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The COMPASS complex
maintains the metastatic capacity imparted
by a subpopulation of cells in UPS

Ga . Ban," Vijitha Puviindran," Yu Xiang,” Puvi Nadesan,! Jackie Tang," Jianhong Ou,? Nicholas Guardino,’
Makoto Nakagawa,’ MaKenna Browne,” Asjah Wallace," Koji Ishikawa," Eijiro Shimada," John T. Martin,’
Yarui Diao,” David G. Kirsch,*># and Benjamin A. Alman'->*

SUMMARY

Intratumoral heterogeneity is common in cancer, particularly in sarcomas like undifferentiated pleomor-
phic sarcoma (UPS), where individual cells demonstrate a high degree of cytogenic diversity. Previous
studies showed that a small subset of cells within UPS, known as the metastatic clone (MC), as responsible
for metastasis. Using a CRISPR-based genomic screen in-vivo, we identified the COMPASS complex mem-
ber Setd1a as a key regulator maintaining the metastatic phenotype of the MC in murine UPS. Depletion
of Setd1a inhibited metastasis development in the MC. Transcriptome and chromatin sequencing re-
vealed COMPASS complex target genes in UPS, such as Cxcl10, downregulated in the MC. Deleting
Cxcl10 in non-MC cells increased their metastatic potential. Treating mice with human UPS xenografts
with a COMPASS complex inhibitor suppressed metastasis without affecting tumor growth in the primary
tumor. Our data identified an epigenetic program in a subpopulation of sarcoma cells that maintains met-
astatic potential.

INTRODUCTION

Cells within tumors exhibit morphologic, cytologic, and genetic heterogeneity." During tumor progression, individual tumor clones may
develop genetic or epigenetic alterations responsible for heterogeneity that might endow them with unique phenotypes.” Such clones
could compete over the course of disease causing tumor progression.” Despite the characterization of cellular heterogeneity at the morpho-
logic level, the cause of cellular heterogeneity and the biological significance of diverse tumor sub-clones are not well understood.®’

Undifferentiated pleomorphic sarcoma (UPS, previously known as malignant fibrous histiocytoma, or MFH) is the most common soft tissue
sarcoma diagnosed in adults. This tumor type is composed of a heterogeneous population of cells with distinct cytologic features.'™'? UPS
displays a complex karyotype, not associated with a known single oncogenic mutation or translocation.'*”"” Although recent investigations
interrogated the subtypes and developmental etiology of this tumor type,'®'” this does not explain intratumoral heterogeneity and has not
been translated to improvements in clinical management. Current treatment typically involves wide surgical resection, adjuvant radiation
therapy and sometimes chemotherapy. Unfortunately, the 5-year survival is only 50-60%.'*>?%%1

The underlying cause of cellular heterogeneity in sarcoma is unclear. However, there is evidence for both genetic and epigenetic regula-
tion of heterogeneity in other tumor types. Most studies of tumor clonal dynamics focus on next generation sequencing of tumor genomes
from spatially distinct tumor biopsies.®”"*~** Based on shared somatic mutations, the phylogenetic relationships of tumor clones and their life
history can be retrospectively constructed.”’” While genomic analyses of clonal dynamics reveal important insights into tumor evolution, such
as the order in which specific somatic mutations can arise, their ability to prospectively track tumor evolution in an unperturbed manner is
limited.”®° This is especially the case for many solid cancers, where longitudinal sampling is difficult. Interestingly, most of the mutations
accrued during genome diversification are likely to be passenger mutations that do not impact phenotype. Indeed, mutations that cf. met-
astatic capacity or therapy resistance are usually present early during tumorigenesis”'

Studies using single-cell RNA sequencing demonstrated diversity between cancer cells independent of genetic changes.”>***° This sup-
ports the notion that epigenomic changes play a crucial role in driving intratumoral heterogeneity. For instance, histone modification is impor-
tant in driving functional heterogeneities such as stem-like cell states and variable therapy responses. Additionally, conditional deletion of
DNA methyltransferase Dmnt1 blocks the development of leukemia by impairing self-renewal of the leukemia initiating cell population,®*
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and in genetically homogeneous non-small cell lung cancer cell lines, a small subpopulation of cells that are chemotherapy resistant showed
an altered chromatin landscape.*”

The progression from a primary tumor to metastatic colonization follows an invasion-metastatic cascade.” Cancer cells invade into the
surrounding tissue and intravasate into the circulation. Cells must suppress anoikis and evade immune detection to survive.®” After reaching
the site of colonization, the circulating cells extravasate into the organ, and may undergo a period of latency.*® Emergence from latency as
cancer cells initiate outgrowth and overtake the native tissue is the final step of metastasis. Whether all or a subset of cancer cells are capable
of metastasis is an unanswered question. Emerging evidence is beginning to shed light on this question, and the results appear to be depen-
dent on the type of cancer. Studies of prostate cancer using copy number and whole genome sequencing comparison of matched human
metastases and primary tumor implicate a monoclonal origin.?*? In contrast, studies in breast and pancreatic cancers, using similar genetic
analysis as well as studies of human cancer cells in mice using lentiviral barcoding of stable human cancer cell lines and multi-lineage tracing
techniques revealed that multiple clones are able to initiate overt metastases.” %~

We previously studied clonal dynamics in UPS using a spatially restricted mouse model. Mouse sarcomas mimicking UPS were induced by
injection of an adenovirus expressing Cre recombinase (Adeno-Cre) into the gastrocnemius muscle of mice expressing conditional gene mu-
tations to activate a Kras®'?® oncogene and to delete the Trp53 tumor suppressor gene.”* Although no single oncogene is universally
mutated in human UPS,** p53 mutations are frequent. While KRAS mutations are not frequent in human UPS, they can be present, and acti-
vation of MAP Kinase signaling downstream of RAS frequently occurs.** These murine tumors phenocopy human UPS and exhibit a similar
gene expression profile.*"

To label individual tumor clones, we used the ROSA24-Confetti lineage tracing system, and endogenous barcoding with CRISPR-Cas9.
This results in a tumor in which a multicolor fluorescent reporter or a barcode labeled individual clones respectively.*® Study of tumor initi-
ation, local recurrence after therapy, and distant metastasis showed that different clones arising from distinct tumor-initiating cells have
different behaviors. Each independent UPS tumor studied contained a clone, termed the metastatic clone (MC), which had a high propensity
for developing metastasis. The MC induces lung metastasis more effectively than non-MCs and maintains metastatic capacity over serial
transplantations. Furthermore, when examining RNA sequencing data there are distinct differences in gene expression are observed between
MC and non-MC cells, and intriguingly, the genetic profile of MCs resembles that of that seen in lung metastases.*

Here, we use a CRISPR-based functional in-vivo genomic screen to examine mechanisms responsible for maintaining the metastatic ca-
pacity of the MC clone.

