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Abbreviations

ARP3 actin related protein 3

FACS fluorescence-activated cell sorting

FPS Function Probability Score

H3K4me3 histone 3 lysine 4 trimethylation

H3K4me2 histone 3 lysine 4 dimethylation

H3K4mel histone 3 lysine 4 monomethylation
K240R lysine to arginine substitution at residue 240
KDMS5B lysine demethylase 5B

L685W leucine to tryptophan substitution at residue 685
NSCLC non-small cell lung cancer

PTM post-translational modification

SaGA Spatiotemporal Genomic and Cellular Analysis
SASA solvent accessible surface area

VAF variant allele frequencies

Summary statement

Image-guided capture and sequencing of invasive cancer cells reveals novel leader- and
follower-specific gene mutations, highlighting an important relationship between genomic and

phenotypic heterogeneity in collective invasion.

Abstract

Collective invasion, the coordinated movement of cohesive packs of cells, has become
recognized as a major mode of metastasis for solid tumors. These packs are phenotypically
heterogeneous and include specialized cells that lead the invasive pack and others that follow
behind. To better understand how these unique cell types cooperate to facilitate collective
invasion, we analyzed transcriptomic sequence variation between leader and follower
populations isolated from the H1299 non-small cell lung cancer cell line using an image-guided
selection technique. We now identify fourteen expressed mutations that are selectively
enriched in leader or follower cells, suggesting a novel link between genomic and phenotypic
heterogeneity within a collectively invading tumor cell population. Functional characterization
of two phenotype-specific candidate mutations shows that ARP3 enhances collective invasion
by promoting the leader cell phenotype and that wild-type KDM5B suppresses chain-like
cooperative behavior. These results demonstrate an important role for distinct genetic variants
in establishing leader and follower phenotypes and highlight the necessity of maintaining a

capacity for phenotypic plasticity during collective cancer invasion.
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Introduction

Metastatic disease is the cause of 90% of deaths among cancer patients (Mehlen and
Puisieux, 2006). In non-small cell lung cancer (NSCLC), which comprises 80-85% of all lung
cancer diagnoses, metastases are commonly observed in the bones, lungs, brain, liver, and
adrenal glands. Patients presenting with metastatic disease have significantly worse
prognoses than those with early-stage disease; for example, the 5-year survival rate for stage
I NSCLC is 55%, while stage IV disease (in which distant metastases are present) carries a
mere 4% five-year survival rate (American Cancer, 2016). Successful colonization of distant
sites requires that cells from the primary tumor gain the capacity to invade through the
surrounding basement membrane, travel through the bloodstream or lymphatic system, and
ultimately expand to establish colonies at the metastatic site (Efferth and Leber, 2009; Fidler,
2003).

Cells migrate through the microenvironment via multiple mechanisms. A classic
example is the epithelial-to-mesenchymal transition, where cells lose expression of epithelial
features such as E-cadherin and gain expression of mesenchymal proteins including vimentin
and N-cadherin. This shift is thought to promote cellular detachment and enable cancer cells
to undergo single-cell invasion. In contrast, collective cell migration refers to the coordinated
movement of a group of cohesive cells (Friedl and Gilmour, 2009). This phenomenon is well-
described in embryonic development and wound healing, and histological evidence from
primary patient tumor samples (Westcott et al., 2015; Cheung et al., 2013; Kabla, 2012; Friedl|
et al., 2012; Ewald et al., 2012), mouse models of metastasis (Gilbert-Ross et al., 2017;
Richardson et al.,, 2018), and 3-D cultures (Friedl et al., 1995; Hegerfeldt et al., 2002;
Nabeshima et al., 1999; Cheung et al., 2013; Konen et al., 2017; Leighton et al., 1960) suggest
that cells from solid tumors often migrate and invade in cohesive packs as well. These
collective invasion packs and streams vary in width, shape, and cell number, as well as in the
mechanisms guiding their movement (Friedl, 2004; Alexander et al., 2008, 2013; Friedl and
Wolf, 2010; Haeger et al., 2014, van Zijl et al., 2011; Pandya et al., 2017).

Understanding the mechanisms that underlie the outgrowth of metastatic clones is
further complicated by the heterogeneous mix of cell populations within each tumor. This
intratumor heterogeneity arises from cell-to-cell variation in the genetic background each
expanding to create a unique subclonal population (McGranahan and Swanton, 2017).
Superimposed upon this subclonal genomic heterogeneity is the potential for epigenetic
heterogeneity reflected in variations in gene expression even among genetically identical cells.
Recently, multiregional sequencing of primary lung tumors characterized the intratumor
heterogeneity of NSCLC and showed that upwards of 24% to 30% of mutations went
undetected in at least one sampling region, demonstrating that almost a third of mutations are

occurring in spatially distinct subclonal populations and may have been missed in broad scale

)
a
=
Q
(2]
>
C
©
£
©
Q
e
Q
()
O
O
<
[ ]
Q
O
[
2
O
wn
(I}
©)
(il
o
©
C
o
>
(e}
=



data based on single sampling, such as those analyzed as part of the TCGA project (de Bruin
et al.,, 2014; Zhang et al., 2014). These unigue subpopulations may be endowed with
properties that enhance attributes beneficial to tumor cells, such as resistance to drug therapy
or the ability to invade and metastasize (Waclaw et al., 2015; Lipinski et al., 2016; McPherson
et al., 2016; Campbell et al., 2010). For instance, the clonal profile of metastatic disease often
does not reflect the profile of the primary tumor, but instead includes one or just a few
subpopulations from the primary site (McPherson et al., 2016; Rinner et al., 2012; Gerlinger
et al., 2012; Cheung et al., 2016).

One example of phenotypic heterogeneity associated with invasive behavior includes
rare, specialized leader cells that lead collective invasive packs, and follower cells that adhere
to and follow behind the leaders, both of which cooperate to achieve collective invasion (Konen
et al., 2017; Cheung et al., 2013; Westcott et al., 2015; Haeger et al., 2015; Pandya et al.,
2017). We developed a novel platform (Spatiotemporal Genomic and Cellular Analysis, or
SaGA) to isolate specific leader and follower cell populations from collectively invading
NSCLC cells (Konen et al., 2017). Characterization of these cell types revealed that isolated
follower cells are highly proliferative but poorly invasive, while isolated leader cells are highly
invasive, but poorly proliferative (Konen et al.,, 2017). These cellular sub-types cooperate
through an atypical angiogenic signaling pathway that is dependent upon VEGF. Previous
data suggest a symbiotic relationship, in which both leader and follower cells are necessary
for collective invasion to proceed successfully; however, key questions remain as to what
drives the biology and emergence of leader and follower cells from a tumor cell population.

In this study, we aimed to elucidate the role of genetic heterogeneity on collective
invasion. We analyzed invading leader and follower populations arising from a common H1299
parental NSCLC cell line grown as 3-D spheroids. Strikingly, this revealed mutational
landscapes that differ significantly between leader and follower cells, including several
expressed mutations that were found exclusively in one cell type or the other. To our
knowledge this is the first identification of leader- and follower-specific gene mutations within
the same collectively invading tumor cell population.

Results
Leader and follower cell populations contain distinct mutational profiles.

We previously developed the SaGA technique for isolation of leader and follower cells
from collectively invading packs of human NSCLC cancer cells (Konen et al., 2017). Briefly,
cells expressing Dendra2 green-to-red photoconvertible fluorescent protein are formed into
multicellular spheroids, embedded in Matrigel and allowed to invade for 24 hours. Leader or
follower cells are then selected based upon physical positioning within invasive chains,

optically highlighted by photoconversion using a 405nm laser, and separated by fluorescence-
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activated cell sorting (FACS) (Fig. 1A). Using this approach, we isolated three follower
populations and two leader populations from H1299 parental cells. Following expansion of
each population in 2-D culture, RNA-seq was performed in triplicate, using three separate
passages of parental H1299 cells, the three separately isolated populations of follower cells,
and the two separately isolated populations of leader cells (including two passages of one of
the leader populations). Sequence variants were determined for each population (leader,
follower, parental) independently by mapping the RNA-seq profiles to human reference
genome Hg19 (GRCh37), resulting in a total of 6240 filtered variants combined in the three
populations (see Methods for details). Notably, when comparing variant allele frequencies
(VAF) via pairwise t-test analysis, a number of variants were disproportionately present in the
leader versus follower populations. We therefore further filtered for those variants that
exhibited >20% VAF in either leaders or the followers and <1% in the other (VAF student’s t-
test p-value <0.01 between leaders and followers). For the purposes of this study, we further
excluded those located in 5 or 3 UTRs and known SNPs. Application of these criteria
identified fourteen missense mutations — six leader-specific and eight follower-specific (Table
1). This represents the first identification of leader- and follower-specific mutations within the
collective invasion pack.

