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A new model isolates glioblastoma
clonal interactions and reveals
unexpected modes for regulating
motility, proliferation, and drug
resistance

Justin B Davis, Sreshta S Krishna, Ryan Abi Jomaa, Cindy T. Duong, Virginia Espina,
Lance A Liotta & Claudius Mueller®*

Tumor clonal heterogeneity drives treatment resistance. But robust models are lacking that permit
eavesdropping on the basic interaction network of tumor clones. We developed an in vitro, functional
model of clonal cooperation using U87MG glioblastoma cells, which isolates fundamental clonal
interactions. In this model pre-labeled clones are co-cultured to track changes in their individual
motility, growth, and drug resistance behavior while mixed. This highly reproducible system allowed
us to address a new class of fundamental questions about clonal interactions. We demonstrate that

(i) a single clone can switch off the motility of the entire multiclonal U87MG cell line in 3D culture, (ii)
maintenance of clonal heterogeneity is an intrinsic and influential cancer cell property, where clones
coordinate growth rates to protect slow growing clones, and (iii) two drug sensitive clones can develop
resistance de novo when cooperating. Furthermore, clonal communication for these specific types of
interaction did not require diffusible factors, but appears to depend on cell-cell contact. This model
constitutes a straightforward but highly reliable tool for isolating the complex clonal interactions that
make up the fundamental “hive mind” of the tumor. It uniquely exposes clonal interactions for future
pharmacological and biochemical studies.

Intratumor clonal heterogeneity is a critical problem in cancer because it leads to treatment resistance'=>. This
challenge spans the cancer landscape*~, with glioblastoma considered to have one of the highest levels of clonal
heterogeneity®!!. Current knowledge indicates that different clones with unique drug resistance profiles may
exist pre-treatment>*!2, Treatment then changes the clonal makeup of the tumor such that previously underrepre-
sented, but treatment-resistant, clones take over the mass of the tumor®. Heterogeneous clones co-exist within the
tumor for a long time, if not from the very early stages immediately following tumor initiation. In this context
it is important to differentiate between phenotypic heterogeneity, such as found when tumor stem-cells give rise
to tumorigenic and non-tumorigenic progeny', and genotypic (clonal) heterogeneity. Although the mechanisms
underpinning the development of clonal heterogeneity are still under debate, the basis for maintaining distinct
clonal populations in all tumor evolution models is spatial diversity within the microenvironment?. It is assumed
that different environmental constraints allow for the expansion of the clone that is best adapted to that particular
environment. However, if that were true, long-term maintenance of tumor clones with sub-optimal fitness would
not exist in homogeneous environments such as in-vitro cell culture.

Communication is a basic principle of success for any societal community, be it macrobiological (i.e. social
insect states, human communities) or microbiological (i.e. coordinated resistance to antibiotics in bacteria'®). It
is therefore sensible to assume that the interactions between clones are as multi-faceted and complex as in other
biological communities, including multiple types of negative (i.e. competition, amensalims, predation, parasit-
ism) and positive (i.e. commensalism, synergism, mutualism) interactions'®. While our current models of tumor
evolution focus on competition between clones, examples of tumor cell cooperation have been demonstrated!”-2.
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Figure 1. Tumor cell clones cooperate to (i) synchronize their growth rate, (ii) coordinate migration and (iii)
resist treatment.

In fact, clonal heterogeneity in itself has been found to be a prognostic marker associated with poor survival in a
pan-cancer analysis of over 3300 tumors?’. Interactions between tumor cells and various host cells of the tumor
microenvironment have been studied extensively, but interactions between tumor cell clones remain elusive and
largely unstudied. Even recent studies on tumor heterogeneity are limited to describing variable clonal pheno-
types, without considering the emergence of novel properties when tumor clones interact”>=?°. We therefore set
out to answer three fundamental questions that have not been addressed before: (i) Can one clone switch off the
independent motility of another clone? (ii) If a fast and slow growing clone are intermixed, does the fast growing
clone out-compete the slower clone, or do they cooperate to maintain constant fractions of each other. (iii) If two
clones have the same drug sensitivity, can they cooperate to become drug resistant? (Fig. 1).

Because the effects of clonal interactions are very difficult to study directly, we developed an in-vitro model,
based on U87MG glioblastoma cells, that eliminates all extrinsic variables, isolating the direct clonal cooperation
or competition. Any type of cell or tissue culture model exerts clonal selection pressure on the cell population,
and the decision to culture cells with or without serum will selectively inhibit or promote stem cell outgrowth.
Even primary cell cultures, or xenograft models, that more closely resemble the original tumor biology, show sig-
nificantly altered clonal heterogeneity***!. More importantly, early primary cell culture or xenograft tumor estab-
lishment causes an active shift in the clonal landscape. Our aim in establishing our model system was to measure
pure clonal interactions, without (i) any interference by the tumor microenvironment, and (ii) any impact of
spacial inhomogeneities (oxygen gradient, nutrient gradient, distance to stromal cells, accessibility by immune
cells, etc.) typically found in tumors. We therefore purposely chose the well established U87MG cell line, main-
tained in a homogeneous cell-culture environment, expecting a very stable phenotype of interactions between
subclones that is maintained long-term. Using this straightforward and highly reliable model, we found a much
richer fundamental clonal interaction phenotype than known before.

