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Abstract

Tumor complexity and intratumor heterogeneity contribute to subclonal diversity. Despite
advances in next-generation sequencing (NGS) and bioinformatics, detecting rare mutations in
primary tumors and metastases contributing to subclonal diversity is a challenge for precision
genomics. Here, in order to identify rare mutations, we adapted a recently described epithelial
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reprograming assay for short-term propagation of epithelial cells from primary and metastatic
tumors. Using this approach, we expanded minor clones and obtained epithelial cell-specific
DNA/RNA for quantitative NGS analysis. Comparative Ampliseq Comprehensive Cancer Panel
sequence analyses were performed on DNA from unprocessed breast tumor and tumor cells
propagated from the same tumor. We identified previously uncharacterized mutations present only
in the cultured tumor cells, a subset of which has been reported in brain metastatic but not primary
breast tumors. In addition, whole-genome sequencing identified mutations enriched in liver
metastases of various cancers, including Notch pathway mutations/chromosomal inversions in 5/5
liver metastases, irrespective of cancer types. Mutations/rearrangements in FH/T7, involved in
purine metabolism, were detected in 4/5 liver metastases, and the same four liver metastases
shared mutations in 32 genes, including mutations of different HLA-DR family members affecting
0X40 signaling pathway, which could impact the immune response to metastatic cells. Pathway
analyses of all mutated genes in liver metastases showed aberrant tumor necrosis factor and
transforming growth factor signaling in metastatic cells. Epigenetic regulators including KM72C/
MLL3and ARID1B, which are mutated in >50% of hepatocellular carcinomas, were also mutated
in liver metastases. Thus, irrespective of cancer types, organ-specific metastases may share
common genomic aberrations. Since recent studies show independent evolution of primary tumors
and metastases and in most cases mutation burden is higher in metastases than primary tumors, the
method described here may allow early detection of subclonal somatic alterations associated with
metastatic progression and potentially identify therapeutically actionable, metastasis-specific
genomic aberrations.

Keywords
mutation; sequencing; metastasis; reprogramming; and breast cancer

Introduction

Recent advances in genomic technologies and bioinformatics analyses have significantly
reduced the cost of sequencing tumor samples and, in few cases, have altered treatment
strategies °1. Precision therapeutics programs in many institutions rely on sequencing of
genes frequently mutated/amplified/deleted in cancer and believed to be associated with
cancer progression 17: 55, Recent studies, however, have revealed several limitations of this
widely used approach. For example, sequencing performed on single biopsies from only one
tumor site will not reveal tumor heterogeneity, clones evolving independently or minor
clones with distinct mutations 2% 43. 64, In order to identify “low frequency” mutations
sequencing depth is critical, yet most studies fail to identify mutations present in less than
15% of tumor cells due to lack of deep sequencing, and stromal cell contamination may also
impact mutation detection 37. Therefore, improved ability to detect genomic aberrations in
minor tumor clones is clearly needed.

To begin to address such challenges of precision genomics, we investigated whether short-
term culture to allow outgrowth of minor tumor clones followed by subsequent purification
of epithelial cells increased detection of novel mutations. Furthermore and highly relevant to
recent studies reporting parallel evolution of primary and metastatic tumors 4 30: 3142 e
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investigated whether “rare” mutations, previously described to be present only in metastasis,
could be detected in cultured primary tumor cells.

To achieve our objectives, we utilized a new approach to search for mutations found in
cultured tumor cells but not in unprocessed tumors of the same patient 4. By using recently
described conditionally reprogrammed epithelial cell growth assay to propagate primary
breast cancer, we detected non-synonymous mutations in P/3KR1 (L7R) and DNMT3A
(L4V) in only breast tumor cells, which have previously been shown to reside only in breast
cancer brain metastasis 4. After initial proof-of-concept studies in six primary breast cancer
samples, we extended the study to metastatic samples. By propagating and sequencing liver
metastasis of breast, colon, melanoma and spindle cell carcinoma of the abdomen, we
determined that mutations common in liver metastasis of these four types of cancers were an
integral part of a signaling network involving migration inhibitory factor (MIF)-mediated
glucocorticoid regulation and/or Notch signaling, previously shown to be essential for
establishing liver metastasis °. Furthermore, we detected rare mutations in brain metastases,
suggesting that our approach can be applied to detect both common and rare mutations in
metastases of various cancers.

