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ABSTRACT
Metastasis is a defining feature of pancreatic cancer, impacting patient quality of life and
therapeutic outcomes. While recurrent mutations in KRAS and TP53 play important roles in
primary tumor development and persist in metastases, the contributions of other genes to the
metastatic process is understudied. Here, we define a network of metastasis-promoting genes
and uncover positively selected genes in metastatic lesions from our Sleeping Beauty mouse
model of pancreatic cancer using our recently described SB Driver Analysis statistical pipeline.
We show that loss of single genes DLG1, PARD3, PKP4 and PTPRK promote pancreas cancer
progression in a context-specific manner. Finally, we define clonal and sub-clonal insertion events
that distinguish primary and individual metastatic tumors and use single cell sequencing to gain
insight into the evolutionary relationships between sub-regions of primary pancreatic tumors and
related metastases, which has important implications for pancreatic disease progression and
therapeutic opportunities for patients.
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INTRODUCTION
Pancreatic cancer is a highly metastatic disease with the second-highest mortality rate behind
lung cancer (Siegel, Miller, & Jemal, 2019). Because the majority of patients are diagnosed at late
disease stages, there is an urgent need to better understand the cellular programs that promote
pancreatic cancer metastases and to uncover molecular vulnerabilities of metastases that can be
pursued therapeutically. Genomic and transcriptomic analyses of primary pancreatic cancers and
in limited metastatic samples have demonstrated the paucity of recurrent mutations in pancreatic
cancer outside of oncogenic KRAS activation and loss of function of CDKN2A, TP53, SMAD4 and
BRCA1 (Biankin et al., 2012; Witkiewicz et al., 2015; Wood et al., 2007). In particular, SMAD4
loss, occurring in approximately 50% of patients, is considered a latent event and is associated
with an increased incidence of distal metastasis (Iacobuzio-Donahue et al., 2000). Recently,
Connor et al. reported that KRAS amplification and increased mutant TP53 expression are
important features of liver metastases (Connor et al., 2019), supporting earlier in-depth genomic
sequencing analysis of primary pancreatic tumors and related metastatic lesions (Yachida et al.,
2010). Further, a widely-studied mouse model of pancreatic cancer driven by the cooperation of
an oncogenic KrasG12D mutation and a gain-of-function Trp53 mutation demonstrated that these
two mutations are necessary and sufficient to drive pancreatic cancer in the mouse. However,
additional genetic and epigenetic events are required to drive metastasis (Campbell et al., 2010)
and little is understood about the timing and cooperation of genetic and epigenetic events to
promote advanced PDAC.
Spontaneous mouse models of cancer are powerful tools to gain insight into the underlying
genetic aberrations that initiate, promote and maintain metastatic disease. Two genetic screens
using the Sleeping Beauty insertional mutagenesis system in the background of oncogenic
KrasG12D uncovered hundreds of cooperating candidate drivers, many of them novel, including
Ctnnd1 and Usp9x (Mann et al., 2012; Perez-Mancera et al., 2012). However, the extensive list
of candidate drivers confounded approaches to prioritize and validate these genes for their
biological role in promoting disease. One hallmark of the SB pancreatic cancer (SB_PDAC)
mouse model is that several mice developed aggressive, metastatic disease which appeared in
part to be influenced by the SB transposon, as all mice with the T2/Onc3 transposon (Mann et al.,
2012) developed metastasis, while only half of the mice driven by the T2/Onc2 transposon
exhibited lesions outside the pancreas. Further, bulk sequencing of SB insertions in pancreatic
tumors revealed a high degree of inter- and intra-tumor heterogeneity (ITH), modeling a salient
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feature of human pancreatic cancers. ITH has been postulated to influence disease development
and therapeutic resistance in several cancers, including breast, colon, lung, head and neck,
melanoma and pancreatic (Hua et al., 2020; Jamal-Hanjani, Quezada, Larkin, & Swanton, 2015;
McDonald et al., 2019; Mroz et al., 2013; Niknafs et al., 2019; Reuben et al., 2017; Sveen et al.,
2016; Zhao, Hemann, & Lauffenburger, 2014).
Recently, we developed a statistical analysis pipeline, termed SB Driver Analysis (Newberg,
Black, et al., 2018), to define driver genes in sequencing datasets from Sleeping Beauty mouse
models of human cancers, enabling the evaluation of cohorts driven by independent transposons
(Newberg, Mann, Mann, Jenkins, & Copeland, 2018) and applicable across data generated from
several NGS platforms, including Roche 454, Illumina HiSeq and ThermoFisher Ion Torrent
(Mann et al., 2016). Here, we applied the SB Driver Analysis pipeline to define early-selected
drivers in pancreatic cancer, define drivers of metastasis, explore the impact of intra-tumor
heterogeneity on disease progress and perform in vitro and in vivo functional validation
experiments to demonstrate the biological impact of novel genetic drivers in promoting metastatic
disease.
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RESULTS
Identification of Early Progression Drivers in pancreatic cancer
Pancreatic cancers characteristically demonstrate a low mutation burden and few recurrent
mutations outside of activating missense mutations in KRAS and inactivating mutations in latent
drivers TP53, CDKN2A and SMAD4. We and others (Mann et al., 2012; Perez-Mancera et al.,
2012) previously performed forward genetic screens using Sleeping Beauty insertional
mutagenesis to identify additional loci that cooperate with the oncogenic KrasG12D mutation to
promote disease development in a mouse model of pancreatic cancer. These two studies utilized
the same inducible KrasG12D allele (Jackson et al., 2001) but independent SB transposons and
different alleles of both the SB transposase and Pdx1-cre. Recently, we reanalyzed these
insertion datasets, performing a combined analysis of the primary tumor data from each study
using the gene centric SB Driver Analysis pipeline we recently developed (Newberg, Black, et al.,
2018) to enhance statistical power to detect highly recurrent drivers (based on frequency of
insertions) and novel drivers not found in each cohort independently. The 814 genes identified by
combined driver analysis were reported in the SB Cancer Driver Database (SBCDDB (Newberg,
Mann, et al., 2018)). The drivers from the combined analysis overlapped with two-thirds of the
progression drivers from the independent cohort analyses reanalyzed with the SB driver analysis.
Only twenty-nine drivers were defined from the combined analysis that were not found in either
independent dataset analysis. These results suggested that the major drivers of the SB_PDAC
model were captured in each independent study, while the combined analysis further refined the
recurrent driver list for biological relevance to PDAC development.
