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SUMMARY

Cellular heterogeneity is frequently observed in cancer, but the biological significance of
heterogeneous tumor clones is not well defined. Using multicolor reporters and CRISPR-Cas9
barcoding, we trace clonal dynamics in a mouse model of sarcoma. We show that primary tumor
growth is associated with a reduction in clonal heterogeneity. Local recurrence of tumors
following surgery or radiation therapy is driven by multiple clones. In contrast, advanced
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metastasis to the lungs is driven by clonal selection of a single metastatic clone (MC). Using RNA
sequencing (RNA-seq) and /n vivo assays, we identify candidate suppressors of metastasis,
namely, Rasdl, Reck, and AldhiaZ. These genes are downregulated in MCs of the primary tumors
prior to the formation of metastases. Overexpression of these suppressors of metastasis impair the
ability of sarcoma cells to colonize the lungs. Overall, this study reveals clonal dynamics during
each step of tumor progression, from initiation to growth, recurrence, and distant metastasis.

In Brief

Tang et al. demonstrate that distinct clonal architecture underlies different stages of tumor
progression, from tumor initiation, local recurrence after therapy, to advanced metastasis.
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INTRODUCTION

Most cancers are composed of heterogeneous populations of cells. During tumor
progression, the genomic instability of cancer cells and differences in the tumor
microenvironment can confer tumor clones with different genetic and epigenetic alterations
(Marusyk et al., 2012; McGranahan and Swanton, 2017; Swanton, 2012). These alterations
may endow phenotypic differences in tumor clones, which are subjected to competition and
selection. Cancer progression can be viewed as an evolutionary process where tumor clones
compete and are selected upon over the course of the disease (Greaves and Maley, 2012).
Although the phenomenon of clonal heterogeneity at the morphological, histological, and
genetic levels are well characterized, the functional impact of different tumor clones during
tumor evolution is not well understood, especially in mesenchymal cancers (de Bruin et al.,
2014; Gerlinger et al., 2012; Gulati et al., 2014; Makohon-Moore et al., 2017). In particular,
how different tumor clones contribute to primary tumor growth, recurrence, and metastasis is
not fully defined. During primary tumor progression, it remains unclear whether growth is
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driven by the continuous expansion of a dominant clone or the maintenance of the overall
clonal architecture. Furthermore, the clonal composition of distant metastasis is poorly
understood. Specifically, it is not known whether all tumor clones are equally capable of
forming distant metastases and whether spatially distinct metastatic lesions in the receptive
tissue are clonally related. Insights into the clonal composition and evolution of tumors
throughout the major stages of disease progression are essential to understanding the
biological consequences of intratumoral heterogeneity and developing new therapy to
impede cancer progression.

Our understanding of tumor clonal dynamics is largely derived from next-generation
sequencing of tumor genomes (Gundem et al., 2015; Hao et al., 2016; Wang et al., 2014;
Yates et al., 2015). Based on shared somatic mutations, the phylogenetic relationship of
tumor clones and their life history can be retrospectively constructed (Schwartz and
Schéffer, 2017). These studies captured snapshots of tumor heterogeneity and clearly
demonstrated that most tumors are composed of multiple clones. Although genomic
analyses of clonal dynamics revealed important insights into tumor evolution, such as the
frequency of mutations and the order in which specific somatic mutations may arise, their
ability to prospectively track tumor evolution in an unperturbed manner is limited (Landau et
al., 2013; Nik-Zainal et al., 2012; Welch, 2014). This is especially the case for many solid
cancers, where longitudinal sampling is difficult and patient-matched primary tumors and
metastases samples are scarce. Moreover, it is difficult to ascribe the genetic variations used
to identify tumor clones to cellular phenotypes. To functionally investigate the impact of
various tumor clones during different stages of tumor progression, in vivo models of lineage
tracing are required.

In this study, we traced tumor evolution in a mouse model of undifferentiated pleomorphic
sarcoma (UPS), one of the most common and lethal soft tissue sarcomas in human adults
(Burningham et al., 2012; Kirsch et al., 2007). Using the R26R-Confetti lineage tracing
system and endogenous DNA barcoding with CRISPR-Cas9, we investigated clonal
dynamics during tumor initiation, local recurrence after therapy, and metastasis.

Modeling Clonal Evolution in Sarcoma

To track tumor evolution in sarcoma, we utilized two complementary lineage tracing mouse
models. First, we crossed the homozygous R26R-Confetti system with a spatially and
temporally restricted model of UPS, carrying a Cre-inducible oncogenic Kras-SL-G120 g|lele
and homozygous p537 alleles (Krast-SL-G12D: p537f: Confetti/Confetti, KPCC mice in
Figure S1A) (Snippert et al., 2010). Ras/mitogen-activated protein kinase (MAPK) signaling
is commonly activated in human soft tissue sarcomas, including UPS, and inactivating p53
mutations or silencing of the p53 pathway is one of the most common mutations in UPS
(Cancer Genome Atlas Research Network, 2017; Pérot et al., 2010; Serrano et al., 2016; Yoo
et al., 1999). Tumors formed by the activation of oncogenic Kras®12P and deletion of p53
were similar to human UPS in histology and molecular profile (Blum et al., 2013; Kirsch et
al., 2007; Mito et al., 2009; Sato et al., 2016). In the Kras-SL-G12D: p53: Confetti/Confetti
(KPCC) animals, following injection of Cre-expressing adenovirus into the gastrocnemius
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muscle, primary sarcomas expressing different fluorescent reporters were formed at the
injection site between 9 and 12 weeks, with 100% penetrance, similar to previous reports
(Figure S1B) (Kirsch et al., 2007; Mito et al., 2009). We observed up to 8 distinct
fluorescent protein combinations, labeling on average ~60% of cells in tumors (Figure S1C).
The expression of the R26R-Confetti allele did not affect tumor histology (Figures S1B).
Consistent with other reports using the R26R-Confetti allele (Baggiolini et al., 2015), fewer
cells recombined to express GFP compared to the other fluorescent reporters (Figures S1C).
Long-term culture experiments showed that the expression of fluorescent proteins was
permanent and stable (Figure S1D). Distinct tumor clones can be identified by the
expression of different fluorescent reporters, and these clones shared founder mutations and
grew in close proximity within the tumor (Figure S1E). Intermixing of tumor clones is
commonly observed in KPCC tumors (Figure S1F).

Because the R26R-Confetti alleles randomly labeled tumor cells with 6-8 colors, and a
given tumor may theoretically have more than 8 clones, it is possible that different clones
may be labeled by the same color. To complement the KPCC model, we utilized another KP
sarcoma model induced by CRISPR-Cas9-mediated genome editing (Huang et al., 2017).
The CRISPR-Cas9 system can produce a vast array of indels and, thus, is not limited to the
maximum number of colors observed in the R26R-Confetti alleles (McKenna et al., 2016;
Shin et al., 2017). In this model, the Cre-inducible K7as®12D allele is retained, and the
Rosa26 locus expressed Cas9 endonuclease. Sarcomas were initiated by injecting adenovirus
expressing Cre and single guide RNA (sgRNA\) targeting p53 (K-sgP53-Cas9 in Figure
S1A). The K-sgP53-Cas9 tumors were histologically similar to KP and KPCC tumors
(Figure S1B). The genetic edits generated by CRISPR-Cas9 at the targeted region of p53can
serve as barcodes marking independent tumor clones.

Primary Tumor Progression Is Associated with a Loss of Clonal Heterogeneity

Using the KPCC and K-sgP53-Cas9 models, we first examined how clonality changed
during primary tumor progression. Tumors were harvested between 250mm3 and 300mm3 to
determine the clonality at a relatively early stage of sarcomagenesis and were then compared
to late stage tumors that were approximately 2,000 mm? in volume (Figure 1A). The
cytology observed in early-stage tumors consisted of pleomorphic spindle cells with nuclear
atypia, which had a similar cytological appearance to late stage tumors (Figure 1A). We
observed significantly more fluorescent colors in early-stage tumors compared to late stage
tumors (Figures 1B-1D). Furthermore, we scored each image from tumor sections as
monochromatic, consisting of mostly 1 fluorescent color; as dichromatic, consisting of
mostly 2 fluorescent colors; or as polychromatic, consisting of 3 or more fluorescent colors.
The early-stage tumors had significantly higher polychromatic scores compared to late stage
tumors (Figures S2A and S2B).