Expanding primary tumors under reprogramming conditions permits detection of novel
actionable mutations

Assay design and clinical characteristics of tumors are shown in Fig. 1A and Supplementary
Table S1, respectively. Briefly, freshly obtained or cryopreserved (described previously 4°)
tumors were minced and divided into two parts. One part was used for DNA isolation and
the other was placed in culture. Once epithelial cells were sufficiently expanded, typically
~one million cells within five passages, epithelial cells were sorted by flow cytometry using
Jam-A/EpCAM antibodies 4°, an antibody combination demonstrated to separate epithelial
cells from stromal and feeder layer fibroblasts 4. Sorted cells were used to prepare DNA
and RNA. In addition, cells generated from normal tissue further away from the tumor of
two patients were propagated and sequenced, serving as a control for the unlikely chance of
culture-introduced mutations. No mutations in unprocessed normal tissue or cells from
normal tissue were detected. Additional controls included sequencing germline DNA from
blood (two cases). Analyses were restricted to non-synonymous exonic mutations.

Sequencing using the Ampliseq Platform detected several common mutations between
unprocessed tumor DNA and cultured tumor cells (Table 1 for summary and Table S2 for
detailed sample-specific data). In one case, where the same patient was diagnosed with
invasive ductal carcinoma (IDC) and ductal carcinoma in situ (DCIS) in one breast and
lobular carcinoma in situ (LCIS) in the other breast, cancer-specific mutations were
identified in both unprocessed tumor and cultured tumor cells (Fig. 1B, Table S2). For
example, IDC/DCIS contained mutations in four different exons of 5-
methyltetrahydrofolate-homocysteine methyltransferase (MTR) including R802Q mutation.
Mutation of R802 resulting in a stop codon has been reported in gastric carcinoma 9, and
MTR gene is amplified in ~13% breast cancers of the TCGA dataset and mutated in multiple
cancers based on cBioportal analyses 11: 24, MTR encodes an enzyme involved final step of
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methionine biosynthesis pathway, and defects in this pathway increase breast cancer risk in
BRCA1 and BRCA2 mutant carriers 48, Unlike M/TR mutants, which could be detected in
both unprocessed tumor and cultured cells, mutant P/K3R1 was detected in only cultured
cells. Interestingly, PIK3R1 mutations are found in tumors that have progressed to brain
metastasis .

The mutations found in the LCIS sample from the same patient were markedly different
compared to the IDC/DCIS mutations. The most common P/K3CA H1047R and PIK3R1
mutations were detected in both unprocessed LCIS tumor and cultured LCIS cells (Fig. 1B).
By contrast, mutations in FOXO1 and DNMT3A were detected only in cultured cells. As
shown in Table S2, two other cancers also contained mutations detectable in tumor cells but
not in unprocessed tumors, supporting an enhanced ability of our approach to detect rare
mutations in primary tumor. The unique FOXOZ mutation in LCIS was confirmed by droplet
digital PCR using primers that detect either wild type or mutant FOXOZ in genomic DNA
(Fig. 1C), which detected this mutation in ~10% of cells (similar to sequencing results).

Reprogramming conditions allow detection of uniqgue mutations in metastasis

Development of innovative in vitro and in vivo model system was one of the recent
recommendations of metastatic breast cancer alliance to overcome obstacles associated with
metastasis research 22, Encouraged by results of primary tumor studies, we next determined
whether cancer cells in metastasis can be expanded using the same reprogramming
conditions described in Fig. 1A followed by DNA/RNA isolation and NGS. Whole genome
sequencing was done on a HiSeq X instrument, whereas RNA-seq was done on a HiSeq
2500 instrument, both manufactured by Illumina. In all cases, RNA was sequenced from
reprogrammed cells, whereas whole genome sequencing was performed on cells from two
samples. For the remaining samples, due to limited cell availability, unprocessed metastasis
DNA was sequenced. Because of limited tissue availability, unlike in primary tumors,
comparison between unprocessed tissue and cultured cells was not feasible. Germline DNA
was sequenced from three cases. Samples were derived from liver metastases of one breast
cancer, two ocular melanomas, a spindle cell carcinoma of the abdomen and a colorectal
cancer (Table S1). Detailed results of breast cancer liver metastasis are provided below and
in Table S3. Table S3 also shows mutations found in DNA, which have been confirmed at
mMRNA levels (column labeled RNA_supporting_Reads(Ref/Alt). These in-depth analyses
allowed us to identify actionable as well as high/moderate impact mutations in each of these
metastases.