Because we specifically want to harness these datasets to define recurrent, novel drivers that
contribute to pancreatic cancer progression to adenocarcinoma and metastasis, here we have
further refined our analysis to filter away insertions with low read depths prior to SB Driver Analysis
on the individual and combined datasets, reasoning these are rare or background (unselected)
events in the individual tumors. The combined analysis identified 115 recurrently altered drivers
with high read depths (Supplemental Table 1). We termed these genes early progression drivers
(EPDs), as they are found to occur with high frequency in several tumors within a cohort and are
likely to be clonally selected during disease progression. For some drivers, there was a wide
range of insertion read depths within the cohort, whereby a subset of tumors had insertions with
very high read depths (greater than 100), indicative of highly clonal events, while other tumors
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with insertions in the same loci were represented by fewer than 5 reads. This suggests that clonal
selection of these loci is highly heterogeneous across tumors. An oncoprint illustrating the
heterogeneity of EPDs across the tumor cohort is shown in Figure 1, panel A (10 tumors or
greater) and Supplemental Figure 1. The majority of the EPDs are predicted tumor suppressors
based on the presence of insertions in both the sense direction (blue bars) and antisense direction
(red bars) along the coding region. Seventy-eight EPDs were previously identified as progression
drivers in our combined primary SB driver analysis at a frequency of 15% or greater, suggesting
these drivers are positively and recurrently selected in SB_PDAC tumors in a clonal or sub-clonal
manner. Further, the EPD analysis identified 21 new drivers. Thus, by filtering the sequence data
for high read-depth insertions prior to driver analysis, we were able to uncover recurrent and
highly statistically significant drivers of pancreatic cancer progression.
EPDs are implicated in human pancreatic cancers
We next interrogated human PDAC sequencing datasets (Bailey et al., 2016; Network, 2017;
Witkiewicz et al., 2015) obtained from cBioPortal (Cerami et al., 2012) for the presence of
mutations in 108 human orthologs of the SB_PDAC EPDs and observed that nearly all the EPDs
had a least one mutation identified in a human PDAC genome, while 20 EPDs were mutated at a
frequency greater than 1% (see oncoprint, Supplemental Figure 2). Missense mutations were
the most common mutation type, followed by truncation. RNF43 had the highest mutation
frequency of 5%. RNF43 encodes a negative regulator of Wnt signaling and mutations in this
gene have been identified in human colon cancer patients (Eto et al., 2018; Neumeyer et al.,
2019; Yaeger et al., 2018) and more recently associated with intraductal pancreatic mucinous
neoplasms (IPMNs) of the pancreas (Furukawa et al., 2011; Sakamoto et al., 2015) and in PDAC
genomes (Network, 2017). Rnf43 was a driver also identified in an SB model of intestinal cancer
(Takeda et al., 2016) suggesting that SB inactivation of this gene promotes intestinal and
pancreatic cancers in the mouse. The low mutation frequency in the EPDs reflects the overall low
recurrence of mutations in pancreatic cancer genomes, revealed through the sequencing efforts
of resected primary tumors from several groups (Biankin et al., 2012; Connor et al., 2019;
Network, 2017; Waddell et al., 2015). Because SB insertions disrupt gene expression, we
predicted that these EPDs would be differentially expressed in human PDAC. RNASeq data from
primary resected pancreas tumors from ICGC identified differential expression of EPDs across a
subset of human PDAC tumors (see heatmap, Supplemental Figure 3). Importantly, we found
that an expression metagene derived from these tumors showed significantly decreased
expression of the EPDs associated with poorly differentiated tumors (Figure 1, panel B, t-test,
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P<0.001), which are more aggressive than well-differentiated tumors (Bailey et al., 2016;
Collisson et al., 2011; Moffitt et al., 2015). Further, we observed a significant decrease in diseasefree survival when comparing patient outcomes with EPD expression profiles representing the
lower two-thirds expressing tumors to the outcomes for patients with the top one-third higher
expressing tumors (log-rank P=0.0028, Figure 1 panel C). The Cox proportional hazards (CPH)
P-values for all EPDs in the expression metagene are shown in Supplemental Table 2. We next
investigated expression of the EPDs in liver metastases compared to primary tumors using
RNASeq data from 35 liver pancreatic cancer metastases and 11 unmatched primary pancreatic
tumors from the COMPASS trial (EGAD0000003584). The samples were equally matched for
gender. We constructed a metagene for EPD expression (Supplemental Figure 4) and found a
significant decrease in the EPD metagene expression in liver metastases compared to primary
tumors (Rank-based metagene, F statistic P=0.008, Figure 1 panel D). Combined, these data
suggest that reduced expression of EPDs plays a biological role in promoting PDAC liver
metastases.
Prioritization of EPDs for functional validation
Ninety-four of the EPDs mapped to at least one signaling pathway (Enrichr gene lists and Gene
Ontology terms) with significant enrichment of drivers by GOSeq analysis in histone
methyltransferase activity (P=3.5E-04), protein acetylation (P=3.3E-04), adherens junctions
(P=6.7E-04) and WNT (R-HSA-4791275, P=0.03, Supplemental Table 3). Comparative genomic
analyses have shown that despite molecular heterogeneity across tumors, mutated drivers
converge on the same curated signaling pathways, suggesting that the genes per se are less
important than the pathways they regulate. Further, identifying signaling nodes with potential
intervention points for therapeutic opportunities can be enhanced by considering genetic
interaction networks. Indeed, the SB_PDAC EPDs show a strong interaction network with few
nodes connecting the majority of the drivers. In addition, the proteins encoded by 90 of the EPDs
demonstrated more interactions than expected by chance (STRING, P<1.0E-16)(Szklarczyk et
al., 2019), with major nodes at PTEN, EP300 and SMAD3 and secondary nodes MAPK1 (ERK2),
SETD2 and PARD3 (Supplemental Figure 5). This PPI network highlights an enrichment of
proteins involved in transcriptional regulation, including transcription factors and chromatin
modifying enzymes, in addition to several kinases, ubiquitinases and scaffolding proteins and in
members of the Hippo pathway (KEGG, PFDR-corrected=7.35E-06, STRING). Together, these data
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demonstrate that the EPDs defined by the SB_PDAC models have biological interactions in
important signaling pathways and processes relevant to human PDAC.
