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ABSTRACT  
 
Intratumoural heterogeneity contributes to local tumour recurrence and variable responses to 

radiotherapy in prostate cancer. Despite the multiclonal nature of the disease, tumour control 

probability for conventional treatment plans is modelled on the assumption that tumour cells in the 

target region respond identically and independently. Here, using tumour cell subpopulations with 

different radiation sensitivities from prostate tumour cell lines, we show that radiation resistant 

cells enhance the survival and radiation resistance of radio-sensitive cells in spheroids but not in 

monolayer culture. Mathematical modelling indicates that these phenotypic changes result from 

both competitive and antagonistic cellular interactions in spheroids. Interactions mediated by 

oxygen constraints define the spatial localisation of the cell populations in spheroids and in 

xenografts, while those mediated by paracrine signals further modify the microenvironment. Our 

results show new mechanisms of radiotherapy resistance mediated by cellular interactions and by 

the microenvironment.  
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INTRODUCTION 
 

External beam radiotherapy, combined with androgen deprivation, is commonly used to 

treat patients with localised prostate cancer1. Despite advances in radiotherapy that have led to 

more targeted therapies with reduced toxicity, local recurrence remains a challenge to manage in 

treatment because patients with similar clinical risk parameters (such as Gleason score, PSA 

levels, and staging) have variable outcomes and mortality rates2. One factor that may contribute 

to variable responses and recurrence is intratumoural heterogeneity3. Primary and metastatic 

prostate lesions have been found to contain multiple genetically and clonally distinct foci, with 

more than 80% of lesions containing at least 1 disease focus3–6. Clonal dynamics can change 

during therapy and may lead to the maintenance of intratumoural heterogeneity after therapy, 

facilitating recurrence7–9.  

Interactions between cell populations can also influence tumour growth and therapeutic 

outcome10–12. Similar to interactions between species in other ecological systems13, interactions 

in tumours, in which one cell population influences another, can be manifested indirectly or 

directly. Indirect interactions occur through microenvironmental pressures, such as hypoxia, 

which force cells to adapt and/or compete for resources14–17. Direct interactions occur through 

communication between cell populations (i.e., paracrine signalling). Secreted proteins between 

tumour-stromal cells18–20, or between tumour-tumour cells14,21–27, have been shown to increase 

growth, metastasis, and resistance to chemotherapy in melanoma, breast, prostate, and small cell 

lung cancers. However, little is known about whether interactions (indirect and/or direct) 

between tumour cell clones affect radiotherapy response.  

Conventional treatment plans for external beam radiotherapy, however, do not directly 

account for intratumoural interactions. The mathematical model used to predict tumour control 
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probability assumes that all tumour cells in the target region have the same radiation sensitivity. 

Furthermore, cell kill events are modelled as a Poisson process, with subsequent events 

occurring independently of one another. Simulations of tumour response to radiotherapy 

indicated that modulating the radiation dose to account for intratumoural heterogeneity improves 

local control and reduces recurrence in silico28,29. However, these models do not account for 

interactions (either indirect or direct) between populations of radio-sensitive and radio-resistant 

cells, and whether these interactions impact radiotherapy response. Furthermore, experimental 

evidence demonstrating the impact of cellular interactions on radiation response is lacking.  

We therefore sought to determine whether indirect and/or direct interactions occur 

between tumour cell populations with different radiation sensitivities, and whether these 

interactions affect bulk tumour growth kinetics and radiation response. Control and radiation 

resistant cell populations from prostate cell lines were combined as homogeneous (control or 

resistant alone) and mixed (control and resistant together) populations. Phenotypic changes in 

growth before and after radiation were measured using 2D and 3D biological assays. 

Mathematical modelling was used to determine whether changes in growth before and after 

treatment could result from cellular interactions and to determine the nature (e.g., competition vs 

cooperation) of these interactions.  
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RESULTS  

Inclusion of radiation resistant cells increases growth kinetics in 3D but not in 2D 

Control and radiation resistant cell populations from two prostate cell lines, PC330 and 

DU14531, were used as a model to investigate whether cellular interactions between mixed 

populations could alter bulk tumour growth. After confirming that control and resistant 

populations had inherently different radiation sensitivities in both cell lines (SI Fig 1) we 

measured the growth of homogeneous and mixed (seeded 1:1 ctrl:res) populations as 2D 

monolayers and 3D spheroids. Inclusion of 50% resistant cells did not detectably change the 

growth rates of PC3 or DU145 monolayers (Fig 1a).  In contrast, the volumes of mixed PC3 

spheroids increased significantly by > 30% beginning at day 10 (P < 0.001) and that of mixed 

DU145 spheroids by > 22% beginning at day 15 (P < 0.001, Fig 1b). Because the change in 

growth could result from the resistant population outgrowing the control one, we generated cell 

populations stably expressing GFP (control) or DsRed (resistant), grew mixed spheroids (seeded 

1:1 ctrl:res), and dissociated them to quantify the proportions of each cell population over time 

using flow cytometry (SI Fig 2). On day 15 of growth, resistant cells isolated from mixed PC3 

spheroids comprised 60.9 ± 9.6% of total cells, while those isolated from mixed DU145 

spheroids comprised 22.7 ± 12.2% of total cells (Fig 1c). These results show that inclusion of 

resistant cell lines increases the growth of mixed tumour populations in 3D but not in 2D, and 

that the enhanced population may be control cells. 