A phase contrast image of cells from an inflammatory triple negative breast cancer (TNBC)
liver metastasis is shown in Fig. 2A. Flow cytometry of CD49f and EpCAM antibody
stained cells (Fig. 2B) confirmed that the majority of cells are of luminal progenitor
phenotype (CD49f+/EpCAM+) 62, CD44/CD24 staining showed two distinct populations:
CD44+/CD24- cancer stem-like cells ! (typically enriched in TNBCs °4) and CD44+/CD24+
cell population. Expectedly, the majority of cells displayed basal-like features based on
CD271/EpCAM staining pattern 34, Thus, cultured metastatic cells maintained many
features expected of TNBC. Jam-A/EpCAM staining was used to separate epithelial cells
from feeder layer fibroblasts. Somewhat surprisingly, minimal large-scale genomic
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aberrations were observed in this metastasis (Fig. 2C), despite the fact that the primary
tumor was inflammatory TNBC, a subtype expected to have high degree of genomic
aberrations 8. A high-confidence chromosomal inversion in chromosome 1 involving
NOTCHZ was noted in this metastasis (Fig. 2D). Among 37 non-synonymous mutations
present in this metastasis and also found in Cancer Gene Census Genes and Cosmic
database, mutations in PRDM1 and ARID1B, both involved in epigenetics and chromatin
remodeling, were considered to have moderate impact (Table 2). PRDML1 is a cancer driver
gene and cancer-specific alternative splicing has been reported previously 3. ARID1B is
frequently mutated in multiple cancers including breast cancer leading to its inactivation and
consequently Wnt pathway activation 58. Mutation of AR/D1Bin 50% of hepatocellular
carcinomas has been reported and may be essential for cancer cells to home and
epigenetically adapt to liver microenvironment 23,

Sequence analyses of spindle cell carcinoma that had metastasized to liver further validated
our method. Similar to the above sample, DNA/RNA from cells was used in this case.
Sequencing revealed the presence of NAB2-STATE fusion, an aberration commonly found in
solitary fibrous tumors of mesenchymal origin, confirming that in vitro growth conditions
allowed expansion of cancer cells containing cancer-initiating mutations 16: 52, Unlike the
breast cancer liver metastasis described above, increased genomic aberrations were detected
in this liver metastasis (Fig. 3A), including “high impact” CBFA2T3and CEPS89 mutations
(Table 2). CBFA2T3, a member of myeloid translocation gene family, is frequently
translocated in pediatric acute megakaryoblastic leukemia 27 and considered to be a tumor
suppressor in breast cancer 38. CEP89 is a centrosomal protein involved in mitochondrial
metabolism and required for neuronal function 0. Thus, reprogrammed metastatic cell
sequencing allowed for robust detection of gene aberrations previously described to occur in
different cancer types.

Similar to primary melanomas, extensive genomic aberrations were observed in liver
metastases of two melanomas (Fig. 3B and Supplementary Figures, Fig. S1). Both
melanoma samples contained actionable mutations in the same pathway: one sample
contained a mutation in GNAQ and the other in GNA11 (Table 2). GNAQ and GNA11 are
guanine nucleotide binding proteins, and activating mutations in these two genes are
considered driver mutations in uveal melanoma and transmit mitogenic signaling through
Rho- and Rac-regulated signaling pathways 1. Note that one of the melanomas showed
mutation in CEP89at the same location as in the spindle cell carcinoma (Table 2).