For the K-sgP53-Cas9 model, we harvested tumors at similar early and late stages and
performed deep sequencing of the p53alleles by using genomic DNA extracted from tumor
masses. Early-stage tumors had significantly more barcodes compared to late stage tumors
(Figures 1E and S3A). This is consistent with our findings in the KPCC model, indicating
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that primary sarcoma progression is associated with the sweeping growth of a dominant
clone.

The KPCC and K-sgP53-Cas9 models require separate animals to study clonal evolution. To
trace tumor clones in the same animal over time, we developed an intravital microscopy
model in the mouse pinnae. Differently labeled tumor cells were injected into the pinnae of
nude mice. These transplanted tumors maintained the histological features of primary
sarcoma (Figure S2C). Consistent with the autochthonous models, the growth of
transplanted tumors is associated with a reduction in clonal heterogeneity (Figure S2D).

Multiple Tumor Clones Give Rise to Local Recurrence

Local recurrence following therapy causes substantial morbidity and is an important
prognostic risk factor for survival in many cancers, including sarcoma (Daigeler et al.,
2014). To investigate whether local recurrence is derived from a single or multiple clones
(Figure 2A), we treated early-stage polyclonal KPCC tumors by either surgically amputating
the tumor-bearing leg (Sachdeva et al., 2014) or by delivering focal image-guided radiation
(Moding et al., 2015). Amputation of the tumor-bearing legs was performed at the femoral
head, and the entire leg was removed. In the amputated mice, 5/26 (19%) developed locally
recurrent tumors near the pelvic bone at the surgical margins, with a median of 30 days
(Figure 2B). We analyzed the recurrent disease between approximately 300mm?3 and
800mms3 and found that the recurrent tumors consisted of multiple clones (Figure 2C).
Recurrence following radiation therapy was defined by the continued growth of the tumor
following irradiation and the tumors were harvested between 800mm?3 and 1500mm3.
Similar to local recurrence following surgery, the recurrent tumors (n = 6) following
radiation therapy consisted of multiple clones (Figure 2D). To assess the effect of radiation
on recurrence for the same tumor, we transplanted 2 polyclonal tumors into nude mice and
gave half of the mice a single dose of radiation therapy. By imaging the control tumors and
irradiated tumors, we found that similar to the autochthonous model, recurrence following
irradiation in the transplant model was derived from multiple tumor clones (Figure 2E and
2F). Together, these data demonstrate that multiple clones gave rise to local recurrence after
surgery or radiation therapy.

Advanced Distant Metastases Are Clonal in Origin

Metastasis accounts for the vast majority of cancer-related mortality. To investigate the
clonality of metastases, we amputated the tumor-bearing limb and monitored the animals for
up to 6 months (Figure 3A). In the KPCC mice, approximately 40% of mice developed
metastasis after amputation, with a median survival of 54 days post-surgery (Figures 3B and
3C). This is similar to the frequency of metastasis in human patients (Digesu et al., 2016).
The primary tumors were resected at the early stage (250mm?3-350mm3) when they were
polyclonal (Figure 3D). The majority of the metastases we observed were to the lungs (n =
18/19), which is the most common site of metastasis in human patients; 1/19 animal
developed metastasis to the kidney (Figure S4A). Upon examination of the lung metastases,
every lung lesion within a mouse with multiple lesions, ranging from 3-52 lesions per
mouse, expressed the same fluorescent reporter (Figures 3E and 3F). We examined the
metastases from KPCC animals by confocal microscopy and found that the percentages of
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different fluorescent reporters expressed in the metastases across animals were similar to the
percentages of different fluorescent reporters observed in the primary tumors (Figure 3E).
Two animals also developed liver metastases in addition to their lung metastases. The tumor
cells in the liver expressed the same reporter as tumor cells in the lungs (Figure S4B).

Because labeling by the R26R-Confetti allele is random, it is possible for distinct clones to
be labeled by the same fluorescent reporter. We statistically determined the probability of
this occurring over multiple animals with metastases. We reasoned that the likelihood of two
or more fluorescently indistinguishable tumor clones forming metastases would decrease
with an increasing number of animals that had metastases comprised of cells expressing the
same reporter (Methods S1, Section 1). In other words, if metastasis is polyclonal in origin,
the probability of not observing multi-colored lesions would decrease with an increasing
number of mice. For our sample size (n = 19), the probability that two or more clones
expressing the same reporter contributing to advanced lung metastasis is less than 9.71e-15.
Therefore, advanced metastasis from sarcoma is most likely derived from a single clone in
the primary tumor.

To further establish the clonal contribution of metastases experimentally without ambiguity,
we used the K-sgP53-Cas9 sarcoma model. We amputated the extremity of these animals
when the tumors were at early stage (approximately 350 mm3). The amputated mice
developed metastases at a similar latency and frequency as the KPCC model (n = 7/18)
(Figure 3C). Deep sequencing of the p53 alleles in matched bulk tumors and multiple
metastases showed that although the primary sarcomas were polyclonal containing an
average of 4-5 barcodes, the metastases from each mouse showed only 1 (n = 6 mice) or 2
barcodes (n = 1 mouse) that matched the barcodes from the original primary tumor (Figure
3G; Figure S3B). The wild-type (WT) p53reads observed in the primary tumors and
metastases were likely derived from normal stromal or immune cells in the primary tumors
and at the metastatic site. In the metastases with 2 barcodes, the percentages of reads for
each barcode were similar, suggesting that different edits were likely introduced to each 53
allele of the same clone (Figure S3B). The combined strength of lineage-tracing data from
two independent and complementary mouse models indicate that advanced lung metastases
originated from a single metastatic clone (MC) in primary sarcoma. Moreovet, in these
models, distinct metastatic lesions in the same animal are clonally related.

Clonal Metastasis Is a Deterministic Process

The emergence of a dominant clone in tissues can occur through either stochastic neutral
drift or deterministic clonal selection (Lopez-Garcia et al., 2010; Morrissy et al., 2016;
Snippert et al., 2010). To determine whether the cellular mechanism of clonal origin of
advanced metastases is due to neutral drift where a single clone overtakes the lungs by
chance or selection of a tumor clone that is most capable of metastatic colonization, we
orthotopically transplanted polyclonal primary KPCC tumor cells into the left gastrocnemius
muscle of multiple nude mice (Figure 4A). We hypothesized that if metastases were due to
neutral drift, then the metastases in each nude mouse engrafted with the same KPCC tumor
would be formed by different clones, which can be observed by the expression of different
fluorescent reporters. On the other hand, if the clonality of metastases was due to the
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biological selection of a clone with enhanced metastatic capacity, then the same clone would
form metastases in all the nude mice transplanted with the same KPCC tumor.

We transplanted 5 primary KPCC tumors into the gastrocnemius muscle of 10-16 nude mice
per KPCC tumor (Figure 4A). After the orthotopic transplants, we amputated the tumor-
bearing legs from the nude mice at the early stage (300 mm3-350 mm?3) and followed the
mice for the development of metastases (Figure 4B). We confirmed the transplanted tumors
were polyclonal, indicating that the differently labeled clones were tumorigenic, and the
transplanted tumors recapitulated the clonal heterogeneity of the primary tumor (Figure 4C).
In mice that were transplanted with the same KPCC tumor, metastases in each nude mouse
expressed the same fluorescent reporter, indicating they were derived from the same clone
(Figure 4D). This result was consistent across 5 groups of animals transplanted with
different primary tumors (Figure 4B; Figure S4C). Statistically, we considered the
possibility of a single clone forming metastases in all the nude mice transplanted with the
same tumor by random chance. We used an intracluster correlation coefficient approach to
determine the probability of chance giving rise to our results (Kerry and Bland, 1998). Based
on our sample size, the probability that all of the metastases in different nude mice randomly
expressed the same fluorescent reporter is less than 3% (Methods S1, Section I1). Therefore,
the consistent presence of the same fluorescent reporter found in the metastases of nude
mice indicates that metastasis is likely driven by a deterministic process by clonal selection.