 

Mathematical modelling predicts that enhanced growth kinetics result from cellular 

interactions between mixed populations  
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To differentiate between changes that result from a simple difference in proliferative 

capacity versus those that result from cellular interactions, we developed and applied a 

mathematical model using Lotka-Volterra-type interactions. This model extends the logistic 

growth models used to describe the growth of the homogeneous spheroids by introducing cell-

cell interaction terms that describe interactions found in evolutionary biology: mutualism 

(mutually beneficial or cooperation), antagonism (one population benefits while the other is 

negatively affected) and/or competition (mutually detrimental).13 As a first step, the logistic 

growth model was fitted to growth curves of homogeneous spheroids to estimate three 

parameters for each tumour cell population: the initial growth rate r, the carrying capacity K (or 

maximum spheroid volume at steady state), and the initial volume V0 (Fig 2a). The parameter 

values r and K were higher for the resistant population than for the control population in PC3 

spheroids. In DU145 spheroids, the growth rate r of the resistant cells was lower than that of the 

control cells while the carrying capacity K was higher (Fig 2b); values of V0 were not different 

between cell lines (SI Table 1). These parameter values were subsequently held fixed. The 

interaction parameters, λC and λR, were then estimated by fitting the Lotka-Volterra model to 

data from the growth curves of the mixed spheroids (Fig 2c). The nature of interactions between 

the two cell populations depends on the sign of each of the interaction parameters λC and λR, 

resulting in three main types of interactions: competition (λC < 0 and λR < 0), antagonism (λC < 0 

<  λR or λC > 0 > λR), or mutualism (λC > 0 and λR > 0).  

To reliably infer the interaction parameters in our experimental data, we calculated the 

uncertainty associated with inference using synthetic growth curves of mixed spheroids with 

known interaction parameters (λC = 0.5 and λR = 0.5) and three levels of experimental noise (5, 

10, and 20%). Interaction parameters estimated by fitting volume measurements to the Lotka-
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Volterra model resulted in large uncertainties (SI Fig 3a), whereas interaction parameters 

estimated using both volume measurements and the ratio of the mixed populations substantially 

decreased uncertainty (SI Fig 3b). Using both volume measurements and cellular proportions 

from our experimental data (Fig 1), we deduced competitive interactions in PC3 spheroids and 

antagonistic interactions in DU145 spheroids (Fig 2d).   

 

Experimental data validate predictions from mathematical models of cellular interactions 

To test whether the mathematical predictions could be supported by experimental data, 

we measured changes in cell cycle turnover and survival of each population isolated from 

homogeneous and mixed (1:1 ctrl:res) spheroids over time (Fig 2e). The uptake of the nucleoside 

analogue 5-ethynyl-2 deoxyuridine (EdU) was detected both in cells proliferating in S phase and 

in cells that previously took up EdU in S phase and then cycled into G0G1 during the incubation 

time; we thus gated cells based on presence/ absence of EdU staining to account for turnover (SI 

Fig 4). On day 5, control and resistant cells isolated from mixed PC3 spheroids with G0G1/ EdU- 

staining increased by 21% and 22%, while EdU+ uptake reduced by 30% and 25%, respectively 

(Fig 2e). Despite this competitive effect on cell cycle, measurements of cell death (SI Fig 5a) for 

both populations in mixed spheroids were reduced at day 15, as determined by efluor-780 

staining for live and dead cells (SI Fig 5b). These findings suggest that the two PC3 populations 

adversely affect each other’s growth during the early stages of spheroid growth, but eventually 

they reach an equilibrium that enhances their overall viability.  

Cell cycle phases and survival were also altered in mixed DU145 spheroids. Control cells 

in mixed spheroids had a 10 % increase in EdU+ uptake at day 10 of growth (Fig 2e), and 

significant reductions in G0G1/ EdU- and G2M/EdU- staining. In contrast, resistant cells in mixed 
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spheroids had a significant increase in G2M/EdU- staining and an 80% reduction in EdU+ uptake 

on day 15 (Fig 2e), but a decrease in cell death (SI Fig 5c). These results suggest that cells in 

DU145 behave antagonistically: the control cells gain a growth advantage, while the resistant 

cells are adversely affected. Our biological data thus confirm the mathematical predictions and 

indicate that for the cases considered, interactions, irrespective of the type (i.e., competitive, 

antagonistic), increase bulk tumour growth. 

 

Resistant cells increase bulk resistance and survival of control cells after radiation 

To determine whether mixed populations had altered radiotherapy response, we irradiated 

homogeneous and mixed spheroids at a range of doses and measured their regrowth. Compared 

to PC3 spheroids comprising 100% control cells [SCP50, 5.17 Gy; 95% CI, 5.01-5.32 Gy], the 

dose required to control (or prevent regrowth of) 50% spheroids increased by 2 Gy with the 

inclusion of 10% resistant cells [SCP50, 7.21 Gy; 95% CI, 7.06-7.36 Gy] and by another 2 Gy 

with the inclusion of 50% resistant cells [SCP50, 9.56 Gy; 95% CI, 9.54-9.60 Gy] in mixed 

spheroids. Spheroids comprising 100% resistant cells had the highest required dose for control 

[SCP50, 11.14 Gy; 95% CI, 11.14-11.15 Gy] (Fig 3a). Inclusion of resistant cells shortened the 

time of spheroid regrowth after radiation. After 6 Gy radiation, mixed PC3 spheroids (1:1 

ctrl:res) grew back faster than control spheroids (median days to regrowth: mixed = 18, control = 

23; P < 0.001). All mixed spheroids regrew, while 25% of control spheroids did not (Fig 3b). 

Analysis of the cell proportions by flow cytometry revealed that 1:1 mixed PC3 spheroids 

comprised 61 ± 5.6% and 79 ± 5.6% resistant cells on days 10 and 15, respectively (Fig 3c), 

suggesting that regrowth is driven by resistant cells. While survival of control cells isolated from 

mixed spheroids on day 15 was 80% higher than that of control cells isolated from homogeneous 
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spheroids (SI Fig 6b), proliferation (of both current and cycled cells) dropped by 40% with an 

increase within G2M/EdU- , suggesting cell cycle arrest (SI Fig 7a). 

