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Abstract 

Multiple Myeloma (MM) is a hematologic malignancy strongly characterized by genomic 

instability, which promotes disease progression and drug resistance. Since we previously 

demonstrated that LIG3-dependent repair is involved in the genomic instability, drug 

resistance and survival of MM cells, we here investigated the biological relevance of 

PARP1, a driver component of Alternative-Non Homologous End Joining (Alt-NHEJ) 

pathway, in MM. We found a significant correlation between higher PARP1 mRNA 

expression and poor prognosis of MM patients. PARP1 knockdown or its pharmacological 

inhibition by Olaparib impaired MM cells viability in vitro and was effective against in vivo 

xenografts of human MM. Anti-proliferative effects induced by PARP1-inhibition were 

correlated to increase of DNA double-strand breaks, activation of DNA Damage Response 

(DDR) and finally apoptosis. Importantly, by comparing a gene expression signature of 

PARP inhibitors (PARPi) sensitivity to our plasma cell dyscrasia (PC) gene expression 

profiling (GEP), we identified a subset of MM patients which could benefit from PARP 

inhibitors. In particular, Gene Set Enrichment Analysis (GSEA) suggested that high MYC 

expression correlates to PARPi sensitivity in MM. Indeed, we identified MYC as promoter 

of PARP1-mediated repair in MM and, consistently, we demonstrate that cytotoxic effects 

induced by PARP inhibition are mostly detectable on MYC-proficient MM cells. 

Taken together, our findings indicate that MYC-driven MM cells are addicted to PARP1 

Alt-NHEJ repair, which represents therefore a druggable target in this still incurable 

disease. 
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Introduction 

Genomic instability represents a key hallmark of cancer since it progressively promotes 

the acquisition of features that lead to tumorigenesis. Indeed, almost all cancers are 

characterized by the tendency to accumulate genetic aberrations, such as gene copy-

number variations (CNVs), translocations and mutations, which finally confer growth and 

survival advantage (1).  

Genomic instability is strongly fostered by alteration of DNA repair pathways, which 

compromises “genomic guardian” mechanisms involved in prevention of neoplastic 

transformation.  At the same time, DDR machinery represents a specific tumor “Acheel 

heel”, since it could be therapeutically exploited by designing anticancer strategies 

targeting cancer DNA repair vulnerabilities with a synthetic lethality approach (2). The 

discovery that Homologous Recombination (HR) deficient tumors cells are specifically 

sensitive to inhibition of poly(ADP-ribose) polymerase 1 (PARP1) (3-5) provides an 

example of how to therapeutically exploit these vulnerabilities and led to the rapid 

development of several other DDR inhibitors  such as ATM, ATR, CHK1 and CHK2, DNA-

PK and WEE1 inhibitors (6). However, it remains unclear why a substantial number of 

patients who lack HR mutations still benefit from PARP inhibitor (7), a condition defined 

as “PARPness”(8).  

Double strand breaks (DSBs) DNA lesions are mainly repaired by Classical Non-

Homologous End Joining (C-NHEJ) (9) and HR (10). Recently, a third DSB repair pathway 

named  Alternative-NHEJ (Alt-NHEJ) (11) has been demonstrated to function as error 

prone back-up pathway when the two major mechanisms are defective, contributing to 

the pathogenesis of several tumors (12-15).  Multiple myeloma (MM) is a hematologic 

malignancy characterized by the growth of malignant plasma cells harboring numerous 

karyotypic aberrations (16). Indeed, the presence of specific cytogenetic abnormalities 

defines MM patients’ subgroups with different prognosis requiring risk-adapted 

treatment. Although new therapeutics have prolonged survival of MM patients, cure for 

this disease is still an unmet need, and the identification of novel and actionable 

molecular drivers might provide innovative therapeutic approaches. It is known that 

genomic instability is a hallmark of MM  but, to date, specific Achille’s heels have not been 

identified. 

PARP1 is the best-characterized member of the PARP family and play a crucial role in Alt-

NHEJ pathway (17, 18). Indeed, it senses DNA damage via its DNA binding domain (19), 
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subsequently synthesizes Poly (ADP-ribose) (PAR) polymers  which are added to itself 

and other acceptor proteins, thus recruiting other DNA repair proteins, including LIG3. 

We have provided evidence that up-regulation of LIG3-mediated DNA repair plays a 

pivotal role in genomic instability and survival of MM cells (20). Starting from these data, 

we here report that PARP1 is crucial for survival of MYC-addicted MM cells, and we 

provide the rational framework for the use of PARP inhibitors as therapeutic strategy in 

this still incurable disease.  

  

Methods 

 

For a more detailed description of the methods used, see supplementary methods 

(available on the online version of paper).  

 

Cell lines and primary tumor specimens  

Cell lines were obtained from the ATCC or kindly provided by sources indicated in 

Supplementary Methods.  

 

Analysis of cell viability and apoptosis 

Cell viability was analyzed by Cell Titer-Glo assay (CTG; Promega, Madison, WI, USA); 

apoptosis was evaluated by flow cytometric (Attune NxT Flow cytometer, Thermo Fisher 

Scientific) analysis following Annexin V-7AAD staining (BD Pharmingen).  

 

Cell cycle analysis 

Analysis of cell cycle was performed by Propidium Iodide flow cytometry assay (BD 

Pharmingen), according to manufacturer’s instructions. Flow cytometry analysis was 

performed by Attune NxT Flow cytometer (Thermo Fisher Scientific). E 

 

Western blot analysis  

Whole cell protein extracts were prepared from MM cells and from Peripheral Blood 

Mononuclear Cells (PBMCs) in NP40 Cell Lysis Buffer (Novex®) containing a cocktail of 

protease inhibitors (Sigma, Steinheim, Germany). Cell lysates were loaded and PAGE 

separated. Proteins were transferred by Trans-Blot® TurboTM Transfer Starter System 

for 7 min. After protein transfer, the membranes were blotted with antibodies listed in 
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the Supplementary table and visualized with C-DiGit® Blot Scanner (LI-COR) by using the 

ECL Western Blotting Detection Reagents (Thermo Fisher Scientific, IL). Image capture 

was carried out using image studio® (LI-COR, version 5.0) software. 

