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ABSTRACT
Inhibitors of poly(ADP)-ribose polymerase (PARP) exploit defective DNA repair 

pathways existing in several forms of cancer, such as those with BRCA mutations, 
and have proven clinical efficacy as chemosensitizers. However, platinum-based 
chemopotentiation by PARP inhibitors (PARPi), particularly for non-small cell lung 
cancer (NSCLC), has only been confirmed in a few preclinical models and the molecular 
mechanisms that drive PARPi combinatorial synergy with chemotherapeutics remains 
poorly defined. To better understand these mechanisms, we characterized cisplatin 
and veliparib efficacy in A549 and Calu6 NSCLC in vivo tumor xenograft models and 
observed combinatorial synergy in the Calu6 model. Transcriptome-wide analysis of 
xenografts revealed several differentially expressed genes (DEGs) between untreated 
and cisplatin + veliparib-treated groups, which were unique from genes identified 
in either of the single-agent treatment arms. Particularly at 10- and 21-days post-
treatment, these DEGs were enriched within pathways involved in DNA damage repair, 
cell cycle regulation, and senescence. Furthermore, TGF-β- and integrin-related 
pathways were enriched in the combination treatment arm, while pathways involved in 
cholesterol metabolism were identified at earlier time points in both the combination 
and cisplatin-only groups. These data advance the biological underpinnings of PARPi 
combined with platinum-based chemotherapy and provides additional insight into the 
diverse sensitivity of NSCLC models.

INTRODUCTION

Genome instability is a hallmark of most human 
malignancies and is linked to the initiation and progression 
of both inherited and sporadic cancers. Defects in DNA 
repair pathways, often observed in cancer cells, lead to 
the use of alternative, error-prone repair mechanisms 
and directly contribute to genome instability and 
tumorigenesis. For example, cells with mutations in 
BRCA1 or BRCA2 cannot perform DNA double-strand 
break (DSB) repair by homologous recombination (HR), 
and accumulate genetic lesions through alternate use of 

nonhomologous end joining (NHEJ) that directly leads to 
cancer development [1, 2]. Inhibition of targeted NHEJ 
and other error-prone repair pathways in BRCA-deficient 
tumors promotes synthetic lethality and induces cell death 
[3]. Notably, the development of inhibitors to poly(ADP)-
ribose polymerase 1 (PARP1), an enzyme involved in 
single-strand break (SSB) repair, have illustrated the 
feasibility and clinical efficacy of this concept [4–6].

The PARP family of enzymes function to transfer 
ADP-ribose from NAD+ onto target proteins. PARP1, the 
most abundant family member, recognizes single base 
pair lesions, binds to DNA, and synthesizes poly(ADP)-
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ribose (PAR) chains onto nearby protein targets, a function 
known as PARylation [7]. This action recruits DNA repair 
machinery to the lesion, particularly effectors involved in 
base excision repair (BER) such as XRCC1, and eventually 
leads to PARP1 auto-PARylation and its release from DNA 
[7, 8]. PARP1 knockout mice exhibit defects in SSB repair 
but are otherwise viable, only showing subtle impairments 
in genome stability – likely because PARP1 is generally 
not involved in HR processes and perhaps due to some 
functional overlap with PARP2 [8–10]. However, HR-
deficient cells lacking BRCA1 or BRCA2 show specific 
susceptibility to PARP1 inhibition, whereby accumulation 
of genetic lesions and ensuing chromosome instability 
in fast-dividing cancer cells results in their death [4, 5]. 
Similar selective killing by PARP1/2 inhibitors (PARPi) 
has also been observed in cancer cells with normal BRCA 
alleles, but that molecularly and clinically phenocopy 
BRCA loss – termed “BRCAness” – mediated through 
mutations in other HR repair genes, such as ATM, CHEK1, 
and RAD51, or the tumor suppressor PTEN [3, 11].