Results

U87MG subclones cluster into distinct signal protein pathway subtypes. We picked 96 individual
U87MG cells, of which 23 (24%) could be expanded into monoclonal cell lines that each maintained a fully stable
observable phenotype. We then characterized the phosphorylation status and/or abundance of 68 key cell signaling
proteins in the clones and the parental U87MG cell line using reverse phase protein microarrays (Fig. 2A, Supplemental
Table S1). Unsupervised hierarchical 2-way clustering showed extensive diversity between the individual clones, dis-
tributed among six major subtypes (Fig. 2A). Each subtype was characterized by a distinct set of upregulated (highest
quartile) and downregulated (lowest quartile) phosphoproteins involved in key cancer signaling pathways, such as
PI3K-Akt signaling, ErbB signaling, MicroRNA signaling, and focal adhesion (Table 1, Fig. 2B-E, Supplemental Fig. 1).

Clones show a distinct genotype. Clones B, C, D, and E were chosen for further genomic and pheno-
typic analysis based on preliminary data indicating significantly different growth rates between these clones.
We focused on the growth rate phenotype difference to determine whether clones could functionally interact to
influence each other’s growth rate, migration, and treatment resistance, irrespective of their individual molecular
similarities or differences. All four selected clones were authenticated as U87MG via short tandem repeat profil-
ing (ATCC, Manassas, VA, USA) (Supplemental Table 2). This was supported by single nucleotide polymorphism
analysis, which demonstrated 98.6% identity of the evaluated SNP loci between all four clones. Nonetheless, each
clone presented with its own unique genotype. Phylogenetic inference identified a tight similarity between clone
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Figure 2. The U87MG cell line is clonally heterogeneous. (A) Unsupervised two-way hierarchical clustering
of protein phosphorylation and abundance for 23 subclones of the U87MG cell line reveals six subtypes
(*clones selected for further investigation). (B-E) Highest and lowest (phospho)protein abundance quartiles
for subtype 1 and 5. Protein-protein interactions as predicted by STRING were plotted using Gephi, with radial
arms representing separate protein interaction clusters based on modularity. Node size and order is reflecting
degree (number of connections per node), while color shade corresponds to protein abundance level (proteins
described by gene names as understood by STRING, red = highest quartile, blue =lowest quartile).

E and clone D. Clone C possessed the greatest difference in genotype compared with the other selected clones
(Fig. 3A). While this corroborates the relational difference between clone C and E shown within the proteomic
data, clones C, D, and B were previously found within the same proteomic subtype. To indicate the abundance of
each respective clone within the U87MG cell line, principal component analysis was performed using the geno-
types of U87MG and its four selected subclones (Fig. 3B). The U87MG genotype associated tightly with clones D
and E and was distant from clone C, suggesting that the cell population within this cell line is mostly composed
of clones D and E as well as other clones closely related in genotype. This data further shows that, among the four
subclones evaluated, clone C is the least abundant within the U87MG cell line.

Clones regulate each other’s migration. Previous studies have indicated that invasiveness and migration
of tumor cells can benefit from cooperation between clones!”*>*, We therefore evaluated clonal interactions within
our model in a 2D wound healing assay and a 3D spheroid assay, whereby spheroids were transplanted onto cell
culture treated plastic to permit unguided cellular migration radially outward from the spheroid. Both assays were
performed without providing any chemotaxis cues in order to evaluate unguided migration speed, and controls were
included to control for total number of cells present in each well/spheroid and number of cells per clone.

In both, the 2D and 3D assays, clone C significantly inhibited clone E migration (up to 8.3 fold, p < 1*10714),
while increasing its migration rate when co-cultured with clone E in the 2D assay (1.3 fold, p < 1*107')
(Fig. 4A,E,]). Likewise, co-culturing clones C and B resulted in a significant inhibition of clone B migration in the
2D and the 3D assay (up to 5.8 fold, p < 1*107%). This caused clone C to either synchronize (2D) or significantly
outperform (3D) clone B migration, even though clone C showed a significantly slower migration rate than clone
B when cultured separately (2D: up to 1.7 fold, p < 1¥10~%, 3D: 1.3 fold, p < 1*10°) (Fig. 4B,F). Similarly, clone C
inhibited clone D migration in both assays. However, in contrast to co-cultures of clone C with clone E or B, clone
D reciprocally inhibited clone C migration, albeit to a lesser degree (clone C: 1.6 fold reduction, p < 1*10!1, clone
D: 4.3 fold reduction, p < 1*¥10~?°) (Fig. 4C,G).

