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Abstract 
 
Multiple Myeloma (MM) is an incurable plasma cell malignancy often treated by autologous stem cell transplant (ASCT). 
Clinical response to ASCT has been associated with DNA repair efficiency. Here we interrogated the role of the base excision 
DNA repair (BER) pathway in MM response to ASCT. Across 450 clinical samples and six disease stages, expression levels of 
genes in the BER pathway were found to be highly upregulated during the development of MM. In a separate cohort of 559 
patients with MM treated with ASCT, expression of BER pathway members MPG and PARP3 was positively associated with 
overall survival (OS) while expression of PARP1, POLD1, and POLD2 was negatively associated with OS. In a validation cohort 
of 356 patients with MM treated with ASCT, PARP1 and POLD2 findings were replicated. In patients with MM who never 
received ASCT (n=319), PARP1 and POLD2 were not associated with OS, suggesting that the prognostic effect of these genes 
may be treatment-dependent. In preclinical models of MM, synergy was observed in anti-tumor activity when poly (ADP-
ribose) polymerase (PARP) inhibitors (olaparib, talazoparib) were used in combination with melphalan. The negative prognosis 
associated with PARP1 and POLD2 expression along with the apparent melphalan-sensitizing effect of PARP inhibition may 
suggest this pathway as a potential biomarker in patients with MM in the setting of ASCT. Further understanding of the role 
of the BER pathway in MM is vital to improve therapeutic strategies related to ASCT. 
 

Introduction 
Multiple Myeloma (MM) is an incurable plasma cell malig-
nancy that accounts for 18% of all hematologic malignancies.1 
Despite significant therapeutic advances for MM, autologous 
stem cell transplant (ASCT) following high-dose, single-agent 
melphalan conditioning remains a cornerstone of therapy.1 
Although ASCT provides significant benefits to some patients 
with MM, it is not curative and is associated with significant 
heterogeneity in clinical benefit.2 The primary driver of re-
sponse to ASCT is the depth of anti-myeloma activity of mel-
phalan.3 Patients achieving deeper remission receive the 
greatest duration of clinical benefit following ASCT.4 While 
studies have historically noted an increased overall survival 
(OS) in patients with MM who receive ASCT, the recent DE-
TERMINATION trial demonstrates only progression-free sur-
vival (PFS) benefit in patients with MM randomized to receive 
triplet therapy (lenalidomide, bortezomib, and dexametha-

sone followed by lenalidomide maintenance) with or without 
ASCT.5 This data proves an urgent need to identify biomarkers 
of de novo response and resistance to ASCT in order to im-
prove patient selection for this therapeutic modality. 
Melphalan acts by alkylating DNA and causing single-strand 
DNA breaks as well as other DNA lesions, primarily repaired 
through the base excision repair (BER) pathway.6 Poly (ADP-
ribose) polymerases (PARP) are a family of enzymes that 
catalyze the transfer of ADP-ribose to target proteins (poly 
ADP-ribosylation) and are involved in nucleic acid metab-
olism, modulation of chromatin structure, DNA synthesis, 
and DNA repair.7 PARP are a pivotal component of the BER 
complex, which consists of DNA ligase III, DNA polymerase 
β, and the XRCC1 proteins, and contributes to BER response 
to single-strand DNA breaks. Key proteins involved in the 
BER pathway, including APEX1/2, XRCC1, PARP1, POLD2, have 
been associated with chemoresistance across many cancer 
types.8–11 The expression and activity of genes in the BER 
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pathway increase in response to the accumulation of DNA 
alkylating or damaging agents as well as radiation-induced 
DNA damage.12,13 It is therefore unsurprising that the activity 
of DNA repair through the BER pathway in MM has been as-
sociated with response to melphalan.14–16 While individual 
members of the BER pathway have been studied in the set-
ting of MM and ASCT, comprehensive assessment of this 
pathway has yet to be conducted. 
Because of the heterogeneity inherent to melphalan ex-
posure and anti-myeloma activity, there remains a critical 
need to better understand biomarkers of melphalan re-
sistance, both de novo and acquired, in patients with MM 
receiving ASCT.17,18 In this study, we comprehensively as-
sessed the expression of the BER pathway across MM. We 
leveraged large transcriptomic datasets containing MM tu-
mors to quantify the role of genes in the BER pathway in 
MM. Our results indicated that the expression of PARP1 
and POLD2 were significantly associated with OS in pa-
tients with MM treated with ASCT followed by high-dose 
melphalan treatment. We then used both in vitro and in 
vivo MM models to test the impact of BER pathway at-
tenuation, through PARP inhibition, on sensitivity to mel-
phalan. Together, our results demonstrate that PARP1 and 
POLD2 may represent an ASCT-specific biomarker with 
potential for optimizing the therapeutic modality of mel-
phalan-conditioned ASCT in patients with MM. 