Growing evidence also indicates that inherent 
sensitivity to PARPi can be conferred following 
platinum chemotherapy in cells exhibiting certain gene 
expression signatures, such as reduced expression of 
BRCA1 or ERCC1 [6, 12, 13]. Preclinical combinations 
of PARPi with platinating agents have demonstrated 
synergistic efficacy across diverse tumor classes [14–16]. 
Mechanistically, PARP1 has been shown to interact with 
nuclear machinery to coordinate DNA damage repair 
against platinum-induced DNA damage [17–19] with 
inhibition of PARP’s DNA repair activity and platinum 
compound potentiation showing effectiveness in preclinical 
models. This hypothesis has been tested in clinical trials 
of platinum-based therapy +/– veliparib in non-small cell 
lung cancer (NSCLC) and advanced breast and ovarian 
cancers [20–22]. Mixed clinical outcomes were observed 
in these trials suggesting that potentiation of PARPi by 
platinum chemotherapy is context dependent. Despite 
foundational preclinical work to determine PARP/platinum 
combinatorial mechanisms in NSCLC, potentiation has 
only been confirmed in a few NSCLC models, and a clear 
molecular understanding of the synergy between PARPi 
and platinum-based chemotherapeutics remains poorly-
defined, particularly in BRCA-wild type cancers [16, 23]. 

Transcriptome-wide analysis following treatment 
with veliparib and cisplatin in NSCLC xenograft models 
was performed to investigate the differential responses to 
this combination therapy. While Calu6- or A549-derived 
xenografts did not regress in response to treatment with 
cisplatin versus the combination of veliparib and cisplatin, 
combination therapy-treated Calu6 tumors exhibited 
significant differential transcriptional changes suggesting 
that molecular pathways related to DNA damage repair are 
induced and that pathways involving senescence, TGF-β/
WNT signaling, and cholesterol metabolism exhibit 
pleiotropic effects following combination treatment in vivo. 

RESULTS

Assessment of sensitivity of NSCLC xenograft 
models to PARPi in combination with cisplatin 

Potentiation of cisplatin by PARP inhibitors has 
been previously reported in Calu6 and A549 cell lines in 
vitro and in vivo [15, 23, 24]. To determine whether in vivo 
models demonstrated increased synergy between cisplatin 
and veliparib treatment, an efficacy study was performed 
using A549-FP3 and Calu6-FP6 xenografts implanted in 
SCID mice. Mice were dosed once with 6 mg/kg cisplatin 
and/or with vehicle control (VC) or veliparib BID at 200 
mg/kg/day for 21 days. A549-FP3 xenografts showed 
minimal response to single agent cisplatin, single agent 
veliparib, or combination therapy (Figure 1, top panel). 
Calu6-FP6 xenografts receiving veliparib alone also 
demonstrated minimal response when compared to VC 
(Figure 1, bottom panel). However, significant reduction 
in tumor volume over VC was observed in cisplatin-
treated Calu6-FP6 xenograft mice. Of note, the veliparib 
and cisplatin combination in Calu6-FP6 xenografts 
demonstrated additional tumor volume reductions above 
single-agent cisplatin treated mice, with significant tumor 
volume reductions becoming apparent at day 10 post-
treatment induction and onward. These results support 
findings in previous studies which suggested synergistic 
activity between PARPi and cisplatin in in vivo models 
[15, 24].

Transcriptome-wide changes are observed 
following cisplatin+veliparib treatment in Calu6-
FP6 cells

To understand the molecular mechanisms by which 
potentiation occurs in vivo, we performed a transcriptome-
wide analysis. Growth of A549-FP3 and Calu6-FP6 
xenografts was measured over time in mice treated once 
with 4.5 mg/kg cisplatin, 200 mg/kg/day veliparib QD x 
21 days, or the combination (Supplementary Figure 1). 
Tumors were harvested at days 1, 3, 10 and 21 after 
cisplatin dosing from 5 mice per time point and total 
RNA was extracted for RNA sequencing (RNA-seq) 
library preparation and sequencing, and differential 
gene expression analysis. The number of significant 
differentially expressed genes (DEGs) was determined 
between treatment arms and VC using a false discovery 
rate of 0.05 and log2 fold change values greater than 1.0 
and less than –1.0 (Figure 2A). 