RESULTS
Epigenetic modification maintains the metastatic phenotype of the MC

The metastatic phenotype in the MC could be defined genetically by de novo somatic mutations relative to the parent subclone.” To deter-
mine if this might be the case, whole genome sequencing was utilized to compare MC and non-MC clones from an established mouse UPS
sarcoma model.”>*®*° Sequencing at >50x coverage was performed on nine sorted tumor clones from three primary tumors in which the MC
was confirmed in-vivo. We previously showed that the Kras®'?P mutation and homozygous Tp53 deletions were present in all the clones in this
study, consistent with sharing the same founder mutations.” Duplex as well as standard detection techniques were utilized. To identify MC-
specific copy number variants (CNVs), we generated segmentations for merged results of MC samples using non-MCs as controls, calculated
by the Bioconductor package cn.mops (v 1.40.0). p values were determined for the read count numbers of each segmentation using the Exact
Fisher-Pitman test from the R package coin (v 1.4.3), and then adjusted using the Benjamini & Hochberg method. The results indicated that
copy number alterations are highly similar among different tumor clones. We analyzed MC-specific single nucleotide variants (SNVs) and

48

compared the mutation counts. The findings revealed that recurrent genomic variants across all samples are located in non-coding regions,
and the mutation count numbers in autosomes are not different between MCs and non-MCs (Figure S1; Tables S1 and S2). MC specific exon
variants were 0.035%. This low percentage of genomic variants is well under the error rate of 0.1% for next generation sequencing platforms.”’
Thus, there was a high degree of similarity among different tumor clones, regardless of metastatic status (data deposited in Gene Expression
Omnibus [GEO] repository: GSE208366). The high similarity between the genomes of MCs and non-MCs suggest that genomic variations are
not the driving mechanism for enhanced metastatic potential.”” Therefore, we investigated if epigenetic alteration causes genes expression
level changes that induce lung metastasis in UPS.

To identify epigenetic modifiers affecting the capacity to form lung metastasis, we performed an in-vivo CRISPR-Cas9 loss-of-function
screen using a lentiviral single guide RNA (sgRNA) library.”® We used a pooled mouse sgRNA lentiviral library containing 1,816 sgRNAs tar-
geting 454 coding genes and 150 non-targeting control sgRNAs (total 1,966 guide RNAs) The list of genes targeted by the sgRNAs and resul-
tant data are in Tables S3 and S4. Infection of the sgRNA lentiviral library and puromycin selection were performed in MCs, with a minimum
coverage of 400 times per sgRNA and an average multiplicity of infection of 0.4. To investigate the sgRNA representation for lung metastasis,
we transplanted the cells into mice by tail-vein injection to observe UPS lung metastasis and by intra-muscular injection to observe primary
UPS formation into congenic animals. An aliquot of the initial cells was also used for sequencing to determine the sgRNA distribution prior to
injection into mice. Cells from intramuscular tumors or pulmonary metastases were collected three weeks after intra-muscular injection or
tail vein injection. Genomic DNA was isolated from the tumor and processed using high-throughput sequencing. sgRNA distribution and
abundance was analyzed with the mGeCKOa Robust Rank Aggregation algorithm. Specific sgRNAs selected through in vivo pressure
were identified. Genes important for lung metastasis were identified by comparing sgRNAs identified in lung metastasis compared to
sgRNAs in the primary UPS tumor or in the cells prior to injection (Figure 1A, data deposited in GEO repository GSE208367). The sgRNAs
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Figure 1. CRISPR-Cas9 screening in-vivo

(A) Scheme of CRISPR-Cas9 knock out screening in-vivo.

(B) Log2 fold changes of top depleted genes in lung metastasis samples compared with cell sample (FDR < 0.05). Setd1a is indicated.

(C) Log2 fold changes of top depleted genes in lung metastasis samples compared with primary tumor sample (FDR < 0.20). Setd7a is indicated.
(D) Identified COMPASS complex genes from CRISPR-Cas9 screening. False discovery rate (fdr), Log2 fold change (Ifc).

cause loss-of-function and as such sgRNAs that are over represented in the primary tumor compared to the metastasis, or that are over rep-
resented in the input cells, target genes whose function potentially enhances metastasis.

We identified 21 targeting sgRNAs when comparing metastasis to input cells (Table S3). The 21 genes included key components of the
COMPASS complex, Wdr5, Setd1a, and Hcfcel, that regulate gene transcription and histone H3K4 methylation (Figure 1B). We identified three
genes whose function potentially enhances metastasis when comparing metastasis to the primary tumor (FDR < 0.15, p < 0.05, Figure 1C;
Table S4). None of non-targeting control sgRNA was differentially identified in the comparisons, showing that this was not a random selection
event. The two comparisons (lung metastases vs. primary and lung metastases vs. input cells) found one gene in common, Setd1a (Figure 1D).