Methods 
Publicly available datasets 
Publicly available data were collected from the Gene Ex-
pression Omnibus (GEO), the Multiple Myeloma Research 
Foundation (MMRF), and the genomics of drug sensitivity 
in cancer database as approved by the University of Florida 
Institutional Review Board (#IRB202101136).18-23 Further de-
tails are available in the Online Supplementary Appendix. 

Multiple myeloma cell lines, reagents and assays 
MM cell lines MM1S and NCI-H929 were obtained from 
American Type Culture Collection (ATCC; Manassas, VA). 
These cell lines were regularly authenticated using short 
tandem repeat polymorphism (STRP) analysis as recom-
mended by ATCC, were mycoplasma free, and used within 
6 months of receipt from ATCC. All in vitro studies were 
conducted in at least triplicate and in at least three inde-
pendent experiments. Therapeutic reagents included mel-
phalan, olaparib, and talazoparib (Sigma-Aldrich). Cell 
viability was assayed using the MTT Cell Proliferation Assay 
Kit (Roche, Indianapolis, IN) following the manufacturer's 
directions. Cellular apoptosis were measured using the At-
tune NxT Flow Cytometer and the standard manufacture 
recommended protocol (ThermoFisher). Further details are 
available in the Online Supplementary Appendix. 

In vivo experiments 
MM1S cells were injected in a phosphate-buffered sa-
line/matrigel suspension of 100 μL in both right and left 
flanks of 60 nude mice (22 females and 38 males; The 
Jackson Laboratory, Bar Harbor, ME). Mice were monitored 
daily until tumors reached 200 mm2 then randomized to 
receive vehicle control, talazoparib alone, melphalan 
alone, or melphalan in combination.24,25 Mice were re-
moved from the study if their weight was <80% of base-
line for 2 days, or if total tumor size per mouse reached 
>1,600 mm2. All animal studies were conducted following 
the Ohio State University Institutional Animal Care and 
Use Committee (IACUC) approval. Further details are avail-
able in the Online Supplementary Appendix. 

Statistical methods 
All data were analyzed in Rv.4.1.1 (The R Project for Statistical 
Computing, https://www.r-project.org) or Graphpad Prismv.9.2.0 
(GraphPad Software, San Diego, CA). Additional graphics 
were created with BioRender.com (BioRender, Toronto, On-
tario). Members of the BER pathway were defined by the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
database.19 Single-sample gene set enrichment analysis 
(ssGSEA) was conducted using the GSVAv1.40.1 package. Two-
group analysis of continuous variables was conducted using 
the Mann Whitney Wilcoxon test while analysis of continu-
ous variables across multiple groups was conducted using 
the Kruskal-Wallis test. Heatmaps were constructed using 
the pheatmapv1.0.12 package. Uniform manifold approximation 
and projection for dimension reduction (UMAP) plots were 
generated using the package umapv0.2.7.0. Survival analysis was 
tested using Cox propor tional-hazards regression for con-
tinuous variables and log-rank tests for categorical variables. 
Stepwise Cox propor tional-hazards regression was con-
ducted using the package My.stepwise.coxphv0.1.0. Survival 
graphs were created using the Kaplan–Meier estimator. 
Combination index was calculated using CompuSyn20 (Com-
boSyn, Inc, Paramus, NJ) and Combenefit21 (CRUK Cambridge 
Institute, Cambridge, UK) using the highest single-agent 
(HSA) model. Changes in tumor growth over time were 
tested by ANOVA with repeated measures. Unless otherwise 
stated, two-sided P values ≤0.05 were considered statis-
tically significant. Adjustment of P values was conducted 
using false discovery rate. Further details are available in the 
Online Supplementary Appendix. 