In A549-FP3 xenografts, similar numbers of DEGs 
were observed between cisplatin compared to VC, and 
cisplatin + veliparib compared to VC, at day 1 (205 and 
173, respectively). Zero genes were significantly different 
in the veliparib-only treatment arm at this time point 
compared to VC, and no DEGs were identified across all 
conditions at the later time points. In contrast, Calu6-FP6 
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xenografts displayed a diverse transcriptional response, 
with 5, 9, 2033, and 775 DEGs identified between cisplatin 
and VC at days 1, 3, 10, and 21, respectively, and 15, 12, 
61, and 1228 DEGs observed across the same time points 
in the combination cisplatin + veliparib treatment arm. 
Single agent veliparib resulted in 332 DEGs compared to 
VC at day 10, but only 13 genes spread across the three 

other time points. Particularly at days 10 and 21, many 
DEGs in Calu6-FP6 cells are shared between the cisplatin-
only and cisplatin + veliparib treatment arms (42 and 601, 
respectively), but the majority of genes are unique to 
cisplatin alone on day 10 (1704) and cisplatin + veliparib 
on day 21 (626) (Supplementary Figure 2). Notably, 
PARP1 and PARP2 expression were largely unchanged 

Figure 1: NSCLC xenograft models demonstrate differential sensitivity to cisplatin and veliparib combinations. In vivo 
efficacy in A549-FP3 (n = 9) and Calu6-FP6 (n = 9) xenografted mice treated with veliparib (200 mg/kg/day BID for 21 days), cisplatin 
(6 mg/kg IV once) or combinations of both drugs. X-axis shows days since drug treatment start, and drug dosing days are indicated by 
arrows. *p < 0.05 compared to vehicle control (black) or compared to cisplatin (orange). In combination arms, mice lost due to toxicity are 
indicated by purple N = X text.
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across time and between treatment arms (Supplementary 
Figure 3). These results highlight the broad transcriptome-
level effects that cisplatin exerts in Calu6-FP6 cells and 
indicates the potential for combination veliparib to alter 
additional genes and pathways compared to cisplatin 
alone.

To assess biological pathways that may be 
dysregulated in response to single agent cisplatin 

compared to combination cisplatin + veliparib therapy, 
we next performed pathway analysis on Calu6-FP6 DEGs 
using the Ingenuity Pathway Analysis tool (Figure 2B). 
Compared to VC, cisplatin treatment alone altered genes 
in pathways related to cholesterol and sugar biosynthetic 
processes at days 1 and 3, and broad, nondescript pathways 
at days 10 and 21, including axonal guidance signaling, 
molecular mechanisms of cancer, and cardiac hypertrophy 

Figure 2: RNA-sequencing and gene ontology enrichment analysis reveal a diverse transcriptional response to cisplatin 
and veliparib treatment in A549-FP4 and Calu6-FP6 in vivo models. (A) Temporal transcriptional response to veliparib and 
cisplatin treatments in A549-FP3 (left) and Calu6-FP6 (right). Significant genes are defined by differential gene expression (DGE) between 
no treatment and treatment arms at the indicated day with a false-discovery rate of 5% and log2 fold change values greater than 1.0/less 
than –1.0. (B) IPA gene ontology analysis showing top 5 pathways on days 1, 3, 10, and 21 between no treatment vs. cisplatin (top) and no 
treatment vs. cisplatin + veliparib (bottom). *denotes pathways shared with similar pathways from GSEA at the same time point. (C) IPA 
gene ontology analysis showing top 10 pathways on day 10 between no treatment vs. cisplatin (top) and no treatment vs. cisplatin + veliparib 
(bottom). Z-scores for pathways are denoted by numbers above each bar and colors: upregulated (orange) and downregulated (navy). 
*denotes pathways shared with similar pathways from GSEA at the same time point.
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signaling. Several of these pathways were also found 
using the Gene Set Enrichment Analysis tool (GSEA, [25, 
26]), particularly the cholesterol biosynthesis pathways 
at day 3 (Supplementary Figure 4A; shared pathways 
denoted by *). GSEA also identified additional gene sets 
of interest, including upregulated immune-related gene 
sets at days 10 and 21, and downregulated gene sets 
involved in mitochondrial activity. On the other hand, 
top pathways identified by IPA in Calu6-FP6 treated with 
combination cisplatin + veliparib included DNA damage 
at day 1, DNA repair and cell cycle control at day 10, and 
epithelial-mesenchymal transition (EMT) regulation at 
day 21 (Figure 2B). Particularly at day 10, many of the 
DNA repair, cell cycle-related, and EMT pathways were 
shared with enriched gene sets from GSEA (Figure 2C, 
Supplementary Figure 4B). The direction (upregulated vs. 
downregulated) of these pathways was mixed, however. 
Interestingly, cholesterol biosynthesis pathways were 
also overrepresented at day 3, similar to results observed 
with cisplatin alone. Overall, these results highlight the 
divergent transcriptional responses of A549-FP3 and 
Calu6-FP6 to cisplatin and veliparib and demonstrate the 
synergistic effects of combination cisplatin + veliparib 
treatment on genes involved in DNA repair, cell cycle, and 
EMT in Calu6-FP6, which were not observed in this line 
with cisplatin alone or in A549-FP3 cells.