Given the cell type specificity, we hypothesized that these mutations could be key
contributors to the emergence of leader vs. follower phenotypes from the parental population.
To test this, we chose two candidate mutations for further study — one leader-enriched, ACTR3
chr2:114699797 A to G, which results in a mutation in ARP3 at lysine 240 (ARP3 K240R), and
one follower-enriched, KDM5B chr1:202715414 A to C, resulting in a mutation at L685
(KDM5B L685W) (Fig. 1B). We first confirmed these mutations by Sanger sequencing of
genomic DNA and cDNA from the parental H1299 population as well as the isolated leader
and follower populations (Fig. S1). Both variants were detectable at subclonal levels in
genomic DNA, indicating that they were unlikely to have arisen de novo during transcription,
but represented a subpopulation of genomic alleles in the parental population. Moreover, the
selectivity for the leader or follower population observed at the RNA levels was preserved at
the genomic DNA level (Fig. S1; Fig. 1C). Analysis of ARP3 and KDM5B expression in H1299
parental, leader and follower cells showed that ARP3 mRNA and protein levels were
comparable between the populations (Fig. 1D,E). KDM5B mRNA and protein were
significantly reduced in follower cells relative to leaders (Fig. 1D,E). Despite the reduced
overall levels, the KDM5B mRNA in follower cells retained the ~2:1 ratio of wild-type vs. mutant
observed at the genomic DNA level (Fig. 1C) suggesting that the follower-enriched KDM5B
L685W mutation is expressed. Similarly, while there was some variation in the frequency of
both mutations in the parental population between methods and DNA/RNA samples isolated

at different times, there was little variation in the allelic balance in leader and follower
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populations, which maintained a consistent frequency of their respective mutations at both
DNA and RNA level, suggesting that there is no allelic bias in the expression of the mutant
version in either case. Thus, our selection of leader and follower cells based on phenotypic

criteria also selected for subpopulations with distinct allelic balance of expressed mutations.

Predicted functional impact of the leader-enriched ARP3 K240R mutation.

We next sought to characterize the potential impact of the observed mutations. We
started with the leader-enriched ACTR3 mutation, which results in a K to R shift in ARP3
(K240R). ARP3 is a key component of the Arp2/3 complex that helps facilitate cellular
migration by promoting lamellipodia protrusion (Goley and Welch, 2006). Overexpression of
ARP3 has been correlated with invasion, metastasis, and poor survival in multiple cancer
types, including gastric, colorectal, liver, and gallbladder (Zheng et al., 2008; Iwaya et al.,
2007; Lv et al., 2018; Yang et al., 2013). Furthermore, multiple mass spectrometry studies
indicate ARP3 K240 as a post-translational modification (PTM) site, with evidence of both
ubiquitylation and acetylation (Mertins et al., 2013; Wagner et al., 2011, 2012) (Fig. 2A, inset).
To evaluate the functional impact of the K240R mutation on the ARP3 protein, we used SAPH-
ire (Structural Analysis of PTM Hotspots) (Torres et al., 2016), which predicts the functional
potential of PTMs in protein families that have existing experimental and 3D structure data.
SAPHe-ire calculates a Function Probability Score (FPS) using a neural network model trained
with an array of protein sequence and PTM-specific features extracted from PTMs with
established functional impact. Consistent with these data, K240 had among the highest FPS
values of all known modified residues within the ARP3 protein family and was among the top
90% of PTMs with well-established functional significance (i.e. 4 or more publications) across
all protein families (Fig. 2A). SAPH-ire also revealed six experimental ubiquitylation sites in
the ARP3 protein family between residues alignment positions 1298 — 1315, four of which
correspond to ubiquitylation of ARP3 specifically (K240, K244, K251, and K254). Of these,
K240 had the highest mean solvent accessible surface area (SASA) and was also proximal to
a protein interaction interface (Fig. 2B). The high solvent accessibility, proximity to a protein-
protein interface, and predicted functional impact of the ARP3 K240 site suggest that this
mutation could indeed be altering the activity of ARP3 in leader cells.

ARP3 K240R promotes invasion and leader cell behavior.

We sought to determine the function of the leader-specific ACTR3 mutation by
introducing this mutation into a follower cell background and determining the impact on
collective invasion and the outgrowth of cells with leader behavior. Given the relatively low
VAF (23.4%) of mutant ACTR3 in leader cell DNA/RNA, we sought to replicate the leader cell

ACTR3 allelic balance by employing a rescue approach. ARP3 levels were first stably knocked
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down using two separate short hairpin RNAs (Fig. S2A,B), including one (shACTR3 #2)
targeted to the 5’ UTR of endogenous ACTR3. Knockdown of ARP3 significantly reduced 3-D
invasion in H1299 parental, leader and follower cells compared to pLKO.1 controls (Fig.
S2C,D). Using a sulforhodamine B (SRB) assay to measure cell growth, we found little
difference upon ARP3 knockdown until 96 hours in the leader and follower populations, and
120 hours in the parental population, when proliferation was decreased (Fig. S2E).

To test the functional consequences of ARP3 mutation, follower cells expressing
shACTR3 #2 were then ‘rescued’ by stably expressing empty vector, mCherry-tagged wild-
type ARP3, or mCherry-tagged ARP3 K240R, under the control of the moderate activity UBC
promoter (Qin et al., 2010). Higher expression was achieved for ARP3 K240R compared to
wild-type ARP3 (Fig. 2C, upper bands), suggesting that ARP3 K240R may be more stable
than the wild-type protein. When grown as a spheroid, embedded in a Matrigel matrix, and
allowed to invade for 24 hours (Fig. 2D), ARP3 knockdown follower cells reconstituted with
ARP3 K240R, and to a lesser extent those reconstituted with wild-type ARP3, exhibited
significantly higher invasive area compared with unmodified followers or those reconstituted
with empty vector (Fig. 2E). This indicates that ARP3 expression, and especially ARP3 K240R
expression, can increase invasive capacity even in normally poorly-invasive follower cells.

Next, we sought to examine whether ARP3 K240R could specifically promote leader
cell behavior (i.e. facilitate collective invasion and travel at the front of invasive chains) in a
heterogeneous population. We created 3-D spheroids comprised of 90% unmodified H1299
followers and 10% ARP3 depleted followers rescued with either empty vector, wild-type ARP3,
or ARP3 K240R (Fig. 3A). After 24 hours embedded in Matrigel, we observed a significant
increase in invasive area and average number of chains per spheroid, and decreased
circularity (indicating more chain-like and less sheet-like invasion) in the mixed spheroids
containing 10% ARP3 K240R-rescued followers, as compared with the other three conditions
(Fig. 3B,C). To determine whether the ARP3 K240R-rescued followers were in fact leading
these invasive chains, we used confocal fluorescence imaging to quantify the fraction of chains
that exhibited mCherry-ARP3 K240R-rescued followers in the leader position. In spheroids
containing 10% wild-type ARP3-rescued followers, we found rescued cells in the leader
position in 53.8% of those chains (95% confidence interval 29.1% to 76.8%; Fig. 3D). By
contrast, in spheroids containing 10% ARP3 K240R-rescued followers, rescue cells were
found in the leader position in 87.2% of chains (95% confidence interval 78.0% to 92.9%; Fig.
3D). Thus, while both wild-type ARP3-rescued and ARP3 K240R-rescued cells led chains at
a higher frequency than expected by random chance, the ARP3 K240R-rescued cells were
more efficient in this regard. Together these data indicate that ARP3 K240R confers key
leader-like behaviors onto follower cells, including increased invasive capacity, increased

numbers of invasive chains, and a greater ability to lead those chains.
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As noted above, the K240R-reconstituted ARP3 knockdown cells express higher levels
of ARP3 than those reconstituted with the wildtype ARP3. To distinguish the impact of ARP3
dosage from that of ARP3 K240R mutation, we re-created the same rescue cell lines using a
CMV promoter (Fig. 3E) and repeated the above experiments creating mixed spheroids with
10% rescued cells (Fig. 3F). At this higher protein expression level, there was no significant
difference in invasive area between the groups (Fig. 3G). Additionally, while chain number
increased and circularity decreased in spheroids containing either wild-type ARP3-rescued or
ARP3 K240R-rescued followers (Fig. 3G), there was no significant difference between the
two, suggesting that the functional difference between ARP3 K240R and wild-type ARP3 is
mitigated at higher expression levels. Furthermore, both wild-type ARP3-rescued followers
(81.5% of chains led; 95% confidence interval 63.3% to 91.8%) and ARP3 K240R-rescued
followers (84.2% of chains led; 95% confidence interval 62.4% to 94.5%) promoted leader cell
behavior when mixed with 90% unmodified followers (Fig. 3H). The specificity of the effect
was further confirmed by mixing experiments with mCherry-empty vector-rescued follower
cells, which led only 17.7% of chains (95% confidence interval 6.19% to 41.0%; Fig. 3H),
suggesting that the enhanced leader ability of the ARP3 K240R cells was not simply due to
the different cell types segregating within the spheroid. Based upon these findings, it appears
that increased dosage of ARP3 is sufficient to promote leader-like behavior, and that the
selective ability of ARP3 K240R to lead invasive chains and drive collective invasion at lower

expression levels may arise, in part, from increased effective dose of ARP3 protein.