Results 
Genes in the BER pathway across multiple myeloma 
developmental stages 
In order to assess the expression levels of genes in the 
BER pathway across the developmental stages of MM, we 
collected data from four publicly available datasets: 
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GSE13591, GSE23113, GSE6477, GSE5900 (Online Supple-
mentary Table S1). The data coved six developmental 
stages of MM including: normal plasma cells, monoclonal 
gammopathy of undetermined significance (MGUS), smol-
dering multiple myeloma (sMM), MM, relapsed MM (rMM), 
and plasma cell leukemia (PCL). Studies were analyzed 
separately due to potential batch effect between studies. 
Using ssGSEA to measure pathway enrichment, the BER 
pathway gene set was consistently up-regulated across 
the development of MM (Figure 1A). In order to further test 
the difference in expression of genes in the BER pathway 
between MM and MGUS, we compared expression be-
tween disease stages for the three datasets with data 
available (Figure 1B-D). Genes in the BER pathway were 
generally more highly expressed in MM. Across all three 
datasets included in this analysis, APEX1, FEN1, POLD2, 
POLD3, and UNG were significantly up-regulated, while 
APEX2, MBD4, PARP1, PARP2, PCNA, POLB, and TDG were 
significantly up-regulated in MM in at least two datasets. 
The only gene to be consistently down-regulated in MM 
compared to MGUS was NEIL3. Using only the genes in 
the BER pathway, MM and MGUS clustered separately with 
MM demonstrating consistent deregulation expression of 
the BER pathway in MM (Online Supplementary Figure S1). 

Expression of genes in the BER pathway correlates with 
overall survival in the training set 
In order to determine the prognostic significance of genes 
in the BER pathway in MM, we collected gene expression 
and clinical outcomes data for 559 patients with newly 
diagnosed MM from the geo set GSE2658. All patients in 
the dataset received ASCT and either Total Therapy 2 (TT2) 
or Total Therapy 3 (TT3) treatment. Receipt of TT2 or TT3 
in this dataset was not associated with OS in this dataset 
(P=0.95). Due to significant co-expression of genes in the 
BER pathway (Online Supplementary Figure S2), we used 
a stepwise Cox proportional-hazards regression to build 
a multivariable model for OS using genes in the BER path-
way and a significance level for entry/stay of 0.1 (Online 
Supplementary Table S2). The resulting multivariable 
model included five genes that met our significance 
threshold (P<0.1): MPG, PARP1, PARP3, POLD1, and POLD2. 
Using median expression to categorize high and low ex-
pression samples, high expression of PARP1 (hazard ratio 
[HR]=1.76; 95% confidence interval [95%CI]: 1.19-2.61; 
P=0.005) and POLD2 (HR=1.47; 95% CI: 0.99-2.17; P=0.06) 
were associated with reduced OS (Figure 2A). High ex-
pression of PARP3 (HR=0.45; 95% CI: 0.30-0.67; P<0.0001) 
and MPG (HR=0.67; 95% CI: 0.45-0.99: P=0.04) were as-
sociated with improved OS. POLD1 was not associated 
with OS (HR=1.30; 95% CI: 0.88-1.93; P=0.19). In a multi-
variable Cox proportional-hazards regression model of 
PARP1, POLD2, PARP3, MPG, and POLD1 as categorical vari-
ables, using a median gene expression cut-off, PARP1, 

POLD2, PARP3, and MPG remained significantly associated 
with OS (Figure 2B). The multivariate model was not 
changed when the total therapy cohort was included 
(P=0.95). 