The regrowth phenotype was not specific to PC3 spheroids; a similar pattern was 

observed in DU145 spheroids treated with 10 Gy radiation (median days to regrowth: 1:1 mixed 

= 10, control = 18; P < 0.001; Fig 3c). This effect was not due to resistant cells dominating, as 

control cells comprised > 60% of the mixed spheroids (Fig 3d), and had a > 60% increase in 

survival (SI Fig 6c) in mixed spheroids, but an increase within G2M/EdU- on day 10. Similarly, 

resistant cells in mixed spheroids had a 2-fold increase in survival (SI Fig 6c) and a 13% 

decrease within G0G1/ EdU-
 , but an increase within G2M/EdU-  on day 10 (SI Fig 7b). These 

results indicate that resistant cells can enhance the survival of the control population post 

radiation, and also that the control cells could contribute to post-radiation cell survival. 

 

The type of cellular interaction dictates regrowth time after radiation  

We then investigated whether the type of interaction that occurs during growth could also 

alter the time of regrowth after radiotherapy. Using the Lotka-Volterra model, we simulated 

regrowth of mixed spheroids (seeded 1:1 in silico) after exposure to 6 Gy for a range of values of 

the interaction parameters λC and λR. Cell kill due to radiotherapy was modelled using the linear 

quadratic model32, with D and E values derived for each cell population (PC3 control and 

resistant) from clonogenic survival curves (SI Fig 1a); the oxygen dependence of D and E was 

not considered as the Lotka-Volterra model is spatially-averaged and oxygen levels are not 

included in the model. As expected, cell populations that compete with each other (λC < 0 and λR 

< 0) have the slowest regrowth time (50-200 days), while those that have mutualistic interactions 

(λC > 0 and λR > 0) have the fastest regrowth time (14-32 days) (Fig 4).  Interestingly, within a 
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specific interaction type, the numerical values of the interaction parameters λC and λR impacted 

the regrowth time. For example, for competitive interactions, combinations of values of λC and 

λR between 0.5-0.75 day-1 mm-1 generate regrowth times ranging 100-200 days (Fig 4b, sharp 

peaks), while those ranging between 0-0.5 day-1 mm-1 generate regrowth in about 50 days. 

Furthermore, for antagonistic interactions, when λC < 0 < λR regrowth is slower than when λC > 

0 > λR by a factor of almost 2 (Fig 4a, 4d). These results suggest that the type of interaction 

changes the time of regrowth after radiotherapy and could contribute to variability in tumour 

responses.  

 

Competition for oxygen between mixed populations determines cellular distribution  

Indirect interactions between cells through competition for space and resources can 

influence the growth and response of spheroids to chemotherapy33,34. In our study, enhanced 

growth was observed in 3D but not in 2D. To identify potential environmental (i.e., indirect) 

mechanisms that contribute to the observed phenotype, we generated untreated homogeneous 

and mixed spheroids using fluorescent cells and evaluated the spatial distribution of each 

population using microscopy. Sections of mixed PC3 spheroids isolated on day 11 showed 

control cells located predominantly in the centre, a region that overlapped with staining for 

hypoxia, but not for proliferation (Fig. 5a). This localisation was detected in ~70 % of spheroids 

(SI Fig 8). The mixed and resistant spheroids also had reduced stromal staining and were visually 

less compact (Fig. 5a). No visual differences were observed in necrotic regions, or in spheroids 

isolated on day 5 (SI Fig 9), corroborating the measurements of proliferation and cell death 

ascertained by flow cytometry. Mixed DU145 spheroids also had a specific spatial structure, 

although inversely, with resistant cells in the centre and control cells in the periphery (SI Fig 10). 
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We subsequently focused on interactions in mixed PC3 spheroids, which showed 

enhanced survival and resistance despite having competitive interactions. To determine whether 

localization of control PC3 cells in hypoxic regions resulted in enhanced radiation resistance, we 

dissociated spheroids at two time points, seeded them as single colonies and measured the 

clonogenic survival of each cell population. The radiation resistance of the control cells isolated 

from mixed PC3 spheroids increased 25% compared to controls isolated from homogeneous 

spheroids (radiation protection factor = 1.24, P  = 0.04, Fig 5b). We verified that differences in 

intrinsic radiation sensitivity between control and resistant populations measured in normoxia 

were maintained under hypoxia, which could mask these differences (SI Fig 11).  

Based on these results, we hypothesized that the spatial structure may result from 

competition for oxygen or differences in oxygen consumption rate (OCR) between the two cell 

populations. To test this hypothesis, we developed a cellular automaton (CA) model describing 

the changes in the size and structure of a 2D cross-section through a 3D tumour spheroid in 

which cells from control and resistant populations divide and die in response to the local oxygen 

gradient. In the model, cells consume oxygen supplied via diffusion, and mitosis occurs only if 

there is sufficient space around the dividing cell. Depending on the local oxygen concentration, 

cells can become hypoxic and enter cell cycle arrest or die via necrosis; if oxygen conditions 

improve, hypoxic cells can re-enter cell cycle. Parameter values for proliferation were derived 

from our flow cytometry data, while OCR values were measured using the Seahorse XF analyser 

and found to be 17% lower for resistant than for control cells (Fig 5c). The model was initialized 

by seeding equal numbers of control and resistant cells at day 0, based on the estimated values of 

VC(0) and VR(0) from the logistic model. On day 10, the resistant cells were located close to the 

spheroid periphery, while control cells were located close to the centre (Fig 5d). We then used 
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the CA model to determine whether the growth curves of mixed spheroids could be explained by 

competition for oxygen. Although the CA model predicted the growth curves of the 

homogeneous cell lines (Fig. 5e), the model did not accurately capture the growth curves of the 

mixed spheroids under the assumption that the two cell populations compete for oxygen. Thus, 

although competition for oxygen may explain the spatial structure in mixed spheroids, the 

differences in OCR are not sufficient to explain the growth phenotype for PC3 spheroids. 