Functional impact of the follower-enriched KDM5B L685W mutation.

Subsequently, we sought to assess the effects of a follower-specific mutation on
collective invasion. As noted above, the KDM5B L685W mutation was selectively expressed
in the parental and follower populations but was absent from the leader population (Fig.1B).
KDMS5B is a lysine demethylase that catalyzes the removal of di- and trimethylation from
histone H3 methylated at lysine 4 (H3K4me2, H3K4me3). As an epigenetic regulator, KDM5B
is uniquely situated among the identified mutations to influence multiple pathways directly
involved in guiding invasive behavior (Table 1) (Han et al., 2017; Zheng et al., 2019; Tam and
Weinberg, 2013). Indeed, KDM5B has been implicated in the regulation of invasive and
migratory behavior across many cancer types, including hepatocellular, gastric, breast, lung,
and prostate (Tang et al., 2015; Wang et al., 2015; Bamodu et al., 2016; Viré et al., 2014; Kuo
et al., 2018; Shen et al., 2015; Lu et al., 2015). The point mutation at amino acid 685 observed
in followers results in a leucine to tryptophan (L685W) substitution and lies in close proximity
to the zinc finger domain, a region necessary for demethylase activity in vitro and in cells
(Horton et al., 2016a; Yamane et al., 2007) (Fig. 4A). Furthermore, structural modelling of the
L685W substitution showed that residue 685 sits in a hydrophobic pocket within KDM5B, near
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the binding site of the N-terminal tail of histone H3 (Fig. 4B). As tryptophan has a much bulkier
sidechain than leucine, the introduction of this large, aromatic sidechain has the potential to
alter or disrupt the interaction of KDM5B with histone H3 (Fig. 4B).

Overall, the follower cells expressed less KDM5B protein than leader cells or the
parental H1299 population (Figs. 1E, 4C), and, as noted above, at least a fraction of that
(~30%) would be expected to harbor the L685W mutation. Comparison of the global levels of
the KDM5 substrates showed that while H3K4me2 and me3 were similar across populations,
follower cells had reduced global levels of H3K4 monomethylation (H3K4mel), the end-
product of KDM5B catalytic activity, suggesting reduced cellular H3K4 demethylase activity in
follower cells versus leader cells (Fig. 4C). To test this directly, we generated parental H1299
cells stably overexpressing HA-tagged wild-type KDM5B or KDM5B L685W and performed in
vitro demethylation assays on cell lysates (Fig. 4D). Whereas overexpression of wild-type
KDMB5B trended toward increased cellular H3K4 demethylation activity by approximately 2-
fold, overexpression of KDM5B L685W had no impact on endogenous H3K4 demethylation
activity despite similar levels of wild-type and mutant expression (Fig. 4D). Taken together
these data indicate that the KDM5B L685W mutation seen in the followers is associated with

reduced cellular KDM5 activity.

KDM5B L685W modulates collective invasion by tipping the balance toward follower
cell behavior.

The above data suggests that KDM5B L685W may confer a partial loss of
function/decreased activity on the follower cells, and further that this mutation is selected
against in the leader population (addressed in more detail below). We therefore sought to
determine how the expression of the L685W might behave in the context of an otherwise wild-
type KDM5B background (to mimic the mixed genotype observed in followers) by expressing
KDM5B L685W in leader cells and determining the impact on collective invasion in 3-D
spheroid culture (Fig. 5A,B). Interestingly, overexpression of wild-type KDM5B in leader cells
suppressed their propensity for chain-like invasion, as indicated by an increase in circularity
and a decrease in the number of chains relative to cells expressing empty vector (Fig. 5B,C).
However, invasive area was similar between leaders expressing empty-vector and wild-type
KDM5B, suggesting that the wild-type KDM5B expressing leaders retain invasive capabilities
but lose some of the collective (cooperative) behavior manifested as chain-like invasion. By
contrast, overexpression of the KDM5B L685W mutant enhanced slightly the chain-like
invasion, with spheroid behavior resembling the high chain number and low circularity
observed in empty vector expressing leader cells (Fig. 5B,C).

To reconcile these findings, we considered the possibility that heterogeneity in KDM5B

expression/activity may be required for cells in a population to take on the cooperative roles
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necessary to form an invasive chain. Even in spheroids derived from a purified leader
population, such as those shown above, there must be at least some cells that take the trailing
position, or evolve follower-like behavior, even in the absence of new genetic events. One
interpretation of the above data is that overexpression of wild-type KDM5B may prevent the
emergence of cells with follower behavior, thus suppressing chain-like co-operative behavior;
by pushing the balance even further towards high KDM5B activity, the reduced population
plasticity might decrease the probability that cells can take on the follower role. By contrast,
overexpression of KDM5B L685W might allow for greater variation in KDM5B activity,
promoting heterogeneity and the emergence of cells with follower behavior, further enhancing
collective behavior. If this is the case, then one might predict that ectopic expression of wild-
type KDM5B or KDM5B L685W would have relatively little impact on follower cells, which on
their own do not exhibit significant cooperative behavior. Indeed, when expressed in follower
cells, the further expression of KDM5B or KDM5B L685W had a negligible impact on circularity
or the chain number of follower-only spheroids (Fig. 5B,C). These data also indicate that
increasing the concentration of wild-type KDMB5B is in itself not sufficient to impose leader
behavior on follower cells.

The benchmark test for leader cell activity is to determine how such cells behave when
mixed with followers in 3-D invasion assays. As noted above for ARP3, leader cells can have
a strong effect on chain formation, even when they make up a very small proportion of the
total cells in a spheroid. We therefore tested directly how expression of KDM5B L685W affects
the ability to lead in a heterogenous population by creating mixed spheroids comprised of
predominantly (75%) unmodified follower cells into which leader cells overexpressing wild-
type KDM5B or KDM5B L685W (25%) had been added and monitoring chain-like invasion
(Fig. 5D,E). We found again that even in the context of unmodified followers, overexpression
of wild-type KDM5B suppressed chain-like behavior relative to control (vector only) leaders.
In contrast, expression of KDM5B L685W not only retained but even somewhat enhanced the
ability to lead invasive chains compared to those expressing either empty-vector or wild-type
KDM5B (Fig. 5D,E). These data suggest that overexpression of KDM5B L685W mutant
sustains chain-like cooperative behavior. Taken together, these data support the idea that
wild-type KDM5B supports the leader phenotype in part by suppressing emergence of
follower-like behavior, while expression of the L685W mutant supports, and even somewhat
promotes chain-like invasion.

To further test the impact of KDM5B L6895W population heterogeneity on collective
invasion, we mixed leader lines expressing empty vector, wild-type KDM5B, and KDM5B
L685W with unmodified leaders expressing mCherry at different proportions and monitored
chain-like invasion in 3-D spheroids (Fig. S3). As both lines already express Dendra2, we

guantified the fraction of chains led by red/magenta positive cells (mCherry, unmodified
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leaders) or green-only cells (KDM5B modified lines) (Fig. S3B). We found that overexpression
of wild-type KDM5B again suppressed chain formation in spheroids (Fig. SSE, 100% KDM5B
WT) relative to empty vector, which was recovered proportionally as the fraction of unmodified
leaders in the spheroid increased (Fig. S3E). Despite this suppression in total chains, the
fraction that were led by a green-only, wild-type KDM5B overexpressing leader was roughly
proportional to its abundance in the mixed spheroid (compare Fig. S3 panels D and E, 90%
vs. 10% wild-type KDM5B). By contrast, leaders expressing L685W showed no suppression
of chain-like behavior relative to vector-only cells (Fig S3E, 100% KDM5B L685W), and
exhibited a similar frequency of green-only vs. magenta (unmodified leaders) in the lead
position regardless of their relative proportions. These data support the idea that
overexpression of wild-type KDM5B may suppress the emergence of cooperative behavior
necessary to form a chain, such cells nevertheless retain the capacity to lead in a mixed
population.