The COMPASS complex regulates the metastatic potential of the metastasis initiating cell

Because both screens identified Setd1a, we focused on this gene. We next compared the protein levels of Setd1ain MC and non-MC cells and
found that Setd1a is expressed at a higher level in the MC (Figure 2A). To determine the role of Setd7ain the MC in the capacity to form lung
metastasis, we deleted the Setdla gene in MC cells using CRISPR (MC-Setd1aKO, Figure 2B). A commercially available Setd7a mouse gene
knockout kit which included two gRNAs targeting Setdla was used to confirm that results were not be related to a nuance of the guide RNAs
targeting Setdain the screen. Both of the gRNAs equally downregulated Setd1a compared to controls. Clones from both gRNAs showed the
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Figure 2. Depletion of Setd1a in the MC inhibits lung metastasis

(A) Higher expression of Setd1a in the MC as assessed by western blot analysis compared with expression in the non-MC. Relative expression with the MC set as
“1." Each data point, means and 95% confidence intervals are shown. An asterisk indicates statistical significance. p = 0.0045.

(B) Effective depletion of Setd1a by CRISPR was assessed at the protein level by immune blotting Relative expression with the control set as “1.” An asterisk
indicates statistical significance. p = 0.0075.

(C) Growth rates of MC-Setd1aKO and MC-control. The growth rate was measured by cell confluence analysis software using the incuCyte system. No significant
differences were identified.

(D) Representative whole lung images from mice implanted with MC-Setd1aKO or MC-control cells. Mets are gray tissue in the lungs in the top image.

(E) Quantification of primary tumor weight and lung metastasis volume from mice injected with MC-Setd1aKO and MC-control. Control cells set as “1.” Each data
point, means and 95% confidence intervals are shown. An asterisk indicates statistical significance. p < 0.0001.

(F) Quantification of primary tumor weight and lung metastasis volume from mice injected with injected with non-MC-Setd1aKO and non-MC-control. Control
cells set as "1.” An asterisk indicates statistical significance. p = 0.0017).

same in-vivo results, and we thus combined the results from both clones. Controls were cells treated with the control gRNAs. We
measured the growth rate of MC-control and MC-Setd1aKO cells in-vitro and found no difference with deletion of Setd1a (Figure 2C). Primary
tumors were then reconstituted using the MC-Setd1aKO and MC-control cells and the non-MC cells from the primary tumor.
Reconstituted tumor cells using the MC modified by CRISPR with a non-targeting control gRNA was used as a control. The reconstituted
tumor cells were transplanted into the gastrocnemius muscle of congenic mice. After eight weeks the tumor bearing leg was amputated
and the volume of the tumor measured and the mice were analyzed four weeks later for the development of lung metastases similar to
our prior work.*® Deletion of Setd7a in the MC population substantially decreased the capacity to form metastases (Figures 2D and 2E).
We then examined non-MC cells alone in which we overexpressed Setd7a or a control construct in the identical manner. We found no dif-
ference in the volume of the primary tumor that formed but a substantial increase in metastatic capacity from non-MC cells overexpressing
Setd1a (Figure 2F).

The COMPASS complex regulates gene expression in MC cells

The COMPASS complex can regulate histone H3 lysine-4 methylation (H3K4me), which in turn controls gene expression. SETD1A is a core
protein in the complex, the absence of which interferes with histone methylation status.”*~>’ Mutations in COMPASS complex members
are identified in several cancers and enhancer reprogramming related to the complex promotes tumorigenesis in some cancer types.”**%¢?
To determine gene expression changes that occur after loss of Setd1a, we undertook RNA sequencing comparing MC-Setd1aKO cells with
control cells that retained Setd1a. This analysis identified 82 upregulated and 39 downregulated genes in the three independent MC repli-
cates we analyzed (Figures 3A and 3B, data deposited in GEO repository GSE208363). Gene Ontology (GO) analysis showed that chemokine
mediated and inflammatory responses were the most differentially regulated processes. Since the COMPASS complex acts through H3K4me
to control activity of gene promoters, we used an antibody for H3K4 trimethylation for chromatin immunoprecipitation followed by

sequencing (ChIP-seq) to identify the genes whose promoter sequences are regulated by Setd1a.°*** ChIP-seq analysis revealed changes
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Figure 3. Setd1a changes Cxcl10 expression through H3K4

(A) Differential genes expression analysis of RNA sequencing from MC-Setd1aKO and MC-control displayed as a heatmap. The top genes that were differentially
expressed in MC-Setd1aKO compared with MC-control are shown.

(B) GO analysis of down-regulated genes.

(C) Dot plot demonstrating significant differential binding of H3K4me3, plotted using log fold change and log concentration. This illustrates the change in the
differential H3K4me3 binding profile. The circled point is Cxcl10.

(D) Average ChlP-seq signal of H3K4me3 at transcription start site from MC-Setd1aKO and MC-control.

(E) Secretion of Cxcl10 protein determined by ELISA. Graph show relative value with control normalized to “1.” Each data point, means and 95% confidence
intervals are shown. An asterisk indicates statistical significance. p = 0.0008.

(F) Cxcl10 expression was measured by RT-PCR. Graph show relative value with control normalized to “1.” An asterisk indicates statistical significance. p < 0.0001.
(G) The RNA-seq and H3K4me3 profiles at the Cxcl10 gene locus, which shows an increased signal in Cxcl10 transcriptional start sires as indicated by a red arrow
or red box.

(H) ChIP-PCR was performed to confirm H3K4me3 occupancy on Cxcl10 gene from ChlIP sequencing data. Graph show relative value with IgG control normalized
to "1." Each data point, means and 95% confidence intervals are shown. An asterisk indicates statistical significance. p < 0.0001.

in numbers of copies of the transcription start sites in the SetdTa knockout MC cells compared to the control MC and a strong correlation
between the gene expression data and ChIP-seq data at genome-wide scales (Figure 3C). The gene most differentially regulated at the
RNA level, in which there is changes in ChIP-seq enrichment, and that encodes a gene involved in chemokine mediated and inflammatory

iScience 27, 110187, July 19, 2024 5




¢? CellPress iScience
OPEN ACCESS

responses was Cxcl10°°° (Figure 3C). Protein and RNA levels correlated with loss of Setd1a (Figures 3E and 3F), and promoter binding in the
sequencing data (Figure 3G), was confirmed with ChIP-PCR studies (Figure 3H).