Because late-stage primary tumor and advanced metastasis were dominated by a single
clone, we sought to determine whether the MCs were derived from the dominant clones in
each primary tumor. Because amputation of late-stage tumors resulted in overwhelming
mortality and rapid onset of local recurrence, we orthotopically transplanted 3 independent
polyclonal KPCC tumors, in which the identity of the MC cells was known, into nude mice
and allowed these tumors to grow to late stage. We analyzed the transplanted tumors by
confocal microscopy and fluorescence-activated cell sorting (FACS) to determine the
abundance of each tumor clone. The results showed that in KPCC-1, the MC was present as
a minor clone when the transplanted tumor reached late stage (Figure S5A). In the other 2
transplanted KPCC tumors, the MCs were dominant in the late-stage primary tumors
(Figures S5B and S5C). However, in KPCC-4, the dominance of MC in the late-stage
transplanted tumor was not consistent in every nude mouse, wherein one of the transplanted
tumors, the MC was not the dominant population (Figure S5C). Taken together, these results
suggest that, in our model, MCs can be either the dominant or minor clone in late-stage
tumors and a growth advantage in the primary location is not always associated with
enhanced metastatic ability.

Clonality of Early Metastatic Process

Next, we sought to determine the clonality of early metastatic seeding. Advanced lesions in
distant organs are the result of a multi-step cascade that involves intravasation into the
bloodstream, survival in circulation, extravasation, engraftment, and, ultimately, metastatic
colonization (Lambert et al., 2017). Selective pressure can act on each step to influence
clonal dynamics (Naxerova and Jain, 2015). We examined the intravasation step by
determining the clonal composition of circulating tumor cells (CTCs). Blood from KPCC
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mice (n = 5) with primary sarcomas (approximately 300 mm3) was collected by cardiac
puncture and stained with hematopoietic lineage marker CD45 and analyzed by flow
cytometry. CTCs were identified as cells in the blood expressing R26R-Confetti reporters.
We found CTCs in 4/5 mice. On average, 1.34% (+£0.61% SEM) of CD45- cells expressed
fluorescent reporters, and in all 4 animals, multiple reporters were present (Figures S6A—
S6D). Nonetheless, in 2/4 animals, a single reporter was more dominant in the CTCs (Figure
S6B), whereas in the other 2/4 animals, multiple fluorescent cells were represented (Figure
S6C).

We looked further in the metastatic cascade by examining the lungs of KPCC mice before
the onset of weight loss or labored breathing. In contrast to earlier experiments where the
lungs were harvested when animals died from metastases or displayed clear symptoms of
metastasis (ranging 54-164 days post-amputation), lungs were harvested from mice 35-45
days post-amputation. We examined the lungs histologically for the presence of early
metastatic lesions. The early metastatic lesions were defined as clusters of less than 500 cells
and were found in 5 of 15 amputated mice. In 3/5 mice, the early lesions were monoclonal
(Figure 5A), but in 2 mice, the lungs contained polyclonal cell clusters, with 3 colors in each
mouse (Figure 5B). Furthermore, in the polyclonal animals, the relatively larger early
metastatic lesions, which were defined as a cluster of approximately 30 to 500 cells, were
mostly monoclonal (Figure 5B). In an additional 2 animals, we observed single KPCC cells
in the lungs that expressed the same reporter (Figure S6E). Taken together, these data
suggest that early metastatic seeding into the lung can be polyclonal or monoclonal.

To determine the ability of each individual clone to colonize the lungs, we FACS-sorted
different clones from 4 primary KPCC tumors. The individual clones were injected into
separate groups of 3-5 nude mice by the tail vein. We followed the animals for 3-6 weeks
and compared the metastatic ability of the different tumor clones. The MCs that formed
metastases in the amputated primary KPCC mouse formed metastases in 21/21 nude mice.
Most of the other primary tumor clones did not form metastases. Overall, 4/39 nude mice
developed advanced metastases after tail vein injection of the other clones, which we termed
Non-MCs (Figure 5C and 5D). These results suggest that in the polyclonal tumor, most
tumor clones have a limited capacity to form overt metastases, consistent with the notion
that advanced metastasis is largely driven by a single MC.

Transcriptome of MCs and Non-MCs

To gain insight into the molecular mechanism that distinguishes MCs, which are capable of
forming advanced metastatic growth, from Non-MCs, we performed RNA sequencing on
MCs and Non-MCs from the same primary tumors. When the primary sarcomas were
amputated in the autochthonous model, the mice were followed for the development of lung
metastases. By matching the color of the fluorescent reporter in the lung metastases to the
clones in the primary tumor, we were able to define primary tumor clones as MCs or Non-
MCs. We performed RNA sequencing on MCs, Non-MCs and matched lung metastases
(Lung-Mets). Clustering of samples by gene expression largely distinguished MCs from
Non-MCs (Figure 6A). The expression of 853 genes was differentially expressed in the MCs
relative to Non-MCs. Gene set enrichment analysis (GSEA) of MCs versus Non-MCs
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showed positive enrichment of processes involved in stemness, cancer aggressiveness, cell
cycle, and DNA repair (Subramanian et al., 2005). Cellular processes involved in
extracellular matrix interaction, collagen synthesis, and integrin were negatively enriched
(Figure 6B; Table S1). Several gene signatures associated with poor cancer outcome were
positively enriched in MCs. For example, CINSARC (Complexity Index in Sarcomas), a
well-established gene set prognostic of poor survival in human sarcomas (Chibon et al.,
2010), was enriched in MCs (Figure 6C). Because the majority of (74%) of the differentially
regulated genes were suppressed in MCs compared to Non-MCs, we sought to investigate
potential candidate suppressors of metastasis. Because the top negatively enriched processes
in our GSEA involved cell-matrix interaction, integrin, and cell adhesion, we focused on
genes that were associated with these processes. We took a candidate approach and selected
six top differentially suppressed genes in MCs relative to Non-MCs that were not previously
known to play a role in sarcoma metastasis, namely, Chad, Podn, Fibin, Rasdl, Reck, and
Aldhla2 The downregulation of these candidate genes in MCs was confirmed by qRT-PCR
(Figure 6D).

A comparison of the overall gene expression patterns between Lung-Mets, MCs, and Non-
MCs showed that the Lung-Mets were distinct from clones in the primary tumor (Figure
S7A and S7B). The gene expression differences between Lung-Mets and Non-MCs were
greater compared to the differences between MCs and Non-MCs, with 5,162 genes
differentially expressed. GSEA between Lung-Mets and Non-MCs showed pathways
specifically enriched in the Lung-Mets (Figure S7A; Table S2). Notably, processes involved
in hypoxia, cell metabolism, and Wnt signaling were positively enriched in metastases,
whereas, transforming growth factor a (TNF-a), epidermal growth factor (EGF), and
immune response were negatively enriched. In addition, we compared the gene expression
profile of Lung-Mets versus MCs, and the expression of 3,519 genes was significantly
different (Figure S7B). Many of these genes were associated with mitochondrial
metabolism, DNA damage response, and protein degradation (Figure S7B; Table S3). These
differences likely reflect additional molecular changes in the MCs in response to the lung
microenvironment as they grew and colonized the tissue over time. Although the CINSARC
gene signature was enriched in Lung-Mets compared to Non-MCs, the enrichment was not
statistically significant between Lung-Mets and MCs (Figure S7C). This suggests that the
CINSARC enrichment may be specific for differences between metastatic and non-
metastatic tumor cells.