SNP analysis suggests distinct leader and follower cell lineages.

If high expression of wild-type KDM5B enforces the leader phenotype and/or
suppresses the emergence of an alternate phenotype (e.g. followers), and this has an impact
on collective behavior, then one might predict that there would be a selection against the
expression of KDM5B L685W in leader cells and selection for KDM5B L685W in follower cells
independently captured from H1299 spheroids relative to the parental population. Fortuitously,
a common SNP (rs1141108, chrl: 202715284, G>A) is located within the same exon as the
KDM5B mutation, and the H1299 cell line was determined to be heterozygous for this SNP in
our initial sequence analysis. Targeted deep resequencing of an amplicon including the region
containing both the mutation (chr1:202715414) and the SNP (chrl: 202715284) in genomic
DNA thus enabled us to trace the relationship between allelic balance and the frequency of
the KDM5B L685W mutation in each cell population (average depth= 348,327 reads).

We first found that approximately one third of alleles in each population carried the A
variant and two thirds carry the G variant at rs1141108, leading us to conclude that there are
3 copies of KDM5B and/or chromosome 1 in our strain of H1299 cells and that this ploidy is
maintained across the three populations. The ACTR3 mutation that gives rise to ARP3 K240R
on chromosome 2 also occurs in approximately one third of reads from genomic DNA in leader
cells (Fig. 1B). Focal copy number alterations in the genomic regions surrounding ACTR3 and
KDMB5B have not been detected in H1299 cells by SNP copy number analyses (COSMIC Cell
Lines Project: https://cancer.sanger.ac.uk/cell_lines). These data suggest that our strain of
H1299 cells are functionally triploid. We further ascertained that the KDM5B variant
(chrl:202715414: A>C) giving rise to the L685W mutation resides exclusively in cis with the
SNP rs1141108 G allele (99.7% concordance across 267,414 total reads containing the
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mutation). The analysis further confirmed the proportions of KDM5B wild-type vs. mutant
alleles shown in Fig. 1, including the more variable mutation frequency observed among
different isolates of the parental population, the complete absence of the KDM5B L685W
mutation (<0.00001%) in the leader cells and the very consistent ~30% in the follower cells
(Fig. 6A). Additionally, the relative proportions of the wild-type and variant expressed at the
MRNA level were largely reflective of the proportion at the genomic DNA level across all three
populations, again suggesting that there was no allelic bias in expression of the wild-type
versus mutant forms of KDM5B (Fig. 6A).

The finding that the KDM5B L685W mutation was exclusive to the G allele while the A
allele was exclusively wild-type allowed us to trace the relative proportions of the three
genotypes (WT/A, WT/G, mutant/G) across the parental, leader, and follower populations.
These data showed that whereas 4-12% of the parental population carries the KDM5B
mutant/G allele, this allele was excluded from the leader population, which exhibited
essentially none of the KDM5B mutant/G alleles (Fig. 6B), but was nearly 2-fold enriched in
the isolated followers (30%) (p=0.008; ANOVA plus Tukey's post-hoc correction) and
approached the expected frequency (if each allele is independently sorted). Taken together
these data suggest that whereas the parental population varies in the fraction of cells
containing the mutant/SNP G allele, growth in 3-D culture, SaGA-based capture and
subsequent expansion of leader cells selectively enriches for cells expressing only wild-type
KDMB5B, whereas that of followers selects for a population in which nearly every cell contains

(and expresses) one copy of the mutant KDM5B L685W allele.

Discussion

The greatest threat to cancer patient mortality is the metastatic spread of tumor cells
from the primary site (Mehlen and Puisieux, 2006). Collective migration and invasion are major
contributors to the dispersion of metastatic cancer cells (Friedl and Gilmour, 2009; Bronsert et
al.,, 2014; Haeger et al., 2015; Mayor and Etienne-Manneville, 2016). Collective invasion is
typified by the coordinated movement of a group of cohesive cells, often including multiple
heterogeneous cell populations with specialized functions. One well-studied example of
collective invasion is that of chain-like invasion, in which specialized leader cells lead groups
of cells termed follower cells, out of the tumor (Konen et al., 2017; Mayor and Etienne-
Manneville, 2016; Haeger et al., 2015), with both populations playing important roles in the
process of invasion. Until now, studies of the distinct populations within invasive chains have
been limited by the inability to separate these populations. Development of the SaGA
technique (Konen et al., 2017), enabled us to independently analyze leader and follower cells
with different phenotypes to gain insight into population dynamics and the emergence of

populations that differ in cell behavior. Our results identify a set of expressed mutations that
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define leader and follower cells, representing, to our knowledge, the first known instance of
distinct mutations as contributors to the leader/follower phenotypes within collectively invading
packs.

We confirmed the importance of the leader cell-enriched mutation ARP3 K240R to the
invasive leader cell phenotype by introducing it into a population of non-invasive H1299
follower cells. Both in pure spheroids and when mixed with 90% unmodified followers, ARP3
K240R-expressing followers displayed increased ability to invade and lead collective chains
at both lower and higher protein expression levels. Rescue with wild-type ARP3 also conferred
leader cell behavior, but only when expressed at supra-physiologic levels. One potential
explanation is that ARP3 K240R increases the effective dosage of ARP3 protein, essentially
recapitulating ARP3 overexpression even at low expression. Indeed, ARP3 K240R
accumulated to higher levels than wild-type ARP3 when exogenously expressed from the
same vector. The K240R mutation might interfere with ubiquitylation at K240, resulting in either
decreased ARP3 turnover, or enhanced ARP3 activity. Ubiquitylation at K240 has previously
been observed by mass spectroscopy in multiple human cell lines as well as mouse tissue,
and K240R was predicted by SAPH-ire to have a high likelihood of functional consequence.
Further experiments will be necessary to determine whether ARP3 K240R is indeed resistant
to ubiquitylation, and whether this impacts the activity of ARP3 in leader cells. ARP3 is a key
subunit of the Arp2/3 complex that regulates intracellular actin dynamics in a number of
processes, including lamellipodia protrusion during cell motility (Goley and Welch, 2006).
Indeed, we observed significantly reduced invasion in parental, leader, and follower cells upon
ARP3 knockdown, supporting its importance for cell migration and invasion. Overexpression
of Arp2/3 complex subunits including ARP2, ARP3, ARPC2, and ARPC5 has been shown to
promote invasion in multiple cancer types including lung, colorectal, glioblastoma, and others
(Liu et al., 2013; Zheng et al., 2008; lwaya et al., 2007; Semba et al., 2006; Kinoshita et al.,
2012; Lv et al., 2018; Yang et al., 2013). Our results now further indicate a role for ARP3 as
contributing to tumor collective invasion by promoting the leader cell phenotype.

We also investigated the role of the follower cell enriched mutation, KDM5B L685W.
Surprisingly, overexpression of wild-type KDM5B in leader cells suppressed invasive chains,
as well as the ability to lead invasive chains when mixed with followers. By contrast,
overexpression of KDM5B L685W supports chain-like invasion. Interestingly, these data are
seemingly at odds with published data showing that overexpression of wild-type KDM5B in
cancer cells increases their migration and invasion in 2-D assays (Tang et al., 2015; Wang et
al., 2015; Bamodu et al., 2016; Viré et al., 2014; Kuo et al., 2018; Lu et al., 2015), including in
H1299 cells (Shen et al., 2015), and may be a reflection of the differences in the assessment
of invasion in 2-D, which focuses on the behavior of single cells, and that of cells grown as