As an additional method to compare the MC and non-MC populations and expression of SetdTa and Cxcl10 we examined previously
generated single cell RNA sequencing data on a mouse UPS tumor generated by Trp53 deletion and Kras®'?P oncogene expression.®” Sub-
populations of cells that exhibited the expression of feature genes of sarcoma cells from an untreated murine UPS sample were analyzed for
SetdTa and Cxcl10 expression. This analysis showed that a small subpopulation of cells that expressed Setd1a at a high level, and these might
be the MC population (Figure S2). There was a negative correlation between cells that cells that expressed SetdTa and Cxcl10 (R = —0.38). We
then undertook immunofluorescence to visualize cells producing SETD1A and CXCL10 protein. We found cells expressing SETD1A did not
also produce CXCL10. (Figure S3).

Cxcl10 regulates the metastatic potential of the metastasis initiating cell

Since Cxcl10 expression increased when Setd7a was depleted, it would be predicted to joy suppress metastasis. The non-MC cells have a
higher level of expression of Cxcl10 than the MC, consistent with this notion as non-MC cells do not efficiently produce metastases
(Figures 4A and 4B). To test for the role of Cxcl10 in metastatic capacity, we used CRISPR to generate genetically modified non-MC cells
in which Cxcl10 is depleted. A commercially available CxclT0 mouse gene knockout kit was utilized. Two gRNAs targeting Cxcl10 were
used, both of which equally downregulated Setd7a compared to controls, and thus we combined the data from these two clones. Controls
were non-MC cells expressing a non-targeting control sgRNA (Figure 4C). Cells were injected into the limb of mice; the limb was amputated
after two months and mice sacrificed 4 weeks later. Animals were analyzed for primary tumor growth and metastatic potential in the same
manner as in our previous analyses. There was no difference in the volume of the primary tumor that formed, but the non-MC cells readily
formed metastases with Cxcl10 depletion (Figures 4D and 4F). To determine the role of Cxcl10 in the MC, we overexpressed Cxcl10 in
MC cells (Figure 4G) in a similar manner as in our Setd7a studies. Overexpressing Cxcl10 in the MC suppressed their metastatic capacity
(Figures 4H and 4J).

Taken together, these data are consistent with the notion that the metastasis initiating cell maintains its metastatic potential through an
epigenetic mechanism regulated by the COMPASS complex and that one epigenetic regulated gene is Cxcl10. Interestingly, the function of
CXCL10 and other genes differentially regulated raises the possibility that differences between metastatic and non-metastatic clones is
related to expression of inflammatory chemokines.

COMPASS complex inhibition suppresses human UPS xenograft metastasis

Primary human undifferentiated pleomorphic tumors from dissociated cells were established in NOD-SCID gamma null mice as in our pre-
vious work.?® We analyzed tumor growth of a primary tumor from cells injected into the hindlimb and then lung metastases that developed
two months after amputation of the primary tumor. 10,000 cells mixed with Matrigel were injected into the hindlimb of the NOD/SCID gamma
null mouse. Mice were then treated with a COMPASS complex inhibitor that disrupts the function of member interactions,*”~"" OICR-9429
(57833; Selleck, Houston, TX), at a dose of 1.5 mg/kg per day’? administered via intraperitoneal injection starting at four weeks. The limb
was amputated at 8 weeks and the primary tumor size determined. Animals were sacrificed for analysis of lung metastasis 8 weeks later.
COMPASS complex pharmacologic inhibition did not alter the size of the primary tumor, but significantly reduced metastatic potential (Fig-
ure 5A). Interestingly, survival analysis in publicly available human data (The Cancer Genome Atlas [TCGA]) showed that human UPS tumors
with SETD1A expression above the median expression level had significantly worse survival outcomes (p = 0.037, Figure 5B), and a tend to-
ward better survival for tumors expressing CXCL10 that did not reach statistical significance (Figure 5C). Similar correlation with survival data
was not observed for leiomyosarcoma or chondrosarcoma (Figure S4) showing the specificity of this finding to UPS. Since SETD1A would be
expected to be expressed at high levels by only a small subpopulation of cells, its expression should be detected in bulk tumor sequencing as
the remainder of cells would express the gene at only a low level. In contrast, since CXCL10is expected to be expressed by the majority of cells
with only a small number having a lower expression level, which would be harder to detect. Finding a trend in data for CXCL10 is consistent
with this notion.

DISCUSSION

Here we identified an epigenetic regulator, the COMPASS complex, that maintains the metastatic phenotype of a subpopulation of UPS cells.
Inhibiting the COMPASS complex suppresses metastasis in pre-clinical mouse models. This supports the notion that individual cells in sar-
comas have unique properties, and that only some cells can form metastases. Pharmacologic targeting of this epigenetic regulation sup-
pressed metastases in human UPS xenografts, raising the possibility that such an approach could improve clinical outcomes.

The COMPASS complex is a transcriptional regulator required for normal cell function. Dysregulation of the complex function can promote
tumorigenesis and mutations in complex members are identified in several cancer types.”*®“ For instance, knockdown of SETD1A suppress
breast cancer formation’® and aberrant expression of SETD1A promotes survival of breast cancer cells.”* Other members of the COMPASS
complex regulate its overall function. WDR5 and HCFC1 act as co-factors to facilitate the function of Setd1a, thereby regulating gene expres-
sion.”” As such, these factors can have a similar function as SETD1A, or could cooperate together as epigenetic regulators. The identification
of additional COMPASS complex components in our functional screen strengthens the concept that mechanism regulates metastatic
potential.
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Figure 4. Cxcl10 suppresses lung metastasis

(A) Cxcl10 expression in the MC and non-MC cells measured using western blot analysis.

(B) Graph show relative value with MC samples normalized to “1.” Each data point, means and 95% confidence intervals are shown. An asterisk indicates statistical
significance. p = 0.01.