We prioritized 60 EPDs for gene expression analysis using a combination of Nanostring
(Supplemental Figure 6) and qPCR assays (Supplemental Figure 7 and Supplemental Table
4), across 11 human PDAC cell lines with epithelial or mesenchymal properties derived from
primary tumors, metastatic sites or from immortalized and transformed pancreas ductal cells. We
included 16 additional genes that were defined progression drivers private to PDAC or were
frequent in SB_PDAC models as a control gene set. Using hierarchical clustering of the
Nanostring data, we observed distinct expression patterns across the cell lines (Supplemental
Figure 6, panel A). Cell lines PATC148 and PATC153 were derived from PDX models of primary
tumors (Kang et al., 2015) from individual patients with liver metastases. PATC148 contains a
KRASG12D mutation while PATC153 is KRAS wild type; PATC43 was derived from a PDX mouse
model of a PDAC tumor with a KRASG12V mutation (J. Fleming, personal communication).
Expression of epithelial marker E-cadherin and mesenchymal marker vimentin defined the
epithelial and mesenchymal properties of the cell lines (Supplemental Figure 6, panels B and
C). Cell lines expressing both markers are defined as quasi-mesenchymal or basal (Bailey et al.,
2016; Collisson et al., 2011; Moffitt et al., 2015). Further, principle component analysis illustrated
distinct expression patterns of EPDs between epithelial and mesenchymal cell lines
(Supplemental Figure 6, panel D). PTPRK and FOXP1 are more highly expressed in epitheliallike cell lines, while RBFOX2 is more highly expressed in mesenchymal-like cell lines. Expression
of genes involved in Hippo signaling was varied. While PARD3 showed relatively high expression
in PATC153 and AsPC1 cells, INADL (PATJ) was highly expressed in epithelial-like cells and
lower in mesenchymal-like cells; DLG1 and TAOK1 expression measured by qPCR was
downregulated in most cell lines compared to HPNE control cells (Supplemental Figure 7,
panels D and G).
In vitro and in vivo validation of EPDs in PDAC progression
Utilizing our focused PPI network and our cell line expression data, we chose 10 novel drivers for
functional validation studies in two or more human PDAC cell lines, using two independent
shRNAs to knockdown individual genes or pooled shRNAs against select single targets
(Supplemental Table 4), and successfully achieved 2-fold or greater knockdown for 8 drivers.
We chose the cell lines expressing the same shRNA that achieved the highest level of knockdown
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and further characterized 4 EPDs (DLG1, PARD3, PKP4, PTPRK) in epithelial-like and
mesenchymal-like cells. We found that depletion of DLG1 (Figure 2, panel A) increased cellular
proliferation in epithelial-like PL45 cells, with no change in quasi-mesenchymal Panc1 cells
(Figure 2, panels B and C). However, cell migration significantly decreased in PL45 cells (Figure
2, panel D) and significantly increased in Panc1 cells (Figure 2, panel E), illustrating the context
specificity of DLG1 loss in promoting aggressive phenotypes. DLG1 encodes a scaffolding protein
containing PDZ domains that is part of the Scribble polarity module (Bonello & Peifer, 2019), plays
a role in the formation of adherens junctions in intestinal cells (Laprise, Viel, & Rivard, 2004) and
negatively regulates cell proliferation in epithelial cells via interactions with APC (Ishidate,
Matsumine, Toyoshima, & Akiyama, 2000; Matsumine et al., 1996). It is known to be repressed
by the transcription factor SNAIL, a driver of EMT (Cavatorta, Giri, Banks, & Gardiol, 2008).
Downregulation of PKP4, another B-catenin binding protein, (Figure 2, panel F) in epithelial-like
AsPC1 and PATC153 cells resulted in increased cell proliferation (Figure 2, panels G, H) and a
significant decrease in cell migration (Figure 2, panels I, J). However, in Panc1 cells PKP4
depletion increased cell migration (Figure 2, panel K). PKP4 encodes Plakophilin 4, a member
of the p120- armadillo protein family associated with desmosomes and adherens junctions (BassZubek, Godsel, Delmar, & Green, 2009; Setzer et al., 2004), which also includes p120, encoded
by CTNND1, a progression driver we identified to be downregulated in advanced PDAC with a
significant survival disparity (Mann et al., 2012) that was later validated to be a tumor suppressor
in a PDAC mouse model (Reichert et al., 2018). PKP4 also exhibited a significant survival disparity
in PDAC patients (CPH P=0.007, Supplemental Table 3), suggesting the armadillo proteins play
an important role in pancreatic cancer progression and patient survival. PTPRK, a receptor
tyrosine phosphatase involved in cell growth and cell adhesion, binds and negatively regulates
Beta-catenin (Novellino et al., 2008). Depletion of PTPRK (Figure 3, panel A) increased cell
proliferation of epithelial-like PATC43 and mesenchymal 4039 cells in vitro (Figure 3, panels B
and C) and while PATC43 cells exhibited increased cell migration (Figure 3, panel D), 4039 cells
exhibited a dramatic decrease in migration (Figure 3, panel E) upon PTPRK knockdown. This
was somewhat surprising, as PTPRK was predicted to be a tumor suppressor in advanced PDAC,
and 4039 cells are highly mesenchymal-like. To test the effect of PTPRK loss in vivo, we
performed orthotopic injections of 4039 cells into NSG recipient mice containing either a nontargeting shRNA (NTC) or a pool of shRNAs against PTPRK. While there was no difference in
tumor volume between the two cohorts (Figure 3, panel F), we did observe that pancreatic tumors
with PTPRK depletion were mobile in vivo, forming mesenteric masses (Supplemental Figure 8,
panels A and B) and extensive liver metastases in 3 of 5 mice (Supplemental Figure 8, panel
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C), while control mice did not exhibit liver masses. These data support evidence for PTPRK as a
tumor suppressor in PDAC which can promote metastases to distal sites. Finally, we investigated
the ability of PARD3, an atypical protein kinase belonging to the partitioning defective protein
family critical for cell polarization, migration and invasion. PARD3 is involved in cell growth
through a protein complex with aPKC and PARD6 at tight junctions and is a negative regulator of
Hippo signaling, to promote pancreatic cancer progression. PARD3 is moderately expressed in
mesenchymal cells, and we achieved knockdown in 4039 and Panc1 cells (Figure 3, panel G).