PARP1 and POLD2 gene expression negatively correlate 
with overall survival in the validation set 
In order to validate the findings from GSE2658, we col-
lected gene expression and clinical data for 356 patients 
with MM who had received ASCT and 319 patients with 
MM who had never received a transplant from the MMRF 
(Online Supplementary Figure S3). In patients with MM 
who had received ASCT, we used a median expression 
cut-off to categorize high- and low-expression samples. 
High expression of PARP1 (HR=2.15; 95% CI: 1.34-3.45; 
P=0.002) and POLD2 (HR=1.67; 95% CI: 1.04-2.68; P=0.03) 
was significantly associated with reduced OS (Figure 3A). 
PARP3 (HR=0.88; 95% CI: 0.55-1.41; P=0.58) and MPG 
(HR=0.79; 95% CI:0.49-1.27; P=0.34) were not associated 
with OS. 
Given the availability of extensive clinical data in the 
MMRF, we conducted univariable and multivariable Cox 
proportional-hazards regression using both gene ex-
pression and clinical variables (Online Supplementary 
Table S3). In a multivariable clinical-genomic model in-
cluding patient age, revised International Staging System 
(R-ISS), International Myeloma Working Group classifica-
tion (IMWG), TP53 status, Eastern Cooperative Oncology 
Group (ECOG) performance status, pre-ASCT induction 
therapy, and post-ASCT maintenance therapy, PARP1 and 
POLD2 were independently associated with OS (Figure 3B). 
It is notable that in this cohort R-ISS staging was not stat-
istically associated with OS, driven by lack of full staging 
data and a low number of death events in the patients 
with R-ISS staging data available. Future analysis should 
make use of full up-to-date staging systems in their 
analysis. 
We then tested the prognostic value of PARP1, POLD2, 
PARP3, and MPG in patients with MM who had never re-
ceived a transplant to test whether the association be-
tween expression of genes in the BER pathway and OS in 
MM was inherent to the disease biology or related to re-
ceipt of ASCT. For patients with MM who had never re-
ceived a transplant, expression of PARP1, POLD2, PARP3, 
and MPG did not correlate with OS (Table 1). The ex-
pression levels of these four genes were not significantly 
different between patients with MM receiving ASCT and pa-
tients who had not received ASCT (Online Supplementary 
Figure S4A-D). It is important to note that the patients who 
received ASCT and did not receive ASCT cannot be directly 
compared as they represent populations selected by clinical 
features, making them inherently different. The findings 
here only underscore that the relationship between PARP1 
and POLD2 are validated only for patients receiving ASCT. 
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A potential co-variate of these findings is the known prog-
nostic effect of chromosome 1q duplications in MM.22 Spe-
cifically, amplification of the 1q21 locus has been associated 
with poor clinical outcomes.23 In the MMRF dataset, PARP1 
(1q42.12) and POLD2 (7p13) were overexpressed in samples 
with gain of 1q21 in at least 20% of cells identified by se-
quential fluorescence in situ hybridization (seqFISH) (Online 
Supplementary Figure S4E). PARP1 and POLD2 remained 
weakly correlated in samples with (Spearman’s correlation 
coefficient: 0.04) or without (Spearman’s correlation coef-
ficient: 0.03) gain of 1q21. In order to test the role of 1q gain 