spheroids and undergoing collective invasion. Collective invasion requires cooperation
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between cell phenotypes, and the ability of cells in the population to take on distinct roles upon
suspension in 3-D. One interpretation of our data is that overexpression of wild-type KDM5B
suppresses chain-like invasion by suppressing phenotypic plasticity, tipping the balance away
from cooperative behavior, and that KDM5B L685W is somehow deficient in this regard.
KDMB5B acts as a transcriptional repressor, and its sustained expression in leader cells may
act to promote phenotypic stability by repressing the follower ‘program’, thus preventing the
emergence of the alternate (follower) phenotype. Consistent with this idea, the isolation of
cells that take the lead position in 3-D invasive streams from the parental favors those that
have retained parental levels of KDM5B and lack the mutation, while cells that take the follower
position are selectively enriched for mutant KDM5B and exhibit significantly reduced overall
KDM5B expression and a skewed intracellular H3K4me2/3 to H3K4mel ratio relative to
leaders, consistent with reduced/compromised intracellular KDM5 activity. It is also possible
that whereas other “dominant-acting” mutations (such as ARP3 and potentially others) directly
promote leader behavior, wild-type KDM5B may be a passive participant in the selective
outgrowth of leaders. Indeed, wild-type KDM5B expression was not sufficient to drive leader
activity in follower cells. Rather, we favor the hypothesis that reduced KDM5B activity/
expression facilitates population plasticity and cooperative behavior. Interestingly, KDM5B
was recently identified as a key suppressor of transcriptomic heterogeneity. Whereas KDM5B
overexpression enforces phenotypic stability of Iluminal breast cancer cells, its
depletion/inhibition was shown to promote transcriptional plasticity and to facilitate breast
cancer cells to overcome therapeutic resistance (Hinohara et al., 2018). Reduced KDM5B
expression/activity and the ensuing transcriptomic heterogeneity may also be a necessary
step for the emergence of the specialized leader and follower phenotypes that define
collectively invading chains. In this regard, it is interesting to note that leader cell cultures tend
to be phenotypically stable over time and retain their highly invasive phenotype, whereas
follower cultures exhibit a greater degree of phenotypic plasticity, with a tendency to spin off
new invasive chains (and hence take on leader characteristics) over time (Konen et al., 2017),
suggesting that at least some components of collective behavior are epigenetically driven. At
least in some cases, knockdown of KDM5B in H1299 parental cells (but not isolated leaders
or followers) promotes an increase in chain number and invasive area (Fig. S4).

Previous studies have suggested that cooperation between phenotypically and
genetically distinct subpopulations derived from a common tumor cell population are
necessary to promote invasion and/or metastasis in vivo. For example, Calbo et al. (Calbo et
al. 2011) found that neuroendocrine and non-neuroendocrine-like clones derived from a
common primary murine SCLC tumor were incapable of completing metastasis on their own,
but once re-mixed became highly metastatic. Shared copy number variations confirmed a

common clonal origin, but some genetic alterations (e.g. amplification of Mycl1) were only
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observed in the neuroendocrine-like population. Likewise, Mateo et al. (Mateo et al., 2014)
found that co-culture of phenotypically distinct subpopulations isolated from the PC-3 prostate
cancer cell line promoted invasion and metastasis over either population in isolation. Other
studies have shown that the post-hoc admixture of cells engineered to undergo EMT or to
express activated HRAS with the non-engineered control population was necessary to fully
complete metastasis (Tsuji et al., 2008) or to promote collective motility of breast epithelial
cells (Liu et al., 2012). The necessity for heterogeneity in the transcriptional program, even
when genetically driven, is an emerging theme, and is consistent with our observations here.

Emerging research regarding how followers cooperate with leaders to promote their
invasive capabilities center on concepts such as contact inhibition of locomotion (CIL) and
movement along a chemical gradient (Mayor and Etienne-Manneville, 2016; Jolly et al., 2018).
CIL occurs when a migrating cell contacts another cell and begins forming protrusions
opposite the site of contact to move in the opposite direction (Abercrombie, 1970; Abercrombie
and Heaysman, 1953; Mayor and Carmona-Fontaine, 2010). In this case, follower cells
contact leader cells, forcing them to polarize and move in a forward direction. Follower cells
also regulate signaling to leader cells, often through creation of chemical gradients that
motivate leader cells to move in a particular direction (Mayor and Etienne-Manneville, 2016;
Theveneau et al., 2010; Malet-Engra et al., 2015; Valentin et al., 2007; Dona et al., 2013;
Muinonen-Martin et al., 2014). Indeed, we previously discovered that follower and leader cells
engage in a symbiotic relationship, in which follower cells promote the survival and
proliferation of leader cells, which in turn secrete VEGFA to promote the motility of follower
cells (Konen et al., 2017).

Our sequencing data and the ability to discern the clonality of the distinct leader and
follower subpopulations relative to that of the parental population from which they were derived
allows us to construct a model of the population origins (Fig. 6C). In a population of tumor cells
which are already functionally triploid, ACTR3 and KDM5B undergo mutation, each in separate
cells. These mutational events are the beginning of the divergent paths that will develop two
separate but cooperative subpopulations. Cells containing mutant ACTR3 go on to form the
highly invasive, slow proliferating leader cells while cells containing the KDM5B mutation
ultimately become the follower population of invasion-deficient, rapidly proliferating cells.
Expressing the leader specific ACTR3 mutation in follower cells increases chain-like invasion.
Likewise, expressing the follower specific KDM5B mutation in leader cells increases chain-like
invasion. Our phenotypic data adds to this model the necessity for cells exhibiting both the
leader phenotype and a follower phenotype to the cooperative behavior demonstrated in
collective invasion.

The approach used herein, while innovative, does have certain limitations. First, the

work focuses on the characterization of leader and followers isolated from a single NSCLC-
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derived cell line. How universal the identified mutations/genes might be in contributing to
leader/follower behavior in other cell lines or cancer types is currently unknown. In addition,
while our functional characterization supports a potential role for ACTR3 and KDM5B in
modulating collective invasion in this setting, these were only two of the phenotype-selective
mutations identified. It is possible that no single alteration in isolation is sufficient to fully drive
either phenotype, but rather the combinatorial effects of multiple genetic and epigenetic
alterations contribute to collective behavior. Studies aimed at similar analyses of multiple cell
lines, or collective invasion models and across cancer types may converge on critical “drivers”
or pathways. Ultimately the identification of such key alterations may help in clinical decision-
making by identifying predictive biomarkers or new therapeutic targets. Indeed, several
molecular inhibitors of the KDM5 family are currently under development, particularly in the
setting of combination therapy and therapy resistance (Horton et al., 2016a,b; Vazquez-
Rodriguez et al., 2018; Nie et al., 2018; Vinogradova et al., 2016; Johansson et al., 2016;
Tumber et al., 2017; Bayo et al., 2018). Chemical inhibition of KDM5B as an anti-metastatic
modality has not yet been tested. Moreover, a recently discovered Arp2/3 inhibitor CK-666
(Nolen et al., 2009) has been shown to inhibit cell motility in vivo (llatovskaya et al., 2013). An
alternative approach would be targeting other components of the Arp2/3 pathway. One such
target, PLK4, has been implicated as a driver of cancer invasion and metastasis in part through
its interaction with Arp2/3 subunits (Kazazian et al., 2017), and PLK4 inhibitors are currently
under clinical investigation for patients with advanced solid tumors. Our identification of a
panel of mutations delineating leader and follower cell phenotypes in a non-small cell lung
cancer tumor population is an initial step toward elucidation of how heterogeneous genetic
mutations contribute to cancer metastasis and how these vulnerabilities can be exploited to

circumvent the development of metastasis.

Materials and Methods

Cell lines and transfections. Leader and follower cells isolated via the SaGA technique from
the H1299 human NSCLC cell line (Konen et al., 2017), as well as the parental H1299 cell line
(ATCC, Manassas, VA), were cultured in RPMI-1640 media supplemented with 10% fetal
bovine serum and 100 units mL* of penicillin/streptomycin and maintained at 37°C and 5%
CO,. H1299 cells were mycoplasma tested and authenticated using single nucleotide
polymorphism analysis through the Emory Genomics Core as previously described (Konen et
al. 2017). H1299 cells had been transfected with the Dendra2 as previously described (Konen
et al., 2017). 293T cells were maintained in Dulbecco’s Modified Eagle’s Media (DMEM)
supplemented with 10% fetal bovine serum and 100 units mL? of penicillin/streptomycin at
37°C and 5% CO..
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For ARP3 lines, lentivirus was prepared by seeding 2x10° HEK293T cells in a 100 cm
dish and co-transfecting with 5 pg transfer vector, 0.5 ug pMD2.G (Plasmid #12259, Addgene),
5 ug psPAX2 (Plasmid #12260, Addgene), and 1 ug of lentiviral vector. After 24 hours, media
was replaced with 5 mL fresh complete media, then virus-containing media was collected after
24 hours. Media was centrifuged for 3 minutes at 1000 rpm, 4°C, and then supernatant was
filtered through a 0.45 pum low protein-binding filter.