SCIENTIFIC REPORTS |

(2019) 9:17380 | https://doi.org/10.1038/s41598-019-53850-7


https://doi.org/10.1038/s41598-019-53850-7

www.nature.com/scientificreports/

Regulation Subtype | % proteins measured | Pathway 1 Pathway 2 Pathway 3

1 4% Ras signaling Rapl signaling Endocytosis

2 3% — — —

3 40% Prolactin signaling Proteoglycans in cancer ErbB signaling
vpregulated 15% Focal adhesion I;I;E)tg)e;lil;itl;cell mediated MicroRNAs in cancer

5 15% PI3K-Akt signaling Ras signaling FoxO signaling

6 72% ErbB signaling FoxO signaling Proteoglycans in cancer

1 3% Focal adhesion Regulation of actin skeleton | —

2 18% Proteoglycans in cancer Ras signaling Pathways in cancer

3 7% McroRNAs in cancer MAPK signaling PI3K-Akt signaling
downregulated

4 41% PI3K-Akt signaling FoxO signaling Pathways in cancer

5 47% ErbB signaling Prolactin signaling T cell receptor signaling

6 4% Focal adhesion Regulation of actin skeleton | Proteoglycans in cancer

Table 1. Top three KEGG enriched pathways within the highest and lowest (phospho)protein abundance
quartiles for each clonal subtype.
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Figure 3. Single nucleotide polymorphism analysis reveals the evolutionary relationship between clones

and the relative abundance of each within the U87MG cell line. (A) Phylogenetic inference using LICHEeE
demonstrates a close relationship of clones D and E, while clone C shows the greatest difference in genetic
phenotype to all other clones. (Nodes (grey) represent the number of SNPs shared between sets of samples and
edges represent ancestry relationships). (B) Principal component analysis of the genotype annotations indicates
that the U87MG cell line is largely composed of clones D and E as well as genetically similar clones, while clone
C is likely to make up a small fraction of cells within that cell line.

Since clone C was able to inhibit the migration of any clone it was in contact with, we then compared the
impact of clone C on the parental U87MG cell line. Although clone C cells are part of that cell line, and thereby
confound the results with unknowable impact, we wanted to determine if clone C was able to inhibit the complete
mix of U87MG clones when present at a large fraction of the total cell population. In the wound healing assay,
no significant change in migration rate was observed that could not be explained by seeding density (Fig. 4D,
see high and low seeding density controls). However, in the 3D spheroid model, the same pattern emerged that
was seen in other co-cultures of clone C. Separately, U87MG cells migrated faster than clone C cells (1.8 fold,
p <1*107'8, Fig. 4H). But when cultured together, the migration rate of U87MG cells was significantly inhib-
ited (5.7 fold, p < 1*¥10~%°), while clone C migration rate remained unchanged. This resulted in a significantly
increased migration rate for clone C over U87MG cells in the mix (3.3 fold, p < 1*10~", Fig. 4H).

Individual clones actively synchronize their growth rate when grown together.  Preliminary data
indicated that the growth rate of clone C was significantly lower than the parental U87MG cell line. We therefore
sought to understand how clones with different proliferation rates can coexist in a homogeneous cell culture envi-
ronment. Clone C showed a significantly reduced growth rate compared to the parental U87MG cell line (1.4 fold,
p<1¥1071%), clone B (1.3 fold, p< 1*107"7), D (1.2 fold, p< 1*1077), and E (1.3 fold, p < 1*10~'18) (Fig. 5A-D).

SCIENTIFIC REPORTS |

(2019) 9:17380 | https://doi.org/10.1038/s41598-019-53850-7


https://doi.org/10.1038/s41598-019-53850-7

www.nature.com/scientificreports/

2D: Wound Healing

3D: Spheroid Outgrowth

A (cumulative n over 14 experiments) E (cumulative n over 3 experiments)
n= 106 142 140 113 143 140 n= 26 30 29 28 28 30 D D 3
* . ay 0 ay
e a— 600000 —_—
480007 1 g
5 &
2 3 & C Alone (50%) C Alone (50%)
5 38000 £ 400000
2 # % 2
k- 3 5
4 S &
©
H 28000 £ 200000
3 <
$ 18000
< }—-—.—M—-—.—m— 0
FONONE N O O N N D N
S S L &
& o & & & & & @
IR IR RS A S 2 G 8
SRS To S F S
19 < o &
B (cumulative n over 4 experiments) F (cumulative n over 3 experiments)
n= 27 30 30 26 28 29 n= 26 30 20 28 28 30
N —_—
x 600000 -
1
48000 —
3 L3
T & & °
%5 38000 £ 400000
2
H 3
S 28000 % o
3 2 200000
o <
& 18000,
< }___,_m_-_,_m_
0
D D S B @ D D B
S & & & ;
RO R ANJOARL
PO PN & 8
W F o8 o ¥ 8 ¢ 0, o
BRI Ry E Alone (50%) E Alone (50%)
N
< £ <
C (cumulative n over 4 experiments) G (cumulative n over 4 experiments) ) . o o . . o o
n= 39 42 41 42 42 40 n= 32 27 39 36 37 39 C in C/E Mix (50 %150 Aj) C in C/E Mix (50 %I/50 A))
*
| e | y 7
48000 600000 ——
£ *
3 r
2
°
% 38000 -
g 8 400000
3 o
& 28000 <
] 8
8 £ 200000
$ 18000
<
20 N
oF &
D (cumulative n over 3 experiments) H
n= 35 33 3 3 36 36
x
48000, 1
3 600000
I 8
5 38000 -
3 8
‘g 1 /400000
28000 3
3 @
© £ 200000
«© < b .
o 18000
< . . . .
o NV W v/ E in C/E Mix (50%/50%) E in C/E Mix (50%/50%)
R )
e & &F &S SSS
& 8o ANIPARY & 8 & &
& & @ & & & e & e &
& &8 @ & PRI
PR R g 3 o ¢ R
F O o & & oF o ¥ o W
N & &S & & &
& ¥ T & & F @
o & N