A colon cancer liver metastasis showed expected mutations in APC (a frame shift and a stop
codon; Table 2), and this metastasis also harbored KRAS A146T mutation, a KRAS
mutation previously linked to MEK/ERK dependence and resistance to EGFR targeted
therapies 12 47, This metastasis had seven “high” and 33 “moderate” impact mutations as
well as numerous structural variants including deletion in Polycomb group family member
EZHZ gene (Supplementary Figures, Fig. S1). Detection of expected mutations in this
metastasis and identification of authentic additional mutations serves as further validation of
the assay system. This metastasis also harbored a mutation in the BRD4 gene and inhibitors
of BRD4 are currently being developed as cancer therapies 46. Furthermore, mutation in
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CEP89was noted, similar to liver metastases of spindle cell carcinoma and melanoma (Table
2).

Pathways commonly altered in liver metastasis irrespective of cancer types

To investigate whether liver metastases share common mutations irrespective of cancer type,
four different types of analyses were performed. In the first analysis, pathways based on
high impact and moderate impact Cancer Census and COSMIC mutations seen in five liver
metastases were constructed. A signaling network involving TGFB1 and TNFa was
identified (Fig. 4A), and at least one mutation from each of the five metastases was
represented in this network (example ARID1B, CEP89, and BAP1). In addition, all liver
metastases showed mutations in MUC family genes (MUCZ21 in breast cancer liver
metastasis and MUCZ0in the remaining samples) (Supplementary Tables S3-S6). MUC
family members play a major role in cell adhesion to specific extracellular matrix proteins
and metastasis 3.

In the second analysis, all five liver metastases samples were examined for common non-
synonymous mutations and pathways unique to liver metastasis. We identified 32 genes
commonly mutated in 4/5 liver metastasis samples (present in all except breast cancer liver
metastasis) (Supplementary Tables S3-S6). These genes are part of sperm motility, Notch
and MIF-glucocorticoid receptor signaling networks (Fig. 4B and Supplementary Figures,
Fig. S2). Phospholipase A2 group IVE (PLAZ2G4E; mutated in liver metastases) mediates
the activity of migration inhibitory factor (MIF), a major factor required for establishing
liver metastasis > 44. ZP3 is expressed mostly in oocytes and sperm and relevance of its
mutation in liver metastasis is unknown 32: 50, Mutated D7.X2is a negative regulator of
Notch signaling and lower D7.X2 expression in colon cancer patients is associated with
unfavorable outcome 19 26 Although non-synonymous mutations involving Notch pathway
were not seen with breast cancer liver metastasis, inversion of NOTCHZ2 gene was observed
(Fig 2D).

The third analyses involved combined analyses of all non-synonymous mutations found in
liver metastases. Significant pathways affected in metastases are listed in Table S7. Various
members of HLA-DR family were mutated in 4/5 liver metastases (Tables S3-S6,
Supplementary Figures, Fig. S3).

In the fourth analyses, high confidence structural variants disrupting cancer gene census
were compared. Four out of five liver metastases showed structural defects in FH/T gene.
FHIT is located on a fragile site on chromosome 3 and a member of the histidine triad gene
family encoding a diadenosine 5’,5” -P1,P3-triphosphate hydrolase involved in purine
metabolism. Silent/intronic mutations or structural alterations in KMT2C (MLLJ3), a histone
methyl transferase involved in transcriptional co-activation and co-repression, were seen in
liver metastasis of breast, melanoma, and colon cancer but not in spindle cell carcinoma
(Fig. 3B, Tables S3-S6).

Genomic aberrations detected in brain metastasis

Although systemic treatments targeting visceral metastasis have improved dramatically, the
same treatments are ineffective against brain metastasis and consequently the number of
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cancer patients suffering from brain metastasis has increased significantly over the past
decade 7. Our previous work in animal models demonstrated brain metastatic cells undergo
unique gene expression changes that allow them to adapt to brain microenvironment ©.
However, to our knowledge, attempts to cultivate human brain metastatic tumors cells in
vitro and identify mutations have been limited. We used the reprograming assay to grow
brain metastasis of two lung cancer patients. Sequencing of DNA from metastasis and blood
(for germline) and RNA from metastatic cells showed abundant genomic aberrations in the
metastases including several high and moderate impact mutations (Fig. 5, Table 2; details of
mutations are provided in Supplementary Table S8). Except for mutation in 7253, although
affecting different regions, no other mutations were common between two brain metastases.
In addition, other than PDE4D/P (mutated in one brain and four liver metastases), no
overlapping mutations between liver and brain metastases were observed.