Overexpression of Suppressed MC Genes Inhibits Metastasis

To investigate the potential for the six candidate metastasis suppressor genes (Figure 6D) to
inhibit metastasis /77 vivo, we overexpressed each gene in metastatic KPCC cells (Figure
S7D). Cells overexpressing each candidate gene or empty vector control cells were injected
into nude mice (n = 3-5 for each construct) via the tail vein. Metastatic ability was then
assessed by averaging the relative total area of the metastatic lesions across the lungs and by
enumerating the number of metastatic lesions. Three of the six genes (Rasdl, Reck, and
Aldhia2) showed a 70%—75% reduction in metastatic burden (Figure 7A; Figure STE).
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From the 3 candidate suppressors of metastasis, we focused on Aldhla2, one of the least
characterized members of the aldehyde dehydrogenase family that functions in retinoic acid
biosynthesis. MCs were enriched for the downregulated gene signature associated with the
knock out of retinoic acid receptors, the downstream transcription factors of retinoic acid
signaling (Al Tanoury et al., 2014) (Figure S7F). In addition, the loss of ALDH1AZ copy
number in human soft tissue sarcoma was correlated with decreased survival (Figure S7G).
We further validated the overexpression of A/dh1a2in transduced cells by western blot
(Figure S7H) and performed tail vein injection in an independent cohort of nude mice. The
results showed a consistent decrease in lung-mets (Figures 7B, 7C, and S71). Because MCs
have increased competitive capacity to establish colonies in the lungs compared to Non-
MCs, we hypothesized that overexpression of A/dhiaZz might reduce their competitiveness.
To test this, we performed a competition assay by co-injecting GFP+ Aldhl1a2-OE cells with
red fluorescent protein (RFP)+ control cells at a 1:1 ratio through the tail vein of nude mice.
In these animals, the resulting metastases were dominated by control cells, where less than
10% of the metastases included Aldh1a2-OE cells (Figures 7D and 7E). We then tested the
competitiveness between Aldhla2-OE cells and the empty vector control cells in the primary
tumor site. An equal number of Aldhl1a2-OE cells and control cells were orthotopically
engrafted into the gastrocnemius muscle of nude mice. The resulting tumors showed
relatively similar numbers of Aldhla2-OE cells and control cells (Figures 7F and 7G),
suggesting that overexpression of AldhiaZ preferentially impairs competitive fitness in the
lungs.

DISCUSSION

Competition and selection of tumor clones are essential elements of cancer evolution
(Marusyk and Polyak, 2010). In this study, we prospectively traced tumor clones throughout
disease progression, from sarcoma initiation, growth, and local recurrence to metastasis.
Using models of multicolor fluorescent reporters, intravital microscopy, and CRISPR-Cas9-
based barcoding, we demonstrated the functional roles of different tumor clones throughout
the major stages of sarcoma progression. These models closely recapitulated important
aspects of tumor evolution. First, in our models, tumor clones were initiated with the same
founder mutations, Kras®22P, and homozygous deletion of p53. Second, contrary to many
other autochthonous tumor models, such as non-small-cell lung cancer, where the individual
tumor clones are spatially separated throughout the organ with limited contact (Chuang et
al., 2017), the tumor clones in our models grow in proximity as part of a single tumor mass
where clonal intermixing is common. Third, our model captured the stepwise progression
observed in human cancers, where tumor clones from one primary location grow,
disseminate, and metastasize to form multiple lesions in distant organs. Taken together, the
models in this study mimic tumor evolution where distinct tumor clones occupy overlapping
tissue habitats and progress by competition and selection (Greaves and Maley, 2012).

The K-sgP53-Cas9 model generated different indels targeted by the sgRNA within the p53
gene, which served as barcodes for different tumor clones. Although the majority of the
indels induced are frameshift mutations or gene truncation (Pinello et al., 2016; Ran et al.,
2013), it is still possible that different indels may confer distinct functional consequences on
the gene. In our previous work, we tested the expression of p53 in cells generated from
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sarcomas in the KP-sgP53-Cas9 model and found that p53 expression is lost as a result of
the various indels (Huang et al., 2017). Furthermore, because our results with the KPsgP53-
Cas9 model mirror the results from the KPCC model, where p53 alleles were deleted by
Cre-Lox recombination, we concluded that the sarcomas in the K-sgP53-Cas9 model had
lost p53 function. Based on the fluorescent reporter model and DNA barcoding, we showed
that primary tumor progression is associated with the expansion of a dominant clone.
Moreover, we demonstrated that local recurrence and metastasis are driven by distinct clonal
dynamics, where local recurrences are polyclonal and advanced distant metastases are clonal
in origin. Importantly, to investigate the clonal origin of metastasis, the tumors were
amputated at an early stage, prior to the establishment of a dominant clone in the primary
tumor, indicating metastatic ability is gained before clonal sweep in the primary tumor.
Amputation of late-stage tumors where clonal dominance has occurred could not be
performed effectively because of mortality during surgery and rapid onset of local
recurrence in the survivors, which prevented the study of gross metastases. By transplanting
polyclonal tumors that were metastatic into nude mice and allowing the tumors to reach late
stage, we showed MCs could be either the minor or the dominant clones in late-stage
primary tumors. This is consistent with the notion that metastatic ability can be independent
of primary tumor dominance and is in agreement with other reports of sequencing-matched
tumors and metastases in human patients where metastatic seeding can derive from rare or
truncal clones (Bao et al., 2018; Fidler, 2003; Gundem et al., 2015; Makohon-Moore et al.,
2017).

Through transplantation of the same polyclonal tumor into multiple animals, we
demonstrated that the MC arises through a deterministic selection process instead of neutral
population drift. The statistical methods we used to exclude the probability of multiple
clones being labeled with the same reporter by chance will be valuable for future
investigations of clonal dynamics. By tracing the early steps of the metastatic cascade, our
data demonstrated polyclonal CTCs and polyclonal early metastatic lesions in some animals.
This suggests that metastatic seeding can be polyclonal. As such, the critical selective
bottleneck leading to the monoclonality of clinically relevant, advanced metastases may be
in the adaptation and colonization of the lungs. Although we cannot rule out the possibility
that a few cells from other clones in the early polyclonal metastatic seeds may be residing
below the threshold of detection in advanced stage metastases, in these models the vast
majority of animals with detectable, clinically relevant metastases are clonal. Our data also
suggest that selective pressure and competition between clones can act at each successive
step of the metastatic cascade. Furthermore, it is conceivable that in certain types of cancer,
a primary tumor could harbor more than one clone each with the MC phenotype and clonally
derived metastases may be generated by multiple tumor clones. Nonetheless, in our models,
when the clones were transplanted individually, the inability of most clones to form
metastases or at a reduced rate to form metastases suggests that the MC cells likely can
outcompete the other clones over time, leading to the monoclonality of advanced metastases.

Previous lineage tracing studies for metastases were in epithelial cancers and found that
metastases can derive from multiple clones (Cheung et al., 2016; Maddipati and Stanger,
2015; Reeves et al., 2018). In the breast cancer study, the labeled tumor cells were generated
from single-cell-derived tumor organoids. The progenies of these organoids may not
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faithfully represent the divergent properties that exist between clones of an autochthonous
tumor developed over the course of the disease (Cheung et al., 2016). Reeves et al. (2018)
labeled tumor cells in clonally derived skin squamous cell carcinoma after the tumors had
progressed and found polyclonal metastases. The difference in the clonality of sarcoma
metastases in our model may be related to the biology of mesenchymal tumors, or more
likely, in the method in which tumor clones are defined. In some of the previous studies,
tumor cells are randomly labeled late during tumor progression (Cheung et al., 2016; Reeves
et al., 2018). In these studies, it is unclear whether distinctly labeled tumor cells are different
tumor clones that exhibit phenotypic diversity or if they are progenies of the same clonal
population with similar biological properties but are labeled differently by chance. In our
model, tumor clones were distinguishable at tumor initiation, so that the competition and
selection of different clones can be traced throughout different stages of diseases
progression. In the pancreatic cancer model, where tumor clones are traced from initiation,
even though regional metastases were polyclonal, the large distant metastases to the lungs
were frequently monoclonal, consistent with our observations (Maddipati and Stanger,
2015).