We then investigated three known mechanisms by which hypoxic adaptation could 

enhance the survival and radiation resistance in control PC3 cells. Stabilization of the 

transcription factor HIF-1D under hypoxia can promote proliferation and survival35. However, 

basal levels and hypoxic induction of HIF-1D, as measured by Western blotting of PC3 cells 

incubated in normoxia/hypoxia for 24 hours, were not significantly different between control and 

resistant cells (SI Fig 12a). Another protein that can enhance cell survival in hypoxia is carbonic 

anhydrase 9 (CA9), which regulates intracellular pH36. CA9 expression was induced only in 

controls cells grown as monolayers under hypoxic conditions. However, CA9 expression, as 

assessed by fluorescence intensity in spheroid sections, was not significantly different (Padj = 

0.07) among control, mixed, or resistant spheroids (SI Fig 12b). Furthermore, staining did not 

overlap exclusively with central regions of hypoxia in mixed spheroids, where control cells were 

found (SI Fig 12b). Instead, staining was observed both in peripheral and central regions, 

suggesting hypoxic-independent regulation of CA9 in 3D. We also investigated whether lipid 

droplet formation could enable survival in hypoxia37. However, no significant differences were 

found between the formation of lipid droplets in control spheroids and control cells isolated from 

mixed spheroids, as assessed by microscopy (SI Fig 12c) and flow cytometry (SI Fig 12d). 
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Transferred factors from resistant cells enhance survival of controls in hypoxia and target 

the interferon pathway 

We subsequently looked for evidence of direct interactions (i.e., cell-cell communication) 

that could explain the enhanced growth phenotype that we observed in untreated spheroids. 

Given that hypoxia was an important factor, we measured the growth of monolayer cells cultured 

in hypoxia (0.1% O2). Resistant and mixed populations grew significantly better in hypoxia than 

control cells (Fig 6a), in contrast to the phenotype measured in normoxia (Fig 1a). To evaluate 

whether this enhancement occurred through a transferred factor, we cultured cells in hypoxia for 

120 h using Transwell inserts; in this system, cells can share factors (e.g., exosomes, microRNA, 

proteins) but are not in direct contact with each other. The number of control cells co-cultured 

with resistant cells was 48% higher than the number measured from homogeneous cultures. This 

effect was not observed in normoxia (Fig 6b). Altogether, our results indicate that both indirect 

interactions (through oxygen constraints), and direct interactions (through transfer of factor(s)) 

between mixed cell populations) enhance survival and radiation resistance in PC3 spheroids.  

We performed RNA sequencing to identify changes in the transcriptome of control cells 

co-cultured with resistant cells in hypoxia. We identified 88 genes that were differentially 

expressed in control cells co-cultured with resistant cells compared to controls alone at 120 h; no 

genes were differentially expressed between these two groups at 24 h (Fig 6c). Gene ontology 

analysis identified an enrichment of downregulated genes in viral pathways (measles, influenza, 

and hepatitis C), which are commonly activated in the interferon response (Fig 6d). An analysis 

of key genes in the interferon pathway using qPCR showed a small, but significant decrease in 

expression across the assayed genes (Fig 6e) in control cells co-cultured with resistant cells for 

120 h compared to control cells in hypoxia (ANOVAF(69,192) of interaction = 3.617, P < 0.001). In 
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contrast, resistant cells had elevated levels of STING (Padj < 0.001), DDX58 (Padj < 0.001), 

MAVS (Padj = 0.04), IFIT3 (Padj < 0.01), and IRF9 (Padj = 0.01), but lower levels of MDA5 (Padj < 

0.001) at 120 h hypoxia compared to control cells. These results are consistent with transfer of a 

factor (or factors) from resistant cells to controls that results in a downregulation of interferon 

pathway genes in control cells in co-culture, despite elevated levels in resistant cells under 

chronic hypoxia.  

 

Radiation resistant and mixed populations have altered interferon signalling  

To determine whether control and resistant cell lines had basal differences in the 

interferon pathway, we measured the expression of genes involved in different branches of the 

pathway in control and resistant cells cultured in normoxia for 24 h (Fig 6f). Gene expression 

from the dsRNA and dsDNA branches were not significantly different between the two cell lines 

(ANOVAF(1,96) = 0.66, P = 0.41), except for MDA-5 (Padj < 0.001), which was lower in resistant 

cells than in controls (SI Fig 13a).  The two branches activate the phosphorylation of the 

transcription factor STAT-1 and subsequent transcription of interferon stimulated genes38. 

Phosphorylation of STAT-1 (pSTAT-1) was not different between either cell line (SI Fig 13b), 

and we measured no differences in the expression of downstream genes, except for a decrease in 

MX-1 (Padj < 0.001) expression in resistant cells (SI Fig 13a). The two cell lines therefore do not 

substantially differ in the interferon pathway under basal conditions (i.e., 24 h normoxia). 

Next, we investigated whether the two cell lines differed in their response to stimulation 

of the dsRNA and dsDNA sensors. To assess interferon induction to dsRNA stimuli, we exposed 

cells to the synthetic dsRNA polyI:C for 24 h, and transferred conditioned medium onto reporter 

HEK293 cells that luminesce when the interferon stimulated response element is activated. After 
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exposure to 125 ng/mL of the synthetic dsRNA polyI:C for 24 h, resistant cells stimulated a 3-

fold higher response than control cells (Padj = 0.01); higher concentrations resulted in a common 

maximum plateau (Fig 6g). Stimulation with 20 Pg of poly I:C for 6 h activated pSTAT-1 in 

both cell lines, but levels were ~ 40% lower (Padj = 0.01) in resistant cells than in controls (Fig 

6h). However, no significant changes were measured between cell lines in expression of 

downstream ISGs with poly I:C stimulation, excepting for MX-1 (Padj = 0.004, SI Fig 13c). 

Although the resistant cells are more sensitive to dsRNA stimuli in secreted interferon induction 

than controls, this production did not result in enhanced expression of downstream ISGs. 