(C) Cxcl10 expression in Cxcl10 ko-non-met cells was measured with western blot analysis.

(D) Representative images of lungs showing an increased lung metastasis volume from mice implanted with Cxcl10ko-non-met cells and control cells. The gray
colored tissues are the metastases. Scale bar shows millimeters.

(E) Quantification of primary tumor weight and lung metastasis volume (F), with control cells normalized to “1.” Each data point, means and 95% confidence
intervals are shown. An asterisk indicates statistical significance. p < 0.0001.

(G) Overexpression in MC cells expressing a Cxcl10 expression construct.

(H) Representative images of mouse lungs.

(I and J) Quantification of primary tumor weight (I) and lung metastasis volume (J), with control cells normalized to “1.” Each data point, means and 95%
confidence intervals are shown. An asterisk indicates statistical significance. p < 0.02.

The COMPASS complex’s function is not fully elucidated. While the complex regulates methylation of H3K4, recent data identified additional
mechanisms by which it can regulate transcription, such as through pausing RNA polymerase Il and regulating transcriptional elongation.”® Addi-
tionally, COMPASS complex members can regulate individual gene transcription without altering global methylation.”>’” Interestingly CXCL10
was recently shown to interact with COMPASS complex members and the glucocorticoid receptor in co-regulating transcription, suggesting a
feedback mechanism.”® Thus, there are many mechanisms by which the COMPASS complex regulates transcription and much remains to be
learned about how it regulates transcription. Our data show that in UPS, the COMPASS complex downregulates expression of Cxcl10 through
regulation of a local H3K4 methylation site near the Cxcl10 transcriptional start site. CXCL10 has been studied in cancer, and is reported to
have diverse effects. It has a tumor inhibitory effect in ovarian and gastric cancer but a tumor-promoting effect in pancreatic and renal cancer.””#°

Insights into if all or only a subset of cells can form metastases are beginning to be generated. Studies of prostate cancer using copy num-
ber and whole genome sequencing comparison of matched human metastases and primary tumor implicate a monoclonal origin.?**” In
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Figure 5. Inhibitor targeting the COMPASS complex suppresses lung metastasis of human UPS cells

(A) Representative H&E staining of lung tissue from mice treated with OICR-9429 and vehicle control. Quantification of lung metastasis volume with control cells
normalized to “1.” Each data point, means and 95% confidence intervals are shown. An asterisk indicates statistical significance. p = 0.0018.

(B) Kaplan-Meier survival curve and hazard ratio of SETD1A gene. The RNA sequencing data in human UPS tumors from The Cancer Genome Atlas was used.

contrast, studies in breast and pancreatic cancers, using similar genetic analysis as well as studies of human cancer cells in mice using lentiviral
barcoding of stable human cancer cell lines and multi-lineage tracing techniques in mice revealed that multiple clones are able to initiate
overt metastases.”"%*? In breast cancer, the activity of phosphoglycerate dehydrogenase in individual cells regulates metastasis potential.®’
Data in sarcoma shows that while there are differences in gene expression, genetic changes in the primary tumors are similar in metasta-
ses.5%% These later data are consistent with our findings and support the notion that a subpopulation (or clone) of cells is epigenetically
conferred with the capacity to form metastasis. We found that the COMPASS complex is activated in only select cell subpopulations. While
other cancers have mutations in COMPASS complex members or show COMPASS complex activation,*®°%¢%7>#* we are not are of another
study in which the COMPASS complex is activated in onlys a subpopulation of tumor cells. While our genome sequencing did not identify
significant differences between the clonal populations, and in particular no recurrent copy number variations of mutations in coding regions,
itis still possible that subtle genetic changes could be responsible for the observed phenotype. Nevertheless, our functional screens did iden-
tify a functional role for an epigenetic regulator in the MC cell population phenotype, and regardless of other factors which may influence
metastasis, this epigenetic mechanism does play a role maintaining the MC.

Studies identifying the MC population were undertaken using murine UPS tumors. It is difficult to investigate human tumors in the same
manner as we examined the mouse tumors by labeling clones at tumor initiation. This is a limitation of our study. Furthermore, given the genetic
heterogeneity in human UPS tumors, mouse models cannot exactly copy the geneticsituation in human tumors. Data from TCGA revealing that
the expression of SETD1A and CXCL10 correlates with survival in human UPS is consistent with a role for this mechanism in human tumors. This
is further supported but our xenograft data. However, the effects we observed may be not be generalizable to all sarcoma types. In support of
this, survival analysis using human chondrosarcoma and leiomyosarcoma data from TCGA did not show a correlation with survival.

In the MC, the COMPASS complex activation regulates Cxcl10 expression. CXCL10 expression levels are associated with better prognosis
in some tumor types, which is thought to be related to the ability to activate immune responses.®>¢*%=% In UPS, the COMPASS complex
inhibition of Cxcl10 and other related genes, might allow this cell subpopulation to evade immune surveillance in the lung to become estab-
lished as a metastasis. Our prior data showing that the MC population and non-MC populations from murine tumors can both enter the cir-
culation,”® raises the notion that the immune modulation in the metastatic site is important in sarcoma metastatic ability. Indeed, the micro-
environment of the lung® in concert with lower chemokine mediated inflammatory response in the MC regulated by the COMPASS complex,
may allow UPS cells to preferentially metastasize to the lung.