Genes that are associated with metastasis are usually identified by comparing matched pairs
of established metastases and primary tumor (Lambert et al., 2017). The differential
expression of genes that underlie the metastatic properties within phenotypically different
primary tumor clones has not been studied and may shed light on the early metastatic
process. By focusing on genes altered in MCs, we identified potential suppressors of
metastasis, namely, AldhiaZ, Reck, and Rasdl. The expression of these genes is altered in
the primary tumor preceding cells reaching the distant organ and may represent the early
gene expression changes that contribute to metastasis initiation. A/dhZaZis a member of the
aldehyde dehydrogenase family of enzymes that catalyze the oxidation of aldehydes to
carboxylic acids and participates in the biosynthesis of retinoic acid (RA) (Niederreither and
Dollé, 2008). Its role in cancer metastasis has not been described previously. During tissue
development, members of the Aldhiafamily, including AldhiaZ, are known to play pivotal
roles. The loss of Aldhia2 disrupts mesodermal patterning and formation of the forelimb
bud (Niederreither and Dollé, 2008). More recently, genetic knock out of RA receptors, the
transcriptional factors downstream of RA signaling, is reported to inhibit cell adhesion to
matrix substrates (Al Tanoury et al., 2014). In our study, A/dhia2 expression was suppressed
in MCs, and genes associated with RA signaling were negatively enriched. Pathways
involved in cell adhesion and cell-matrix interaction were among the top cellular processes
negatively enriched in MCs. RasdI encodes a member of the Ras superfamily of GTPases
and may play a role in cell matrix interactions and cell adhesion (Tu and Wu, 1999). The
RECK protein is a membrane-bound glycoprotein that functions in extracellular matrix
remodeling by inhibiting the activity of metalloproteinases (Walsh et al., 2015). The
expression of Reckis downregulated in breast cancer by hypermethylation and contributes to
tumor invasion and angiogenesis (Walsh et al., 2015). Future studies into the molecular
mechanisms in which these candidate genes regulate metastasis may reveal novel pathways
and potential interactions between metastasis suppressor genes that contribute to the
metastatic process.
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Overall, by modeling clonal competition and selection, we describe in detail the clonal
dynamics of sarcoma progression during each step, from tumor initiation, local recurrence
after therapy, and to advanced metastasis. The clonal origin of advanced metastases offers
the possibility of targeting specific clonal populations within a heterogeneous tumor to
impede disease progression. The model we used here traced clonal evolution from the
beginning of the tumorigenic process; however, during tumor evolution, each clone may give
rise to distinct subclones, creating additional heterogeneity. In future studies, approaches
with single-cell resolution such as single-cell RNA sequencing (scRNA-seq) may help
identify additional transcriptional heterogeneity within individual clonal populations.
Furthermore, the metastatic process involves a complex interplay between the tumor
intrinsic alterations, such as changes in the genome and epigenome, with extrinsic
alterations such as the tumor microenvironment. Systematic investigation of the tumor
genome and microenvironmental interactions at the clonal level may reveal new insights into
the selective forces that enable certain clones to gain the metastatic advantage.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVALIABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by lead contact, Benjamin Alman (ben.alman@duke.edu). This study did not
generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models—Animal studies were performed in accordance with approved protocols
from the Duke University Institutional Animal Care and Use Committee. Males and female
animals are used for autochthonous mouse models. The R26R-Confetti mice were obtained
from Jackson Laboratories (Stock No: 013731). These mice were crossed with previously
described KRASLSL-G12D: n53f/f mice (Kirsch et al., 2007) to generate the KRASLSL-G12D;
p537f; R26R-Confetti/Confetti (KPCC) mice. The KRASESL-G12D mice were provided by
Dr. Tyler Jacks (MIT, MA) and the p53f mice were provided by Anton Berns (NKI,
Netherlands). To induce tumors, adenovirus expressing Cre recombinase were mixed with
2M CaCl, in DMEM and were directly injected into the hind gastrocnemius muscle of 7-10-
week-old mice (Kirsch et al., 2007). Tumor volume was calculated using the formula V = (t
x L x W x H)/6, with L, W, and H representing the length, width, and height of the tumor in
mm. All mice were on a mixed genetic background. The K-sgP53-Cas9 mice were generated
by crossing Kras-SL-6G12D mice with Rosa26-LSL-Cas9 (Stock No: 024857, Jackson
Laboratory) mice or Rosa26-Loxp-Cas9 (Huang et al., 2017). Tumor initiation in K-sgP53-
Cas9 mice was as described previously (Huang et al., 2017). For tumor transplantation
experiments, 6 to 7-week-old male Foxn1"/nU were purchased from Duke University
Division of Laboratory Animals and Resources. Tumor cells were diluted in 1XPBS for
injection. The cells were injected into the hind gastrocnemius at 500,000 cells per mouse or
the pinnae at 100,000 cells per mouse.
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METHOD DETAILS

Amputation Surgery, Orthotopic Transplantation, Tail-Vein and Pinna
Injections—+For amputation surgery, primary tumors in KPCC and K-sgP53-Cas9 mice
were amputated when their size reached an average of 250-350mm3. The tumor-bearing
limb was amputated under 2% isoflurane induced anesthesia. Subcutaneous injection of
0.1mg/kg buprenorphine and 5mg/kg ketoprofen and 0.25% bupivacaine were administered
to provide analgesia. The mice were followed for the development of lung metastases. The
amputated tumors were digested into single cells using a mixture of collagenase, dispase,
and trypsin (Wei et al., 2015). Mice were examined every 2 days following amputation until
they developed signs of systemic illness, such as hunched posture, lethargy, or significant
weight loss. When clear symptoms were observed, the mice were euthanized, and the lungs
were harvested and analyzed for the presence of metastases. To observe advanced
metastasis, usually complete local control of the tumor is required. The animals that
developed local recurrence following surgery were euthanized and the recurrent tumors were
harvested for histology and microscopy. For orthotopic transplants, the tumors were
amputated at early stage. The nude mice were monitored using the same protocol as the
autochthonous model. Tail-vein injection experiments were performed by injecting 250,000
to 500,000 tumor cells diluted in 1XPBS into the tail-vein of nude mice. The mice were
euthanized when they developed clear symptoms of metastases, and the lungs were
harvested. Pinna injections were performed by injecting single cell suspensions of primary
KPCC tumor cells with a 27G needle into the pinna of 6—7-week-old nude mice. Successful
injections were confirmed by swelling immediately after injection. The pinnae were imaged
using a two-photon microscope (FluoView FVV1000, Olympus, Central Valley, PA).

Isolation of Circulating Tumor Cells—Blood from KPCC mice was harvested via
cardiac puncture and the animals were euthanized. The blood was then centrifuged in Ficoll-
Paque PLUS (GE-Health Care, PA) and the nucleated cells were isolated from the buffy
coat. The nucleated cells were immediately stained with CD45-PECy7 anti-mouse antibody
(561868, RRID:AB_10893599, BD Biosciences, NJ) and analyzed using MoFlo Astrios
Flow cytometer (Beckman Coulter) for RFP, YFP, CFP, and GFP expression. Propidium
lodine (ThermoFisher, MA) was used as a live/dead indicator.

In Vivo Competition Assay—The empty vector puro cells were generated by
transducing parental cells with lentivirus carrying the pPCDH-CMV-MCS-EF1la-Puro vector
(System Biosciences, CA). For competition in metastasis, 250,000 cells with the
overexpression vector were mixed with 250,000 empty vector cells in 1XPBS. The mixture
was injected into nude mice via the tail-vein. For competition in orthotopic tumors, 150,000
cells from each group were mixed in 1XPBS, and injected into the left gastrocnemius
muscle of nude mice. Quantification of the metastases area and tumor area was done using
F1JI (Version 2.0) by calculating the area of each fluorescent reporter with intensity
threshold.