Figure 4. Tumor cell clones coordinate their migration. (A-D) In a 2D wound healing assay, clone C inhibits
migration of any other clone present while increasing its own migration. (E-H) 3D spheroid outgrowth onto
cell culture treated plastic demonstrates significant inhibition of migration of any clone co-localized with clone

C. (I) Representative images of spheroid outgrowth of clones C and E either alone (top panel) or mixed (bottom
panel). (*p < 0.05 for indicated pairs; *p < 0.05 versus respective clone in mix).

Although the observed differences in growth rate may seem small, the impact is very significant when considering
growth over time (see predicted clonal elimination, Fig. 5H). Within six days of co-culturing clone C cells with
U87MG cells at a 1:1 ratio clone C significantly increased its growth rate (1.2 fold, p < 1*1073), while the growth
rate of U87MG remained constant (Fig. 5D). In long-term cell culture (100 days), clone C was eliminated within
the U87MG background, as predicted, within six passages (Fig. 5H). Because these results were confounded by
an unknown fraction of clone C cells that are naturally part of the U87MG cell line, we decided to mix clone C
with a monoclonal population of clone E cells. Clone E had a growth rate very similar to the U87MG cell line
and was the closest related clone to U87MG cells in our proteomic and genotypic analyses (Figs 2A and 3B).
Again, clone C increased its growth rate in the presence of clone E (1.1 fold, p < 1*¥107'8, Fig. 5A). However,
clone E simultaneously reduced its growth rate to achieve near growth synchronization between both clones (1.1
fold, p < 1*10~*2). This effect was highly reproducible over 47 experiments with a cumulative n of up to 469. In
long-term, mixed clone C + E cell culture clone C was not eliminated as mathematically predicted. Instead, the
fraction of clone C dropped initially and was then stably maintained at 5.9% of total cell number (Fig. 5E). This
was largely independent of the initial seeding ratio of clones C and E (5.4% at 25:75 seeding ratio). Mixing clone C
with clone B or clone D resulted in increased temporary growth of clone C with no change in clone B or clone D
growth rate (1.1 fold, p < 1*10~2 Fig. 5B,C). During long-term co-culture, the elimination rate of clone C largely

followed the predicted outcome with final elimination of clone C (Fig. 5EG).
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Figure 5. Tumor cell subclones coordinate each other’s growth rate. (A-D) Within six days, clone C increases
its growth rate in the presence of faster growing clones. Simultaneously, clone E reduces its growth rate to
synchronize growth with clone C. In contrast, clones B, D, and the U87MG cell line maintain a constant
growth rate, regardless of the presence or absence of clone C (n= 32 to 469, cumulative over a maximum of
47 experiments). (E-H) In long-term cell culture (minimum of 100 days), slow growing clone C is ultimately
maintained at a constant fraction of 5.9% of total cells when mixed with fast growing clone E, regardless of the
initial seeding ratio. When mixed with clones B, D, or the U87MG cell line, the ratio of clone C largely follows
prediction and is ultimately outcompeted. (*p < 0.05 for indicated pairs; “*p < 0.05 versus respective clone in
mix; long-term co-culture was only performed one time with 4-6 replicates due to the extended time frame of
the experiment).

Clonal cooperation results in treatment resistance. The contribution of tumor heterogeneity to treat-
ment resistance has largely been perceived as providing resistant clones that survive treatment and aggressively
take over once other clones are eliminated. In contrast, we wanted to determine if cooperation between clones
itself provided an overall benefit to treatment resistance. All tested clones were largely resistant to temozolomide,
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Figure 6. Tumor cell clones cooperate to resist treatment. (A-D) Cooperation between clone C and clone E
leads to treatment resistance against docetaxel. (E-H) Clone C is significantly more resistant to treatment with
cisplatin when cooperating with clone E or B, while neither clone E or B benefit from this cooperation against
cisplatin treatment. (A,C,E,G)=raw effect of drug treatment, disregarding differences in clonal growth rate and
the change in growth rate that is observed when clones are mixed; (B,D,F,H)=adjusted effect that accounts for
clonal growth rates. (*p < 0.05 for indicated pairs; **p < 0.05 versus respective clone in mix; each experiment
was repeated at least three times, representative experiment shown).

the current FDA-approved chemotherapeutic drug for glioblastoma treatment (data not shown). We therefore
chose two other well established chemotherapy agents, docetaxel and cisplatin, that target distinct molecular
mechanisms within the cell. While both have had limited utility for treatment in glioblastoma due to their low
penetrance into the brain, recent studies have revisited their usefulness in combination with blood-brain-barrier
penetrating nanoparticles®*-.