Discussion

Recent advances in DNA sequencing technology have enabled sequencing of large numbers
of tumor samples at an affordable cost. However, to increase clinical utility, it is essential to
reduce sequencing errors and detect low frequency mutations that may be present in a minor
population of tumor cells. Recent studies have shown that DNA damage causes erroneous
identification of variants in cancer samples and these errors may have been introduced to
widely used resources such as 1000 Genome Project and The Cancer Genome Atlas 13,
Comparative analyses of unprocessed and processed/cultured tumor from the same patient as
well as sequencing of both DNA and RNA from two sources of materials from the same
tumor may help to reduce these errors, and the assay presented in this study may also
increase detection of rare mutations.

In the current study, we detected several significant and potentially actionable mutations
only in cultured cells, including FOX0O1, DNMT3A and PIK3R1. FOXO1 plays a major role
in apoptosis and mutations/translocations involving this gene are found in
rhabdomyosarcoma 18. The new FOXOI mutation R554C we detected could be a
deleterious mutation, similar to other FOXOZI mutations reported previously 4°. It is possible
that FOXOI mutation rates in other cancers including breast cancers are underreported in
databases such as TCGA due to deficiencies in detection techniques. DNMT3A mutations
are more frequent in hematologic malignancies and DNMT3A L4V mutation could alter
DNA methylation and influence the epigenetic landscape 2°. Although DNMT3A mutations
in primary breast cancers are rare according to the TCGA dataset, tumor clones with
DNMT3A mutations are selected in patient-derived xenografts 20. Thus, low frequency
DNMT3A mutations in primary breast cancer are more common than recognized, partly due
to mutation detection inefficiency. P/K3R1 L370 frame shift mutation we detected in
cultured cells has previously been shown to increase MAPK pathway in ovarian cancer 15,

We extended the reprogramming technique to identify mutations in metastasis for several
reasons. First, detection of mutations in metastasis is difficult because of limited availability
of tissue as well as stromal cell contamination. With recent data demonstrating parallel
evolution of primary tumor and metastasis 4 41, improved methods for detecting mutations
unique to metastasis are urgently needed. Consistent with this possibility, recent studies have
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shown that luminal type A breast cancers undergo substantial (~55%) subtype conversion
upon metastasis and frequency of this subtype conversion is higher in liver metastasis
compared to lung metastasis 19. Second, since metastases account for the majority of cancer
deaths, there is a critical need to develop assays to detect mutations unique to sites of
metastasis as well as to have live cells for follow up analyses including functional studies.
Here we document feasibility of both aspects. Third, this study supports our previous
publication demonstrating organ-site specific adaptive signaling pathway activation in
metastatic cells ©. Despite differences in the cancer type of origin, liver metastases showed
few consistent mutation patterns and/or pathway aberrations, suggesting that organ site of
metastasis influences mutation spectrum in metastases. For example, four out of five liver
metastases showed mutation in D7.X2, a negative regulator of NOTCH signaling 3%, whereas
the fifth liver metastasis had genomic aberrations involving NOTCHZ. Therefore, aberration
in NOTCH signaling could be common across liver metastasis. Furthermore, mutations in
HLA-DR family members were observed in most of the liver metastases, clearly indicating
deregulated immune response to metastases. The spectrum of HLA-DR mutations observed
in metastatic cells would likely disrupt antigen presentation and immune-tumor cell
interactions. Deregulation in OX40 signaling network could impact therapeutic
immunization strategies for metastasis 3°.