Pathways and genes related to DNA repair and 
cell cycle regulation are altered in Calu6-FP6 
cells treated with cisplatin and veliparib

Our initial IPA and GSEA analysis revealed 
enrichment of several pathways related to DNA damage 
response and cell cycle control in Calu6-FP6 cells treated 
with cisplatin + veliparib, so we next performed a more 
comprehensive review of these pathways and the genes 
contained within them. We focused on day 10, since this 
time point appeared to produce the most divergent number 
of DEGs and pathways between treatment arms. Top 
pathways in cisplatin + veliparib compared to VC included 
Role of BRCA in DNA Damage Response, Cyclins and 
Cell Cycle Regulation, Role of CHK Proteins in Cell Cycle 
Checkpoint Control, Cell Cycle: G2/M DNA Damage 
Checkpoint Regulation, Cell Cycle:G1/S Checkpoint 
Regulation, and Senescence Pathway (see Supplementary 
Table 1 for -log(p-values)). Z-scores indicated that Role 
of BRCA in DNA Damage Response and Cyclins and 
Cell Cycle Regulation were upregulated at day 10, while 
the remaining 4 pathways were downregulated (Figure 
3A), suggesting increased DNA damage responses 
and decreased cell cycling and proliferative capacity in 
response to cisplatin and veliparib. However, z-scores 
from the same pathways in the cisplatin-only treatment 
arm were relatively comparable across time points, albeit 
the level of significance observed for each pathway at day 
10 was more mixed (Supplementary Table 1). A notable 

exception to this was the Senescence Pathway, which was 
strongly downregulated at day 10 following cisplatin + 
veliparib (–2.67) compared to cisplatin treatment alone 
(–0.43).

Though pathway enrichment scores were largely 
shared between the two treatment arms, we nevertheless 
observed several genes within these pathways as having 
divergent expression, particularly at day 10 (Figure 3B). 
Contained within several of the cell cycle regulation 
pathways, Cyclin B3 (CCNB3), for example, is decreased 
following cisplatin + veliparib treatment at day 10 and 
21, while being upregulated at the same time points after 
single-agent cisplatin. Similarly, Cyclin D2 (CCND2) 
was also increased following cisplatin treatment, but 
not with cisplatin + veliparib (Figure 3B and 3C). The 
global transcription factor SMARCA2, contained within 
the Role of BRCA in DNA Damage Response Pathway 
and important for increasing accessibility to damaged 
chromatin, was also strongly upregulated in the cisplatin-
only treatment arm, but unchanged following cisplatin 
+ veliparib treatment (Figure 3B, 3C). Notably, BRCA1 
and BRCA2 levels were both slightly upregulated at 
day 10, but their expression did not differ dramatically 
between treatment arms (Figure 3C). Finally, we found 
several members of the phosphoinositide 3-kinase (PI3K) 
family, contained within the Senescence Pathway and 
involved in several cellular processes related to cell 
signaling and proliferation, as also strongly upregulated 
following cisplatin treatment, but not with cisplatin + 
veliparib (Figure 3B). Although we detected the majority 
of Calu6-FP6 DEGs to cluster mostly by time point rather 
than treatment arm, a number of genes important for 
cell cycle control and survival were decreased following 
cisplatin + veliparib treatment, suggesting the greater 
impact combination treatment may have on these cellular 
processes compared to cisplatin treatment alone.