in MM, we correlated the expression of genes located on 
1q21 hypothesized to play a role in the mechanism of gain 
of 1q21 related clinical outcomes24 (Online Supplementary 
Figure S4F), including CKS1B (1q21.3), IL6R (1q21.3), MCL1 
(1q21.2), and BCL9 (1q21.2). In patients receiving ASCT, all 
1q21 genes queried were increased in MM with gain of 1q21, 
while in univariable analysis gain of 1q21, CSK1B, and IL6R 
were statistically associated with reduced OS (Online 
Supplementary Figure S4G, H). Increased PARP1 expression 
were associated with poor OS in both 1q21 amplified and 
non-amplified disease (Online Supplementary Figure S4I). 
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Figure 1. Base excision repair gene expression is increased across mupliple myeloma development. (A) Across datasets, the base 
excision repair (BER) pathway, as measured by single sample gene set enrichment analysis (ssGSEA), was consistently upregulated 
across the development of multiple myeloma (MM). P values were calculated using two-sided Mann Whitney Wilcoxon tests. 
ssGSEA is an extension of GSEA, which calculates gene set enrichment scores for each sample. Each ssGSEA enrichment score 
represents the degree of gene set up- or down-regulated within a sample. (B, C) Comparing monoclonal gammopathy of unde-
termined significance (MGUS) and MM in GSE13591, GSE2113, and GSE6477 demonstrated significant upregulation of genes in the 
BER pathway in MM. (D) Significant gene expression differences between MGUS and MM for genes in the BER pathway. All genes 
included are statistically significantly different as measures by Mann Whitney Wilcoxon test. Plot represents the center as the 
mean, error bars as ± standard deviation. ns: not significant; *P≤ 0.05; **P<0.01; ***P<0.001; ****P<0.0001.



For patients who had never received a transplant, all 1q21 
genes queried remained increased in MM with gain of 1q21; 
however, no 1q21 gene or 1q21 status were associated with 
OS (Online Supplementary Figure S4J, K). PARP1 was not 

associated with OS regardless of 1q21 status (Online Sup-
plementary Figure S4L). While the role of PARP1 expression 
cannot be dissected from 1q amplification in this dataset, 
this data suggests that 1q status and PARP1 expression 

Gene
Received ASCT (N=356) Never received transplant (N=319)

HR 95% CI P HR 95% CI P
PARP1 - High 2.15 1.31-3.55 0.003 1.03 0.77-1.45 0.85

PARP3 - High 0.88 0.55-1.41 0.58 0.83 0.59-1.17 0.28

POLD2 - High 1.67 1.03-2.71 0.04 1.06 0.75-1.48 0.75

MPG - High 0.79 0.49-1.27 0.34 0.88 0.63-1.24 0.47

Table 1. Biomarkers of overall survival in patients with multiple myeloma.

ASCT: autologous stem cell transplant; HR: hazard ratio; CI: confidence interval. 
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Figure 2. Base excision repair gene expression correlation with 
survival in training set. Gene expression and survival data for 559 
pretreatment patients with multiple myeloma (MM) who received 
autologous stem cell transplant (ASCT) were collected from 
GSE2658. Stepwise Cox proportional-hazards regression on ident-
ified 5 genes correlated with overall survival (OS) as continuous 
variables. (A) Using a median expression to categorize high- and 
low-expression samples, high expression of PARP1 and POLD2 
were associated with reduced OS. High expression of PARP3 and 
MPG were associated with improved OS. Using median expression, 
POLD1 was not associated with a change in OS. (B) In a multivari-
able Cox proportional-hazards regression model of PARP1, POLD2, 
PARP3, MPG, and POLD1 as categorical variables using a median 
gene expression, PARP1, POLD2, PARP3, and MPG were significantly 
associated with OS. Points represent hazard ratios (HR), error bars 
represent 95% confidence interval (95% CI).



may influence OS following ASCT and warrants further 
study. 