Panc1 but not 4039 cells exhibited increased growth compared to control cells (Figure 3, panels
H and I), and while 4039 cells with PARD3 depletion demonstrated significantly increased
migration (Figure 3, panel J), the opposite was true in Panc1 cells (Figure 3, panel K). In vivo,
4039 tumors exhibited significantly increased tumor volumes compared to tumors with the nontargeting shRNA (Figure 3, panel L). Collectively, these data support differential roles for DLG1,
PKP4, PTPRK and PARD3 in promoting cell proliferation and cell migration in vitro in epitheliallike vs. mesenchymal-like PDAC cell lines. In vivo, PARD3 depletion increased primary tumor
growth,

while

PTPRK

downregulation

promoted

metastatic

spread,

suggesting

that

downregulation of these two drivers promotes pancreatic cancer progression at different disease
stages.
Analysis of recurrent drivers in PDAC metastases
In an effort to elucidate additional tumor cell-intrinsic biology promoting metastases, we next
sought to expand our SB Driver Analysis to define selected driver genes in metastatic lesions
from the SB_PDAC model. To accomplish this, we first established a new cohort of primary and
metastatic lesions from our T2/Onc3 SB_PDAC model and sequenced the SB insertions in
matched primary and metastatic lesions using Illumina sequencing. We also re-sequenced our
previously reported SB_PDAC tumors and related metastases on the Illumina platform (Mann et
al., 2012). SB insertion sequencing data from Illumina and Roche 454 shows high concordance
using PCA (Mann et al., 2016). Therefore, we combined these Illumina datasets with the 454
sequencing data from matched primary tumors and related metastases (Mann et al., 2012; PerezMancera et al., 2012) to establish a population of 31 metastatic primary tumors, driven by four
independent SB transposons, and 79 matched metastatic lesions, including 46 liver lesions. SB
Driver Analysis was performed using mapped insertions with 3 reads or higher from 454
sequencing data and 10 or greater reads from Illumina sequencing data, based on our previously
established criteria for analyzing low complexity SB sequencing data.
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329 progression drivers recurrent in three or more tumors were defined from the 31 metastatic
primary tumors (Supplemental Table 5). Sixty percent of the drivers overlapped with the
progression drivers we defined from the larger cohort analysis of 172 primary tumors (Newberg,
Mann, et al., 2018), showing conservation of these recurrent drivers in metastatic and nonmetastatic primary tumors. Further, 50 genes were defined as EPDs (Supplemental Table 1).
Driver analysis using SB insertions from 79 metastatic lesions isolated from the liver, lung,
diaphragm, peritoneum, stomach and lymph nodes defined 59 genome-wide significant
(familywise error rate, FWER) trunk drivers highlighted in the oncoprint shown in Figure 4, panel
A and Supplemental Table 5. We manually removed Xpo4 and Armc3 from the analysis output
as they contained insertions within the promoter region that also mapped within a neighboring
gene. The majority of drivers were defined from metastatic lesions across different organ sites
from multiple animals, suggesting they are common to the metastatic process (Supplemental
Table 5). For some animals, the shared clonal origins, or identity by decent, was evident for
multiple lesions based upon shared nucleotide insertions (Supplemental Figure 9, panel A).
Further, shared insertions between primary and metastatic lesions were evident for a subset of
the cohort (Supplemental Figure 9, panel B). Interestingly, only 19 of the 59 metastatic drivers
overlapped with the defined progression drivers from the 31 matched primary tumors, suggesting
that the majority of SB insertions in the primary drivers were not selectively maintained in the
metastatic lesions and that new drivers were acquired during the metastatic process. Foxp1 and
Setd5 were the only two EPDs in common between related primary (progression drivers) and
metastatic lesions (trunk drivers) (Supplemental Table 1). SETD5 upregulation has recently
been linked to MEK resistance in PDAC (Z. Wang et al., 2020). The most recurrent driver, Foxp1,
was present in 26 of the metastatic lesions from liver, lung and lymph nodes, suggesting that this
driver plays a role in both establishing and promoting pancreatic cancer progression in the SB
model. Interesting, only four of the 31 matched primaries had detected insertions in Foxp1. This
low rate of concordance may be due to a failure to capture sub-clonal populations in the primary
tumors containing Foxp1 insertions. Alternatively, selection of Foxp1 insertions may have
occurred during the metastatic process. Next, we interrogated the expression of the metastatic
drivers using available RNASeq data from liver metastases (EGAD0000003584). This dataset
included 11 primary pancreas tumors and 34 unrelated liver metastases. We derived a metagene
for the expression of the human homologs of the 83 FDR-significant metastasis drivers for each
cohort and found that the mean expression was significantly lower in the liver metastases
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compared to the primary tumors (Figure 4 panel B). These data support the role for these drivers
as tumor suppressors in human PDAC liver metastases.
Because the majority of the metastases we collected from the SB_PDAC model were derived
from liver, we further explored whether we could uncover liver-specific drivers that may lend
insight to the biology underlying pancreas liver metastases. We statistically defined 55 FWER
(genome-wide)-significant trunk drivers from 46 liver metastases isolated from 15 mice
(Supplemental Table 6). The majority (48) from this “liver only” driver analysis overlapped with
drivers defined from the all-metastasis (“all mets”) analysis but were not defined as drivers in the
matched primary analysis. Seven drivers were identified as EPDs: Foxp1, Setd5, Dock9, Lpp,
Mkln1, Pkp4, which we functionally validate in this manuscript, and Rbms1. The insertion patterns
for these 7 drivers in metastatic lesions are shown in Supplemental Figure 10. The overall
insertion patterns in these genes suggest that these drivers are downregulated by SB. Insertions
across the Foxp1 coding sequence showed distinct patterns. Some related metastases showed
maintenance of an SB insertion at the same nucleotide address, suggesting identity by descent
from a founding clone with this Foxp1 insertion, while other related metastases showed insertions
across the coding region, suggesting either acquired insertions in individual metastatic clones
through convergent evolution or by mobilization of an insertion from a founding clone and reintegration at unique sites throughout the Foxp1 coding region. Clustered insertions in the sense
direction may drive a truncated Foxp1 transcript, as previously hypothesized by Rad et al. (Rad
et al., 2015). Taqman analysis showed Foxp1 expression was highly variable in primary tumors
and did not correlate with the presence or directionality of SB insertions (Supplemental Figure
10, panel H). Five related metastatic liver lesions with SB insertions in Foxp1 had a lower mean
expression level than the primary tumor samples. Lpp encodes a protein involved in cell adhesion
that was recently implicated in a model of breast cancer lung metastasis (Ngan et al., 2017).