Immunofluorescence  

Cells were harvested, centrifuged onto glass slides (Cytospin 4, Thermo Scientific), and 

fixed in 4% paraformaldehyde in PBS, pH 7.4, for 12Emin at 22°C, followed by three 5-

min washes in PBS. Cells were permeabilized (0.1% Triton X-100 in PBS, 15-min), washed 

in PBS (3×, 5Emin each), and incubated 1Eh at 22°C with blocking buffer (1.5% BSA in 

PBS). They were reacted >12Eh at 4°C with primary antibodies listed in the 

Supplementary table, washed in PBS (3×, 5Emin each), and incubated 1Eh at 22°C in the 

dark, with appropriate secondary antibodies. Cells were washed 3× in PBS and mounted 

under coverslips with Vectashield with DAPI (Vector Laboratories). Images were acquired 

with an SP2 Leica Zeiss confocal laser-scanning microscope with a 63× oil objective.  

Animals and in vivo models of human MM  

Male CB-17 severe combined immunodeficient (SCID) mice (6- to 8-weeks old; Harlan 

Laboratories, Inc., Indianapolis) were housed and monitored in our Animal Research 

Facility. Experimental procedures and protocols had been approved by the Magna Graecia 

University IRB and conducted according to protocols approved by the National 

Directorate of Veterinary Services (Italy). Mice were subcutaneous inoculated with 5x106 

H929 or ABZB cells and treatment started when palpable tumors became detectable 

(100–200 mm3). Animals were daily treated with Olaparib (Selleckchem) (100mg/Kg) or 

vehicle [10%v/v DMSO in 10%w/v Kleptose (HP-β-CD) in purified de-ionised water] via 

oral gavage. Tumor sizes were measured as described (21), and the investigator was 

blinded to group allocation. 

 

Statistical Analysis  

Each experiment was performed at least 3 times and values are reported as means ±SD. 

Comparisons between groups were made with student’s t-test, while statistical 

significance of differences among multiple groups was determined by GraphPad software 

(www.graphpad.com). Graphs were obtained using Graphpad Prism version 6.0. p-value 

of less than 0.05 was accepted as statistically significant.  

 



 6

Results  

High PARP1 expression occurs in MM and predicts for poor prognosis  

To understand the role of PARP1 in the pathophysiology of MM, the prognostic relevance 

of mRNA expression was investigated.  Indeed, analysis of public MM datasets revealed 

that higher PARP1 mRNA expression was significantly correlated with shorter Overall 

Survival (OS) and Event Free Survival (EFS) (Figure 1A), thus highlighting its pivotal 

contribute to disease pathogenesis. Indeed, PARP1 mRNA expression increased during 

disease progression and in high-risk MM subgroups harboring t(4;14) and t(14;16) 

translocations (TC4 and TC5) (Figure 1B, Supplementary Figure 1A)(22). Of note, no 

significant influence of copy number on PARP1 expression gene was found 

(Supplementary Figure 1B), thus suggesting that high expression of PARP1 in MM 

patients could be derived from deregulation of transcriptional or post-transcriptional 

mechanisms that normally regulate PARP1 expression. Notably PARP1 mRNA was the 

most expressed among other PARP family members. Furthermore, mRNA expression of 

other PARPs did not retain any prognostic relevance, except for PARP2 (Supplementary 

Figure 1C-D). 

Moreover analysis of GSE9782 dataset revealed that higher levels of PARP1 mRNA 

predicted poor OS and Progression Free Survival (PFS) for patient who received 

Bortezomib-based therapy (Figure 1C). Overall, these findings strongly suggest 

involvement of PARP1 in the genomic instability of MM, which promotes disease 

progression and drug resistance.  

 

PARP1 is a therapeutic target in MM  

Based on clinical findings, which suggested a relevant role of PARP1 in MM pathogenesis, 

protein levels were analyzed in a panel of MM cell lines, primary cells from MM patients 

and healthy donors (HDs) PBMCs. As shown in Figure 2A, up-regulation of PARP1 protein 

expression with a nuclear distribution in MM cells as compared to HD PBMCs, was 

observed. In particular PARP1 protein was undetectable only in 1 of 4 primary MM cells 

evaluated and in U266 cell line.  

To investigate its biological relevance in MM cells, knockdown experiments were 

performed to evaluate whether PARP1 was required for MM cell viability. Importantly, 

PARP1 down-regulation significantly reduced viability and increased apoptosis of MM cell 

line (Figure 2B, Supplementary Fig. 2A).  
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Then, the effects on MM cells survival induced by clinical available PARP 1/2 inhibitor 

Olaparib were investigated. Importantly, MM cells were highly sensitive to Olaparib with 

an IC50<10 uM observed in 7 of 8 tested cell lines (Figure 2C). In particular, IC50 was 0,5 

uM in NCI-H929, KMS-12BM, KMS26 and INA-6, as in the highly sensitive BRCA2-

defective CAPAN1 cells (Pancreatic adenocarcinoma cell line), which were used as 

positive control cell line in this experiment (23). Moreover, Olaparib induced an increase 

of apoptotic cell death and a reduction of clonogenic growth in a dose dependent manner 

(Supplementary Figures 2 B-C). Importantly, Olaparib impaired the viability of primary 

MM plasma cells co-cultured with stromal cells (Figure 2C), thus overcoming protective 

role of bone marrow (BM) microenvironment. To confirm the translational relevance of 

our in vitro findings, in vivo anti-MM activity of Olaparib was evaluated resulting in a 

significant tumor-growth inhibition (Figure 2E).  

Finally, the basal expression of the other Olaparib target PARP2 was evaluated. Notably, a 

very lower protein expression as compared to PARP1 was found (Supplementary Figure 

2D), thus suggesting a minor role of PARP2 in driving Olaparib activity in MM cell lines. 