Two overlapping effects had to be considered when measuring treatment resistance in this model: (i) the
actual susceptibility to treatment, and (ii) the previously demonstrated change in growth rate when clones grow
in mixed-clone culture. Following, the combined effect of growth rate change and treatment resistance will be
labeled as treatment “response”

Clone E showed a higher susceptibility to 100 uM docetaxel than clone C when grown alone (1.4 fold,
p < 1¥1075 Fig. 6A). When both clones were cultured together, clone E significantly increased its resistance (1.4
fold, p < 1*¥10~°), which lead to synchronized susceptibility levels between both clones. Accounting for the differ-
ent growth rates of clones C and E, both showed equal response to docetaxel when cultured separately, with clone
C significantly increasing resistance in co-culture from a cytotoxic to a cytostatic response (1.4 fold, p < 1*1075;
Fig. 6B).

Clone C showed a 1.6 fold higher susceptibility to 500 .M cisplatin than clone E when grown separately
(p < 1*1077; Fig. 6E). In co-culture, clone C developed resistance to cisplatin equal to the resistance seen in
clone E (1.6 fold, p < 1*1077). This effect was exacerbated when considering the change in clonal growth rates
when separate versus mixed, whereby clone E showed 2 fold higher resistance to cisplatin than clone C when
cultured separately (p < 1*¥10~'!), while clone C increased its resistance to the level of clone E in co-culture (2.0
fold increase, p < 1¥10'2 Fig. 6F).

Co-culture of clones C and B did not result in a significant increase in docetaxel resistance for either clone
independent of the expected change in growth rate (Fig. 6C,D). However, clone C significantly increased its resist-
ance to cisplatin in co-culture with clone B (1.8 fold increase, p < 1*10~'; Fig. 6G,H).

Clonal cooperation is contact mediated. To understand the mechanism of communication between
clones we first screened growth synchronization of clones C and E under the influence of several inhibitors that
target classical cell-cell communication mechanisms, including: cambinol (exosome release inhibitor), carbonox-
olone (gap junction inhibitor), dibenzazepine (Notch/APPL pathway secretase inhibitor), IWP2 (Wnt signaling
inhibitor), verteporfin (Hippo signaling inhibitor), napabucasin and HO-3867 (Stat3 signaling inhibitors). None
inhibited interclonal cooperation (data not shown).

Next, we studied the impact of conditioned media from same clone, other clone, and mixed clone cultures.
Conditioned media had no effect on growth rate (Fig. 7A), migration (Fig. 7B), or treatment response (Fig. 7D).
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Figure 7. Interaction between tumor cell clones is contact mediated. (A) Treatment with conditioned media
does not impact clone C growth. (B) Conditioned media does not inhibit clone E 3D spheroid outgrowth onto
cell culture treated plastic. (C) Conditioned media does not induce treatment resistance in clone C. (*p < 0.05
for indicated pairs; **p < 0.05 versus respective clone in mix; clone/media: C=clone C, E=clone E, M =1:1
mix of clones C and E; each experiment was repeated at least three times, representative experiment shown).

A minor increase of treatment resistance was found for clone C when adding clone E conditioned media (high
seeding density) or mixed clone media (low seeding density) (Fig. 7C). Similarly, mixed clone media caused a
slight increase in treatment resistance for clone E (high seeding density) (Fig. 7C). However, these effects were
very small, inconsistent between seeding densities, and within the expected noise of the biological system.

Together, conditioned media from either individual clones or mixed-clone cultures did not significantly
impact any of the clonal interactions observed here. This supports our hypothesis that clonal communication in
this model is cell-cell contact dependent and thus opens the intriguing possibility that tumor cell clones in glio-
blastoma interact uniquely based on clonal identity.