Tbx1l, a liver-specific metastatic trunk driver, encodes a WD40-containing protein implicated in
regulation of Wnt and NFKB signaling in hepatocellular carcinoma and colon cancer (Qu et al.,
2016; Zhang et al., 2016). This gene was not identified in primary PDAC tumors, and the insertion
pattern in liver metastases suggests that the coding region is deregulated. Seven liver-specific
drivers, including Mocos and Tomm70a, were private to individuals, while eight (Capn7, Naa15,
Camk2d, Thsd4, Fut8, Utrn, Ophn1, Mid1) were defined from liver lesions from multiple
individuals. Camk2d encodes a kinase involved in calcium signaling, while Ophn1 encodes a
protein involved in GTP hydrolysis of Rho proteins, including RHOA. Collectively, these drivers of
liver metastases are involved in a variety of cellular processes, including amino acid metabolism,
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calcium signaling, Wnt signaling and transcriptional regulation. Further, thirteen of the drivers we
identified in this analysis were also drivers in an SB model of HCC (Newberg, Mann, et al., 2018),
suggesting that the selection of insertions in these genes may be driven by the microenvironment.
Clonal origins of primary PDAC tumors and related metastases
From our bulk tumor sequence analysis of pancreas tumors, we observed a large degree of interand intra-tumor heterogeneity based on the number of insertions per tumor, the sequencing depth
of insertions and the profile of recurrent genes in each tumor. To further characterize the
intratumor heterogeneity and explore clonal relationships, we performed regional sequencing on
10 individual tumors from our expanded T2/Onc3 tumor cohort. Pancreas masses were subsampled at necropsy into 3 to 5 equally sized regions, from pancreas head to tail, while collecting
an adjacent tumor region for histological confirmation of PDAC and any observed metastases
(Figure 5, panel A). Each region was sequenced for SB insertions and analyzed for clonal
relationships with neighboring regions using SB transposon insertions as markers of evolutionary
history. This analysis was possible using the combination of the low copy T2/Onc3 transposon
(~30-40 present in each cell) and the use of the inducible Rosa26-LSL-SBase (Dupuy et al.,
2009), whose activity controls the number of transposition occurrences at a frequency that
maintains both clonal and sub-clonal insertions. We found identical insertions shared across
regions, independent insertions in genes recurrently hit across regions and genes uniquely
selected in sub regions of a single tumor. For tumor Malt 285, the presence of insertions in
Ankrd52, Cluh and Golph3 occurring at the same nucleotide in all three tumor sub regions (Figure
5, panel B) suggests identity by descent for a sub clonal population, whereby these early selected
events in a precursor clone persisted through clonal expansion, either through positive or neutral
selection. The increased read depth of these insertions in Regions A and D compared to Region
C suggests clonal expansion of cells containing these events in these two regions. Single-cell
sequencing analysis of SB insertions in 28 cells isolated from a low passage cell line established
from the M285 pancreas tumor revealed co-occurrence of the clonal insertions in Cluh and Golph3
in two cells (M285-76 and M285-15, Figure 5, panels C and D), in addition to other insertions
common to subpopulations of cells shown by hierarchical clustering. From the bulk tumor
analysis, Region A contained 12 EPDs, while Region C contained 16 and Region D contained 6.
Taf1 was common in all regions, while insertions in Foxp1 and Arhgef12 were found in Regions
A and C. Similar observations of shared insertions and shared genes were made from regional
sequencing of nine additional tumors. For Malt 299 primary tumor regions, 11 genes were in
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common across all three regions and 93 additional genes shared by two regions (Supplemental
Figure 11, panel A). While these genes are in common, they do not share common insertions
across tumor regions. This suggests that there is positive selection for these genes, and by
regionally sequencing the end-stage tumor, we are sampling multiple insertion sites in selected
genes that represent either remobilization and re-integration of founder insertions across the
coding region of these genes or independent integration and selection of insertions through
convergent evolution in a sub-clonal manner. These two possibilities cannot be distinguished
here.
We next expanded our analyses to define clonal relationships among metastatic lesions and
between metastases and the related primary tumor using SB insertion profiles. Comparing
regional sequencing insertion profiles from primary tumor Malt 299 with its 5 related liver
metastases failed to detect shared insertion sites present at the same nucleotide. This could be
attributed to an insufficient depth of sequencing in the primary regions to trace the clonal origin of
the metastatic lesions, or local hopping and selection of reintegrated transposons at different TA
dinucleotides across the coding region in primary tumors and/or related metastases. Regardless,
we could define clonal relationships among liver metastases. SB insertions in Foxp1 and Fam83b
were identified at the same nucleotide in all five related liver metastases, suggesting these liver
metastases are derived from the same tumor clone (Figure 6, panel A and Supplemental Figure
17, panel B). The number of total SB insertions in each liver metastasis (MS) inclusive of the
genes with shared insertion addresses is shown in parentheses (Figure 6, panel A). MS2 and
MS5 are distinguished both by the number of insertions and the acquired insertion in Dopey1 in
MS2. The insertions in the clonal markers Foxp1, Fam83b and Dopey1 are retained by MS2 at
high sequencing read depths, suggestive of clonal expansion. The sub clonal origin of MS8 and
MS3 is marked by the acquired shared insertion in Dync1li1, while most of the insertions in these
two lesions are distinct. Together, these data demonstrate the clonal origins of these liver
metastases that continue to evolve independently. Importantly, single cell sequencing analysis of
SB insertions in 22 cells isolated from a low passage cell line established from the M299 pancreas
tumor showed co-occurrence of the clonal insertions in Foxp1 and Fam38b at the same nucleotide
positions mapped in the liver lesions in 18 and 14 cells, respectively (Figure 6, panels B and C).
Ten cells showed coincident insertions in both genes, confirming that these insertion events were
selected and maintained in the primary tumor sub clone that gave rise to the liver metastases.
For tumor Malt 53, a clonal insertion in Foxp1 present in pancreas Regions 1 and 5 from the
primary tumor (Supplemental Figure 11, panel C) was maintained in all 3 lung metastases from
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different lobes (Figure 6, panel D and Supplemental Figure 11, panel D). The sub-clonal origin
of LU_IL and LU_ML is demonstrated by 3 shared insertions in Tbcc, Cdc20b and at
chr1:91223279, yet these two lesions are distinct from each other based on the number of unique
SB insertions (number in parentheses) and the distinct genes hit. LU_ML acquired the greatest
number of insertions, suggesting clonal diversion and expansion from LU_IL. Taken together,
these results highlight the underlying intratumor heterogeneity of primary tumors and related
metastases and demonstrate that metastatic lesions often share clonal origins with a distinct but
minor sub clone of the primary tumor and acquire additional highly selective insertions in their
distal microenvironment.