Overall, these findings greatly suggest PARP1 as promising therapeutic target in MM.  

 

PARP1 inhibition triggers DDR response in MM cells  

Since PARP1 plays a critical role in DSBs repair, the effect of PARP1 inhibition on DDR 

was investigated. Importantly, Olaparib treatment induced a relevant increase of 

unrepaired DNA damage, along with a significant activation of DDR and apoptosis 

signaling, as demonstrated by increased phosphorylation of ATM, ATR, CHK1, CHK2, 

H2AX, occurring together with PARP1 and caspase-3 cleavage (Figure 3A). Similar results 

were also obtained after PARP1 knockdown in MM cell lines or after Olaparib treatment 

in primary MM cells (Supplementary Figures 3A-B). 

Cell cycle analysis revealed also G2-arrest after Olaparib treatment (Figure 3B), which 

was abrogated by caffeine (24) (Supplementary Figure 3C), thus suggesting that 

checkpoint activation induced by Olaparib treatment depend on ATM/ATR signaling. 

To investigate molecular mechanisms underpinning the increase of DNA DSBs observed 

after Olaparib treatment, functional experiments were performed. To this aim, the activity 

of Alt-NHEJ repair was evaluated given the pivotal role exerted by PARP1 in this DNA 

repair pathway. Indeed, Alt-NHEJ repair was clearly reduced in MM cells treated with 

Olaparib as compared to vehicle alone (Figure 3C, Supplementary Figure 3D).  
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To investigate if PARP trapping onto damaged DNA is responsible of cytotoxic activity of 

PARPi, R8226 cell lysates were fractionated into nuclear-soluble and chromatin-bound 

fractions. Notably, although PARylation were reduced by treatment, Olaparib alone not 

significantly increased PARP1 chromatin binding as compared to nuclear-soluble fraction 

(Figure 3D), suggesting that Olaparib effects in MM are correlated to inhibition of DSB 

repair rather than to PARP-trapping activity.  

 

MYC drives sensitivity to Parp-inhibition  

To identify predictive biomarkers for PARPi in MM, a published PARPi response gene 

expression signature (25) was evaluated in a proprietary plasma cell (PC) dyscrasias 

dataset, previously analyzed by global gene expression profiling (GEP) using microarray 

technology (26). Particularly, a great part of secondary plasmacell leukemia (sPCL) 

samples and human myeloma cell lines (HMCLs) showed PARPi-positive expression 

pattern, MM samples showed heterogeneous expression levels, whereas primary 

plasmacell leukemia (pPCL) cases mostly evidenced an opposite expression trend. 

Notably, among MM-TC classes, half MM-TC2 cases were grouped together with majority 

of sPCL and all HMCLs PARPi-positive clusters (Figure 4A). Therefore, in order to identify 

concordantly modulated sets of genes that were potentially associated to PARPi signature 

in MM, PARPi-positive and PARPi-negative MM-TC2 cases were compared by GSEA 

analysis (27). Interestingly, groups of genes regulated by MYC and involved in DNA repair 

resulted among the most significantly up-regulated in PARPi-positive versus PARPi-

negative cases (Figure 4B, Supplementary Figure 4A). Similar results were also obtained 

comparing PARPi-positive and PARPi-negative PCL cases. Accordingly, MYC transcript 

reached the highest median expression levels in sPCL and HMCLs across PC dyscrasia 

groups and in MM-TC2 class (Supplementary Figure 4B).  

To validate bioinformatics results, MYC protein basal levels were evaluated in Olaparib 

tested MM cell lines.  Notably, Olaparib insensitive U266 cells did not express MYC 

protein (Supplementary Figure 4C)(28). Next, Olaparib was tested on P936 B cell-like 

lymphoma cells, a cellular models wherein MYC levels could be turned on/off by adding 

Doxycycline. Notably, Olaparib treatment effectively induced cell death only at Myc-on 

conditions. Conversely, as formal proof of our hypothesis, overexpression of MYC in U266 

cells (MYC-OE) restored cell death upon PARP1 knockdown or PARP1 inhibitor treatment 

(Figure 4C, Supplementary Figure 4D). Moreover, the lack of correlation between PARP 
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inhibitor sensitivity and the evidence of HR deficiency (as evaluated by RAD51 protein 

levels), or the presence of MM characteristic cytogenetic abnormalities (13q deletion, 1q 

gain, hyperdyploidy) or somatic mutations (BRAF, NRAS, KRAS, DIS3) (Supplementary 

Figure 4E), further support the hypothesis that PARP-inhibition triggers MYC-dependent 

synthetic lethality in MM. 

 

Bortezomib resistant cells are highly sensitive to PARP inhibition 

Based on clinical data, which suggest a potential role in Bortezomib resistance (Figure 

1C), the effects of PARP1-inhibition in this context was also investigated. Notably, AMO1 

bortezomib resistant (ABZB) cells showed higher Alt-NHEJ repair and CNVs as compared 

to their sensitive counterpart AMO1 cells (Figure 5A), thus suggesting an association 

between genomic instability increase and Bortezomib resistance acquirement. 

Interestingly, enforced expression of PARP1 on AMO1 cells significantly antagonized the 

effect induced by Bortezomib on cell viability (Figure 5B).  

Importantly, Olaparib showed significant growth inhibitory activity against ABZB cells in 

vitro and in vivo (Figure 5C, Supplementary Figures 5A-B).  

Since higher protein levels of PARP1 and MYC were observed in ABZB cells as compared 

to AMO1 (Figure 5D), a potential role of MYC in PARP1 transcription was next 

investigated. 

Notably, analysis of multiple myeloma patients’ dataset (GSE24080), showed a significant 

positive correlation between PARP1 and MYC expression (Supplementary Figure 5C). 