Discussion

The objective of this study was to develop a highly reproducible cell culture model that permits answering three
fundamental questions: (i) can one clone inhibit the motility of another clone, (ii) can a fast and a slow grow-
ing clone co-exist long-term, (iii) and can two drug sensitive clones develop resistance de novo by cooperating
together. To be able to observe phenotypes that emerge purely when clones interact required reducing varia-
bles, such as spatial inhomogeneities within the tumor (oxygen gradient, nutrient gradient, distance to stromal
cells, accessibility by immune cells, etc.), and host cell influences from the tumor microenvironment. It further
required a stable mix of clonal fractions that maintained the interacting phenotype long-term. Because xenograft
tumors are spatially heterogeneous, and xenografts as well as cultured primary tumor cells show an active shift
in the clonal landscape during establishment, we investigated basic clonal interactions in the well-established
U87MG cell line. Within this cell line, any phenotype of clonal interactions could be expected to be stable and
maintained long-term. In addition, the homogeneous cell-culture environment ensured that no clonal selection
pressure existed due to spatial inhomogeneities. We further chose to culture cells in serum-containing media,
thereby not promoting selective outgrowth of stem cells. This choice of model system imposes a limitation on
the current study. The cell-cell interactions and environmental cues and constraints within an in vivo tumor are
significantly more complex than can be captured in this model. Future studies will have to apply the foundational
principles of clonal interactions reported here to models that more closely resemble in vivo tumor biology (i.e.
short-term primary cell culture, xenografts, etc.). However, our study has shown that clonal interaction, even
in the absence of host influences, can be a fundamental driver of cell behavior. It is therefore critical that we
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understand the basic principles that govern clonal interactions. The model system introduced here has proved to
be highly consistent over time, with stable properties of the individual clones over many passages (>60), and in
up to 47 replicate experiments with 469 cumulative replicate samples.

While the lineage of U87MG cells used in this study has recently been challenged®, it has been reconfirmed
to be of human glioblastoma origin®. Glioblastoma is considered to have one of the highest levels of heteroge-
neity®, and the stability of such clonal heterogeneity is puzzling. A small difference in proliferation or death rate
between clones should rapidly lead to the dominance of one clone within the tumor population. Selected studies
have demonstrated that individual clones can release factors that support the growth of other clones!”?%*>?3. In
contrast, we demonstrate, for the first time, that clones can dynamically adjusted their growth rates positively
and negatively, independent of released factors. The particular growth rate adjustment was dependent on the
specific pair of clones that was interacting, and was even able to maintain constant clonal fractions long-term.
Furthermore, this active maintenance of fast and slow growing clones side by side happened in a homogeneous
cell culture environment, without giving clones a customized niche as they might find within the complex tumor
microenvironment. This raises the intriguing possibility that maintaining clonal heterogeneity is an intrinsic
property, built into cancer cell populations, independent of extrinsic influences.

Tumor cell invasion and metastasis have been found to benefit from clonal cooperation'®. In particular the
idea of “collective invasion”, where leader and follower cells of different invasive potential cooperate to increase
overall invasion, is intriguing'®*%. Our model indicates, that the repertoire of clonal interactions that impact cell
motility are much richer than anticipated. We found that a single clone was able to completely switch off motility
of other clones it was intermixed with, independent of chemoattractants or co-migratory behavior. Thus, while
eliminating the symbiotic partnership between clones may seem intuitive to decrease tumor cell invasion, our
model demonstrates for the first time that removal of a repressor clone may dramatically increase cancer cell
motility.

Treatment resistance is thought to be driven by either: (i) innate drug resistance of pre-existing clones that
take over once other clones have been eliminated>*'2, (ii) newly acquired mutations during treatment that confer
resistance, or (iii) drug resistant clones helping neighboring sensitive cells?!. Here, for the first time, we demon-
strate a new model of drug resistance, where two clones that are equally drug sensitive develop resistance when
cooperating. Interestingly, this behavior was drug specific. While docetaxel resistance appeared after synergistic
cooperation, cisplatin resistance was conferred from a resistant clone to a sensitive clone. In fact, taken together,
our model demonstrates a much richer, and more complex, fundamental interaction network between clones
than has been considered before. We found examples of amensalims (unidirectional competition between clones
when migrating and during growth), mutualism (development of drug resistance not present in either clone
alone), and commensalism (one clone benefiting from another clone’s drug resistance, and a slower growing
clone increasing its growth rate in the presence of a faster growing clone). While it has been predicted that clonal
interactions will be multi-faceted'®*, to our knowledge, this is the first time this diversity of positive and negative
clonal interactions has been demonstrated within a single model.

Previous studies have demonstrated soluble factors, such as interleukins and growth factors, as mechanism of
communication between clones'”*'-%. We found that media fetal bovine serum content, which is a rich resource
of growth factors and can shift the cost/benefit ratio for growth factor producing and growth factor dependent
clones?, did not influence clonal cooperation during growth (data not shown). Likewise, conditioned media from
either individual clones or mixed-clone cultures did not impact any of the clonal interactions observed here. This
indicates direct cell-cell contact as mechanism of interaction and opens the intriguing possibility that clones can
interact specifically depending on the clonal identity of the interaction partners, similar to immune cell interac-
tions. This is supported by our finding that clonal interactions demonstrate a high level of complexity and differ
depending on the individual clones participating.