Limitations of the study

A limitation of our study is that experiments on the MC population were undertaken using murine UPS tumors. It is difficult to investigate
human tumors in the same manner as we examined the mouse tumors by labeling clones at tumor initiation. Thus it is unclear how our results
pertain to human tumors.
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There is not a characterized mutation that universally causes UPS. As such, while the mouse model we utilized is commonly used to study
UPS, it does not completely copy the human disease.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Setd1a Abcam Cat# ab70378; RRID:AB_1951955
b-actin Thermo Fisher Scientific Cat#t MA5-15739; RRID:AB_10979409
Cxcl10 R and D Systems Cat# AF-466-NA; RRID:AB_2292487
Vinculin Millipore Cat# MAB3574; RRID:AB_2304338
H3K4Me3 C42D8 Rabbit mAb Abcam, Cat# ab8580; RRID:AB_306649

Bacterial and virus strains

Ad5-CMV-Cre Viral Vector Core Facility University N/A
of lowa Health Care

pLenti-control Duke core facility N/A

pLenti-Setd1aKO Duke core facility N/A

pLenti-Cxcl10KO Duke core facility N/A

Chemicals, peptides, and recombinant proteins

OICR-9429 Selleck Cat#57833

Deposited data

RNA seq data This study NCBI GEO Database Accession number:
GSE208363

ChlP seq data This study NCBI GEO Database Accession number:
GSE208365

Whole Genome Sequencing data This study NCBI GEO Database Accession number:
GSE208366

CRISPR modified clones This study NCBI GEO Database Accession number:
GSE208367

Re analysis of single cell RNA sequencing
data from a mouse tumor.
Re analysis of data for survival analysis

in human tumors.

Wisdom et al.’

National Cancer Institute
Genomics Data Commons.®”

https://www.synapse.org (Synapse ID:
syn18918968).

https://gdc.cancer.gov/

Experimental models: Organisms/strains

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

Confetti (KPCC)

Nude mice Duke University Rodent Breeding Core N/A

NOD scid gamma mice Duke University Rodent Breeding Core N/A

Recombinant DNA

LentiCRISPR.v2 Addgene Cat#52961

Lentiviral CRISPR Setd1a Mouse Gene OriGene Cat#KN515623

Knockout Kit

Lentiviral CRISPR Cxcl10 Mouse Gene OriGene Cat#KN504037

Knockout Kit

Mouse Setd1a lentiviral expression vector and ABM Catalog #. 435200640295, LV 587
control vector

Mouse Cxcl10 lentiviral expression vector and ABM Catalogue# 17166064, LV7

control vector

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

ImageJ ImageJ Software https://imagej.net/ij/download.html
Bowtie2 Langmead et al.”™® N/A

MACS2 Zhang et al.”’ N/A

DESeq?2 Lun etal.”? N/A

STAR Dobin et al.” N/A

MAGECK-RRA Li etal.” N/A

RESOURCE AVAILABILITY

Lead contact

Benjamin Alman (ben.alman@duke.edu).

Materials availability

This study did not generate new unique reagents and all materials in this study are commercially available. Plasmids and associated vector
maps generated is this study are available upon request. Any additional analysis information for this work is available by request to the lead
contact.

Data and code availability

e RNAsequencing, ChIP sequencing, Whole Genome sequencing and CRISPR modified clones sequencing data have been deposited in
Gene Expression Omnibus Database Accession Display and available through the National Center for Biotechnology Information
(NCBI). Accession codes are listed in the key resources table.

e There were no codes generated in this manuscript.

e Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

We used a genetically engineered mouse model of sarcoma that mimics human Undifferentiated Pleomorphic Sarcoma (UPS)*"*° that was
adapted to define the MC population.”® In this animal, an adenovirus expressing Cre recombinase (Adeno-Cre) is injected into the gastroc-
nemius muscle of mice with conditional gene mutations to activate a Kras®'?® oncogene and delete both alleles of the Trp53 tumor suppres-
sor gene. p53 is the most commonly mutated tumor suppressor gene across many human cancers including human UPS.*® Although no single
oncogene is frequently mutated in UPS,*® mutations of KRAS have been reported and activation of MAP Kinase signaling downstream of RAS
frequently occurs in aggressive UPS.* A sarcoma develops at the site of injection within 3 months."”° These sarcomas mimic human UPS
histology and gene expression,”” and by the predilection for lung metastasis in approximately 40% of mice.*** We previously adapted
this KP model with CRISPR technology by modifying the adenovirus to include Cas9 and a sgRNA to p53 to initiate KP sarcomas by creating
insertions and deletions (indels) in p53 or by adding a cre-recombinase activated Confetti allele®’ to allow tracing of individual clones.
Because each tumor-initiating cell has the identical founder mutations (Kras®'?® and loss of both copies of p53), this KP sarcoma model
mimics human cancer heterogeneity where different cancer cells share the same founder mutations but display different biological behaviors.
Indeed, within the KP sarcomas, different clones arising from distinct tumor-initiating cells have different metastatic potential as only the clone
that we term MCs has a high propensity for developing metastasis and a unique gene expression profile.”® To identify the subpopulation of
MC in the mouse UPSs we used KP mice expressing the Confetti allele, as cells from these murine tumors maintain their phenotype in long
term culture. By transplanting the primary tumors expressing multiple fluorescent markers in multiple mice and observing the fluorescent
markers of metastases that develop, we found that any given primary tumor only developed metastases from cells expressing the same fluo-
rescent reporter.’® We generated primary cultures from independent clones’® which were used in this study. The Kras mutation and P53 dele-
tion from mice were observed in the clones including MC and non-MCs. These data for the clones utilized in this investigation were previously
reported.”’

Cells were transplanted into the hindlimb of congenic animals. The limb was amputated after two months to determine the primary tumor
weight. Four weeks later, the animals were sacrificed and lung tumor volume determined using a technique as described in a subsequent
paragraph. Equal numbers of male and female mice were used, and animals were on the black 6 background.

For human UPS tumors, NOD.SCID.gamma (NSG) and nude male mice 6-8 weeks old were utilized to allow effective tumor growth.é’8 To
test the COMPASS complex in human cells, NSG mice were treated with OICR-9429 (57833, Selleck) at 10mg/kg dosage every day via
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intraperitoneal injection for 8 weeks. For intramuscular injections, at 500,000 cells were injected and the hind limb was amputated after a .5cm
diameter tumor formed. The animals were then observed afterwards for lung metastases as in our prior work.*®

Male and female mice were used in equal numbers for all of the studies and mice were used at two months of age. Nude and NSG mice
were purchased from Duke rodent breeding core. Animals were housed in a clean room providing high-quality feed and drinking water, with
between two and five animals housed per cage.