To assess response to dsDNA stimuli, we measured pSTAT-1 levels and expression of 

ISGs 48 h after 0, 6, and 10 Gy radiation. Induction of pSTAT-1 was observed in irradiated 

control cells, but not in irradiated resistant cells (Fig 6h). In downstream ISGs, expression of 

DDX58, IFI27, and IFIT2 were significantly elevated in both cell lines after radiation (Padj < 

0.001), but expression of IFITM1 was reduced by ~45% (Padj = 0.04) in irradiated resistant cells 

compared to irradiated controls (SI Fig 13d). We measured pSTAT-1 in untreated PC3 spheroids 

and found that it was induced in controls but not in mixed and resistant spheroids (Fig 6h). Taken 

together, these findings indicate that resistant cells respond differently to dsRNA and dsDNA 

stimulation, whereby the latter does not result in phosphorylation of STAT-1 at the measured 

time points and in 3D spheroids.  

 

Interactions between resistant and control cells determine cellular distribution in vivo, and 

their effects on growth and response are further influenced by angiogenesis 

Our results demonstrate the importance of resistant and control cell interactions in an 

avascular 3D system. To determine whether the interactions could affect growth and response in 
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vivo, where growth depends on nutrient and oxygen delivery through angiogenesis, we 

inoculated nude male mice with control, 1:1 mix, or resistant PC3 cells injected subcutaneously. 

Contrary to in vitro results, untreated control and mixed tumours grew faster than resistant 

tumours, reaching 200 mm3 an average of 10 days earlier than resistant tumours (Fig 7a). 

Survival outcome after 5 Gy radiotherapy was also not significantly different either among the 

three groups of PC3 tumours (control, 1:1 mix, resistant) (SI Fig 14a). However, the initial 

regrowth of mixed and resistant tumours after radiation was significantly higher (Padj = 0.04) 

than that of controls from days 28-40 (SI Fig 14b).  

We then investigated whether interactions could affect the spatial distribution and 

survival of each population. In mixed tumours, control cells were evenly distributed, while 

resistant cells were localised in peripheral regions, where access to nutrients and oxygen would 

enable them to proliferate more rapidly (Fig 7b).  Given that untreated mixed tumours comprised 

primarily of control cells (~80%) at the end point (Fig 7c), we reasoned that resistant cells could 

either die in vivo, rapidly proliferate and die, or stimulate the growth of control cells. Analysis 

using cell cycle distribution of single cells dissociated from 100% resistant tumours indicated a 

reduction in G0G1, and an increase in S compared to control tumours (SI Fig 14c), suggesting 

rapid proliferation and increased death. This was also confirmed by the large regions of necrosis 

in resistant tumours (Fig 7b).  

Given the rate of cell turnover and the initial increase in regrowth after radiotherapy, we 

hypothesized that resistant cells had impaired/suppressed angiogenesis (and hence increased 

necrosis in the face of metabolic demands of proliferation). Staining for vessels using CD31 

antibody showed that vessel density was d 31% (Padj = 0.042) in resistant tumours than in control 

tumours (Fig 7d). In vitro, HUVEC endothelial cells co-cultured in 3D with resistant cells 
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sprouted 34% less than those co-cultured with control cells (Padj < 0.001, Fig 7e), corroborating 

the in vivo results. Together, these data suggest that while the cellular interactions between the 

populations do not measurably alter the endpoint measure (i.e., tumour volume) of growth or 

radiotherapy response, they affect the cellular localisation and survival of the populations, and 

substantially modify the microenvironment.  

 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 18 

DISCUSSION  

Role of cellular interactions on growth and radiation response  

Our biological and mathematical results demonstrate that interactions between prostate 

tumour cell populations with different radiation sensitivities alter bulk tumour growth kinetics 

and radiation response of mixed populations. We mathematically predicted that both competitive 

and antagonistic interactions led to increased growth and resistance to radiation, and 

experimentally validated these predictions by showing that proliferation and survival rates of the 

control/resistant subpopulations were altered in mixed spheroids. Cellular interactions were 

mediated indirectly through oxygen constraints and directly through transferred factors. In vivo, 

these interactions did not measurably alter tumour growth kinetics or response to a single dose of 

radiation, but angiogenesis was a confounding factor. Nevertheless, cellular interactions affected 

the spatial structure and the immediate survival of cell populations after radiotherapy both in 

vitro and in vivo. Our study highlights that indirect and direct interactions between tumour cell 

populations with different radiation sensitivities could impact radiotherapy response in prostate 

cancer and thereby contribute to the observed heterogeneity in treatment response. 

While antagonistic and mutualistic interactions have been shown to increase bulk tumour 

growth in human and mouse cancers21–25, we find here that competitive interactions can also 

have the same effect in prostate cancer.  Furthermore, this competition did not result in the 

elimination of either clone, recapitulating the multiclonality observed in human prostate cancer 

4,5,9,39,40. These findings are consistent with previous observations of competition between cell 

populations in fruit fly models 41, mammalian embryonic development42,43, and in breast 

cancer24. Collectively, these observations highlight that interactions between cell populations 

may have evolutionary advantages for cancer growth.  
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We also found that cellular interactions affect radiotherapy response when angiogenesis 

is not a confounding factor. This result was evidenced experimentally by the faster regrowth of 

mixed PC3 and DU145 spheroids after radiation and by enhanced survival rates of PC3 and 

DU145 control cells isolated from mixed spheroids after radiation than those isolated from 

homogeneous spheroids. However, overall survival was not different in vivo among irradiated 

control, mixed, and resistant tumours. Since resistant cells had higher rates of proliferation and 

impaired/suppressed angiogenesis both in vitro and in vivo, it is likely that high metabolic 

demands impaired tumour growth post-radiation. This hypothesis is consistent with the faster 

regrowth of resistant and mixed tumours in the initial days after radiotherapy. Differences in 

overall survival in vivo may therefore become apparent with higher doses of radiotherapy, which 

is known to impair angiogenesis 44. It remains unclear what differences in overall survival would 

be measured with fractionated radiotherapy, which has been shown to normalise vessels, 

improve blood flow, and increase oxygenation45.  