Indeed, a bioinformatic screening (cistrome.org) showed a significant enrichment of MYC 

binding consensus sequences to PARP1 promoter (Supplementary Figure 5D), which was 

next validated by Chip analysis (Figure 5E). Therefore, siRNA-mediated knockdown of 

MYC induced a down-regulation of PARP1 protein and a decrease of promoter activity 

(Figure 5E) indicating that MYC binds to PARP1 promoter modeling its transcription.  

 

Discussion 

DDR presents an attractive area of investigation for the opportunity to selectively kill 

cancer cells addicted to compensatory DNA repair pathways by synthetic lethality (29). 

There is experimental evidence that Alt-NHEJ is an error-prone DNA repair pathway (30-

35) and master driver of genomic instability in cancer (36).  

In this study, we investigated the involvement of PARP1, a pivotal component of error-
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prone Alt-NHEJ repair, in the pathogenesis of MM genomic instability (37). 

Indeed, Alt-NHEJ repair pathway is involved in important processes of B-lineage 

differentiation such as VD-J recombination and class switch recombination (CSR) (38), 

critical steps where errors in the rearrangement of the germ-line DNA could generate 

translocation of proto-oncogenes, such as MYC (39), into the immunoglobulin (Ig) loci, 

thus potentially contributing to myelomagenesis. 

Consistently, we found that high PARP1 mRNA expression is significantly correlated to 

poor EFS and OS in MM patients, and increases during disease progression and in high-

risk cases. Moreover, PARP1 mRNA is the most expressed among PARP family members, 

thus suggesting a critical role of PARP1 in MM pathogenesis. In fact, we found that PARP1 

knockdown induces MM cell death.  

In the aim of translating these findings into the design of a new therapeutic strategy, we 

provide evidence that Olaparib, an available PARPi, induces anti-MM activity at clinical 

doses (40), including against Bortezomib-resistant MM cells. Growth inhibitory effects 

induced by Olaparib, were correlated to Alt-NHEJ inhibition (41) which led to increase of 

unrepaired DNA damage and apoptotic cell death. 

To investigate mechanisms leading to PARPi sensitivity in MM, we used a PARP inhibition 

sensitivity gene expression signature (25). Interestingly our analysis highlighted a pivotal 

role of MYC, a driver transcription factor hyper-activated in majority of MM patients (42, 

43). Indeed, the signature was enriched in TC2 MM patients and secondary PCL 

subgroups, which display the highest MYC expression (44). Consistently, we show here 

that PARP inhibition induces cytotoxic effects against MM, which mostly occur on MYC 

proficient cells.  

Our findings are consistent with recent reports showing that MYC-dependent Burkitt 

lymphoma (45) and neuroblastoma (46) are sensitive to PARPi. Indeed, MYC drives 

genomic instability by deregulation of DDR, thus increasing cancer cells dependency from 

low-fidelity DNA repair pathways (47-49). Moreover, MYC is a strong inducer of 

replication stress, which requires DDR activation to repair DNA damage and to sustain 

cell survival (50, 51). 

On these findings, we hypothesize that MYC-driven MM cells switch their DNA repair 

machinery to error-prone PARP-mediated Alt-NHEJ. This event allows to overcome DNA 

damage overload from oncogenic stress, promoting cell survival and, at the same time, the 

acquisition of new genetic changes leading to disease progression (Figure 6). Indeed, it 
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could be hypothesized that MYC induces Alt-NHEJ repair to balance HR down-regulation 

induced by Bortezomib (52, 53), contributing to development of drug resistance and, at 

the same time, making MM cells more dependent from PARP1-mediated DNA repair to 

survive. Consistently, we also report here that Bortezomib-resistant MM cells are 

extremely sensitive to PARP-inhibition. This finding is of translational relevance, since it 

could support the design of a maintenance therapy with PARP-inhibitors as strategy to 

prevent disease progression and drug resistance acquirement.  

In conclusion, our study demonstrates addiction of MYC-driven MM cells to PARP1, which 

could be exploited as a new opportunity for synthetic lethality in the clinical scenario of 

precision oncology. Moreover our findings highlight the role of MYC as driver of PARP1-

mediated repair, identifying a novel mechanism of genome stability and survival 

regulation and a potential biomarker of PARPness in this still incurable disease. 

 

 

Supplementary information  

Supplementary information is available at Haematologica website. 
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Legend to figures 

 

Figure 1. High PARP1 levels are associated with poor prognosis in MM patients. (A) 

Data obtained interrogating GSE24080 dataset by PRECOG software 

(https://precog.stanford.edu/index.php). Prognostic relevance of PARP1 mRNA 

(NM_208644_at) expression, on OS and EFS of MM patients. (B) PARP1 mRNA expression 

analysis from proprietary datasets. Left panel: PARP1 levels in healthy donors as 

compared to MM and primary (p) and secondary (s) PCL cases. Right panel:  PARP1 

expression MM patients according to TC classification. (C) Analysis of GSE9782 dataset by 

using GenomicScape software (www.genomicscape.com). Prognostic relevance of PARP1 

levels on OS and PFS of MM patients enrolled to Bortezomib therapy. *, P<0.05; **, P<0.01 

 

Figure 2. Addiction of MM cells to PARP1 (A) Left panel: Immunoblot of PARP1 

performed on PBMCs collected from healthy donors, MM cell lines and patients (Pts). 

GAPDH was used as a loading control. Right panel: Immunofluorescence analysis showing 

subcellular distribution of PARP1 in R8226 and patient (Pt#2) MM cells (magnification 

20x): PARP1 (green); DAPI (blue) was used for nuclear staining. (B) Indicated cell lines 

were transfected with scramble control or PARP1-siRNA. Top: CTG assay was performed 

4 days after transfection. Bottom: Immunoblot analysis of PARP1. GAPDH was used as a 

loading control. Analysis was performed 48h after transfection. (C) Indicated MM cells 

were treated with increasing dose of Olaparib. Left panel: CTG assay was performed 7 

days from treatment. Results are expressed as percentage of vehicle treated cells. (D) Cell 

viability of CD138+ cells from 4 different MM patients co-cultured with HS-5 stromal cells 

and treated with Olaparib 5 uM or vehicle. The assay was performed 4 days after 

treatment. (E) In vivo growth of H929 subcutaneous xenograft daily treated with vehicle 

or Olaparib (100mg/Kg) via oral gavage. Averaged tumor volume of each group ± SD is 

shown.  