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DISCUSSION
Identifying drivers of metastasis is an important unmet need in pancreatic cancer research and
holds potential to impact patient diagnosis, predict disease recurrence and potentially uncover
new therapeutic opportunities. Yet, the molecular heterogeneity present in pancreatic cancers
has confounded efforts to identify novel, recurrent cooperating drivers in metastatic disease.
Rather, studies to date have reinforced the importance of long-known recurrent drivers KRAS,
TP53 and SMAD4. Two Sleeping Beauty screens in mouse models of pancreatic cancer (Mann
et al., 2016; Mann et al., 2012; Perez-Mancera et al., 2012) identified over one-thousand genetic
drivers of disease that cooperate with oncogenic KrasG12D, most with little known about their
potential role in pancreatic disease initiation and development. In this study, we have leveraged
our Sleeping Beauty mouse model of pancreatic cancer and our statistical SB Driver Analysis
method to define early recurrent cooperating drivers in primary tumors that promote disease
progression and, for the first time, define selected drivers in metastatic lesions. Our EPD analysis
reaffirmed the importance of 79 highly recurrent and clonal drivers previously reported in the top
150 most frequent progression drivers (Newberg, Mann, et al., 2018), including Dlg1, Pard3, Pkp4
and Ptprk that we functionally validated in this manuscript, and prioritized 36 new drivers,
including Ep300 and Smad3, which were identified as two nodes in the EPD protein interaction
network. Indeed, we showed that low expression of an EPD metagene was associated with
statistically significantly reduced disease-free survival in human pancreatic cancer patients.
Further, these same genes showed a significantly reduced expression in liver metastases
compared to primary tumors in human patients, suggesting that the mis-regulation of these drivers
plays a role not only in primary tumor progression but also potentially in the initiation and
maintenance of liver metastasis, the most frequent metastatic site in pancreatic cancer.
To address the clonal origins of drivers in pancreatic tumors, we performed the first in-depth
analysis of the inter- and intra-tumoral heterogeneity present in the SB_PDAC mouse model using
regional bulk and single-cell sequencing of SB insertions in individual primary tumors, defining
clonally selected genetic events common to all regions as well as sub-clonal and private
insertions. Further, by sequencing primary tumors and related metastases, we showed using SB
insertion profiles that primary and metastatic tumors from an individual are more related to each
other than to tumors from unrelated individuals. This observation has been reported in human
pancreatic tumors (Campbell et al., 2010; Yachida et al., 2010) and more recently in a KPC mouse
model (Niknafs et al., 2019). Here, using insertion nucleotide sharing as a marker of evolutionary
history and read-depth as a proxy for clonal expansion, we uncovered the primary tumor sub
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clonal origins of metastases and defined the insertional heterogeneity that distinguishes related
metastatic lesions.
Defining drivers promoting metastasis to characterize underlying molecular vulnerabilities is of
paramount importance for improving patient outcomes in pancreatic cancer. To this end, we
defined 59 drivers enriched in metastases from the SB_PDAC model and human homologs of
these metastasis drivers showed significantly lower expression in liver metastases compared to
primary tumors, strongly supporting the important roles of these genes as tumor suppressors in
the metastatic process. Further, we identified 16 liver-specific metastasis drivers not present in
PDAC metastases from other organ sites. Indeed, several of these liver metastasis drivers also
have biological relevance to an SB model of hepatocellular carcinoma (Newberg, Mann, et al.,
2018), providing evidence that the microenvironment partly influences the selection of insertions
while highlighting biological commonalities between HCC and liver metastases. PKP4 was
defined as both an EPD and a liver-specific trunk driver and we functionally validated this driver
in both human patient samples and in human PDAC cells. PKP4 was previously functionally
validated as a tumor suppressor in triple negative breast cancer cells that accelerates tumor
growth (Rangel et al., 2016). Thus, the recurrence of drivers in the SB_PDAC model can lend
insight into the underlying genetic and epigenetic mechanisms of pancreatic cancer metastases
that have proven difficult to elucidate from human sequencing analysis. Our preliminary analyses
of tumor heterogeneity in primary tumors and related metastases underscore the underlying
drivers common to individual disease, the clonal origins of metastases and their unique molecular
signatures which may have important implications for defining novel molecular signatures
common to both primary and metastatic lesions and for tracing the development of early
metastasis, which is a significant focus in the field.
Genetic screens are powerful approaches to identify both known and novel relationships between
genes and genetic pathways that cooperate to promote disease. This is the first study to report
and functionally validate novel metastatic drivers identified in a Sleeping Beauty genetic screen
with direct patient relevance. One important advantage of the SB system for pancreatic cancer
gene discovery is the fact that low tumor cellularity can be overcome by enriching for cells that
have mobilized transposons. Leveraging our unique SB_PDAC mouse model, we can investigate
the underlying differences in transcriptional, biochemical and metabolic signatures between
primary tumors and related metastases to experimentally define druggable vulnerabilities of
metastatic disease. Indeed, we have generated stable cell lines from metastatic SB_PDAC
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primary tumors which retain their ability to metastasize in B6 recipient mice. This unique
transplantable model with SB insertion-based intratumor heterogeneity as a salient feature will
enable future studies that trace the clonal evolution of pancreas disease during development and
in response to drug administration in an immune competent setting and can further be harnessed
to define innate and acquired routes of resistance. Our current study has laid the foundation for
defining metastasis drivers and provides a complementary guide to ongoing studies in human
pancreatic cancer patients to combat metastatic disease.
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Figure 1. Early progression drivers in SB_PDAC tumors. An oncoprint of the top 79 early progression
drivers (EPDs) (A) shows the incidence of SB insertions occurring in greater than 10 SB_PDAC tumors
across the cohort of 172 primary tumors. Individual tumors (animals) are represented by the
columns. Insertions present in the sense (blue) or antisense (red) strand depicted by the bars. (B) An
expression metagene constructed from the human orthologs of SB_PDAC EPDs with RNASeq
expression data (ICGCV28) is significantly associated with poorly differentiated primary tumor grade
compared to moderately differentiated (t-test, P<0.001). (C) Low expression of the EPD metagene
(67% quantile) in primary resected tumors is significantly associated with decreased disease-free
survival (log-rank P-value=0.0028). (D) Expression of the EPD metagene is significantly decreased in
pancreatic cancer liver metastases compared to primary tumors (ICGC EGA 3584, P=0.008).