Target cells were seeded at 70% confluence in a 6-well plate one day prior to lentivirus
collection. After virus collection, target cell media was replaced with 1 mL complete media plus
340 pL virus stock and 1.34 pL polybrene (10 mg mL™* stock), added dropwise. After 24 hours,
media was replaced with 2 mL complete media. Selection antibiotics (ShRNA: puromycin;
ARP3 expression vectors: hygromycin) were added 48 hours after viral infection.
shACTR3 constructs were obtained from Millipore Sigma TRCNO0000029383 and
TRCNO0000380403. mCherry-ARP3 lentiviral constructs were created by cloning ARP3-
pmCherryC1 (a gift from Christien Merrifield; Addgene plasmid # 27682 (Taylor et al., 2011))
into the pCDH-UBC-MCS-EF1 Hygro backbone. The UBC promoter was subsequently
exchanged for a CMV promoter. The ARP3 K240R mutation was created using site-directed
mutagenesis.

The HA-KDM5B, pLKO-scrambled, pLKO-KDM5Bshl, and pLKO-KDM5Bsh2
constructs were a kind gift from Dr. Qin Yan (Sayegh et al., 2013). The puromycin selection
marker was exchange for a hygromycin cassette, and the KDM5B L685W mutation was
introduced by site directed mutagenesis. H1299 cells were transfected with 2 pug plasmid
vector to 1x10° cells per well of 6-well plate with Lipofectamine 3000 (ThermoFisher Scientific
Inc., Carlsbad, CA, USA). After 48 hours, transduced cells were selected with 500 pg mL™*
hygromycin.

Lentivirus was prepared by seeding 9x10° HEK293T cells in a 6¢cm dish and co-
transfecting with 0.1 pg VSV.G (viral envelope plasmid), 0.9 pg dR8.2 (viral packaging
plasmid), and 1 pg of lentiviral vector 24 hours post-seeding. After additional 24 hours, media
was replaced with 6 mL fresh complete media, then virus-containing media was collected after
a further 24 hours. Media was centrifuged for 3 min at 1000 rpm, 4°C, and then supernatant
was filtered through a 0.45 um low protein-binding filter. Target cells (H1299 parental, leader,
and follower cell lines) were seeded at 1x10° cells per well in a 6-well plate. Target cells were
infected the next day by overlay with 1 mL complete media plus 300 pL viral stock and 10 pg
mL* polybrene. After 24 hours, media was replaced with 2 mL complete media. Cells were

selected with 3 pg mL* puromycin at 48 hours after viral infection.
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RNA-sequencing and variant calling. RNA-sequencing was performed in triplicate on
H1299 parental, leader and follower cells. For parental cells, three different passages were
used. For follower cells, three separately-isolated populations were used. For leader cells, two
separately-isolated populations were used: one passage of one population, and two passages
of the other. RNA library preparation and sequencing were carried out by the Emory Integrated
Genomics core and Omega Bio-Tek, Inc. using the TruSeq Stranded mRNA kit, followed by
guantification using a Quantus Fluoremeter (Promega, Madison, WI, USA) and integrity
assessment using an Agilent 2200 Tapestation instrument. Sequencing was performed using
a HiSeqg2500 instrument (lllumina, Inc., San Diego, CA, USA), with 50M total sequencing
reads generated per sample using the PE100 run format.

Data processing and statistical analyses were performed by the Emory Biostatistics
and Bioinformatics Shared Resource. Raw paired-end fastq reads were assessed for quality
and contamination using FastQC (Andrews, 2010) and trimmed with Trimmomatic v0.32
(Bolger et al., 2014). Quality filtered reads were mapped against human reference genome
hgl9 using STAR aligner v2.3.0 (Dobin et al., 2012). Picard tools v1.111

(http://broadinstitute.github.io/picard) was used to assess post-alignment QC and to remove

PCR duplicates. With an average yield of 30M post-filtered reads, 88% of the reads mapped
uniquely with 78% of reads covered in the coding and UTR region. Genomic variants from
RNA-seq were called using SamTools v0.1.19 mpileup (Li et al., 2009) with Varscan v2.3.6
(Koboldt et al., 2012) and functionally annotated using ANNOVAR (Wang et al., 2010). A
filtering criterion was applied requiring that reported variant had ¢ 6X read depth coverage,
€2X supporting alternate reads in all samples. Variants associated with intronic, intergenic or
synonymous changes, pseudo genes, non-coding RNAs, or sex chromosomes were
excluded. Variants were filtered if they were known in dbSNP but not present in COSMIC
database. This resulted in a total of 6240 variants. A pairwise two-sided independent t-test

was done to compare cell populations mean variant allele frequencies between the groups.

Western blotting. Total cellular protein expression was assessed via Western blotting as
previously described (Konen et al., 2016). For histone detection, lifted cells were washed twice
with PBS and lysed with Triton extract buffer (PBS containing 0.5% Triton X 100, 2 mM
phenylmethylsulfonyl fluoride (PMSF), and 0.02% sodium azide) 10 minutes on ice. Samples
were collected by centrifugation for at 4°C for 10 minutes at 2000 rpm. Histones were then
acid extracted in 0.2 M HCI by rotation overnight at 4°C. Samples were then electrophoresed
on a 6.5% SDS-PAGE gel and subject to western blotting.
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http://broadinstitute.github.io/picard

Reagents and antibodies. Primary antibodies for Western blot: ARP3 antibody (Santa Cruz,
cat. no. sc-48344 —immunogen: residues 1-110 of human ARP3) was used at 1:1000. KDM5B
antibody (Sigma, cat. no. HPA 027179 — immunogen: residues 1401-1481 of human KDM5B)
was used at 1:500. GAPDH antibody (Cell Signaling, cat. no. 2118) was used at 1:30,000.
Beta-tubulin antibody was used (Sigma, cat. no. T4026) at 1:5000. HA antibody (Biolegend
cat. no. 901501) was used at 1:1000. H3K4me3 and H3K4me2 antibodies (Millipore cat. nos.
07-473 and 07-030 respectively) were used at 1:10,000. H3K4me1l antibody (Cell Signaling
cat. no. 5326T) was used at 1:5000. H4 antibody (Millipore cat. no. 05-858R) was used at
1:20,000. Horseradish  peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch) were used at 1:10,000 for Western blot.

3-D invasion assays, spheroid microscopy and image analysis. Spheroids were
generated as previously described (Konen et al., 2016) and embedded in 2 mg mL* Matrigel
(BD Biosciences) diluted in complete media. Images were taken at 0, 24, and in some cases
48 hours post-embedding at 4x using either an Olympus IX51 or CKX41 microscope.

For mixed spheroid experiments, cells were plated together in low-adhesion wells in
the indicated ratios with 3000 total cells per spheroid and embedded as previously described.
After 24 hours, spheroids were imaged using a Leica SP8 inverted confocal microscope.
Invasive area and spheroid circularity were measured using ImageJ as previously described
(Konen et al., 2017).

Target validation. DNA and RNA were isolated from H1299 parental, leader and follower
cells using DNeasy Blood & Tissue Kit and the RNeasy Mini Kit (Qiagen Sciences,
Germantown, MD, USA), respectively. Isolation of samples occurred in two independent
biological replicates. RNA was reverse transcribed with M-MLV Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA) top generate cDNA. Primers were designed and used to
amplify regions surrounding each locus of interest subject to Sanger sequencing at GENEWIZ
(South Plainfield, NJ, USA). Primer sequences are listed in Table S1. PCR products were
cloned into the pCR4-TOPO TA vector by TOPO-TA cloning (ThermoFisher Scientific 450071,
Carlsbad, CA, USA) and transformed into bacteria. Fifty individual colonies for each gene in
each cell type were and re-streaked on a new ampicillin plate, and twenty colonies each sent
to GENEWIZ for Sanger sequencing.