Our mathematical simulations further demonstrated that the nature of the interaction (e.g., 

competition vs antagonism) affects the time of regrowth after radiation. After radiation, synthetic 

tumours with competitive interactions grew the slowest (50-250 days) while those with 

mutualistic interactions grew the fastest (16-32 days). Different values of interaction parameters 

within one type of interaction (e.g., competition) also had marked effects on tumour regrowth. 

These results suggest that it is not merely the nature of the interaction that matters, but also the 

extent of the effect exerted by each cell population on the other. While previous experimental 

and mathematical studies have shown that such cellular interactions increase the resistance of 

sensitive clones in mixed tumours to chemotherapy19,20, our experimental and mathematical data 

indicate that cellular interactions increase bulk tumour resistance to radiotherapy and increase the 
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radiation resistance of sensitive clones. Future preclinical and mathematical studies could test 

whether accounting for these factors in the radiotherapy planning process improves tumour 

response to radiation and prevents recurrence.  

 

Impact of spatial distribution of tumour clones on radiotherapy outcome 

Mechanistically, we found that the cellular interactions in PC3 spheroids result from 

oxygen constraints, and that these effects in turn dictate the spatial distribution of prostate cell 

populations in vitro and in vivo. This finding was supported both by experimental and 

mathematical models, where localisation of mixed populations was altered only in models where 

oxygen was a limiting factor (i.e., 3D spheroids, xenografts). Our results are consistent with 

those reported by Ibrahim-Hashim and colleagues, who found that the metabolic demands of 

breast cancer cells affect spatial localisation14. In our study, we found control PC3 cells 

predominantly near hypoxic regions and resistant cells near the periphery, while the inverse 

occurred in DU145 spheroids. While the localisation of resistant/sensitive cells differs between 

the cell lines, the general pattern of distinct localisations suggests that spatial heterogeneity of 

clones may be an important factor in treatment outcome. Recent studies have shown that the 

efficacy of chemotherapy strongly depends on the spatial distribution of tumour clones33,46. In 

another study, the localisation of resistant cells in the periphery was correlated with an increase 

in metastatic and invasive behaviours following chemotherapy. We hypothesize that these 

distinct spatial localisations could also affect radiotherapy outcome: delivery of non-uniform 

doses of radiation based on the spatial expression of prostate cancer antigen improved the tumour 

control probability in prostate cancer47. 
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Impact of cell-cell communication on growth and radiation response 

Direct interactions mediated by transferred factors from PC3 resistant populations 

enhanced the survival of controls in hypoxia. Control cells co-cultured with resistant cells in 

chronic hypoxia had a downregulation of interferon gene expression compared to control cells 

alone, suggesting that the transferred factor(s) downregulate interferon gene expression. Since 

proteomics analysis of conditioned medium requires no serum conditions (which makes cell 

survival difficult in chronic hypoxia), we were not able to determine the transferred factor shared 

between the populations. However, one possible factor could be an interferon. When stimulated 

with radiation, resistant cells induced several interferon genes (e.g., DDX58, IFI27), but did not 

phosphorylate STAT-1. Previous work confirms that cells resistant to DNA damage induce ISGs 

(e.g., DDX58, IFI27) independently of pSTAT-70148 and that they secrete interferons49. 

Furthermore, interferons can suppress angiogenesis50, consistent with reduced angiogenesis in 

the presence of resistant cells. However, qPCR data in control cells co-cultured with resistant 

cells in chronic hypoxia show downregulation in ISGs, inconsistent with the above explanations. 

Nevertheless, reduced interferon induction is potentially an important mechanism of adaptation 

in that it would protect against immune response after radiation51. Although interferons may be 

transferred from resistant to control cells, hypoxia is a confounding factor that downregulates 

interferon gene expression in cancer cells51. Together, these results highlight the importance of 

the interferon pathway in radiation resistance and merit further investigation, given the increased 

use of radiotherapy with immunotherapy (to capitalize on the immune system’s response to 

enhanced interferon signalling induced by radiation)52.  

 

Characterization of cellular interactions using mathematical modelling and cell biology 
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 Experimental approaches to studying cellular interactions can be complex and time-

consuming. The iterative and multidisciplinary approach applied here uses mathematical 

modelling to guide experimental design (and vice versa). Unlike approaches that primarily use 

experimental data to validate the predictions of math models, this iterative approach has two 

advantages. First, models can be used to test biological hypotheses and, in doing so, may 

generate new and unexpected findings. For example, we developed mathematical models built on 

experimental data to determine whether indirect and/or direct interactions contribute to an 

enhanced growth phenotype in mixed spheroids. This led us to discover that resistant cells 

enhance survival of controls through transferred factor(s) in mixed tumour spheroids. Second, 

simulations can be used to design concrete experimental protocols that can be used to accurately 

infer parameters in the theoretical models. In our study, parameter estimates were difficult to 

obtain with a small confidence interval in biological systems with > 20% noise. To overcome 

this issue, we ran simulations to determine the time points of collection for flow cytometry, 

which consequently enabled us to estimate interaction parameters reliably with narrower 

confidence intervals.  