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Figure 2. In vitro analysis of EPDs in human PDAC cell lines. DLG1 knockdown using pooled shRNAs (A)
induces a trend towards increased cell proliferation in PL45 cells (B) and no change in Panc1 cell
proliferation (C). PL45 cells exhibit significantly decreased migration (D, P=2E-04) while Panc1 cells show
significantly increased cell migration (E, P=6E-04). PKP4 knockdown (F) resulted in increased cell
proliferation in both AsPC1 (G, P=0.04) and PATC153 (H, P=0.03) cell lines, while both cell lines exhibited
significant decreased migratory capabilities (I and J, P<0.0001). PKP4 knockdown in Panc1 cells resulted in
significantly increased cell migration (K, P<0.0001). Samples were run in triplicate. Statistical analysis was
performed using a paired t-test.
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Figure 3. Orthotopic validation of EPDs. Cells stably depleted for EPDs of interest were
orthotopically introduced into the pancreas of NSG mice to assess the ability of the predicted tumor
suppressor genes to drive tumor formation and disease progression. Individual or pooled shRNAs
(A) achieved 2-fold or greater depletion of PTPRK. Depletion of PTPRK in PATC43 cells using a single
shRNA (sh391) showed a trend towards increased proliferation (B) while 4039 cells exhibited a
significantly increased proliferative capacity with PTPRK knockdown (C, P=0.04). Epithelial PATC43
cells showed significantly increased cellular migration (D, P<0.001), while cell migration significantly
decreased in 4039 cells (E, P<0.001). Orthotopic tumors from 4039 cells with PTPRK depletion
showed no change in primary tumor volumes compared to cells with non-targeting shRNA (F).
Depletion of PARD3 (G) using pooled shRNAs in mesenchymal 4039 and Panc1 cells showed no
significant change in cell proliferation (H and I). 4039 cells exhibited a significant increase in cell
migration (J, P<0.0001), while Panc1 cells exhibited a modest but significant decrease in cell
migration (K, P<0.0001). PARD3 depletion significantly increased tumor volume in 4039 cells (L,
P<0.01). Samples were run in triplicate. Statistical analysis was performed using a paired t-test.
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Figure 4. Driver enrichment analysis in metastatic
lesions. Driver analysis was performed for 74
metastatic lesions isolated from liver, lung,
diaphragm and lymph nodes for which matching
primary tumor sequence information was available.
The oncoprint (A) shows the recurrent drivers
statistically significant after FWER multiple-testing
correction. The gene name and percentage of
metastatic lesions containing insertions in each
driver on the left, with the number of tumors on the
right. Blue lines indicate insertions in the sense
direction, while red lines indicate insertions in the
antisense direction with respect to the gene coding
region. (B) An expression metagene derived using
the human homologs of the SB_PDAC metastatic
drivers shows significantly decreased expression in
human PDAC liver metastases compared to primary
tumors (P=0.05).
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Figure 5. Tracing clonal relationships in primary tumors using regional and single-cell sequencing of SB
insertions. Pancreas tumors from the T2/Onc3 SB_PDAC model were regionally dissected (A) and
histologically confirmed. Related metastases isolated from the liver, mesentery and lung were snap frozen
for future analyses. Regional sequencing of a primary tumor uncovered clonal relationships between
regions shown by hierarchical clustering of coincident genes with SB insertions (B). The number of EPDs
identified in each region is shown in parentheses. All three regions share 3 insertions at identical
nucleotides in Ankrd52, Cluh and Golph3. The number of reads per insertion in each gene is shown. Single
cell analysis of SB insertions present in 28 cells isolated from a cell line established from Malt 285 primary
tumor shows coincident genes (C) and SB insertion addresses (D) that indicate identity by descent for
subpopulations of cells. Insertions in Cluh and Golph3 found by bulk tumor sequencing co-occur in cells
M285-15 and M285-76.
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Figure 6. Evolutionary analysis of primary tumors and related metastases Sequence analysis of SB
insertions from 5 related liver nodules (A) defined clonal relationships by hierarchical clustering based on
coincident genes with SB insertions. The number of unique insertions in each liver nodule is indicated in
parentheses adjacent to the mass designation. All five lesions show identity by descent based on the
presence of SB insertions maintained at fixed nucleotide positions in Foxp1 and Fam83b originating from
an unknown (primary) sub-clone (purple circle). The read depth for shared insertions is indicated in
parentheses next to the gene name. MS5 is distinct from all other masses as it lacks a fixed insertion in
Dopey1. MS3 and MS8 share an acquired 4th fixed SB insertion in Dync1li1. Single cell analysis of SB
insertions present in 22 cells isolated from a cell line established from Malt 299 primary tumor shows
coincident genes (B) for the majority of the tumor cells and uncovered the primary tumor origin of the
shared insertions in Foxp1 and Fam83b present in the liver metastases (C). Sequencing of three metastatic
masses from different lung lobes in an individual animal identified fixed insertions in Foxp1 from the
primary tumor and an acquired insertion in Rfx7. LU_IL and LU_ML are distinguished from LU_CL by three
additional shared insertions in two genes and in one intergenic region. LU_IL and LU_ML are distinguished
by the number of unique insertions (in parentheses) and by the genes with SB insertions.
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MATERIALS and METHODS
Cell Lines and in vitro assays. Human pancreatic cancer cell lines were purchased from ATCC
and grown under recommended media conditions. Human PATC cell lines were grown in RPMI
as previously described (Kang et al., 2015). Cell proliferation was determined using Cell TiterBlue Viability assays in triplicate (Promega G8080) in triplicate. Wound healing assays were
performed using IncuCyte Zoom following the supplier’s experimental guidelines. Cells were
synchronized using mitomycin-C (Sigma Aldrich) at 5-10ug/ml concentration for 2 hours prior to
seeding in triplicate on 96-well ImageLock plates (Essen BioScience) and grown to 95%
confluency. Scratch wounds were created with a WoundMaker (Essen BioScience) and media
was replaced after a PBS wash. Images of cell migration/wound healing were recorded every 6
hours for a duration of 96-120 hours using the IncuCyte Kinetic Cell Imaging System and analyzed
with IncuCyte Zoom software. Statistical analysis was performed using GraphPad prism software
using a paired t-test to compare knockdown cells to matched controls with a non-targeting shRNA.