Data are representative of at least three independent experiments. *P<0.05; **P<0.01.  

 

Figure 3. Olaparib activates DDR in MM cells. (A) R8226 and H929 cells were treated 

with Olaparib. Left panel: Immunoblot analysis was performed 24 hours after treatment. 

Right panel: γ-H2AX foci evaluation by immunofluorescence. Representative images of 

unrepaired DSBs are shown. DAPI (blue) was used for nuclear staining. (B) Cell cycle 
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analysis performed 24h after treatment of H929 and R8226 cell with Olaparib (2,5 uM). 

(C) Alt-NHEJ repair was evaluated by EJ2-GFP assay on R8226 cells 48h after Olaparib 

(2,5 uM) treatment.  (D) Western blot analysis of nuclear soluble and chromatin bound 

fractions prepared from R8226 cells. Cells were treated for 30 min with vehicle or 

Olaparib as indicated. Histone H3 and LAMIN A/C were used as positive markers for 

chromatin and nuclear soluble fractions, respectively.  

Data are representative of at least three independent experiments. *P<0.05; **P<0.01. 

 

 

Figure 4.  MYC drives sensitivity to Parp-inhibition (A) Hierarchical agglomerative 

clustering of PC dyscrasias’ samples on PARPi gene expression signature. Type of samples 

(N, MM, PPCL, SPCL, HMCL) and MM TC classes (TC1, TC2, TC3, TC4, TC5) are depicted in 

different colors. The color scale bar represents the relative gene expression changes 

normalized by the standard deviation. PPCL, SPCL and MM-TC2 significant clusters are 

highlighted: 16/24 pPCL, p-value=4x10-4; 7/12 sPCL p-value=8.4x10-3; 8/30 TC2, p-

value=6.5x10-3; 7/30 TC2, p-value=9.4x10-3. (B) Enrichment plots of selected significant 

(nominal p-value < 0.05) gene sets by GSEA analysis on PARPi-positive versus PARPi-

negative MM-TC2 cases. NES values are indicated. (C) Left panel: Cell viability analysis in 

P493-6 after 7 days of exposure to vehicle or Olaparib (5 uM), in presence (low Myc) or 

absence (high Myc) of doxycycline (500 ng/mL). Right panel: Cell viability analysis in 

U266 empty vector (EV) and U266 MYC+ after 7 days of exposure to vehicle or Olaparib 

(5 uM).  

Data are representative of at least three independent experiments. *P<0.05; **P<0.01. 

 

Figure 5. Bortezomib resistant cells are highly sensitive to PARP inhibitors 

(A) Left:  Alt-NHEJ repair was evaluated by EJ2-GFP assay on AMO1 and ABZB cells. Right: 

Affymetrix CytoScan HD Array analysis of CNVs, using genomic DNA from AMO1 and 

ABZB. (B) CTG Assay was performed on AMO1 transfected with PARP1 ORF or control 

ORF (EV) and then treated for 24h with increasing dose of Bortezomib. PARP1 

overexpression was confirmed by western blot analysis. (C) In vivo growth of luciferase 

gene-marked Abzb xenografts daily treated with vehicle or Olaparib (100mg/Kg) via oral 

gavage. (c) Left: Averaged tumor volume of each group ± SD is shown. *P<0.05; **P<0.01. 

Right: PAR levels and Ki67 and HE expression were evaluated respectively by Western 



 18

Blot and IHC analysis (20x, 40x insets) from a representative ABZB xenograft per group. 

(D) Left: Immunoblot of PARP1 and MYC performed on AMO1 and ABZB. GAPDH was 

used as a loading control. Right: qPCR for PARP1 promoter performed after ChIP with 

MYC antibody in AMO1 and ABZB cells compared with negative (Ch22) and IgG controls. 

(E) Left: ABZB cells were transfected with siRNA-NC or MYC-siRNA. Immunoblot of 

PARP1 and MYC was performed 48h after transfection. Right: Promoter activity of 

transfected PARP1 and negative CTRL promoter constructs in ABZB cells co-transfected 

with either siRNA-NC or MYC-siRNA. 

Data are representative of at least three independent experiments. *P<0.05; **P<0.01. 

 

 

Figure 6. Esplicative cartoon describing the addiction of MYC-driven MM cells to 

PARP1 
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BRAF	WT BRAF	mut TOT   The two-tailed P value equals 0.5956
PARPI-NEG 11 2 13
PARPI-POS 13 2 15

TOT 24 4 28

NRAS	WT NRAS	mut TOT   The two-tailed P value equals 1.0000
PARPI-NEG 8 5 13
PARPI-POS 9 6 15

TOT 17 11 28

KRAS	WT KRAS	mut TOT   The two-tailed P value equals 1.0000
PARPI-NEG 8 5 13
PARPI-POS 9 6 15

TOT 17 11 28



	 5	

	

	

	

	

	