PARP1 and POLD2 co-expression define high-risk 
population specific to patients with multiple myeloma 
receiving autologous stem cell transplant 
In order to determine the prognostic significance of PARP1 
and POLD2 co-expression in patients with MM, we used a 
median gene expression cut-off to categorize high- and 
low-expression samples for each gene into four 

PARP1/POLD2 categories: High/High, High/Low, Low/High, 
and Low/Low. High expression of both PARP1 and POLD2 
was associated with poor OS in patients from GSE2658 
(P=0.0001; Figure 4A) and MMRF (P=0.0006; Figure 4B) 
who had received ASCT. Multivariable analysis of PARP1 
and POLD2 co-expression demonstrated significance for 
PARP1 in both sets while POLD2 was only statistically sig-
nificant in the MMRF dataset. For patients with MM in the 
MMRF dataset who never received transplant, PARP1 and 
POLD2 co-expression was not associated with OS (P=0.72; 
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Figure 3. PARP1 and POLD2 expression correlate with survival in validation set. Gene expression, clinical, and survival data for 
356 patients with multiple myeloma (MM) who received autologous stem cell transplant (ASCT) was collected from the Multiple 
Myeloma Research Foundation (MMRF). (A) Using a median expression to categorize high- and low-expression samples, high ex-
pression of PARP1 and POLD2 were associated with reduced overall survival (OS). High expression of PARP3 and MPG were as-
sociated with improved OS. (B) In a multivariable Cox proportional-hazards regression model of PARP1, POLD2, and significant 
clinical variables, PARP1 and POLD2 maintained statistical significant independent of clinical factors. Points represent hazard 
ratios (HR), error bars represent 95% confidence interval (95% CI).



Figure 4C). Across the three cohorts, PARP1 and POLD2 
were similarly, but weakly co-expressed (Spearman’s cor-
relation coefficients 0.19, 0.14, and 0.16). 

PARP inhibition potentiates melphalan cytotoxicity in 
preclinical multiple myeloma models 
Given the link between upregulation of PARP1 and POLD2 
and poor OS in patients with MM receiving ASCT, we hypo-
thesized that attenuation of the BER pathway using PARP 
Food and Drug Administration-approved inhibitors (olaparib, 
talazoparib) increase melphalan sensitivity in preclinical MM 
models (Online Supplementary Figure S5A). In order to focus 
on the effect of BER pathway attenuation in MM, we selected 
two MM cell lines with the wild-type TP53 gene, MM1S and 
NCI-H929, to evaluate the effect of BER pathway attenu-
ation.25,26 mRNA expression of PARP1 and POLD2 in these cell 
lines is representative of low-expressing (NCI-H929) and 
high-expressing (MM1S) MM cell lines (Online Supplementary 
Figure S5B). Despite the difference in PARP1 and POLD2 ex-

pression between MM1S and NCI-H929, we identified no sig-
nificant difference in melphalan half maximal inhibitory con-
centration (IC50s) (Online Supplementary Figure S5C). As 
expected, PARP inhibition had no intrinsic anti-MM effect 
and did not exhibit cytotoxicity in either cell line (Online Sup-
plementary Figure S5D). The combination of PARP inhibitors 
with melphalan was highly synergistic as measured by cell 
viability (Figure 5A, B) and apoptotic assays (Figure 5C). 
We then tested the drug combination in a subcutaneous 
xenograft model using the MM1S cell line (Figure 6A). Mirror-
ing melphalan administration in ASCT, mice assigned to re-
ceive melphalan received a single intravenous (IV) dose on 
day 0. Mice assigned to receive the PARP inhibitor talazoparib 
received two doses daily from day -3 to day +3. There was 
no difference in tumor size or mouse weight between treat-
ment groups (vehicle control, talazoparib, melphalan, tala-
zoparib + melphalan) from day -3 to day 0 (Figure 6B). Mice 
treated with melphalan + talazoparib demonstrated smaller 
tumor volume from day +3 until the end of the study (mean 
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Figure 4. PARP1 and POLD2 co-expression highly prognostic in the setting of autologous stem cell transplant. For patients with 
multiple myeloma (MM) who received autologous stem cell transplant (ASCT) (GSE2658 (A), Multiple Myeloma Research Foun-
dation (MMRF) (B)) high expression of both PARP1 and POLD1 was associated with poor overall survival (OS). Multivariable analysis 
demonstrated significance for PARP1 in both sets while POLD1 was only trended towards significance in GSE2658. For patients 
with MM who never received transplant (C), PARP1 and POLD1 were not associated with OS. Points represent hazard ratios (HR), 
error bars represent 95% confidence interval (95% CI). ns: not significant; ****P<0.0001.
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Figure 5. PARP inhibition potentiates melphalan-mediated cytotoxicity for in vitro multiple myeloma models. (A) Combination 
index for olaparib or talazoparib and melphalan for multiple myeloma (MM) cell lines calculated using CompuSyn. (B) Combination 
index for olaparib or talazoparib and melphalan for MM cell lines calculated using Combenifit. (C) Apoptosis, measured by flow 
cytometry, was increased with combination of talazoparib and melphalan for 2 of 4 cell lines. Plots represent the center as the 
mean, error bars as ± standard error of the mean. ns: not significant; *P≤0.05; to.