Radiation Treatment—Sarcoma irradiation was performed using the X-RAD 225Cx

small animal image-guided irradiator (Precision X-Ray) (Newton et al., 2011). The tumors
were irradiated at an average of 350mm3. The radiation field was centered on the target by
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fluoroscopy with 40-kilovolt peak (kVp), 2.5 mA X-rays using a 2-mm aluminum filter.
Radiation therapy was performed with parallel-opposed anterior and posterior fields at an
average dose rate of 300 cGy/min prescribed to midplane with 225 kVp, 13 mA X-rays
using a 0.3-mm copper filter and a collimator with a 40 x 40 mm? radiation field at
treatment isocenter (Moding et al., 2013). The mice were placed under anesthesia with
continuous 2% isoflurane with 2L of oxygen per minute. The mice were also treated with
0.1mg/kg buprenorphine and 5mg/kg of ketoprofen, and local injection of 0.25%
bupivacaine for analgesia. For autochthonous sarcomas, an average of 35 Gy was delivered
in a single fraction, and for transplanted tumors in nude mice, the total dose was reduced to
25 Gy in a single fraction because of increased normal tissue injury observed in Foxn1nu/nu
mice.

Histology—For frozen sections, the lung samples were inflated with 4% PFA through the
trachea. The tumor and lung samples were fixed in 4% paraformaldehyde at 4°C for 1 hour
and 3 hours respectively, followed by incubation in 15% and 30% w/v sucrose for 24 hours.
The tissues were then embedded in Optimum Cutting Temperature medium (OCT, Tissue-
Tek) and frozen on dry ice. 10-12um sections were cut using a Cryostat (Leica CM1950).
Sections were taken 50-80um apart across 1-2mm of tissue to limit sampling bias. The
tissue sections were mounted with Prolong Diamond Antifade Mountant with or without
DAPI (ThermoFisher). For formalin-fixed and paraffin-embedded sections, samples were
fixed in formalin overnight, washed with PBS and ethanol, followed by embedding in
paraffin. The tissues were cut at 5 um. At least 1-2 mm of tissue from each sample were
analyzed. H&E images were taken with Zeiss Axio Imager Z2 (Zeiss, Germany) at either
5X, 10X, or 20X, and the entire sections were scanned.

Confocal and Intravital Microscopy—~Fluorescent images of primary and transplanted
tumors were taken using Leica SP8 confocal microscope with a 20X and 40X objective. The
argon laser 488 nm line was used to excite GFP, 514 nm line for YFP, 561nm red diode laser
for RFP, 458 nm laser line for CFP and UV laser line for DAPI. The collection wavelengths
for GFP, YFP, RFP, CFP, and DAPI were: 493-510 nm, 537-565 nm, 612—-650 nm, 468-498
nm, and 417-497 nm, respectively. Airy unit 1 was used for all images. The images were
taken using Leica Application Suite X. Intravital imaging of sarcoma ear allograft was
performed using a two-photon microscope (FluoView FV1000, Olympus, Central Valley,
PA). This microscope is equipped with a 680-1050 nm tunable ultrafast laser (Spetra-
Physics, CA). To image transplanted tumors in the ear pinna, tumor-bearing mice were
anesthetized with 2% isoflurane and the ear pinna was fixed to the stage using double-sided
tape. YFP was excited by 860-980 nm laser and detected using a 495/540 nm bandpass
filter. RFP was excited by 980 nm laser and detected using a 575/630 nm bandpass filter.
CFP was excited by 830-850nm laser with a 460-500 nm bandpass filter. Collagen was
imaged by second harmonic generation using 860-920 nm excitation and 420/460 nm
detection. Image processed with Imaris Microscopy Image Analysis Software (v 9.30).

Tumor Digestion, Cell Sorting, and Cell Culture—Primary sarcoma tumors from
KPCC mice were mechanically and enzymatically dissociated into single cell suspensions as
previously described (Wei et al., 2015). Briefly, the tumors were mechanically dissociated
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into small pieces and enzymatically digested with a mixture of 10 mg/mL of collagenase 1V
(Worthington), 2.4U/ml of Dispase (Stem Cell Technologies, BC), and 0.05% trypsin
(ThermoFisher). Red blood cells were excluded with ACK lysis buffer (ThermoFisher).
FACS for isolating the R26R-Confetti fluorescent proteins was performed using Moflo
Astrios Sorter (Beckman Coulter, CA) at the Duke Cancer Institute Flow Cytometry Core
(Duke University, NC). CFP was detected by 405 nm violate laser with a 488/59 bandpass
filter, and RFP was detected by 561 nm red laser with a 579/16 bandpass filter. GFP and
YFP were detected by 488 nm argon laser with a 510/20 bandpass filter for GFP and a
546/20 bandpass filter for YFP. Propidium iodide was used to remove dead cells. The sorted
cells were collected in PBS and cultured in DMEM (ThermoFisher) supplemented with
10%FBS.

Cell Lines—Sorted cells for tail-vein injections and metastatic cells used for
overexpression experiments were from digested primary KPCC animals. The purity of the
different sorted populations was checked by FACS after the cell lines were passaged once /in
vitro. All cell lines were confirmed to be negative for mycoplasma using the MycoAlert
Detection Kit (Lonza, Brazil).

DNA Isolation, PCR and Targeted Deep Sequencing—Multiple pieces of the
primary tumor masses and multiple lesions from the lung metastases of K-sgP53-Cas9 mice
were harvested. The bulk DNA from the harvested tissues were isolated using DNeasy
Blood and Tissue Kit (QIAGEN) following manufacturers’ protocol and then sequenced. To
sequence the CRISPR-Cas9 induced barcodes, the 200bp region near the sgRNA target site
was PCR amplified using proof-reading AccuPrime 7ag Polymerase (ThermoFisher). The
forward and reverse primer sequence are 5’ CAGAAGCTGGGGAAGAAACA3’, and
3'GTAGGGAGCGACTTCACCTG5’ respectively. The PCR products were sequenced by
Massachusetts General Hospital DNA Core (Boston, MA). Sequencing depth was > 5,000X.
Sequences representing 1% of total reads for each sample was used as a cut-off. PCR to
check the recombination of LSL-Kras®12D and p53 deletion were performed as described
previously (DuPage et al., 2009; Marino et al., 2000). DNA was extracted from sorted cells
of primary KPCC tumors. The primers for LSL-Kras®12D are 5" GTC TTT CCC CAG CAC
AGT GC3’,5" CTC TTG CCT ACG CCACCAGCT C3’,5" AGC TAG CCA CCATGG
CTT GAG TAA GTC TGC A 3. The primers for p53 are 5° CAC AAA AAC AGG TTA
AAC CCA G 3’,5" GAA GAC AGA AAA GGG GAG GG 3’,5" AAG GGG TAT GAG
GGA CAA GG 3’. Tail genomic DNA is used as the negative control.

RNA Isolation and RNA-Sequencing—Primary KPCC tumor cells were FACS sorted
into MCs and Non-MCs, and the RNA was extracted using Norgen RNA Purification Kit
(Norgen, ON). RNA from bulk metastatic lesions were isolated using Directzol RNA kit
(Zymogen, CA). Standard manufacturer’s protocol is used for both kits. The total RNA for
RNA-sequencing was performed at the Duke Center for Genomic and Computational
Biology (Duke University, NC). The RNA was prepared using KAPA stranded mRNA-seq
kit (Sopachem, Belgium). The first 50 bases of these libraries were sequenced on a HiSeq
4000 system (Illumina, CA). Over 50 million reads were generated per sample.
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Molecular Cloning, Lentivirus Generation and Transduction—To generate viral
vectors overexpressing the six-candidate metastasis suppressor genes (Chad, Podn, Fibin,
Rasdl, Reck, and Aldhla2), cDNA constructs were ordered from Origene (TrueORF,
Origene, MD). The cDNA for each gene was cloned into EcoRI and Fsel sites of pLenti-
MCS2-CMV-GFP-2A-Puro or pCDH-CMV-MCS-EF1a-Puro vector (System Biosciences,
CA). Successful cloning was confirmed via Sanger sequencing. Lentivirus was generated
using the Delta8.2 and VSV-G packaging plasmids. To generate stable overexpression cells,
virus carrying the cDNA constructs and empty vectors were transduced into the cells with 8
pg/mL of polybrene. After two days, the cells were selected with puromycin, and
overexpression was validated by gPCR. Overexpression of Aldhla2 was also validated with
Western Blot.