FHIT, mutated in four out of five liver metastases, is believed to be a tumor suppressor
involved in purine metabolism and lower FH/T expression/promoter methylation is
associated with poor outcome in non-small cell lung and breast cancer and metastasis in
colon cancer 2 9663, Fyrthermore, purinergic mechanisms play an important role in
intravasation, extravasation and angiogenesis and mutations in £#H/7 could impact this
process /.

MLL3 (KMT2C; mutated in three liver metastases) is required for the luminal epithelial
gene expression program. MLL3 functions with FOXAL transcription factor and mutational
inactivation leads to increased mammary stem cell activity and accelerated tumor
progression in PI3K-driven mammary tumor models 33: 85, Furthermore, MLL3 is required
for conditional repression of inflammatory response genes and thus MLL3 mutational
inactivation could provide inflammatory microenvironment required to establish

metastasis 14. As per cBioportal, MLL3 s frequently mutated in multiple cancer types
including breast cancer (~12%), melanoma (~45%), colon cancer (~14%) and hepatocellular
carcinomas (50%) 23, Furthermore, chromothripsis leading to rearrangement of MLL3has
been reported in colon cancer 3. Mutation of MLL3 may enhance homing and acclimatizing
capacity of cancer cells in the liver. In addition, it is possible that these common MLL3
mutations/rearrangements function not only as drivers of primary tumors but also drivers of
liver metastasis.

In summary, the reprogramming assay used in this study demonstrates enhanced ability to
detect mutations in primary and metastatic cancer cells. We recognize that in order to
determine whether mutations are unique to metastasis, an ideal study would utilize cells
from matched primary tumor and metastasis. However, it is highly impractical to obtain
tissues from primary and metastasis from the same patient at the same time. We have found
that tissues from both primary tumors and metastasis can be cryopreserved, making it
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possible to establish cultures from primary tumor and metastasis from the same patient for
future mutation detection and evaluating drugs for efficacy against metastasis. Our data also
raise the possibility that not all previously reported mutations found exclusively in metastatic
samples are acquired during metastatic progression; rather, failure to detect these mutations
in primary tumor samples because of low frequency may be a major contributing factor. For
example, few of the previously reported breast cancer brain metastasis-enriched mutations 4
were detected in cultured primary tumor cells but not in unprocessed tumors (Supplementary
Table S2). Further extension of the method described here to additional primary tumor
samples may enable clear separation of metastasis-specific mutations from primary tumor-
specific mutations.

Materials and Methods

Tumor tissues and reprogramming growth conditions

Sequencing
culturing on

All tumor tissues were obtained with informed consent and Indiana University Institutional
Review Board (IRB) considered the study non-human subjects in all cases except in case of
liver biopsies. Collection of liver biopsy was approved by the IRB (protocol number
IUCRO-0514). Primary tumor cells were propagated using epithelial reprogramming
conditions as described previously 40. Characterization of these cells by flow cytometry and
antibodies used for flow cytometry has been described previously 4°. Antibodies used are
CD44-APC (Cat#559942, BD Pharmingen), CD24-PE (555428, BD Pharmingen), CD49f-
APC (FAB13501A, R&D Systems), EpCAM-PE (130-091-253, Miltenyi Biotech), EpCAM-
APC (130-091-253, Miltenyi Biotech), Jam-A-PE (552556, BD Pharmingen) and CD271-
APC (345108, Biolegand).

Differentially mutated genes were subjected to intensive investigation such as gene
interaction networks and functions. Ingenuity Pathway Analysis (IPA; Ingenuity Systems,
Mountain View, CA, USA) was performed to create pathways affected by gene mutations.

data analysis from freshly obtained or cryopreserved tumors with and without
irradiated mouse embryonic fibroblasts