Cell proliferation assay. H1299 cells expressing constructs for either overexpression or
knockdown of KDM5B or ARP3 were seeded at 1x10°2 cells per well in six wells each of a 96
well plate. After 24-120hr growth, cells were fixed with 100puL per well cold 10% trichloroacetic

acid for 1 hr at 4°C, washed three times in water, and air dried. Cells were then stained with
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100uL 0.4% sulforhodamine B in 1% acetic acid for 30 minutes, washed three times in 1%
acetic acid, and dried. Dye was reconstituted in 200 uL 10 mM Tris base (pH 10.5) for 30 min.
Optical density (OD) at 510 nm was measured, and the fold-change in OD determined as:
(ODx hours) / (OD24 hours)-

Targeted deep resequencing and analysis. Targeted region of KDM5B surrounding exon
15 was PCR amplified using primer sequences listed in Table S1. Amplified products were
purified by SPRI beads (KAPA Biosystems, Cape Town, South Africa). Libraries were then
created with custom TruSeq compatible adapters and KAPA Hyper Prep Kit (KAPA
Biosystems, Cape Town, South Africa). Quality for each library was checked using an Agilent
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were sequence on an
lllumina HiSeq 4000 (lllumina, Inc., San Diego, CA, USA) using 150 bp paired-end sequencing
at NYU Genome Technology Center. Quality trimmed reads were mapped to the human
genome (GRCh37) using Bowtie 2 (Langmead and Salzberg, 2012). Variant allele frequencies
for the KDM5B SNP (rs1141108) and the linked KDM5B L685W mutation were quantified as
the fraction of reads (average depth= 348,327 reads per line) exhibiting the A or G allele at
position chrl: 202715284 or the A or C variant at position chr1:202715414 using R packages
Rsamtools, ShortRead, GenomicAlignments, and BSgenome.Hsapiens.UCSC.hgl19
(Lawrence et al., 2013; Morgan et al., 2009, 2017; Team, 2017; Team, 2014). Differences in
KDMB5B variant allele frequencies were based on analysis of variance with Tukey’s post-hoc

correction using the R functions ‘aov’ and ‘TukeyHSD’, respectively.

Histone demethylase activity assay. Direct quantification of H3K4me3 demethylase activity,
cells were lysed by sonication in PBS (3x 4 sec) in the presence of protease inhibitors. Equal
amounts of protein were incubated with a histone H3K4me3 substrate for 2 hours at 37°C
before specific immune-detection of the H3K4me2 product using Epigenase™ JARID
Demethylase Activity/Inhibition Assay Kit (Epigentek P-3083, Farmingdale, NY, USA).
Detailed reaction conditions were as previously described (Wang et al., 2013; Dalvi et al.,
2017).

Statistical analysis. Two-tailed, unpaired Student’s t-test was used to assess statistical
significance between any two conditions. Ordinary one-way ANOVA with Tukey’s multiple
comparisons test was used for experiments in which three or more conditions were being
compared. Confidence intervals of proportions in the mixed spheroid experiments were
calculated via the Wilson/Brown method. Fisher’s exact test was used to test the association
of the identified mutations and the phenotypes (e.g. mutant vs. wild-type, leader versus

follower) in TOPO-TA cloning experiments.
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Data Deposition:
RNAseq data generated as part of this project have been deposited in the NCBI Sequence
Read Archive (SRA) under accession # PRINA542374.
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Fig. 1. ARP3 K240R and KDM5B L685W are validated mutations in H1299 leader and
follower cells. (A) Schematic of the SaGA protocol used to isolate leader and follower cell

populations. (B) Variant allele frequencies for ACTR3 and KDM5B from RNA-sequencing of

H1299 parental (P), leader (L) and follower (F) cells. n=3 separate populations per group. (C)

TOPO-TA cloning and subsequent Sanger sequencing confirms the presence of ACTR3

o+
Q.
=
O
wn
=)
C
©
£
©
()
-
Q
()
O
(8]
<
°
(O]
(8]
C
2
O
(7p]
(]
©)
Y
(o]
©
C
fu
=)
o
S




K240R and KDM5B L685W mutations in both cDNA and genomic DNA (gDNA) from parental,
leader and follower cells, respectively. n=20 colonies (ARP3 parental, follower gDNA and
parental, leader cDNA and KDM5B parental gDNA); 19 colonies (ARP3 leader gDNA and
KDMB5B leader gDNA); 18 colonies (ARP3 follower cDNA and KDM5B follower gDNA and
parental, follower cDNA); and 17 colonies (KDM5B leader cDNA) (association between the
genotype and cell phenotype was determined by Fisher’'s exact test as follows: mutant vs.
wild-type, leader versus follower ARP3 gDNA p=0.008, ARP3 cDNA p=0.11, KDM5B gDNA
p=0.02, and KDM5B cDNA p=0.008). (D) Relative mRNA expression (via RNA-seq;
normalized to parental average) and (E) protein levels (via Western blot) of ACTR3 and
KDMB5B in H1299 parental, leader, and follower populations. *p<0.05, **p<0.01, ***p<0.001 by
one-way ANOVA with Tukey’s post-test.
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Fig. 2. PTM hotspot analysis of ARP3 K240 suggests functional impact of the K240R
mutation. (A) Plot of SAPH-ire probability score by rank for all modified alignment positions
in the ARP protein family IPR004000. The ARP3 K240 ubiquitylation site is highly ranked along
with other MAPs that contain PTMs with well-established function (4 or more supporting
references), as indicated by known function source count (KFSC) quantiles. (Inset) Table of
ARP3 K240 PTMs identified by mass spectrometry of human and mouse tissues, including
literature sources. (B) Local PTM topology of the ARP3 family near ARP3 K240. PTM sites
plotted by solvent accessible surface area (SASA) and proximity to the interface of a protein-
protein interaction. Human ARP3 PTMs are labeled, revealing multiple ubiquitylation sites
between K240-K254. (Left) Structure of Arp2/3 complex (PDB 4XF2) indicating ARP3 K240
(spheres) within the K240-K254 region of ARP3 (red). (C) Western blot showing exogenous
(upper band) versus endogenous (lower band) ARP3 expression in unmodified followers, and
shACTR3-followers rescued with either empty vector (EV), wild-type ARP3, or ARP3 K240R.
Rescue constructs were mCherry-tagged to allow for visualization within invasive chains. (D)
Images of invasion in Matrigel at 24hrs of spheroids comprised of unmodified follower cells,
or shACTR3 followers transfected with either empty vector, wild-type ARP3, or ARP3 K240R
constructs. (E) Quantification of spheroid invasive area (meants.d., n=17, 15, 16, and 17
spheroids per group, respectively, across N=3 experiments. **p<0.01, ***p<0.001,
****n<0.0001 by one-way ANOVA with Tukey’s post-test). Scale bar: 100 um.
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Fig. 3. ARP3 K240R confers leader-like properties when expressed in follower cells. (A)
lllustration of spheroid mixing experimental setup. Spheroids were comprised of either 100%
unmodified followers, or 90% unmodified followers plus 10% of shACTR3 followers rescued
with either empty vector, wild-type ARP3, or ARP3 K240R. (B) Invasion of mixed spheroids in
Matrigel after 24 hr. Rescue constructs were expressed under control of the UBC promoter.
Representative images shown for each condition. (C) Quantification of invasive area,
circularity, and average number of chains per spheroid for each condition (meanzts.d., n=14,
11, 18, and 16 spheroids for unmodified followers, EV rescue, wildtype ARP3 rescue, and
ARP3 K240R rescue, respectively, across N=3 experiments. *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001 by one-way ANOVA with Tukey’s post-test). (D) Confocal fluorescence imaging
of mixed spheroids, with unmodified followers shown in green and mCherry-ARP3 K240R-
rescued cells or mCherry-wild-type ARP3-rescued cells shown in magenta. Black arrows
indicate invasive chains being led by experimental rescue cells. Graphs show percentage of
chains (mean +/- 95% confidence intervals) led by wild-type ARP3-rescued and ARP3 K240R-
rescued followers. Dotted line denotes 10% of chains led, corresponding to the proportion of
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ARP3 rescued cells in the mixed spheroids. Scale bar: 100 um. (E) Western blot showing
protein expression levels of ARP3 in followers after knockdown of endogenous ARP3 and
rescue with empty vector, wild-type ARP3, or ARP3 K240R. Rescue constructs were
expressed under control of the CMV promoter. (F-G) 24 hr invasion of mixed spheroids in
Matrigel. Representative images (F) and quantification (G) of invasive area, circularity, and
average numbers of chains per spheroid shown for each condition (meants.d., n=12, 12, 12,
and 11 spheroids per group, respectively, across N=2 experiments. *p<0.05, **p<0.01,
***n<0.001, by one-way ANOVA with Tukey’s post-test). Scale bars: 100 um. (H) Confocal
fluorescence imaging of mixed spheroids, with unmodified followers shown in green and
mCherry-wild-type ARP3-rescued cells or mCherry-ARP3 K240R-rescued cells shown in
magenta. Black arrows indicate invasive chains being led by experimental rescue cells.
Graphs show the percentage of chains (mean +/- 95% confidence intervals) led by mCherry-
empty vector-rescued, wild-type ARP3-rescued and ARP3 K240R-rescued followers. Dotted
line denotes the proportion of ARP3 rescued cells in the mixed spheroids thus the 10% of
chains expected to be led based on random chance.
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Fig. 4. Characterization of the follower-enriched KDM5B L685W mutation. (A) Diagram
of KDM5B protein domains and relative position of amino acid residue 685 to zinc finger
domain. (B) Partial model of KDM5B L685W with H3 N-terminal tail (residues 1-14). The model
was generated by superimposing a structure of KDM5B (PDB 5A1F) with that of KDM6A in
complex with histone H3 peptide (PDB 3AVR), which placed a trimethylated H3K4 in the active
site of KDM5B, near the Fe(ll)-binding site, and the C-terminal tail of histone H3 near Leu685.
(C) Western blot analysis of KDM5B expression and mono, di- and tri- methylated H3K4 in
lysates from H1299 parental, leader, and follower cell populations. Loading controls B-tubulin
and H4 are probed from the same blot as preceding bands. Experiment was repeated on three
separate protein collections from cells at different passages (N=3) (D) In vitro H3K4
demethylation assay performed on lysates derived from three separate, biological replicates
of parental H1299 cells expressing empty vector, wild-type KDM5B, or KDM5B L685W
(meants.d. specific activity; N=3 biological replicates).
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Fig. 5. Wild-type KDM5B suppress and KDM5B L685W drives chain-like invasion. (A)
Western blot analysis demonstrating successful expression of HA-tagged wild-type and
L685W KDM5B in leader and follower cell populations. (B) Images of invasion in Matrigel at
24 hr of leader and follower spheroids expressing empty vector, wild-type HA-KDM5B, or HA-
KDM5B L685W. (C) Quantification of invasive area, circularity, and chain number from
spheroids depicted in (B) (meants.d., n=16 spheroids (follower empty vector, leader
KDM5BYT, and leader KDM5B8W) n=17 spheroids (leader empty vector and follower
KDM5BYT), n=18 spheroids (follower KDM5B8W) across N=3 independent experiments,
*p<0.05, **p<0.01, ****p<0.0001 by one-way ANOVA with Tukey’s post-test). (D) Images of
invasion in Matrigel at 24 hr of spheroids composed of 75% follower cells and 25% leader cells
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expressing either empty vector, wild-type HA-KDM5B, or HA-KDM5B-L685W. (E)
Quantification of invasive area, circularity, and chain number from spheroids depicted in (D)
(meanzs.d., n=16 spheroids (+25% leader empty vector), n=17 spheroids (follower only and
+25% leader KDM5BYT), n=18 spheroids (+25% leader KDM5B%%*W) across three
independent experiments, *p<0.05, ***p<0.0001 by one-way ANOVA with Tukey’s post-test).
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Fig. 6. Leader and follower cells are derived from two separate populations defined by
mutational profile. (A) Deep targeted resequencing across KDM5B exon 15 in genomic DNA
(top) and RNA (bottom) isolated from parental, leader, and follower populations (N=2
independent isolates of DNA/RNA at separate passages of cells derived from a single
phenotypic isolation. Average depth= 348,327 reads per sample). (B) Pie charts depicting
proportions of KDM5B genotypes across parental, leader, and follower populations as
determined from the deep amplicon sequencing shown in panel A. (C) Model of the potential
history of leader and follower populations from parental cell population as inferred from the
genetic profiles of KDM5B and ARP3.
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J. Cell Sci.: doi:10.1242/jcs.231514: Supplementary information