We have developed a highly reproducible model of clonal interactions with stable, emergent properties, that
facilitates future studies on controlling the “hive mind” of cancer cells. Using this model we have demonstrated
that maintaining clonal heterogeneity is an intrinsic property, embedded into the cancer genome, even in stable
cell lines within a homogeneous environment. Furthermore, this model has shown that drug resistance can be a
direct result of clonal cooperation even if no individual clone is drug resistant. This supports the development of
treatments that control the communication between cancer cell clones. Currently, no therapy exists that targets
the cooperation of clones or specifically eliminates the driver clones that actively maintain tumor homeostasis®.
But our results also caution against a simplistic view of targeting clonal interactions. While next generation cancer
treatment must consider clonal cooperation, the downstream effects of eliminating such cooperation, or destroy-
ing driver clones, may actually be deleterious. In fact, a recent study has demonstrated the formation of a mosaic
landscape of clones carrying cancer-driver mutations within the esophagus during normal aging*’. Ecological
interactions between these clones keep them in check and prohibit the formation of cancerous lesions. Our model
supports this view of a complex ecosystem of clones, whereby the amalgamation of positive and negative interac-
tions determine individual tumor properties.

It is also important to highlight, that the phenomena described here are based on the interaction of clonal
populations, not individual cells. While the autocrine and paracrine cross-talk between cancer cells is undisputed,
only the interactions between distinct clonal populations were able to give rise to the growth, motility, and resist-
ance phenomena observed here.

The model introduced here provides a straightforward and powerful tool to study functional clonal coopera-
tion and competition at a very basic level, independent of host influences. Using this tool, we have demonstrated
that clonal interactions are an intrinsic and influential cancer cell property. This warrants future studies that will
evaluate the impact of these clonal interactions in vivo, as well as determine, on a molecular level, how clones
in this model system interact and exert their control over each other. Straightforward models, such as the one
introduced here, can provide valuable input by enabling the isolation and exposure of these interactions for future
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biochemical and pharmacologic studies. This will facilitate determining how cancer cells identify and differentiate
between neighboring clones and help target the mechanisms that drive the phenotypic changes that arise out of
clonal interaction.

Materials and Methods
Establishment of clones. U87MG glioblastoma cells (ATCC, Manassas, VA, USA) were grown in MEMa
media containing 10% fetal bovine serum (FBS) at 37 °C in the presence of 5% CO,.

Cells were detached using 0.25% Trypsin (Thermo Fisher Scientific, Waltham, MA, USA) and individual cells
(n=96) were picked at random under microscopic guidance and transferred to individual wells of a 96-well plate.
This well-size was chosen because it allows for an early development of a critical mass of cells, which increases
the success rate of single cell-derived monoclonal cultures. Following successful outgrowth to full monoclonal
subcultures (23 of 96), selected clones were stably transfected with lentiviral particles (GenTarget, San Diego,
CA, USA) to express green fluorescent protein (GFP) or red fluorescent protein (RFP). Transfected cells were not
selected for target gene expression levels beyond puromycin resistance screening. Thus, transfected clones are
monoclonal in terms of their single cell origin from the U87MG cell line, but polyclonal as related to the trans-
fection with GFP or RFP. This averages out the impact that random genomic integration of the transfected gene
has on the overall cell population, leading to a better preservation of the original, pre-transfection, phenotype of
each clone.

Clones B, C, D, and E were authenticated using Short Tandem Repeat (STR) analysis by the American
Type Culture Collection (ATCC, Manassas, VA, USA) as described in the 2012 ANSI Standard (ASN-0002).
Profiling results for Clones B, C, D, and E were identical at the core loci and returned a 93% match to U87MG
(Supplemental Table 2). The clones differed from the reference profile at amelogenin, not matching the Y allele
present at the amelogenin locus for the database profile for U87MG. However, STR profiling, Y-chromosome
painting, and Q-band assay confirmed that the clones were male in origin.

Growth rate and toxicity assay. Clones were seeded as 1:1 mixtures of 1250 cells per clone into 96-well
plate wells. To control for cells per clone as well as total cells present per well, single-clone controls were seeded
at 1250 cells and 2500 cells per well. To measure toxicity, the culture medium was replaced with complete growth
medium containing 100 uM Docetaxel (Selleckchem, Houston, TX, USA) or 500 uM Cisplatin (BioVision, San
Francisco, CA, USA) 72 hours after seeding. Cells were imaged using a fluorescent microscope (Olympus IX51,
Olympus, Center Valley, PA, USA) after seeding and again after six days of growth. Cells were counted using
Image] and growth rates or toxicity calculated (Eq. (1)).

cell doublings/day = logZ(CellCountﬁml/ CellCountorigiml)/ 6 days )

Data was represented as cell doublings/day instead of standard growth curves to enable the differentiation
between cytostatic and cytotoxic treatment response (Supplemental Fig. 2). For long-term growth evaluation
media was exchanged two times per week and cells maintained at sub-confluence by regularly trypsinizing and

removing 90% of cells from the culture for a minimum of 100 days. Predicted long-term cell growth was calcu-
lated as follows (Eq. (2)):

CellCountg,,; = CellCount growth_rate_per_hour * hours)’ (2)

original * (

Wound healing assay. Clones were seeded at 1250 cells per clone (mixed) or 1250 cells and 2500 cells per
clone (alone) into wells of a 96-well plate. Following growth for six days, cell monolayers were scratched using a
pipette tip and gaps were imaged immediately after scratching as well as after four hours of incubation at 37°C
in 5% CO,. Cell migration into the scratch was quantified using the Image]J plugin MRI Wound Healing Tool
(Volker Baecker, Montpellier RIO Imaging).