All animal studies were approved by the Duke University and Duke University Medical Center Institutional Animal Care and Use Committee
(A152-19-07) following guidelines set forth by the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

METHOD DETAILS

Protein analysis

To measure secretion of CXCL10 from UPS cells, CXCL10 Duoset ELISA kit (R&D, DY466) Enzyme-Linked Immunosorbent Assy (ELISA)
was used and the optical density were measured using a microplate reader (spectramax) set to 450nm. For Western analysis the following
antibodies were used: SETD1A (Abcam Cat# ab70378, RRID:AB_1951955), CXCL10 (R and D Systems Cat# AF-466-NA, RRID:AB_2292487),
Vinculin (Millipore Cat# MAB3574, RRID:AB_2304338), Beta-actin: (Thermo Fisher Scientific Cat# MA5-15739, RRID:AB_10979409). Immuno-
fluorescence was carried out using the Cxcl10 antibody at 1/100 dilution and the Setd1a, antibody at 1/100 dilution after blocking with Donkey
Serum (D663, SIGMA). Secondary antibodies were Donkey-Anti-Rabbit-647: A31573 and Donkey-Anti-Goat-594: A32758. NucBlue Stain
(Thermo, P36981) was used to indentify nuclei. Slides were observed using a fluorescent microscope.

Lentiviral transduction and CRISPR modification

To generate stable knock-out cells, Lentivirus carrying CRISPR knock-out and CRISPR over-expression constructs, and empty vectors were
transduced into the cells with 8 mg/mL of polybrene. After two days, the cells were selected with puromycin, and knock down was validated
by Western Blot. To deplete Setd7a or Cxcl10, we used commercially available Gene Knockout Kits (OriGene KN515623 and KN504037
respectively), according to the manufacturer’s instructions. Two gRNAs targeting Setd7a and two targeting Cxcl10, were used, both of which
equally downregulated the gene of interest compared to controls. Clones from both gRNAs in for both genes showed the same in-vivo and
we this combined the results from both clones. Controls were cells treated with a control gRNA in an identical manner.

Tumor analysis

Mice were euthanized. Primary tumors were dissected from surrounding tissues and weighed. Lungs were insufflated with 10% Neutral
Buffered Formalin (NBF) and removed from the chest cavity. Fixation was allowed to continue for 24 hours, lungs were then washed thrice
with PBS and placed in 70% Ethanol to dehydrate. An Automated Tissue Processor was used to further dehydrate the lungs in a gradient
of alcohols and homogenize in Xylenes before being introduced to Paraplast. Lungs were then embedded into paraffin blocks for sectioning.
Paraffin blocks were processed as 5 pm-thick sections. 30 slides were captured for each lung block, and stained for Hematoxylin & Eosin (H&E).
Briefly, slides were deparaffinized and hydrated, followed by Mayer’s Hematoxylin staining and Alcoholic Eosin counterstaining. Slides were
mounted with Cytoseal, cover-slipped, and allowed to dry prior to imaging. Stained slides were imaged at 40x and stitched using the Leica
Aperio GT 450 slide scanner. Images were opened in Qupath and exported as TIF files for analysis in Image J. Image analysis was completed
as follows: In Image J, total area of lung tissue (including Tumor tissue within lungs, if applicable) was measured by individually measuring the
area of each visible lung lobe and adding these areas together. Once total lung area was acquired, the same measurement was done for total
tumor area. These numbers were used to calculate ratios of tumor burden as a function of each individual lung volume, to account for variation
in lung size/insufflation between mice. Ten slices equal distanced across the entire lung fields were used to account for differences in tumor
seeding locations, and data was combined to obtain the metastatic burden for each animal. Observers were blinded to the genotype or
treatment.

ChIP sequencing

The ChiP-seq Kit from Cell Signaling was utilized. 2 x 10’ MC Cells were fixed using 37% formaldehyde to crosslink proteins to DNA. Following
two cold PBS washes, the cells were centrifuged at 1,000 x g for 5 minutes at 4°C with cold PBS containing a protease inhibitor cocktail.
The resulting pellet was resuspended in ChlP Lysis Buffer and subjected to sonication for chromatin fragmentation. The proteins were
then incubated with the Immunoprecipitating antibodies (H3K4Me3 C42D8, Cell Signaling, and 1gG control) overnight at 4°C with rotation.
Protein G Magnetic Beads were added to each immunoprecipitation reaction and incubated for 2 hours at 4°C with rotation. Chromatin was
subsequently eluted using elution buffer, followed by reverse-crosslinking at 65°C overnight. DNA purification was carried out using the kit
provided by Cell Signaling.

The ChIP-seq reads were aligned using Bowtie2” and the peak calling were performed using MACS2.”" ChlP-seq reads were trimmed
using TrimGalore (v 0.6.6) and then aligned to GRCm38/mm10 reference genome by bwa (v 0.7.17-r1188). Unmapped reads aligned to mul-
tiple locations were removed using samtools (v 1.11). Duplicated reads were marked by picard (v 2.26.0). The genomic coverage was saved in
bigwig format and normalized by CPM method by bedTools (v 2.29.2) and University of California Santa Cruz (UCSC) Utilities bedGraphTo-
BigWig (v 377). H3K4Me3 binding peaks were called by MACS2 (v 2.2.7.1) with parameters 'callpeak —keep-dup all —gsize 1.87e9 —format
BAMPE’ with IGG controls. The differential binding peaks were analyzed by Bioconductor package DiffBind (v 3.4.11) and csaw (v 1.28.0) .
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Peaks with FDR < 0.05 and absolute log2 fold > 1 are considered as statistically significant and annotated by Bioconductor package
ChlPpeakAnno (v 3.28.1. The coverage for gene body were performed by deepTools (v 3.1.3). The differential regions between conditions
were determined by the CSAW’ package. Regions with FDR < 0.05 and absolute log2 fold > 1 are considered as statistically significant.