Additional pathways and genes related to EMT 
and cholesterol biosynthesis are altered in 
Calu6-FP6 xenografts treated with cisplatin and 
veliparib

The transforming growth factor beta (TGF-β) 
Signaling Pathway was one of the top IPA/GSEA pathways 
enriched in Calu6-FP6 cells treated with cisplatin + 
veliparib at day 10, and the associated Regulation of the 
Epithelial-Mesenchymal Transition Pathway was enriched 
at day 21 (Figure 2 and Supplementary Figure 4). Given 
the importance these pathways play in cancer progression, 
we next probed these and other related pathways further 
(Integrin Signaling, Wnt/Ca+ Pathway, Wnt/β-catenin 
Signaling, and BMP Signaling) to identify DEGs within 
them that may drive this signal. Closer analysis of day 
10 IPA data revealed that, although TGF-β Signaling 
is a top pathway in the cisplatin + veliparib treatment 
group, the pathway is statistically more enriched 
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following cisplatin treatment alone (Supplementary 
Table 2); similarly, the other related pathways also have 
higher levels of significance with single-agent cisplatin 
than in the combination treatment. Z-scores for most 
pathways are near-zero, or do not show meaningfully 
different directions of dysregulation between the two 
treatment arms, apart from TGF-β Signaling at day 21, 
which is downregulated with cisplatin treatment alone 
and slightly upregulated with cisplatin + veliparib, and 
Integrin Signaling at day 10, which is highly upregulated 
following cisplatin treatment alone and only marginally 
so with combination treatment (Figure 4A). Nevertheless, 
many DEGs contained within these pathways trend in 
opposite directions between the different treatment groups 
at day 10 (Figure 4B). For example, members of the actin 
(ACTB, ACTG2) and integrin (ITGA4, ITGB3) families 
are strongly increased with single agent cisplatin, and 

moderately decreased with combination therapy (Figure 
4B and 4C). WNT2 and ZEB2, both implicated in cancer 
progression, and CDH1 and SOX17, having the opposite 
function in cell fate determination and tumor suppression, 
all also follow the abovementioned expression pattern at 
multiple time points (Figure 4B and 4C). These data likely 
account for the neutral z-scores we observed for most of 
these pathways and suggest that the effects of cisplatin + 
veliparib can generate multiple cellular responses that may 
simultaneously increase and decrease cancer progression 
phenotypes.

Our RNA-seq analysis also revealed significant 
enrichment of several pathways related to cholesterol 
biosynthesis, both in xenografts treated with single 
agent cisplatin and the combination therapy at day 3 
(Supplementary Table 3, Figure 2B and Supplementary 
Figure 4). Cholesterol metabolism, specifically targets 

Figure 3: Cell cycle and DNA repair pathways in Calu6-FP6 models treated with cisplatin and veliparib. (A) Heatmaps 
showing IPA z-score values for selected pathways in no treatment vs. cisplatin (CIS) and no treatment vs. cisplatin + veliparib (CIS+VPRB) 
on days 1, 3, 10, and 21. (B) Heatmap illustrating log fold change (logFC) values for selected genes within cell cycle and DNA pathways 
of interest. (C) Log fold change (logFC) plots for BRCA1, BRCA2, SMARCA2, and CCND2.
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regulated by the master transcription factor SREBP2, 
is increasingly recognized to be upregulated during 
tumorigenesis, likely because continued cell growth is 
dependent on lipid production [27, 28]. Compared to VC, 
we observed strong downregulation of four pathways 
related to cholesterol biosynthesis in both treatment arms 
at day 3 (Superpathway of Cholesterol Biosynthesis, 
Cholesterol Biosynthesis I, Cholesterol Biosynthesis II, 
and Cholesterol Biosynthesis III) (Figure 5A). Mevalonate 
Pathway I, providing a crucial precursor for cholesterol 
biosynthesis, shows a similar trend. These results suggest 
diminished dependence on lipid production by Calu6-
FP6 cells due to chemotherapy-induced decreases in 
proliferation. Interestingly, cholesterol biosynthesis 
downregulation is sustained through day 10 in the 
cisplatin-only treatment arm, while becoming neutral 

in cisplatin + veliparib. Further inspection of DEGs 
contained within these pathways revealed similar trends 
of downregulation in both treatment arms compared to 
VC at day 3 (Figure 5B). More specifically, members 
of the mevalonate pathway, including 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase (HMGCR, 
the target for statins), HMG-CoA synthase (HMGCS1 and 
HMGCS2), and isopentenyl pyrophosphate isomerase (IDI1 
and IDI2), were all downregulated at day 3 (Figure 5B 
and 5C). The lanosterol 14-alpha demethylase CYP51A1 
was also decreased at day 3, though its expression became 
more divergent between the two treatment arms by day 
10. Interestingly, we also identified the 3-phosphoinositide 
Degradation pathway as upregulated following cisplatin 
treatment alone at days 3 and 10, but downregulated with 
cisplatin + veliparib (Figure 5A); in addition to other 