RT-qPCR—Reverse-transcription of RNA to generate cDNA was done using iScript gDNA
Clear cDNA Synthesis Kit following the manufacturer’s instructions (Bio-Rad, CA).
Quantitative PCR (gPCR) was performed using TagMan Fast Advanced Master Mix
(ThermoFisher, MA) with QuantStudio Flex 6 (ThermoFisher, MA). The denaturation step
was carried out at 95°C for 20 s; the annealing/extension step was carried out at 60°C for 20
s, and the total cycle is 40. Relative gene expression was determined using AACt with beta-
Actin as the internal control gene.

Western Blot—Whole-cell protein extracts from cells were denatured, separated on SDS-
PAGE gels, and dry-transferred to nitrocellulose membranes. After blocking in 5% milk in
Tris-buffered saline—Tween, membranes were probed overnight at 4°C with either vinculin
(1: 5,000, Cell Signaling Technology) or Aldhla2 (1:500; ProteinTech, IL). After
incubation, the secondary antibody was added and incubated for 1 hour in room temperature.
Results were detected using SuperSignal West Femto Maximum Sensitivity Substrate,
according to the manufacturer’s instructions (ThermoFisher, MA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative Image Analysis—Quantification of images was performed by manually
counting the fluorescent reporter positive cells and total DAPI* cells using F1J1 (version 2.0
with cell counter plugin). For each tissue section, we either scanned the entirety of the slide
or examined approximately 20 areas of view. For categorization of the images, each picture
was categorized as monochromatic if = 90% of fluorescent cells were of a single color, as
dichromatic if the two colors represented = 90% of total fluorescent cells, and as
polychromatic if at least 3 colors were present, each representing 10%—-20% of total
fluorescent cells. Quantification of metastases in the lungs was done by measuring the
number of metastatic lesions and the total area of the metastatic lesions using FIJI (version
2.0). For both measurements, approximately 5 sections were randomly selected across 1-2
mm of lung tissues and the average number of metastases and the average area of metastatic
lesions per animal was used for statistical comparison. For /n vivo competition assays,
approximately 5 sections from across 1-2 mm of lung tissues or tumor tissues were
randomly examined. The area of each fluorescent reporter was calculated by color threshold
using F1JI (version 2.0) and divided by the total tissue area of the sections.
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RNA-Seq Analysis—RNA-seq analysis was performed on MCs (6 biological replicates
with 5 technical replicates), Non-MCs (8 biological replicates with 1 technical replicate),
and Lung-Mets (5 biological replicates and 1 technical replicate). The RNA sequencing
reads were processed using the Trimmomatic (v0.36) (Bolger et al., 2014) to trim low-
quality bases and Illumina sequencing adapters from the 3" end. Only reads that were 20nt
or longer after trimming were kept for further analysis. Reads were mapped to the mouse
transcriptome using the STAR aligner (v2.5.2b) (Dobin et al., 2013). Gene counts were
compiled using the HTSeq tool implemented in STAR program (Anders et al., 2015). The
reference sequence and GTF file were obtained from the UCSC GRCm38 bundle available
from the iGenomes collection. Normalization and differential expression were carried out
using the DESeq2 (v1.16.1) (Anders and Huber, 2010). Gene differential expression was
performed within the framework of a negative binomial model using R (v3.4.4)(R Core
Team, 2016). Statistical analyses were adjusted for multiple testing within the framework of
control of the false-discovery rate (Bass et al., 2015; Benjamini and Hochberg, 1995).
Statistical analyses were mainly scripted using the R statistical environment (R Core Team,
2016) along with its extension packages from the comprehensive R archive network (CRAN;
https://cran.r-project.org/) and the Bioconductor project. (Gentleman et al., 2004). We
considered genes with p < 0.005 for hypothesis generation. Gene set enrichment analysis
(GSEA) was performed to identify differentially regulated pathways and gene ontology
(Subramanian et al., 2005). Statistically significant gene sets are defined as Nom p-val <
0.05 and FDR g-val < 0.05. Gene sets describing similar processes were grouped together,
and the average NES and FDR g-val were determined for each group. The genes list for
CINSARC and Rar-KO enrichment were obtained from Chibon et al. (2010) and Al Tanoury
et al., 2014. For selection of genes in the Rar-KO list, genes that are differentially expressed
between Rar-KO and WT cells in RNA-seq were selected (Paqj < 0.01 was used as a cutoff).
Copy number information for ALDH1A2 and corresponding survival analysis from The
Cancer Genome Atlas (TCGA) was accessed using UCSC Xena (http://biorxiv.org/
lookup/doi/10.1101/326470).

Statistical Analyses—Graphs and statistics for most biological experiments were
generated using the GraphPad Prism software (Prism 6) unless indicated otherwise.
Statistical significance was calculated using the two-tailed unpaired Student’s t test for
comparison between two groups or one-way ANOVA for comparison between multiple
groups unless described otherwise. Holm-Sidak method was used post hoc correction of
multiple comparisons in ANOVA, adjusted p < 0.05 is considered significant. For details on
the statistics used to determine the likelihood of monoclonality of metastasis through
biological selection, see Supplemental Items Methods S1.

DATA AND CODE AVAILABILITY

The RNA-seq data reported in this paper is uploaded to the NCBI GEO database with
accession number GSE118489 shown in the Key Resources Table.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Primary tumor progression is associated with loss of clonal heterogeneity
Local recurrence following therapy is polyclonal

Advanced metastasis is driven by a single metastatic clone by biological
selection

Overexpression of Aldhlaz2 is sufficient to impair sarcoma metastasis to the
lungs
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Figure 1. Primary Tumor Progression Is Associated with a Loss of Clonal Heterogeneity
(A) Tissue and tumor histology from H&E staining at different time points after injection of

Ad-Cre virus into the gastrocnemius muscle (scale, 100 pm).

(B) H&E staining (scale, 1 mm) and confocal microscopy images of a representative early-
stage tumor. GFP (green), yellow fluorescent protein (YFP; yellow), RFP (red), CFP (cyan),
4’ 6-diamidino-2-phenylindole (DAPI; blue) (scale, 1 mm; inset scale, 50 um).

(C) H&E staining (scale, 1 mm) and confocal microscopy images of a representative late
stage tumor (scale, 1 mm; inset scale, 50 um).

(D) Graph comparing the number of fluorescent reporters observed in early and late tumors
of KPCC model. Data are represented as mean = SD (*p < 0.05, Student’s t test).

Cell Rep. Author manuscript; available in PMC 2019 September 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tang et al.

Page 25

(E) Graph comparing the number of barcodes from the K-sgP53-Cas9 mice between early-
and late-stage tumors. The barcodes are generated by deep sequencing of the p53 allele.
Data are represented as mean = SD (*p < 0.05, Student’s t test).
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Figure 2. Local Recurrence in Sarcoma Is Driven by Multiple Clones
(A) Schematic of experiments for local recurrence (LR). Tumor-bearing KPCC mice were

either amputated or focally irradiated.

(B) Kaplan-Meier curve representing the percentage of mice and time to local recurrence
following surgery.

(C) Confocal microscopy images of locally recurrent tumor after surgery. GFP (green), YFP
(yellow), RFP (red), CFP (cyan) (scale, 1 mm; inset scale, 100 um).

(D) Confocal microscopy images of recurrent tumor after irradiation (scale, 1 mm,; inset
scale, 100 pm).

(E) Two polyclonal tumors were transplanted into multiple nude mice and stereotactic
irradiation delayed tumor growth. The graph shows the effect of irradiation on tumor growth
over time. Data represented as mean + SD of relative tumor volume to starting tumor
volume.

(F) Confocal microscopy images of recurrent and control tumors after radiation therapy
showed recurrence was driven by multiple clones. GFP(green), YFP (yellow), RFP (red),
CFP (cyan), DAPI (blue) (scale, 50 pm).
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Figure 3. Advanced Lung Metastases Are Driven by a Single Clone
(A) Schematic of amputation experiments and development of lung metastases.

(B) Gross examination of harvested lungs with arrows indicating metastases.