To characterize the degree of contamination from mouse cells, we first applied in silico PCR
to tabulate the percentage of amplicon primer pairs that can also specifically pull down
sequences from mouse genome. The in silico PCR tool from the UCSC genome browser was
used to search over ~16,000 amplicon primer pairs from the lon AmpliSeq Comprehensive
Cancer panel. The default parameters for in silico PCR tool in UCSC genome browser were
used, which required 15bp perfect match for both 5" and 3" primers and also allowing a
maximum of 4000-bp amplified region. We found that 235 primer pairs can also pull down
mouse genome sequences, which is 1.47% of all amplicons. Despite the low percentage of
amplicon primer pairs that may introduce mouse DNA contamination, it is still necessary to
consider the possibility that the primer pairs may have some level of random pairing which
may potentially pull down mouse genome sequences. To avoid the potential bias due to the
mouse genome contamination, the sequencing reads derived for cultured reprogrammed
cells were mapped both to the human genome (genome build hg19) and the mouse genome
(genome build mm10) using TMAP from Torrent Suite software. To distinguish reads from
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mouse rather than human, we explored 3 strategies to filter the sequencing data, (1) ‘no
mouse’ which removes reads that can be aligned to the mouse genome with mapping quality
greater than 20, (2) “MAPQ’ which removes reads that have a larger mapping qualities when
mapped to the mouse genome than the human genome, (3) ‘longer match’ which removes
reads that have a larger total number of aligned bases to the mouse genome than the human
genome.

Detecting Somatic SNVs with RareVar

SNV detection was conducted using with RareVar, a tool we developed earlier, to effectively
deal with diluted SNV signals from low-prevalence tumor subpopulations 28 29, For each
patient, all types of samples independently went through the Bayes factor based candidate
SNV identification and machine-learning based recalibration in RareVar framework to
derive SNVs, then a series of filters and statistical tests were applied to determine somatic
SNVs.

Step 1: we filtered candidate somatic SNVs by only including SNVs (1) not in
potentially mouse contaminated amplicons, (2) RareVar detected those SNVs in
either tumor tissue or tumor cells and the allele frequencies are larger than those in
the germline sample, (3) the depths on SNV loci in tumor tissue and tumor cells are
greater than 100, and (4) maximum of allele frequencies from tumor tissue and tumor
cells are at least 2-fold of the allele frequencies from germline sample.

Step 2: for SNVs detected in both tumor tissue and tumor cells, a binomial test (p
value threshold 0.01, single sided test) was first used to check if the allele frequencies
are significantly larger than those in the germline samples. Then only the ones
showing larger frequencies were kept and a second binomial test was conducted to
see if the allele frequencies in tumor tissue are different from those in tumor cells. If
allele frequencies are significantly (p value threshold 0.01, single sided test) greater
in tumor cells, then those SNVs are potentially from enriched tumor subpopulations
in tumor cells. If the allele frequencies in tumor cells are similar or even lower, then
the prevalence of the variants in the host tumor subpopulations did not show changes.

Step 3: for SNVs only detected in tumor tissue by RareVar, we first used binomial
test to make sure the allele frequencies were greater than those in the germline
sample, then checked whether there are also reads supporting those SNVs in tumor
cells. If there are, it is an indicator of the host subpopulation shrinkage (the
percentage in tumor cells is smaller than in tumor tissue) and also increases our
confidence that those are true somatic SNVs rather than sequencing artifacts.

Step 4: for SNVs only detected in tumor cells by RareVar, we first used binomial test
to make sure the allele frequencies were greater than those in the germline samples,
then checked whether there are also reads supporting those SNVs in tumor tissue. If
there are, it is an indicator of the host subpopulation enrichment and also increased
our confidence that those are true new somatic SNVs rather than sequencing artifacts.
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Whole genome sequencing

DNA and RNA prepared from samples using Qiagen RNA and DNA preparation Kits were
sent to New York Genome Center (info@nygenome.org) for whole genome and RNA
sequencing. The center then provided processed data for SNVs and Indel detection using
Mutect, Lofreq, and Strelka software tools for variant calling. Summary of results are
provided in the manuscript and additional details can be provided upon request.