Although our mathematical model is relatively simple, it has three advantages over 

previous approaches. First, unlike other models used to study cellular interactions, it can describe 

a range of interactions, including competition, mutualism, and antagonism. Second, although the 

model does not account for different cell states (e.g., hypoxia, proliferation, necrotic) or for 

changes in interactions with time, it accurately predicted the major interactions occurring within 

spheroids. Third, the small number of parameters in the mathematical model can also be easily 

validated with experimental data. One limitation is that our model did not account for possible 

changes in the cellular interactions over time. Since tumour clonality can change with time, 
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future studies are needed to investigate whether changing interactions (especially after treatment) 

could affect regrowth. Another limitation of the current model is that it does not account for 

angiogenesis, which seems to be a major confounding factor in vivo. We are now extending our 

Lotka-Volterra and CA models to account for the role of the vasculature in response to 

radiotherapy, exploiting existing models of vascular tumour growth where possible 53–55.  
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CONCLUSIONS 

In summary, we integrated experimental and computational models to investigate how tumour 

cells communicate with each other and their microenvironment to regulate tumour growth and 

response to radiation in prostate cancer. Our results suggest that indirect cellular interactions, 

their nature, and the spatial localisation of clones affect growth and radiation outcome. We also 

found that direct communication between tumour cell populations enhanced survival of control 

cells. Finally, in vivo analysis showed modification of the tumour microenvironment involving 

angiogenesis. Future studies will be needed to determine how to identify the type of interaction 

between tumour clones, the role of these interactions with fractionated therapy, and how these 

cellular interactions may be targeted to improve radiotherapy outcome in prostate cancer. 

Targeting higher doses to hypoxic areas may not be the best strategy to reducing resistance. 

Instead, mechanistic approaches targeting interferon signalling and reducing proliferation 

through metabolic inhibitors to prevent necrosis and hypoxia should be considered.  
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METHODS  

Biological experiments 
 
Cell culture 

 Two pairs of prostate cell lines, each containing cell populations with different intrinsic 

radiation sensitivities, were obtained from the Liu lab (Stonybrook, Canada): PC3 control and 

resistant30, DU145 control and resistant31. Three different batches of HUVEC cells, each 

containing 3 donors, were obtained from John Radcliffe Hospital and frozen in aliquots for one-

time use. PC3 cells were cultured for up to 10 passages in DMEM (low glucose, pyruvate, 

GlutaMAX, Gibco) supplemented with 25 mM HEPES (Gibco), 10% foetal bovine serum 

(Sigma or Pan-Biotech), while HUVEC cells were cultured for up to 6 passages in EGM-2 media 

(Bulletkit, Lonza) comprising all components. The HEK293 interferon stimulated response 

element luciferase cell line were obtained from the Rehwinkel lab (Oxford, UK)56. Prostate cell 

lines were authenticated using STR analysis (Eurofins). All cells were maintained in an incubator 

(37 C, 5% CO2) and checked routinely for mycoplasma using MycoAlert Mycoplasma Detection 

Kit (Lonza). 

 

Spheroid culture 

Prostate spheroids containing homogeneous and mixed populations were generated from 

different ratios of control and resistant cell lines. Single cells were seeded (2x103 cells/well) on 

ice, with 6-12 replicates per condition, in 96-well ultra-low attachment plates with round bottoms 

(Corning). Matrigel (Corning) was added (5% v/v) to medium (100 µL) to promote spheroid 

formation. Plates were centrifuged at 300 x g for 10 min at 4 °C. Fresh medium was added 3 
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days later (200 µL/well total volume). Half the medium was replenished every alternate day. 

HUVEC spheroids were generated using the hanging drop method as previously described57. 

 

Growth assays 

 Proliferation assays were performed to determine the growth of homogeneous and mixed 

populations grown as monolayers and spheroids. For monolayer assays, single cells (1x103 

cells/well, 200 μL medium) were seeded in flat-bottom 96-well plates (Greiner), with 6 replicates 

per condition per experiment, and allowed to attach overnight. Medium was changed every 2 

days. On days 0, 2, 4, and 6, cells were fixed using 4% paraformaldehyde (PFA), stained with 

Hoechst 33442 (0.1 mg/mL) for 10 min, washed in PBS, and scanned using the Celigo 

Cytometer (Nexelcom) to determine the cell number per well. For spheroids, homogeneous and 

mixed spheroids were generated and imaged repeatedly over time (2-3 times per week) using 

brightfield microscopy (4x objective; 0.3 NA, Leica DM IRBE, Hamamatsu). Spheroid volumes 

were calculated using SpheroidSizer58.  

 

Generation of fluorescent cell lines 

Prostate cell lines were transduced using lentiviral particles to produce stable, fluorescent 

cell lines. HIV lentiviral particles were generated by transfection of 293T cells with the vectors, 

pCDH1-CMV-GFP-EF1-Hygro or pCHD1-CMV-DsRed-EF1-Hygro (Systems Biosciences), and 

added to prostate cells. Twenty-four hours after transduction, particles were removed and 

medium containing hygromycin (Invitrogen) was added for selection (200 µg/mL for PC3 and 

250 µg/mL for DU145). GFP- and DsRed-positive cells (top 30%) were sorted by flow 
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cytometry 7 days after transduction, expanded for 7 days under selection, and then re-sorted (top 

30%) by flow cytometry to obtain the brightest cells for subsequent experiments.  

 

Flow cytometry of cell proportions, survival, and cell cycle 

To determine proportions of cells in mixed spheroids, fluorescent cells were used to 

generate spheroids, dissociated at various time points, and analysed using flow cytometry. For 

each experiment, technical replicates comprised 6-8 pooled spheroids each. Spheroids were 

dissociated using 100 μL Accumax (Millipore) for 20 minutes at 37 °C. Single cells were washed 

with PBS, centrifuged at 300xg for 5 min, incubated with efluor-780 (1 μL/mL PBS; 

ThermoFisher Scientific) for 30 min on ice in the dark to distinguish live/dead cells, washed in 

PBS, and fixed for 10 min in IC Fixation Buffer (ThermoFisher Scientific). Samples were run on 

the LSR-II Fortessa X-20 using the 488, 561, and 633 lasers.  

For cell cycle analysis, spheroids were incubated with EdU (10 µM final concentration) 

12 h prior to dissociation, stained for live/dead cells, and fixed as described above. Cells were 

permeabilized and stained with Click-iT EdU Alexa Fluor 647 according to manufacturer’s 

instructions (ThermoFisher Scientific). After washing in 1X saponin, cells were incubated 30 

min with FxCycle Violet Stain (1:1000 stock diluted in 300 µL of 1X saponin; ThermoFisher 

Scientific) before being analysed on the Attune NxT Flow Cytometer (ThermoFisher Scientific) 

using the 405, 488, 561, and 633 lasers. Data were analysed using FlowJo (Treestar, Inc). 