	

y-H2AX 

Cl-CASP3 

 PARP 

5 

AMO-1 ABZB 

NC
 

2,
5 

 
5 

GAPDH 

NC
 

2,
5 

 
5 

A
V
E
H
IC
L
E
	

O
L
A
P
A
R
IB
	

t0	 Week	1	

B

0 5 10 15 20
10

11

12

13

14

15

MYC

PA
RP
1

C
refGene

gencodeV29

RepeatMasker 1.0

0.0

Ruler

chr1

37169_MM1.S_MYC

37169_MM1.S_MYC 8

0

PARP1
PARP1
PARP1
PARP1
PARP1

PARP1

PARP1
PARP1
PARP1

PARP1

AL359704.2

PARP1
PARP1
PARP1
PARP1
PARP1

PARP1

PARP1
PARP1
PARP1

PARP1

AL359704.2

q42.12
226340K 226350K 226360K 226370K 226380K 226390K 226400K 226410K 226420K 226430K

D

vehicle	 2,5	uM	 5	uM	

2,5	uM	

Annexin	V	

7
A
A
D
	 vehicle	 5	uM	

A
B
Z
B
	

t0 week 1
0

1×107

2×107

3×107

4×107
Lu

m
in

es
ce

nc
e

vehicle
Olaparib

*	

*	

r=	0,18	

p<0.0001	

A
M
O
1
	

Supplementary	Fig.5	(A)	Le#	panel:	Cell	viability	of	AMO1	and	ABZB,	treated	with	vehicle	or	Olaparib	for	7	

days.	Middle	panel:	Annexin	V	posiRve	AMO1	and	ABZB	cells,	treated	with	vehicle	or	Olaparib	for	4	days.	.	

Right	 panel:	 Immunoblot	 of	 PARP1,	 Cl-Caspase	 3	 and	 y-H2AX.	 	 GAPDH	 was	 used	 as	 a	 loading	 control.	

Analysis	was	performed	24h	aZer	treatment.	(B)	RepresentaRve	IVIS	images	and	BLI-based	measurement	of	

tumor	volumes	(5	animals	for	each	group)	of	NOD	SCID	mice	s.c.	xenograZed	with	luciferase	gene-marked	

ABZB,	 were	 performed	 before	 (t0)	 and	 1	 week	 aZer	 treatment.	 (C)	 Graphs	 of	 correlaRons	 between	
endogenous	 mRNA	 expression	 levels	 of	 PARP1	 and	 MYC	 in	 MM	 paRents	 from	 GSE24080	 dataset.	 (D)	
Graphical	results	of	bio-informaRc	screening	(cistrome.org)	showing	c-MYC	binding	consensus	sequences	to	

PARP1	promoter.	

Data	are	representaRve	of	at	least	three	independent	experiments.	*P<0.05.	
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Supplementary	Material	and	Methods	

	

Multiple	myeloma	cell	lines,	primary	cells,	and	reagents		

Peripheral	 blood	 mononuclear	 cells	 (PBMCs)	 and	 primary	 cells	 from	 multiple	 myeloma	 patient	 bone	

marrow	 aspirates,	 following	 informed	 consent	 and	 University	 Magna	 Graecia	 (Catanzaro,	 Italy)	 IRB	

approval,	were	 isolated	using	 Ficoll–Hypaque	density	 gradient	 sedimentation	 as	 reported	previously	 (1).	

Multiple	 myeloma	 patients’	 cells	 were	 separated	 from	 bone	 marrow	 samples	 by	 antibody-mediated	

selection	 using	 anti-CD138	 magnetic-activated	 cell	 separation	 microbeads	 (Miltenyi	 Biotec).	 Purity	 of	

immunoselected	 cells	was	 assessed	 by	 flow-cytometry	 analysis	 using	 a	 phycoerythrin-conjugated	 CD138	

monoclonal	antibody	by	standard	procedures.	CD138+	cells	 from		MM	patients	pt#1,	pt#2	and	pt#3	were	

cultured	 in	RPMI-1640	 	medium	(Gibco®,	Life	Technologies)	supplemented	with	20%	fetal	bovine	serum	

(Lonza	 Group	 Ltd.)	 and	 1%	 penicillin/streptomycin	 (Gibco®,	 Life	 Technologies).	 Multiple	 myeloma	 cell	

lines	(HMCLs)	AMO1,	NCI-H929,	U266,	KMS12-BM	were	purchased	from	DSMZ	(Braunschweig,	Germany).	

CAPAN1,	 RPMI-8226	 and	 OPM2	 were	 purchased	 from	 ATCC	 (Manassas,	 VA,	 USA).	 KMS-11	 were	 kindly	

provided	by	Dr.	K.C.	Anderson	 (Dana-Farber	Cancer	 Institute,	Harvard	Medical	 School,	Boston,	MA,	USA).	

KMS-26	were	kindly	provided	by	Dr.	Giovanni	Tonon	(University	of	San	Raffaele	Scientific		Institute,	Milan,	

Italy).	 P493-6	 were	 kindly	 provided	 by	 Dr.Dirk	 Eick	 (Max	 Planck	 Institute	 of	 Biochemistry,	 Helmholtz-

Zentrum	 München,	 Germany	 and	 cultured	 in	 RPMI-1640	 medium	 (Gibco®	 Life	 Technologies)	

supplemented	with	10%	fetal	 	bovine	serum	(Lonza	Group	Ltd.)	and	1%	penicillin/streptomycin	(Gibco®,	

Life	 	Technologies).	AMO1	 bortezomib-resistant	 (ABZB)	were	 kindly	 provided	 by	 Dr.	 Christoph	 Driessen	
(Eberhand	Karls	University,	Tübingen,	Germany).	Multiple	myeloma	cell	 lines	were	cultured	in	RPMI1640	
(Gibco,	Life	Technologies)	supplemented	with	10%	FBS	(Lonza	Group).	INA-6	cell	line	(kindly	provided	by	

Dr.	 Renate	 Burger,	 University	 of	 Erlangen-	 Nuernberg,	 Germany)	 was	 cultured	 in	 the	 presence	 of	

recombinant	 human	 IL6	 (2,5	 ng/mL,	 R&D	 Systems,	 Minneapolis,	 MN);	 this	 cell	 line	 was	 not	 further	

authenticated	but	 confirmed	 for	 the	described	 IL6	dependence.	HS-5	human	 stromal	 cell	 line	 (purchased	

from	ATCC,	 CRL-11882TM)	was	 cultured	 in	 DMEM	 supplemented	with	 10%	 fetal	 bovine	 serum	 and	 1%	

penicillin/streptomycin	.	Co-culture	experiments	were	performed	in	6	well	plate	at	a	density	of	2,5	×	10	5	

cells/	ml	in	1:1	HS-5	/MM	cells	ratio.	All	these	cell	lines	were	immediately	frozen	and	used	from	the	original	

stock	within	6	months.		

