experiments. 

c CDDP IC50 calculation on RANBP9 WT16 (C, IC50: 26.9 μM) and KO2 (D, IC50: 12.7 

μM) clones. Data are representative of two independent experiments. d Colony assay and 

quantification of A549 RANBP9 WT and KO clones left untreated (NT) or treated with the 
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indicated dose of CDDP for 24 h. Cells were allowed to grow for 8 days and then colonies 

were stained and counted. The average colony number normalized for the NT ± SD is 

reported. *p-value < 0.05, **p-value < 0.01. Data are representative of two independent 

experiments performed in triplicate
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Fig. 3. 
RANBP9 KO are more sensitive to cisplatin than RANBP9 WT NSCLC cells both in vitro 

and in vivo. a Western blot analysis of RANBP9 WT and KO A549 clones, treated for 24 h 

with 15 μM CDDP to evaluate total and cleaved PARP. GAPDH was used as loading control. 

b Caspase 3/7 activation assay performed on A549 RANBP9 WT and KO clones. Cells were 

left untreated or treated with CDDP 15 μM for 24 h. *p < 0.05. Data are representative of 

three independent experiments performed in triplicate. c Flow cytometry analysis of 

RANBP9 WT and KO cells left untreated or treated with CDDP 20 μM for 72 h, and stained 

with propidium iodide (PI) and Annexin V-FITC. Data are representative of two independent 

experiments. d NOD-SCID mice (n = 8) were subcutaneously injected with 5 × 106 A549 

RANBP9 WT and KO on the left and right flank, respectively. Once the tumors were 

detectable, mice were treated with control solution (n = 4) or 5 mg/kg of CDDP (n = 4), 

once a week for three weeks. Mice were monitored and tumors were measured by physical 

examination twice a week. After 19 days from the first injection, mice were euthanized. 
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Tumors were excised and measured. CDDP-treated versus control-treated tumor volume 

ratios (T/C) ± S.D. are reported. *p-value < 0.05. e Representative image of RANBP9 WT 

and KO tumors, treated with CDDP and vehicle control treated
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Fig. 4. 
RANBP9 levels are predictive of response to platinum in NSCLC patients. a Kaplan–Meier 

curves representing the progression free survival (PFS) of RANBP9-low (blue line) and -

high (red line) NSCLC patients treated with platinum compound as first-line. b Kaplan–

Meier curves representing the overall survival (OS) of the same population as in (a)
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Fig. 5. 
RANBP9 ablation impairs ATM activation and results in increased amounts of chromatin-

bound PARylated proteins. a WB analysis of RANBP9 WT and KO clones left untreated or 

after 24 h of treatment with 20 μM CDDP, using the indicated antibodies. GAPDH was used 

as loading control. b Cell cycle analysis by flow cytometry of propidium iodide stained 

RANBP9 WT and KO cells, not treated or treated with 30 μM CDDP for 48 h. Red peaks 

indicate G1 and G2 phase, stripes indicate S phase. After the treatment with the platinum 

compound, RANBP9 WT cells exhibit G2 phase blockage, while RANBP9 KO clones are 

blocked in S phase. c WB analysis of RANBP9 WT and KO clones left untreated or after 24 

h of treatment with 20 μM CDDP or 30 min of 100 nM insulin using the indicated 

antibodies. GAPDH was used as loading control. d PARylation levels in RANBP9 WT and 

KO clones after the treatment with CDDP evaluated by Western blot. Cells were left 

untreated or exposed to 20 μM CDDP for 30 min. Then chromatin bound and nuclear 
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soluble fractionated proteins were extracted. Histone H3 was used as loading control for 

chromatin bound fraction, nucleophosmin (B23) for nuclear soluble proteins
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Fig. 6. 
RANBP9 KO cells are more sensitive to PARP inhibition alone and in combination with 

CDDP. a Cell survival after 72 h of treatment with increasing doses of olaparib on RANBP9 
WT and KO clones. Data are representative of three independent experiments. b, c Colony 

assay and quantitation on A549 RANBP9 WT and KO clones left untreated (NT) or treated 

with olaparib 5 μM for 24 h. Cells were grown for 8 days and then colonies were stained 

with crystal violet and counted. The average colony number normalized for the NT ± SD is 

reported. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001. d Activation of the ATM-

dependent DDR leading to H2AX phosphorylation, evaluated by immunofluorescence. Cells 

were left untreated (NT) or treated with 10 μM olaparib for 7 h. Scale bars represent 10 μm. 

e Quantification of the experiment in (d) of γH2AX positive cells (cells with >=10 foci). At 
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least 100 cells counted each condition. Data are representative of three independent 

experiments. ***p-value < 0.001. f Cell survival of RANBP9 WT and KO clones after 72 h 

of treatment with incremental doses of 1:1 CDDP:olaparib in combination. Data are 

representative of three independent experiments. g Flow cytometry analysis of RANBP9 WT 

and KO cells left untreated (NT) or treated with either 20 μM CDDP, 30 μM olaparib or the 

combination of the two drugs for 6 days, then stained with propidium iodide (PI) and 

Annexin V-FITC. Data are representative of two independent experiments
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Fig. 7. 
RANBP9 levels in NSCLC as a potential biomarker of response to DDR-targeting therapies. 

In RANBP9 positive NSCLC tumors, the cellular response to persisting DNA-damaging 

agents mostly relies on a proficient ATM-HDR axis: the activation of DNA repair (DDR) 

results in cancer cell survival and resistance to genotoxic stress. Conversely, RANBP9-low 

or -negative tumors display a defective HDR and activate different repair mechanisms, such 

as PARP-dependent DNA repair, to cope with DNA-damaging agents. However, DNA DSBs 

can be induced by persisting genotoxic stress and enhanced by co-treatment with PARP-

targeting compounds to prevent PARP-mediated repair. The simultaneous inhibition of the 

PARP-dependent repair and the absence of efficient HDR-repair result in cancer cell death
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