Droplet Digital droplet PCR (ddPCR)

ddPCR to verify mutation was done as described previously 21. Samples were analyzed
using a dual fluorescent probe-based multiplex assay. Primers; Forward, 5'-
GCACTTGTACAGGTGTCTTCACTT-3"; Reverse, 5'-CCCACACGGTAAGCACCAT-3’;
Reporter 1, tcaggc[G]gttcatacc (Dye-VIC); Reporter 2, tcaggc[A]gttcatacc (Dye-FAM).
Seventy-five base pair long oligonucleotides spanning either wild type or mutant FOXO1
region were synthesized, cloned into a plasmid vector and were used as positive controls.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Enhanced mutation detection in cancer using tumor cells propagated under reprogramming
conditions. A) Experimental scheme for DNA sequencing. DNA from blood was used as a
source for germline DNA sequencing. Staining with EpCAM/Jam-A antibodies allowed

separation of epithelial cells from stromal cells. See Table S1 for additional details of

metastatic samples. B) Venn diagram showing mutations shared between unprocessed tumor
and tumor-derived cells as well as mutations found exclusively in cultured cells. Data from
two representative samples are shown. Details are in Table S2. C) Validation of FOXO1
mutation in the LCIS sample using droplet digital PCR. One-dimensional plots for both wild
type (VIC) and mutant (FAM) -specific probes are shown from different tumor samples,
water, and positive plasmid controls (separated by yellow vertical lines). The sample named

CO01 is the LCIS sample, which showed amplification with mutant-specific primers.
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Characterization of liver metastasis of a TNBC. A) Phase contract image of metastatic cells

grown under reprogramming assay condition. B) Flow cytometry analyses show the

presence of cancer stem cell-like (CD44+/CD24-) and basal-like (CD49f+/EpCAM- and
CD271+) cancer cells. C) Circos plot showing chromosomal aberrations in liver metastatic
cells. Chromosome positions and the region with NOTCHZ aberration are indicated. D)

Details of chromosomal aberrations involving NOTCHZ. Nucleotide numbers with

disruptions are indicated on left and genes affected by these disruptions are indicated on

right. Table S3 describes additional mutations.
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Liver metastasis-spindle cell carcnoma
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Fig. 3.

Ct?romosomal aberrations and structural variants in liver metastases. A) Genomic
aberrations in liver metastasis of a spindle cell carcinoma. Location of STAT6-NABZ fusion,
a characteristic of these tumors, is indicated. B) Genomic aberrations in liver metastasis of a
melanoma. As in Figure 2, structural variants generated due to chromosome disruptions are
shown along with involved chromosomes and position numbers (right panel). Few of these
aberrations are inter-chnromosomal. Tables S4-S6 contain additional details of mutations and
structural variants.
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A Mutations across five liver metastases are intergral part of TNF and TGFp pathways
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Fig. 4.

Pa%hway affected commonly in liver metastases irrespective of cancer types. A) Ingenuity
pathway analyses integrate at least one high impact and/or moderate impact Cancer Census
and COSMIC mutation from each of the liver metastasis into TNF and TGFp signaling
networks. Mutated genes are shown in grey. PRDMI1 and ARID1B are mutated in breast
cancer liver metastasis, whereas CEP89is mutated in liver metastasis of spindle cell
carcinoma, melanoma, and colon cancer. B) Four out of five liver metastases showed
deregulated MIF-Glucocorticoid pathway. The commonly mutated cPLAZ2 gene is indicated
in pink.
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Chromosomal aberrations and structural variants in brain metastases of two lung cancers.
Circos plots show extensive chromosomal rearrangements. However, two metastases did not
show common structural variants (right panel). Table S8 describes additional mutations and

structural variants.
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Table 1

Mutations found in unprocessed tumor and cultured tumor cells

Mutations in unprocessed tumor and cultured tumor cells

Mutations found only in cultured cells

PML S456R

RET T3270G, Y1090X

MTR T868A

PIK3CD R88H

PIK3R1- T629C, L210P, T908C, L303P, T818C, L273P *

FZR1 N315S, N404S

PKHD1, D3475V *

PIK3R1 T20G, L100R, L70R

ROS1 K1026M

TRRAP P825L

DAXX C850T, R284W, R359W *

MUCI1 P141R, P168R

PIK3CA H1047R ™

SUFU T396A

FOXO1 R554C

DNMT3A L4V

NLRP1 F504S

PTPRD A364V ™

NFKB1 S852N

*
Mutations present in cBioportal

Bold, mutations in these genes were found in breast cancer brain metastasis
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