Transduction	of	cells			

To	generate	cells	stably	expressing	 luciferase	transgene,	ABZB	cells	were	transduced	with	pLenti-III-PGK-

Luc	 (ABM	 Inc.,	 Richmond,	 BC,	 Canada)	 vector,	 	the	 manufacturer’s	 instructions.	 To	 generate	 cells	 stably	

expressing	c-MYC,	U266	were	transduced	with	Precision	LentiORF	human	MYC	(GE	Dharmacon,	Lafayette,	

Colorado,	USA).			
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Gene	expression	profiling		

PARPi	signature	was	evaluated	in	a	PC	dyscrasias	dataset,	including	samples	from	129	MM,	24	primary	PCL	

(PPCL)	 at	 onset	 and	 12	 secondary	 PCL	 (SPCL)	 cases,	 together	 with	 18	 HMCL	 and	 4	 healthy	 donors	 (N)	

samples,	 that	were	profiled	on	Affymetrix	Gene	1.0	ST	array	 (GSE66293)(2).	MM	samples	were	stratified	

according	to	TC	classification	(3)	in		34	TC1,	30	TC2,	40	TC3,	19	TC4	and		6	TC5,	respectively.	

Global	 gene	 expression	 profiles	 were	 extracted	 for	 almost	 the	 entire	 PARPi	 gene	 list	 (27/28,	 96%	 up-

regulated	 and	 111/119,	 93%	 down-regulated	 genes).	 Hierarchical	 agglomerative	 clustering	 (Pearson’s	

correlation	and	average	linkage	methods)	was	applied	to	identify	sub-groups	of	samples	with	similar	gene	

expression	patterns.	

A	Gene	Set	Enrichment	Analysis	(GSEA)	(4)	was	applied	on	global	gene	expression	profiles	of	16	MM-TC2	

samples	 showing	 PARPi-positive	 versus	 14	 MM-TC2	 cases	 carrying	 PARPi-negative	 expression	 patterns,	

grouped	 on	 the	 base	 of	 clustering	 analysis.	 Similarly,	 13	 PARPi-positive	 versus	 23	 PARPi-negative	 PCL	

samples	were	compared	by	GSEA	analysis.	Phenotype	permutations	and	default	analysis’s	conditions	were	

applied	 on	Hallmark	 gene	 set	 collection	 and	 significant	 gene	 sets	were	 selected	 based	 on	 FDR	 q-value	 <	

25%.	

Differential	expression	analysis	of	MYC	gene	expression	levels	across	PC	dyscrasias	and	MM	TC	classes	was	

performed	by	means	of	Kruskal-Wallis	test,	by	using	stat	package	in	R	software.	Dunn’s	test	was	used	for	

multiple	 pairwise	 comparisons	 and	 the	 Benjamini	 and	 Hochberg	 correction	 was	 applied	 to	 adjust	

significance	of	multiple	tests	(adjusted	p	<	0.05).	

	

In	vitro	transfection	of	MM	cells		

Stealth™	PARP1	siRNA	(clone	IDs:	HSS100243,	HSS100244,	HSS100245)	and	Silencer	TM	select	MYC	(clone	

IDs:	s9129)	were	purchased	from	Invitrogen™	(Thermo	Scientific).	All	the	oligos	were	used	at	100	nmol/L	

final	 concentration.	MM	cells	were	 transfected	using	Neon	Transfection	System	(Invitrogen™)	 (2	pulse	at	

1.050	V,	 30	milliseconds).	 The	 same	 conditions	were	 applied	 for	 transfection	 of	MM	 cells	with	 2,5	 μg	 of	

expression	 vectors	 carrying	 the	 ORFs	 of	 PARP1	 NM_001618.3	 (EX-Z8307-M68),	 with	 empty	 vector	 (EV)	

used	as	control	(EX-NEG-M68)	(GeneCopeia,	Rockville,	MD,	USA).	

	

DSB	repair	assay	

	In	 vivo	 DSB	 repair	 assays	 were	 performed	 as	 previously	 described	 (5,	 6).	 	 Briefly,	 EJ2-GFP	 plasmid	

(#44025,	Addgene)	was	linearized	with	I-SceI	(Thermo	Scientific)	digestion	and	transfected	into	1x106	cells	

at	a	ratio	of	1ug	per	well.	In	parallel,	cells	were	transfected	using	with	0.1	μg	of	DsRed-N1	plasmid	(kindly	

provided	by	Dr.Michele	Cea,	Dana-Farber	Cancer	 Institute,	Boston,	MA)	 as	 the	 internal	 control.	 48h	 after	

Olaparib	 treatment,	 the	 numbers	 of	 GFP+	 and	DsRed+	 cells	were	 determined	 by	 flow	 cytometry	 (Attune	

NxT,	Thermo	Fisher	Scientific).	For	each	experiment,	FACS	analyzed	a	minimum	of	20,000	cells.	The	ratio	

between	GFP+	and	DsRed+	cells	was	used	as	a	measure	Alt-NHEJ	repair	efficiency.	

ChIP		

Cells	(1.5	x107)	were	crosslinked	in	1%	formaldehyde,	lysed	and	sheared	by	sonication	for		
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10	cycles	(each	of	30	seconds)	on	a	cold	block	with	90	seconds	time	intervals	of	cooling	using	the	Bioruptor	

Plus	 (Diagenode).	 Chromatin	 was	 divided	 into	 equal	 amounts	 of	 immunoprecipitation	 with	 the	 MYC	

antibody	 (ab56),	 or	 rabbit	 IgG	 as	 negative	 control	 (Santa	 Cruz	 Biotechnology).	 Chromatin	 extracts	 were	

incubated	on	a	rotator	with	20	ml	of	ChIP	Grade	Protein	A/G	Plus	Agarose	 for	3	h	at	4°C.	Bound	agarose	

beads	were	harvested	by	 centrifugation	 (12.000	 rpm,	15	 seconds)	 and	washed;	 the	precipitated	protein-

DNA	 complexes	 were	 eluted	 from	 washed	 beads	 and	 incubated	 twice	 at	 65°C	 for	 1.5	 h	 with	 NaCl	 and	

Proteinase	K	to	revert	cross-links.		