± standard error of the mean [SEM]; melphalan 313.6±25.1 
mm2 vs. melphalan + talazoparib 185.4±16.8 mm2; P=0.0001; 
Figure 6C; Online Supplementary Figure S6A). The combina-
tion arm did experience severe adverse effects from their 
treatment with 40% of mice in this arm being removed from 
the study due to extreme weight loss (Figure 6D; Online Sup-
plementary Figure S6B). It is notable that no other treatment 
arm experienced this effect and that the mice receiving mel-
phalan + talazoparib with severe weight loss had no measur-
able disease at the time of their removal from the study. 

Discussion 
Despite significant therapeutic advances for MM, ASCT 
following high-dose, single-agent melphalan conditioning 

remains a cornerstone of therapy.27 Understanding ASCT 
and melphalan resistance is therefore vitally important. 
DNA repair capability, particularly the BER pathway, has 
unsurprisingly been associated with response to melpha-
lan and thus ASCT.28 Using a big-data, clinical-genomic 
approach, we investigated the role of the BER pathway in 
MM and its prognostic relevance. Similar to previous find-
ings, we identified an increase in the expression of genes 
in the BER pathway across the development of MM.29–32 
Prior studies demonstrated upregulation of specific 
members of the BER pathway such as APEX1, APEX2, and 
PARP1, across the development of MM.33–36 Our findings 
suggest that these results are not limited to single 
genes, but are demonstrable across a majority of genes 
in the BER pathway. 
In order to test the prognostic value of genes in the BER 
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Figure 6. PARP inhibition potentiates melphalan-mediated cytotoxicity for in vivo multiple myeloma models. An in vivo subcu-
taneous xenograft model of using the MM1S cell line. (A) Mirroring melphalan administration in autologous stem cell transplant 
(ASCT), mice assigned to receive melphalan received a single intravenous dose on day 0. Mice assigned to receive the PARP in-
hibitor talazoparib received 2 doses daily from day -3 to day +3. Graphic created with BioRender.com. (B) Tumors in mice treated 
with vehicle control or talazoparib were not significantly different over the course of treatment (q=0.82, ANOVA with repeated 
measures). The combination of talazoparib with melphalan reduced tumor burden to a greater extent than melphalan alone 
(q<0.0001). (C) By day +3, melphalan + talazoparib had significantly reduced tumor size compared to melphalan alone (P=0.0001; 
Mann Whitney Wilcoxon test). (D) Mice were removed from the study due to excessive tumor growth, excessive weight loss or at 
the end of the study period (EOS). Graph represent the proportion of mice in each treatment arm and the reason they were re-
moved from the study. The melphalan + talazoparib arm experienced severe adverse effects from treatment with 40% mice in 
this arm removed due to extreme weight loss. Plot represent the center as the mean, error bars as ± standard error of the mean. 
ns: not significant; ***P<0.001; ****P<0.0001.