Figure 4: TGF-b, WNT, and integrin signaling pathways in Calu6-FP6 models treated with cisplatin and veliparib. (A) 
Heatmaps showing IPA z-score values for selected pathways in no treatment vs. cisplatin (CIS) and no treatment vs. cisplatin + veliparib 
(CIS+VPRB) on days 1, 3, 10, and 21. (B) Heatmap illustrating log fold change (logFC) values for selected genes within TGFβ, WNT, and 
integrin signaling pathways of interest. (C) Log fold change (logFC) plots for ACTG2, WNT2, SOX17 and TWIST1.
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cellular signaling processes, this pathway is also involved 
in cholesterol biosynthesis [29] and may be driven by 
dysregulation of PIK3 genes previously discussed as part 
of the Senescence Pathway (Figure 3).

DISCUSSION

Despite major progress in understanding platinum 
adduct repair processing, the mechanism(s) underlying 
the efficacy of PARP inhibitor potentiation of platinum-
based chemotherapy combinations remains elusive. To 
better understand biological mechanisms that drive PARPi 
synergism with chemotherapy, we used in vivo xenograft 
tumor models to explore the molecular mechanisms of 
combinatorial synergy. Similar to previous reports [24], 
in vivo synergy of veliparib with cisplatin therapy was 
weak. However, by RNA-seq we identified differential 
gene expression between the combination treatment arm 
compared to cisplatin alone in Calu6-FP6 tumors. Gene 

expression differences on day 10 and 21 were particularly 
notable and coincided with the smallest tumor volumes 
observed in vivo across all treatment arms.

We found that DNA damage repair molecular 
machinery was similarly activated in the veliparib + 
cisplatin treatment arm compared to tumors treated with 
cisplatin alone. Specifically on day 10, DNA damage 
checkpoint pathways such as 14-3-3, polo-like kinase 
and BRCA1-dependent repair machinery, were equally 
activated in both Calu6-FP6 treatment groups. However, 
specific genes related to DNA damage/repair and cell 
cycle, including SMARCA2 and CCND2, were strongly 
upregulated in the cisplatin-only treatment arm at day 
10. SMARCA2 and its paralog, SMARCA4, are part of the 
SWI/SNF complex, which functions to increase chromatin 
accessibility around double-stranded breaks to promote an 
efficient repair response [30, 31]. Our observed increases in 
SMARCA2 expression from day 1 to day 10 in the cisplatin-
only treatment arm may signal a mounting DNA repair 

Figure 5: Cholesterol biosynthesis pathways in Calu6-FP6 models treated with cisplatin and veliparib. (A) Heatmaps 
showing IPA z-score values for selected pathways in no treatment vs. cisplatin (CIS) and no treatment vs. cisplatin + veliparib (CIS+VPRB) 
on days 1, 3, 10, and 21. (B) Heatmap illustrating log fold change (logFC) values for selected genes within cholesterol biosynthesis 
pathways of interest. (C) Log fold change (logFC) plots for HMGCR, HMGCS1, CYP51A1, and IDI1.
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response during this time period in the cisplatin-only arm, 
which is prevented by the addition of veliparib. These data 
suggest that genes such as SMARCA2 be further analyzed 
in the larger context of DNA repair biomarkers that could 
be utilized as predictors of PARPi efficacy [18].