Purified	DNA	was	subjected	to	qPCR	using	GoTaq	qPCR	Master	Mix	(Promega).	Primer	sequences	for	qPCR	

were:		

PARP1(forward)	5’-GGTCTCAAACTCCTGCTACAA-3’		

PARP1(reverse)	5’-AGGACACACTTAAGAGTTTGGG-3’		

Ch22(forward)	5’-	GGATGACAGGCATGAGGAATTA-3’		

Ch22(reverse)	5’-	TGCTGCTTACTTGGGATATGAG-3’	

	

Promoter	activity	assay		

ABZB	 cells	 were	 co-transfected	with	 siRNA	 control	 or	MYC–targeting	 siRNA	 and	 negative	 control	 (NEG-

PG04)	or	PARP1	(HPRM43771-PG04)	promoter	constructs	(GeneCopeia,	Rockville,	MD,	USA).	Measurement	

of	 promoter	 activity	 was	 performed	 with	 Secrete-Pair	 ™	 Dual	 Luminescence	 Assay	 Kit	 (GeneCopeia,	

Rockville,	MD,	USA)	according	to	manufacturers’s	instructions	

	

SNP-array	data	analysis	

DNA	was	 extracted	 from	 the	 AMO1	 and	ABZB	 cells	 using	 the	 Perfect	 Pure	DNA	Blood	 kit	 (5	 Prime)	 and	

analyzed	 using	 the	 Affymetrix	 Cytoscan	 HD	 array	 (Affymetrix,	 Inc.,	 Santa	 Clara,	 CA)	 according	 to	

manufacturers’s	instructions,	to	estimate	genomic	instability	and	ongoing	DNA	rearrangements.	This	array	

consists	of	2.67	million	markers	for	copy	number	variation	(CNV)	analysis,	including	750,000	SNP	and	1.9	

million	non-	polymorphic	probes,	with	an	average	spacing	for	RefSeq	genes	of	880	bp.	Analysis	of	intensity	

data	 (CEL	 file)	 was	 performed	 with	 Chromosome	 Analysis	 Suite	 v	 3.1	 (ChAS	 3.1)	 software	 using	 the	

Affymetrix	HapMap	Reference	Model	File	for	comparison.	We	used	25	probes	and	>	25	kb	and	>50	kb	as	a	

minimum	cutoff	for	deletions	and	gains	respectively.	Map	position	was	based	on	GRCh37/hg19	assembly.		

	

Histology	and	immunohistochemistry		

Retrieved	 tumors	 from	 animals	 were	 fixed	 in	 4%	 buffered	 formaldehyde	 and	 24	 hours	 later	 washed,	

dehydrated,	 and	embedded	 in	paraffin.	For	 light	microscopy	analysis	by	an	optical	microscope	Nikon	 i55	

(Nikon	Corporation,	Tokyo,	Japan),	we	performed	staining	with	H&E	on	4-mm	tumor	sections	mounted	on	

poly-lysine	slides.	For	IHC	staining,	2-mm–thick	tumor	slices	were	de-paraffinized	and	pretreated	with	the	

Epitope	Retrieval	Solution	2	(EDTA	buffer,	pH	8.8)	at	98	C	for	20	minutes.	After	washing	steps,	peroxidase	

blocking	was	carried	out	for	10	minutes	using	the	Bond	Polymer.	All	procedures	were	performed	using	the	

Bond	 Max	 Automated	 Immunohistochemistry.	 Tissues	 were	 washed	 and	 incubated	 with	 the	 primary	

antibody	 directed	 against	 Ki-67	 (Dako,	 clone	 MIB-1;	 1:150).	 Subsequently,	 tissues	 were	 incubated	 with	
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polymer	 for	10	minutes	and	developed	with	DAB–Chromogen	for	10	minutes.	Slides	were	counterstained	

with	Hematoxylin.		

	

	

List	of	Antibodies	

Antibodies	 Sources	 Catalog	#	 Applications	

	

Cleaved-Caspase	3	(Asp175)	 Cell	Signaling	Technology	 9661	 WB	(1:1000)	

	

GAPDH	 Santa	Cruz	 25778	 WB	(1:1000)	

	

PARP	 Cell	Signaling	Technology	 9532	 WB	(1:1000)	

	

Phospho-CHK1	(Ser345)	 Cell	Signaling	Technology	 2348	 WB	(1:1000)	

	

phospho-CHK2	(Thr	68)	 Cell	Signaling	Technology	 2197	 WB	(1:1000)	

	

phospho-ATM	(Ser	1981)	 Cell	Signaling	Technology	 5883	 WB	(1:1000)	

	

phospho-ATR	(Ser	428)	 Cell	Signaling	Technology	 2853	 WB	(1:1000)	

	

phospho-Histone	 H2A.X	

(Ser139)	

Cell	Signaling	Technology	 9718	 WB	(1:1000)	

IF	(1:200)	

IHC	(1:480)	
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c-Myc	 Cell	Signaling	Technology	 5605	 WB	(1:1000)	

	

PARP2	 Santa	Cruz	 393343	

	

WB	(1:1000)	

	

RAD51	 Cell	Signaling	Technology	 8875	 WB	(1:1000)	

	

Goat	anti-rabbit	IgG-HRP	 Santa	Cruz	 2054	 WB	(1:3000)	

	

Goat	anti-mouse	IgG-HRP	 Santa	Cruz	 2055	 WB	(1:3000)	

	

	

WB,	western	blot.	ChIP,	chromatin	immunoprecipitaion.	IF,	immunofluorescence.	IHC,	

immunohistochemistry	
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