(C) Kaplan-Meier curve representing the percent metastasis-free survival of amputated
KPCC and K-sgP53-Cas9 mice.

(D) H&E staining (scale, 500 pm) and confocal microscopy images of a representative
tumor after amputation. GFP (green), YFP (yellow), RFP (red), CFP (cyan), DAPI (blue)
(scale, 500 um; inset scale, 50 pm).
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(E) Stacked bar graph of the number of KPCC mice that developed metastases with the
corresponding color, and stacked bar graph of the percentage of differently labeled cells in
the primary tumor.

(F) H&E staining (scale, 1.2 mm) and confocal microscopy images of representative lung
metastases from a KPCC animal. RFP (red), DAPI (blue) (scale, 1 mm; inset scale, 25 um).
(G) Graph showing the number of p53 barcodes in K-sgP53-Cas9 primary tumor and
metastases.
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Figure 4. Monoclonal Origin of Metastases Is Driven by Selection
(A) Schematic of orthotopic transplantation and amputation experiment. Independent

primary KPCC tumors were injected into the left gastrocnemius muscle of multiple nude
mice, and the tumors were amputated.

(B) Kaplan-Meier curve representing the percentage of metastasis-free survival for each
transplanted KPCC tumor.

(C) H&E (scale, 1.2 mm) and confocal microscopy images of representative transplanted
tumors at the time of amputation. GFP (green), YFP (yellow), RFP (red), CFP (cyan) (scale,
1 mm; inset scale, 50 pm).

(D) H&E (scale, 1 mm) and confocal microscopy images of lungs from nude mice
transplanted with tumor KPCC-1. GFP (green), YFP (yellow), RFP (red), CFP (cyan) (scale,
1 mm; inset scale, 100 um).
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Figure 5. Clonality of Early Metastatic Process
(A) H&E (scale, 1 mm) and confocal images of monoclonal early metastatic lesions from a

KPCC mouse (scale, 1 mm; inset scale, 100 pm).

(B) H&E (scale, 1 mm) and confocal images of polyclonal early metastatic lesions from a
KPCC mouse (scale, 1 mm; inset 1 scale, 50 pm; inset 2 scale, 100 ym).

(C) Table indicating the number of tail-vein-injected mice that developed metastases for
each sorted population and their totals (*p < 0.05, chi-square test comparing the number of
mice with and without metastases between different clones).

(D) H&E images of representative lung metastases from each sorted population (scale, 1
mm).
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MCs vs Non-MCs in Primary Tumor
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Figure 6. Transcriptome Analysis of Tumor Clones from Primary KPCC Sarcomas
(A) Hierarchical clustering of gene expression heatmap between MCs (n = 6) and Non-MCs

(n=8).

(B) GSEA analysis of molecular pathways enriched in MCs versus Non-MCs.

(C) CINSARC signature enrichment in MCs versus Non-MCs.

(D) gRT-PCR validation 6 candidate downregulated genes in MCs in RNA-seq. Data
represented as mean £ SEM (*p < 0.05, **p < 0.01, one-way ANOVA).
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Figure 7. Identification of In Vivo Metastasis Suppressors
(A) Effect of stable overexpression of each candidate gene on the metastatic ability of KPCC

cells after tail-vein injection. Each point represents the relative metastatic area in the lungs
of an individual nude mouse. Data represented as mean + SD (*p < 0.05, one-way ANOVA).
(B) Metastatic burden following tail-vein injection of control or Aldhla2 overexpressing
cells in an independent set of animals quantified by relative area of metastatic lesions. Data
represented as mean + SD (**p < 0.01, Student’s t test).

(C) Representative H&E images of lungs from mice injected with Aldhla2-OE and empty-
vector control cells (scale, 1.5 mm).

(D) Confocal lung metastasis after competition between Aldh1a2-OE (labeled green) and
empty-vector control cells (labeled red) injected at 1:1 ratio into the tail vein of nude mice
(scale, 1.5 mm; inset scale, 100 um).

(E) Quantification of metastases area. Data represented as mean + SD (***p < 0.001,
Student’s t test).

(F) Confocal microscopy of orthotopic competition between Aldhla2-OE cells (labeled
green) and control cells (labeled red) injected at 1:1 ratio into the muscle of the extremity
(scale, 700 um; inset scale, 100 um).

Cell Rep. Author manuscript; available in PMC 2019 September 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tang et al.

(G) Quantification of tumor tissue area for each fluorescent reporter in tumor sections
(Student’s t test).
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KEY RESOURCES TABLE

Page 34

REAGENT OR RESOURCE

SOURCE

IDENTIFIER

Antibodies

Aldhla2, Rabbit Polyclonal

ProteinTech

Cat#: 13951-1-AP; RRID:AB_2224033

Vinculin

Cell Signaling

Cat#: 4650S; RRID:AB_10559207

cDNA Clones and Virus Strains

Ad5-CMV-Cre Viral Vector Core Facility University N/A

of lowa Health Care
Ad-P-Cre Huang et al., 2017 N/A
pLenti-MCS2-CMV-GFP-2A-Puro This study N/A
pCDH-CMV-MCS-EF1 a-Puro System Biociences CD510B-1
Aldhla2-ORF Origene Cat#: MR208298
Chad-ORF Origene Cat#: MR205471
Fibin-ORF Origene Cat#: MR202431
Podn-ORF Origene Cat#: MR209397
Rasd1-ORF Origene Cat#: MR203784
Reck-ORF Origene Cat#: MR227392
Critical Commercial Assays
AccuPrime Tag DNA Polymerase, high ThermoFisher Cat#: 12346094
fidelity
Tagman Fast Advanced Master Mix ThermoFisher Cat#:4444556
Tagman primer for Aldhla2 ThermoFisher Cat#: Mm00501306_m1
Tagman primer for Beta-Actin ThermoFisher Cat#: Mm02619580_g1
Tagman primer for Gapdh ThermoFisher Cat#: Mm99999915 g1
Tagman primer for Chad ThermoFisher Cat#: Mm00483284_m1
Tagman primer for Fibin ThermoFisher Cat#: Mm00471003_s1
Tagman primer for Podn ThermoFisher Cat#: Mm01263602_m1
Tagman primer for Rasd1 ThermoFisher Cat#: Mm00842185_g1
Tagman primer for Reck ThermoFisher Cat#: Mm01299530_m1

Deposited Data

RNA-seq Data This Study NCBI GEO Database Accession number:
GSE118489

Experimental Models: Organisms/Strains

LSL-KrasG12D; p53flox/flox; R26R- This Study N/A

Confetti/ Confetti (KPCC)

LSL-KrasG12D; R26-Cas9 (K-sgp53-Cas9) Huang et al., 2017 N/A

Nude mice Duke University Rodent Breeding N/A

Core

Software and Algorithms

FIv2.0

N/A

https://fiji.sc/

Trimmomatic v0.36

Bolger et al., 2014

http://www.usadellab.org/cms/?page=trimmomatic

STAR Aligner v2.5.2b

Dobin et al., 2013

N/A

Cell Rep. Author manuscript; available in PMC 2019 September 18.


https://fiji.sc/
http://www.usadellab.org/cms/?page=trimmomatic

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Tang et al.

Page 35

REAGENT OR RESOURCE

SOURCE

IDENTIFIER

STAR Program

Anders et al., 2015

N/A

Deseq2

Anders and Huber, 2010

https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

Rv3.4.4

R Core Team, 2016

https://cran.r-project.org/

Gene Set Enrichment Analysis (GSEA)

Subramanian et al., 2005

http://software.broadinstitute.org/gsea/index.jsp

Prism GraphPad GraphPad Software https://www.graphpad.com/

Imaris v9.30 N/A https://imaris.oxinst.com

USCS Xena http://biorxiv.org/lookup/doi/ https://xena.ucsc.edu/
10.1101/326470

Others

High Glucose DMEM

ThermoFisher

Cat#: 11995065

Collagenase Type IV

Worthington

Cat#: .S004188

Leica SP8 Upright Confocal Microscope Leica N/A
FV1000 Two-Photon Microscope Olympus N/A
Hisea2000 Ilumina N/A
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