RNA interference and expression analysis. shRNAs were obtained as viral particles from
Dharmacon (GE Biosciences). Cells were transduced and stably selected under puromycin prior
to molecular analysis. For qPCR analysis, total RNA was extracted using EZNA total RNA kit
(R6834-02, Omega Bio-Tek). cDNA synthesis was performed using qScript® cDNA Synthesis Kit
(95047-100, Quanta Bio) and qPCR analysis was performed using Sybr Green with primer
sequences obtained from PrimerBank (X. Wang, Spandidos, Wang, & Seed, 2012). Taqman
probes for Foxp1 and Gapdh were purchased from Life Technologies. For expression analysis
using Nanostring or RNASeq, total RNA was extracted using Qiagen RNeasy mini kits. Nanostring
was run on two different passages for each cell line and was analyzed using IRON (Welsh,
Eschrich, Berglund, & Fenstermacher, 2013).
Antibodies and western blotting. Cells were lysed in RIPA lysis buffer (100 mM Tris pH7.5,
300mM NaCl, 2mM EDTA, 2% NP-40, 2% Sodium deoxycholate and 0.2% SDS) with 1%
protease inhibitor (Amresco M250-1ML). Cell lysates were sonicated using Diagenode Bioruptor
Plus for 15 total minutes (30 seconds on and 30 seconds off). Total protein concentration was
measured using a BCA assay kit (23227 Pierce). Immunoblotting was performed using 50μg of
protein run on 8% SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes
were blocked for one hour using Odyssey Blocking Buffer (Cat.No.927-50000, Li-COR
Biosciences). Antibodies: Vimentin (5741S), E-Cadherin (3195S), GAPDH (rabbit, 2118S) from
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Cell Signaling and anti-rabbit IgG, 926-32211 secondary from LI-COR Biosciences. Blots were
imaged using Li-COR Odyssey Fc Imaging System.
Mice. Human Panc1 (1x10^5) and 4039 (5x10^4) cells were orthotopically introduced into the
pancreas of male and female NSG recipient mice (JAX 005557) according to methods described
previously (Kim et al., 2009). Isogenic cell lines (knockdown vs. control) were matched for cell
passage, implanted into littermates and aged concurrently. Mice were aged for 45 days and then
euthanized to measure primary tumor growth and metastatic incidence. All procedures were
conducted under approved IACUC protocols.
Sequencing of SB insertions and SBCapSeq driver analysis. Sequencing SB insertions using
Roche 454 sequencing was described previously (Mann et al., 2012). Data processing and driver
analysis were performed using SBCapSeq Driver Analysis pipeline (Newberg, Black, et al., 2018)
with the following modifications. To define early progression drivers (EPDs) using 454 sequencing
data, bed files were filtered to remove all insertions with fewer than 3 sequencing reads prior to
statistical analysis. Only drivers identified in 3 or more independent tumors (5% of cohort) were
considered recurrent EPDs. For analysis of metastatic drivers, insertion data from 454 and
Illumina HiSeq were combined (as described in (Mann et al., 2016)) and the analysis was run
using sequencing reads of 3 or higher from 454 data and 10 or greater reads from Illumina. Single
cell sequencing was performed as described previously (Mann et al., 2016). 100 DAPI- positive
single cells were FACS-sorted from early-passage cell lines (P2) established from primary tumor
explant cultures. Onc excision PCR was used to confirm the presence of mobilized transposon
from the donor site, confirming the tumor-origin of the cells. Two-dimensional hierarchical
clustering of conserved SB insertions or recurrent genes containing SB insertions was performed
in Python (2.7.10) with the scipy toolbox using the Hamming distance metric with Ward’s linkage
method of agglomeration.
Mutation analysis using human PDAC datasets. Mutation data from three pancreatic cancer
cohorts was downloaded from cBioPortal (Cerami et al., 2012). Data sets are denoted as per
cBioportal coding, based on facility or project contributing the data: QCMG (Queensland Centre
for Medical Genomics, n=383) (Bailey et al., 2016), TCGA (The Cancer Genome Atlas, n=150)
(Network, 2017), UTSW (University of Texas Southwestern, n=109) (Witkiewicz et al., 2015).
GOseq analysis (Young, Wakefield, Smyth, & Oshlack, 2010) was performed using both Gene
Ontology terms (The Gene Ontology, 2019) and also using a set of gene lists downloaded from
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the Enrichr website (Kuleshov et al., 2016). Gene lists were downloaded so that gene length bias
could also be accounted for via GOseq in the analyses based on the Enrichr lists. In each analysis,
gene sets were considered to be significantly enriched if their FDR adjusted p-value was less than
0.05.
Gene expression and survival analyses using human PDAC datasets. RNA-seq data and
clinical information were downloaded from the International Cancer Genome Consortium (Zhang
et al., 2019) data portal for a pancreatic cancer cohort of 90 patients (PACA-AU: Pancreatic
Cancer - Australia, release 28), 84 for whom both RNA-seq and survival data were available
(Bailey et al., 2016). RNA-seq read counts (per gene) were normalized using the workflow
outlined in the limma software package for R (Law, Chen, Shi, & Smyth, 2014), and singular value
decomposition was used to generate an expression-based metagene from the genes of interest.
The log-rank test was then used to determine whether high versus low values of the metagene
(top 50% of values versus bottom 50%) were associated with differences in patient survival
characteristics.
EGA dataset for primary vs. liver metastasis. Access was obtained for the dataset “Genomic
Profiling of Advanced Pancreatic Cancer to inform therapy - RNA-Seq mapped reads”
(EGAD00001003584) via the European Genome-Phenome Archive. These data consist of BWAmapped RNA-seq reads (reference: hg19) for 50 pancreatic cancer tumours (11 primary tumours,
and 39 metastatic tumours) from the COMPASS trial (Aung et al., 2018). The featureCounts tool
from the Subread software package was used to generate mapped fragment counts per gene
(Liao, Smyth, & Shi, 2014) based on the aligned BAM data. These per-gene read counts were
normalized using the workflow outlined in the limma software package for R (Law et al., 2014),
and singular value decomposition was used to generate expression-based metagenes to
summarize the activity of specific gene sets of interest.
Accessions. NCBI BioProject accessions: PRJNA664792 for single-cell-SBCapSeq data;
PRJNA664797 for Illumina SplinkSeq.
Supplemental Figures. Available from Figshare
http://dx.doi.org/10.6084/m9.figshare.13017830
Supplemental Tables. Available from Figshare
http://dx.doi.org/10.6084/m9.figshare.13017818
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