Similar to the effects we observed for DNA repair 
pathways, pathways related to TGF-β, WNT, and Integrin 
signaling were similarly enriched in Calu6-FP6 xenografts 
treated with cisplatin alone or cisplatin + veliparib. 
However, several genes within these pathways, including 
WNT2, SOX17, TWIST1, and ZEB1, were upregulated 
by cisplatin alone and downregulated by combination 
therapy at day 10. Many of these genes/pathways 
contribute to the process of epithelial-to-mesenchymal 
transition (EMT), marked by loss of E-cadherin (CDH1) 
expression. Indeed, we find decreased levels of CDH1 
at day 10 following combination therapy in Calu6-FP6 
cells, suggesting a transition to an EMT-like phenotype. 
PARP1 has been found to induce EMT in NSCLC cells 
via direct transcriptional downregulation of the ZEB1 
and Snail transcription factors [32, 33]. Previous studies 
have also indicated the correlation of EMT phenotypes 
with cisplatin resistance [34], and shown that cisplatin-
resistant NSCLC lines have increased markers of EMT 
[35]. Confounding this theory is our finding of decreased 
expression of SOX17, an inhibitor of EMT [36], at day 
10 in the cisplatin + veliparib arm. Together, we believe 
these mixed gene-effects account for the neutral z-scores 
of EMT-related pathways obtained from IPA.

The senescence pathway was negatively regulated 
across all days and treatment arms in this study, with 
the strongest negative z-score at day 10 in the cisplatin 
+ veliparib arm. Chemotherapeutics are known inducers 
of senescence, as are PARP inhibitors [37]. However, the 
combinatorial synergy of cisplatin + veliparib appears to 
manifest in Calu6-FP6 as conferring decreased senescence 
at the transcriptional level compared to cisplatin treatment 
alone, even though tumor volume was reduced. Contained 
within the senescence pathway are a number of the PIK3 
genes that comprise a family of lipid kinases that regulate 
a diverse range of cell functions related to proliferation 
and survival [38–40]. Notably, pathways involved 
in cholesterol metabolism and 3-phosphoinositide 
degradation also showed divergent z-scores between 
treatment arms at day 10, with cholesterol metabolism 
being less downregulated and 3-phosphoinositide 
degradation being more downregulated with cisplatin 
+ veliparib compared to cisplatin alone. PI3K signaling 
is a known activator of cholesterol synthesis, which is 
necessary for cell cycling, cell growth, and can contribute 
to cancer aggressiveness via signaling through the PI3K-
AKT-mTOR axis [41–43]. One important gene involved 
in cholesterol catalysis from lanosterol, CYP51A1 
[37], is notably downregulated in expression at day 10 
in veliparib + cisplatin treated xenografts compared 
to those treated with cisplatin alone, suggesting that 

cholesterol biosynthesis may be reduced in these tumors. 
Moreover, activated phosphoinositide pathway members 
in the cisplatin-only treated tumors is further suggestive 
of increased PI3K-AKT signaling leading to tumor 
metastasis and tumor growth. Collectively, these findings 
may suggest that PARPi may block the convergence of 
PI3K-AKT signaling and cholesterol production.

Taken together, these results highlight several 
biological pathways and genes that are differentially 
regulated following Calu6-FP6 xenograft treatment with 
combination cisplatin and veliparib compared to cisplatin 
treatment alone, and point towards different avenues for 
further exploration and target identification.

MATERIALS AND METHODS

Cell lines and reagents

Cell lines were provided by AbbVie’s Biobank and 
were authenticated by STR analysis. A549-flank passage x 
3 (FP3) and Calu6- flank passage x 6 (FP6) cell lines were 
generated after 3 passages of A549 (ATCC) and 6 passages 
of Calu-6 (ATCC) in the flank of female SCID mice. Prior 
to inoculation into mice, cell lines were maintained in 
DMEM with 10% heat-inactivated FBS at 5% CO2 and 
37°C.

Xenograft tumor preparation and in vivo 
pharmacology 

C.B-17 SCID female mice were obtained from 
Charles River (Wilmington, MA) and used for all studies. 
A total of 2 × 106 viable A549-FP3 or Calu6-FP6 cells 
were inoculated subcutaneously into the right flank of 
female C.B-17 SCID mice on Day 0. The injection volume 
was 0.1 mL and was composed of a 1:1 mixture of S-MEM 
and matrigel. Tumors were size matched at ~250 mm3. 
Veliparib was synthesized at AbbVie (Abbott Park, IL) and 
formulated in 0.9% saline. Cisplatin was manufactured by 
Teva Parenteral Medicines, Inc. (Irvine, CA, USA) and 
was formulated in 0.9% saline. Cisplatin was dosed IV 
once at 6 mg/kg for preliminary efficacy experiments and 
at 4.5 mg/kg for the RNA-seq/concurrent efficacy study, 
while vehicle or veliparib were dosed orally at 200 mg/
kg/day twice a day (BID) × 21 days for the preliminary 
efficacy study and once a day (QD) at 200 mg/kg/day × 21 
days for the RNA-seq/concurrent efficacy study. 