pathway in MM, we collected data for patients with MM 
who had received ASCT from two large datasets. These 
datasets represent clinically homogenous (GSE2658) and 
heterogeneous (MMRF) treatment courses from patients 
in controlled clinical trials as well as in real-world data. 
We found that elevated expression of both PARP1 and 
POLD2 were consistently associated with poor survival 
outcomes, independent of other clinical factors.35,37,38 This 
confirms prior association of PARP1 expression as a 
negative prognostic biomarker in MM and extends the cur-
rent knowledge of this biomarker as well as POLD2.28 
While the correlation between PARP1/POLD2 expression 
with ASCT-related OS is purely prognostic, it is notable 
that these findings do not extend to patients with MM 
who did not receive ASCT. This may suggest that our find-
ings may be due to the relationship between PARP1/POLD2 
expression and resistance to melphalan-based ASCT. The 
direct mechanism relating PARP1/POLD2 expression with 
clinical outcomes for patients receiving ASCT requires 
further study. 
In order to test the potential for targeting the BER path-
way during melphalan administration, we attenuated 
PARP1 pharmacologically using FDA-approved PARP in-
hibitors in combination with melphalan in preclinical 
models of MM. Prior studies by Patel et al. and Xiong et 
al. found that PARP1 inhibitors are highly synergistic with 
melphalan in some, but not all, cell line models of MM.28,39 
Our data here validates these findings and extends them 
to additional cell lines and treatment strategies. The clini-
cal applicability of these findings, however, are unclear.28,39 
Combination of PARP inhibition with traditional cytotoxic 
chemotherapy has been tested in a large number of clini-
cal trials; however, few have been determined to be suc-
cessful due to high rates of dose-limiting myotoxicity. This 
effect can be seen in our in vivo studies with 40% of mice 
receiving both melphalan and talazoparib experiencing 
severe weight loss and failure to thrive. It is unclear if this 
adverse event is a complication of the intended myeloab-
lation, or an unintended site of action such as gut toxicity. 
In the setting of ASCT however, myotoxicity is a primary 
goal of conditioning therapy with transplant rescue vital 
to patient survival. Mice in our study did not receive stem 
cell transplants, which would better mirror the clinical 
setting of ASCT. Further study is necessary to determine 
the effect on minimal residual disease and adverse event 
rates if combining melphalan with a PARP inhibitor. 
Our data suggests that PARP1 is vital to the efficacy of this 
standard treatment regimen. However, there are key limi-
tations to the broader application of our findings. This 
study is limited by the retrospective nature of the com-
putational analysis conducted. Because our study did not 
include other relevant disease endpoints such as rate of 
PFS, disease-free survival, or minimal residual disease 

status, it is not possible to determine the predictive effect 
of PARP1 and POLD2 in patients with MM receiving ASCT. 
Given the results of the DETERMINATION trial, PFS will be 
a vital endpoint for future study. Further research is 
necessary to fully elucidate the mechanism of the BER 
pathway in MM. Despite the limitations of our analysis, the 
stability of the PARP1 and POLD2 signal identified over 
multiple large datasets and both microarray and RNA-se-
quencing methods suggests that the external validity of 
our findings may still be strong. Finally, it is clear that 
PARP1 and POLD2 alone do not explain the total biological 
or clinical heterogeneity present in MM. Further research 
is necessary to understand the role of the BER pathway 
in the greater molecular context of MM.40,41 
There remains a significant need to develop predictive and 
prognostic biomarkers in MM. In this study, we found that 
elevated expression of genes in the BER pathway, specifi-
cally the PARP1 and POLD2 genes, correlated with poor sur-
vival in patients with MM who received ASCT. Furthermore, 
targeting of the BER pathway during melphalan therapy 
may be a potential clinical strategy to address melphalan-
resistance mediated via PARP1 and POLD2. Prospective 
clinical evaluation will be required to validate these find-
ings. 
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