A
ACTR3
Parental Leaders Followers
B
KDM5B
Parental Leaders Followers

Fig. S1. Confirmation of leader- and follower-enriched mutations. Sanger sequencing
confirming leader-enriched ACTR3 mutation (A) and follower-enriched KDM5B mutation (B) in
cDNA (shown) and genomic DNA isolated from H1299 parental, leader and follower
populations. Black arrows indicate the bases of interest. (A) Only the wild-type A peak is seen in
the parental and follower populations, while the leader population contains both A and G peaks.
(B) Only the wild-type A peak is seen in the leader population, while the parental and follower
populations contain both A and C peaks.
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Fig. S2. ARP3 knockdown inhibits 3-D invasion. (A) Western blot showing ARP3 protein levels in
H1299 parental, leader and follower cells upon expression of empty pLKO.1 vector, ARP3 shRNA
#1 (Millipore Sigma TRCNO0000029383), or ARP3 shRNA #2 (Millipore Sigma TRCNO0000380403).
(B) Western blot densitometry quantification, indicating 70-90% knockdown of ARP3 protein using
either shRNA #1 or shRNA #2. (C) Representative images of 24-hour invasion of H1299 parental,
leader, and follower spheroids expressing either empty pLKO.1 or shACTR3 #2. Scale bar = 100um.
(D) Quantification of relative 24-hour invasive area, normalized to pLKO.1 control for each group.
(meanzs.d.,, n=5, 11, and 5 spheroids for parental, leader and follower lines, respectively.
***p<0.001, ****p<0.0001 by two-way ANOVA with Sidak correction). (E) Growth rate of parental,
leader, and follower lines expressing either empty pLKO.1 or shACTR3 #2. (mean+s.d., n=5
replicates per time point. *p<0.05, ***p<0.001, ****p<0.0001 by two-way ANOVA with Sidak
correction).
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Figure S3. Leader cells overexpressing wild-type KDM5B but not KDM5B L685W exhibit dimin-
ished chain formation but retain leader activity in leader-only spheroids. (A) Schematic of spher-
oid mixing experiment in which unmodifed mCherry leaders were mixed with empty vector, KDM5B
wild-type, or KDM5B L685W leaders and representative image of a spheroid containing 50% empty
vector expressing and 50% unmodified leaders. Black arrows indicate magenta cell (unmodified
leader) led chains. White arrows indicate green-only led chains. Both populations express Dendra2
(green) whereas the unmodified leaders also express mCherry (magenta). (B) Representative confo-
cal fluorescence imaging of spheroids in which, 10%, 50%, or 90% leaders stably expressing empty
vector, wild-type HA-KDM5B, or HA-KDM5B L685W were mixed with unmodified leaders 24 hours
after embedding in Matrigel. (C) Percent invasive chains led by green-only (vector/KDM5B/KDM5B
L685W) transduced cells, grouped by KDM5B overexpression cell line (meanzs.d., n=6 spheroids for
90% and 10% mixes or n=5 spheroids for 50% mixes across N=1 biological replicate, n.s. not signifi-
cant, p>0.05, by two-way ANOVA with Tukey’s post-test). (D) Same data as in panel B except grouped
by the fraction of green-only (vector/KDM5B/KDM5B L685W) transduced cells in the spheroid
(meanzs.d., n=6 spheroids for 90% and 10% mixes or n=5 spheroids for 50% mixes across N=1
biological replicate, n.s. not significant, *p<0.05, ***p<0.001 by two-way ANOVA with Tukey’s
post-test). (E) Average number of chains per spheroid grouped by percentage of the indicated
trans-duced leader cell line (meants.d., n=6 spheroids for 90% and 10% mixes or n=5 spheroids for
50% mixes across N=1 biological replicate, n.s. not significant (p>0.05), **p<0.01, ***p<0.001 by
two-way ANOVA with Tukey’s post-test).
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Figure S4. Impact of KDM5B knockdown on growth and chain-like invasion. (A) Western blot of
KDMB5B in parental, leader, and follower cell populations with two different ShRNAs, shRNA1, shRNA2
against KDM5B or a scrambled control. (B) Parental, leader, and follower cells expressing scrambled
shRNA, KDM5Bsh1, or KDM5Bsh2 were grown as 3-D spheroids in Matrigel at 24 hours. (C) Quantifi-
cation of invasive area, circularity, and chain number from spheroids depicted in (B) (meants.d., n=13
spheroids (follower scrambled), n=14 spheroids (leader KDM5Bsh?2), n=15 spheroids (leader scram-
bled and follower KDM5Bsh1), n=17 spheriods (parental scrambled, KDM5Bsh1, and KDM5Bsh2 and
follower KDM5Bsh2), or n=18 spheroids (leader KDM5Bsh2) across N=3 separate experiments,
*p<0.05, **p<0.01, **p<0.001, ***p<0.0001 by one-way ANOVA with Tukey’s post-test). (D) Growth
of parental, leader, and follower H1299 lines stably expressing scrambled shRNA, KDM5Bsh1, or
KDM5Bsh2 (meanzs.d of triplicate determinations from N=3 independent experiments).
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