3D spheroid assay. Tumor cell spheroids were created in agarose coated wells*!. In short, wells of a 96-well
plate were coated with 65 pl of 1.5% agarose in serum free media. After cooling, spheroids were seeded at 1250
cells per clone (mixed) or 1250 and 2500 cells per clone (alone) into each well and incubated at 37°C in 5% CO,
for three days. Spheroids were transplanted into non-agarose-coated wells with fresh media to permit unguided
cellular migration out of the spheroid and imaged before and after incubation for three days at 37°C in 5% CO,.
Cell migration out of the spheroid was measured using Image]J by quantifying the total area outside of the sphe-
roid covered by cells.

Conditioned medium assays. Clones were seeded as previously described, but with 2x the volume of com-
plete growth medium (200 pL). After 72 hours, one half of the culture medium was replaced with fresh complete
growth medium. The remaining half was replaced with 72-hour conditioned media from the same clone, a dif-
ferent clone, or a 1:1 mixed clone culture. To keep the amount of released factors between co-culture and con-
ditioned media experiments equal, recipient and donor cells of conditioned media were seeded at the same cell
concentration (2500 cells per well).

Reverse phase protein microarrays (RPPA). RPPA were printed and stained as previously described*.
In short, cells were lysed in a 10% (v/v) Tris(2-carboxyethyl)phosphine (TCEP; Pierce, Rockford, IL) in Tissue
Protein Extraction Reagent (T-PER, Pierce)/Tris-glycine 2X SDS buffer (Thermo Fisher Scientific, Waltham, MA,
USA) solution and stored at —80 °C before printing. Lysates were printed on ONCYTE Avid nitrocellulose slides
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(Grace Bio-Labs, Bend, OR, USA) using an Aushon 2470 arrayer (Quanterix, Lexington, MA, USA) equipped
with 185 pm pins and stored dessicated at —20 °C before staining. Immunostaining was performed using a Dako
Autostainer according to manufacturer’s instructions (CSA kit, Dako). All antibodies used (Supplementary Table
S1) were extensively validated for single band, appropriate molecular weight specificity by Western blotting prior
to application for RPPA. Total protein content per spot was determined using a Sypro Ruby protein stain (Thermo
Fisher Scientific). Spot raw analysis data were acquired using ImageQuant 5.2 (Molecular Dynamics) and
post-processed using the Reverse Phase Protein Microarray Analysis Suite Excel Macro (developed in-house®®).

Analysis of single-nucleotide polymorphisms. DNA was extracted and purified using the QIZAmp DNA
Mini Kit (Qiagen, Valencia, CA, USA). DNA was amplified, fragmented, precipitated, re-suspended, and hybrid-
ized to CytoSNP-12 beadchips (Illumina, Inc.). Following single-base extension and DNA staining, microarrays
were analyzed on an Illumina BeadStation 500 GX laser scanner. Raw fluorescence data was processed into geno-
typic data using Illumina GenomeStudio 2.0 software. GenomeStudio 2.0 determined minor allele frequency and
annotated genotypes which were converted to a symmetrical trinary scoring format as an input for minor allele
frequency. LICHEeE was used to construct a lineage tree for Clone B, Clone C, Clone D, and Clone E*, and the
output data visualized using Cytoscape.

Statistical analysis. Two-way unsupervised hierarchical clustering analysis was prepared using R*, with
clonal subtype identification according to the dendrogram. Mean comparisons of growth rate, migration, and
treatment response were conducted in R using Wilcoxon rank-sum or Students t test, depending on data normal-
ity and number of replicates. Protein interaction data for radial protein cluster graphs (Fig. 2B-E) were obtained
from STRING (http://string-db.org)*. Proteins were grouped into quartiles of expression for each clonal subtype.
The proteins from the highest and the lowest quartiles were uploaded to STRING as independent groups and
the resulting node and edges data from STRING then transferred to Gephi 0.9.2%”. The number of gene names
obtained from STRING (Fig. 2B-E) and protein names from RPPA (Fig. 2A) per endpoint can differ due to
assessing multiple phosphorylation sites per protein and obtaining multiple gene names per protein. To limit
the impact of false positive protein-protein interaction predictions, data were filtered for a minimum STRING
“combined score” of 0.5.

Principal component analysis was performed using genotype annotations from GenomeStudio 2.0 for
U87MG and clones B, C, D, E. Genotypes were converted into a symmetrical trinary scoring format and individ-
ual PCA coordinates were obtained using the FactoMineR package*. The coordinates for the first two principal
components (PC1 and PC2) were plotted using GraphPad Prism 7.01 (GraphPad Software Inc.). All bar graphs
and line graphs were prepared using GraphPad Prism 7.01. p < 0.05 was chosen to indicate significance.

Data availability

Clones, protocols and raw data are available upon request.
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