Tumor volume was calculated two times weekly 
for A549-FP3 efficacy studies and three times weekly 
for Calu6-FP6 efficacy studies and on the day of tumor 
harvest for RNA-seq studies. Tumor samples for the RNA-
seq studies were collected at 24 hr, 48 hr, 72 hr, 10 days, 
and 21 days after cisplatin dosing. Mice were euthanized 
on the assigned harvest day for the RNA-seq studies or 
when tumor volume was ≤ 3000 mm3 or skin ulcerations 
occurred for efficacy studies.
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Tumor harvest and nucleic acid isolation

Xenograft tumors were harvested at the indicated 
times and immediately prepared for dissociation using 
the Tumor Dissociation Kit (Miltenyi Biotech), according 
to the manufacturer’s instructions. Briefly, tumors were 
dissected into ~1 g segments and heated in enzyme mix 
on the gentleMACS Octo Dissociator. Dissociated cells 
were strained through a 70 μm MACS SmartStrainer 
and pelleted to remove debris. Erythrocytes and dead 
cells were removed by incubation in Red Blood Cell 
Lysis Solution, and mouse cells were removed with the 
Mouse Cell Depletion Kit (Miltenyi Biotech), according 
to manufacturer’s protocol. Purified human cells were 
immediately processed for RNA and DNA isolation using 
the AllPrep DNA/RNA Isolation Kit (Qiagen) according 
to the manufacturer’s instructions.

RNA-seq prep

For each timepoint, RNA from five xenografts was 
used per treatment group. RNA library preparation from 
total RNA was conducted following the manufacturer’s 
protocol for the Illumina Truseq Stranded Library Prep 
Gold with Ribo-Zero rRNA Removal Kit. Briefly, 200 
ng – 1000 ng of total RNA was purified by Ribo-Zero to 
remove rRNA and fragmented by divalent cations under 
elevated temperature. The fragmented RNA underwent 
first strand synthesis using reverse transcriptase and 
random primers. Second strand synthesis created the 
cDNA fragments using DNA polymerase I and RNaseH. 
The cDNA fragments were end repaired, 3’ ends 
adenylated, and adapters ligated. The cDNA library was 
enriched using 10 cycles of PCR and purified. Final 
libraries were assessed using the Agilent Tapestation and 
Qubit (ThermoFisher) assay methods and sequenced on 
an Illumina HiSeq 3000 sequencer using 2 × 75 bp read 
length and 20–40 M reads per sample.

RNA-seq analysis

Sequencing reads were aligned to the hg38 human 
genome with STAR [44] under default parameters. Failed, 
multi-mapped, and PCR-duplicated reads were removed 
using bash scripting and samtools, and quality control 
was performed using FastQC, PICARD tools, Qualimap, 
and Samtools-stats on MultiQC software (Supplementary 
Table 4). Biological QC was performed using customized 
R scripts. Alignment files were summarized into count 
matrices using subread featureCounts. For differential 
gene expression analysis, count matrices were selected 
in parallel for protein-coding genes or filtered for 
counts-per-million of 1 (CPM) average value across 
samples. Data was normalized using the TMM approach 
and mean-variance relationship was estimated with 
the Limma-VOOM algorithm. The values of VOOM 

fitting were then used as priors to the empirical bayes 
moderated t-statistics. 

Pathway and gene set enrichment analysis

Results from RNA-seq studies were analyzed 
using Ingenuity Pathway Analysis (IPA, Qiagen Inc., 
https://www.qiagenbioinformatics.com/products/
ingenuitypathway-analysis) using the core analysis 
function and an FDR q-value cutoff of 0.2. Gene Set 
Enrichment Analysis (GSEA, [25, 26]) was performed 
using Hallmark, C2, C5, and C6 gene sets and an FDR 
q-value cutoff of 0.2. Venn diagrams were generated using 
http://bioinformatics.psb.ugent.be/webtools/Venn/.
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