RNA-sequencing

For RNA-seq, the reads were aligned using STAR,” and counted on Ensembl GTF via featureCounts.” The gene-level counts tables were
then used for differential expression analysis via the DESeq2”® package. Genes with FDR < 0.05 and absolute log2 fold > 1 are considered
as statistically significant.

Whole genome variant analysis

The fastq files were aligned to the mouse reference GRCm38/mm10 sequence using bwa (v 0.7.15) mem with default parameters. The tech-
nique duplicates were merged, and library PCR duplicates were removed with picard (v 2.18.7). SNPs were called from the individual strain
BAM files with Genome Analysis Toolkit (v4.0.5.1). The SNPs were filtered with expression “QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < -
12.5 || ReadPosRankSum < -8.0" and the Indels were filtered with expression "QD < 2.0 || FS > 200.0 || ReadPosRankSum < -20.0".

Survival analysis from cancer genome atlas data

Bulk RNA sequencing data in human UPS tumors (The Cancer Genome Atlas)®” was used to determine if genes associated with the COMPASS
complex predicted survival outcomes. Survival analysis was performed for each gene in R Studio (v 4.0.2). First, a median-split was performed
to categorize UPS tumors (N=50) with “high” or “low” expression of SETD1A, and CXCL10. The observed distributions of gene expression of
these genes for UPS, showed that the values are concentrated near the mean (tails are not long), thus the mean and median are almost iden-
tical for SETD1A (median = 10.061, mean = 10.057) and CXCL10 (median = 7.602, mean = 7.829), so the mean and median data is similar. Then,
Kaplan-Meier survival curves (survfit, survival package [v3.2-11]) and hazard ratios (coxph, survival package) were generated for “high” and
“low" expression groups. P<0.05 was considered statistically significant. We undertook a similar analysis for other sarcoma types and did
not find such correlations.

CRISPR screen

A custom CRISPR sgRNA library targeting 454 mouse genes with 4 sgRNAs per gene was designed using GUIDES or CRISPick (https://portals.
broadinstitute.org/gppx/crispick/public).”’*”® An additional 150 non-targeting sgRNAs were included to serve as controls, for a total of 1966
sgRNAs in the custom library.”” Oligo pools were ordered from Twist Biosciences and PCR amplified and cloned into LentiCRISPR.v2 (Addg-
ene #52961) by Gibson Assembly as described.”” Assembled sgRNA vectors were transformed into Endura competent cells (Lucigen) with
resulting library representation of 260-fold. Library DNA was isolated using ZymoPURE plasmid midiprep kits (Zymoresearch) and represen-
tation of the sgRNAs in the library was confirmed by high-throughput sequencing. Library lentivirus was prepared by cotransfecting HEK293T
cells with lentivector, psPAX2 and pMD2.g and harvesting supernatant 48 hours post-transfection. Virus was filtered through 45 uM filters and
stored at -80 until needed. The UPS tumor cells were infected with library lentivirus and selected with puromycin (0.4 M.O.1). The cells were
injected to mice. After 2-3 weeks, the primary tumor and lung metastasis were collected for genomic DNA extraction (QIAGEN). The sgRNA
sequences from each genomic DNA sample were PCR amplified using primers with lllumina adaptors and indexes for multiplexing. Samples
were pooled and sequenced at the Duke Genome Sequencing Core Facility, to an average sequencing depth of 1900 reads per sgRNA.
Screen analysis was performed using MAGECK-RRA”™ to identify genes depleted in the lung metastases compared to primary tumors.

Single cell RNA sequencing analysis

The data for analysis was downloaded from the Synapse database (Synapse ID: syn18918968). The unradiated and untreated mouse tumor
sample (labeled as "iso_0") was used for further analysis. We performed quality control on the extracted data by removing the cells with low
expression genes (minimum of 3 cells), nFeature_RNA<200 and percent.mt>5%. The data were normalized on a log scale. Principal compo-
nents were calculated using the most variably expressed genes and the first 30 principal components were carried forward for clustering and
visualization. Cells were embedded into a K-nearest neighbor graph using the FindNeighbors function and iteratively grouping cells together
with the Louvain algorithm using the FindClusters function at resolution 0.5 Cluster biomarkers were identified using the FindAlIMarkers func-
tion and visualized on the UMAP plot to show individual cell types (http://satijalab.org/seurat/pbme3k_tutorial.html). Based on known feature
genes and reference data, we annotated clusters 0, 2 & 6 as tumor cells. The identified tumor cell clusters were subset from the full dataset for
further analysis. After subsetting, we used the Louvain algorithm for clustering with a resolution of 0.5. This was done using the FindClusters
function from the Seurat package. We identified marker genes specific to each cluster using the FindAllMarkers function. This function per-
forms differential expression analysis to determine genes that are significantly differentially expressed between clusters. Analysis for Setd1a
and Cxcl10 expression in individual cells undertaken.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Data was analyzed initially using the Bartlett test to determine if the comparison groups follow a normal distribution. The Student’s t-test will
be used for comparisons in which there are two groups; or an ANOVA test followed by a Turkey post hoc testing for three or more compar-
isons. When variances were not parametric, the Kruskal-Wallis and the Steel-Dwass tests was used. A power analysis was undertaken from
prior data and 8 animals in each group were required to find a 25% difference in metastatic tumor burden.

Statistical cut offs in the CRISPR-Cas9 screening were chosen from those used in the literature. Because studies of metastasis result in
widely spread distributions of sgRNAs leading to high variation, a higher FDR is generally selected. In the initial report of this approach, a
false discovery rate (FDR)-based cutoff for enrichment (FDR < 0.2) was used as this resulted in the rigrous identification of significant genes
that all had a p value of less than 0.05."% More recent studies applied an even higher FDR cutoff (FDR < 0.25) is studies of metastatic lesions.'”!
Thus, we selected a more stringent FDR for the identification of genes involved in metastasis than other groups utilized.
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