 

Radiation response of individual populations and bulk spheroids 

 Survival of cell lines after radiation was measured using a clonogenic assay59. Briefly, 

cells in the exponential growth phase were seeded in six-well plates and irradiated at a range of 
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doses (0 to 6 Gy) using a Cs-137 irradiator (dose rate 0.89 Gy/min). For clonogenic assays 

performed under hypoxia, cells were seeded and allowed to attach for 3 hrs, placed in a hypoxia 

chamber (InVivo Chamber 300) for 6 hours at 5% CO2 and 0.1% O2, and then placed in sealed 

chambers for irradiation. After 10-14 days incubation, surviving colonies were stained with 

crystal violet and counted. The surviving fraction was calculated as: (number of counted 

colonies/number of seeded cells) x plating efficiency.  

To determine whether bulk radiation response was altered in mixed populations, PC3 

cells were seeded as spheroids (n = 15 per dose per group) with 4 groups: ctrl, 9:1 ctrl:res, 1:1 

ctrl:res, and res. After formation, spheroids were irradiated on day 3 using a range of doses (0, 

2.5, 5, 7.5, 10, 15, and 20 Gy) and imaged for up to 60 days to monitor regrowth. Spheroids that 

reached 3 times the initial starting volume (i.e., the volume measured on day 3) were considered 

to have regrown. The experiment was repeated on a smaller scale using single doses of radiation 

on ctrl, mixed, and resistant spheroids (n = 20/ group) from both PC3 and DU145 cell lines. To 

measure changes in the radiation response of PC3 cell populations within spheroids, untreated 

homogeneous and mixed spheroids were grown until day 5 or 11, dissociated using Accumax, 

seeded as single cells for clonogenic experiments, and allowed to attach for 6 hours prior to 

radiation. Fluorescent colonies were stained with Hoechst and counted using Celigo.  

 

Staining and microscopy 

To investigate the spatial distribution of cell populations, hypoxia, proteins (Ki67, Ca9), 

and necrosis, spheroids and xenografts were fixed as before60  and sectioned. For spatial 

distribution of fluorescent populations, sections were hydrated in PBS, stained for 10 min with 

Hoechst (1 Pg/mL in PBS, Sigma) to visualize nuclei, and mounted using ProLong Diamond 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 29 

Antifade Mountant (ThermoFisher). For hypoxia, spheroids and xenografts pre-treated with the 

hypoxia drug EF5 (University of Pennsylvania) were stained using anti-EF5 antibody as 

previously described60. For Ki67 and Ca9, spheroid sections were permeabilized for 10 min 

using PBS containing 0.3% Tween-20. After permeabilization, sections were washed 3x5 min in 

PBS, blocked using 5% goat serum in PBS containing 0.1% Tween-20, and incubated overnight 

at 4 qC with primary antibody. Sections were then washed 3 x 5 min in PBS, incubated for 1 h 

with goat anti-rabbit Alexa Fluor 647 (4 Pg/mL, ThermoFisher), washed, and stained with 

Hoechst 33342 (50 μg/mL, Sigma) for 10 min. After a final wash, slides were mounted and 

imaged using epifluorescence microscopy (20x objective, 0.30 NA, 0.64 Pm resolution, Nikon 

Ti-E). Primary antibodies were: Ki67 (clone SP6, 1:100, Vector Laboratories), and Ca9 (clone 

M75, 2.5 Pg/mL, Bioscience Slovakia). Sections were stained using H&E and imaged using a 

Bright Field Slide Scanner (Aperio) to visualize necrosis. 

 

Oxygen consumption measurements  

Cells (1.2x104/well) were seeded using normal medium in Seahorse XF 96-well 

microplates (Agilent) and allowed to attach overnight. Prior to the assay, cells were washed with 

and incubated in assay medium (200 PL) for 2 hours at 37 °C without CO2 to degas the medium. 

Oxygen consumption rates (OCR) were measured from each population using Seahorse XF 

Analyzer (Agilent Biosciences). After OCR measurements were obtained, cells were fixed in 4% 

PFA, stained using Hoechst, and counted using Celigo. 

 

Western blotting  
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Cells (2.0x105/well) were seeded in 6-well plates (Corning) and allowed to attach 

overnight. Once the medium was changed, cells were treated with polyinosinic-polycytidylic 

acid (Poly I:C, 20 Pg/mL, Sigma-Aldrich) for 6 h, incubated in hypoxia (0.1% O2) for 24 h, or 

incubated for 48 h after radiation (0, 6, 10 Gy). Cells were washed with cold-PBS and lysed on 

ice using RIPA buffer (100 PL/well, Sigma) containing freshly added phosphatase (phosSTOP, 

Roche) and protease inhibitors (cOmplete EDTA-free, Roche), as per manufacturer’s instructions 

to collect supernatants. For HIF1-D expression, cells were lysed in the hypoxia chamber using 

9M urea containing E-mercaptoethanol, sonicated using a water bath, and centrifuged. 

After electrophoresis of samples (4-12% NuPage Tris-Bis gels, ThermoFisher) and semi-

dry transfer, membranes (PDVF, Immobilon-FL, Millipore) were blocked for 1 h using diluted 

Odyssey buffer (1:1 in TBS, LI-COR Biosciences), and probed for expression of proteins 

following manufacturer’s instructions. Images were acquired and quantified using Odyssey Fc 

(LI-COR Biosciences). Primary antibodies were: HIF1D (clone 54, 1:500, BD Biosciences); 

CA9 (clone M75, 1:1000, Bioscience Slovakia); p-STAT1-Tyr701 (9167, 1:1000, Cell 

Signalling); STAT-1 (9172, 1:1000, Cell Signalling); E-actin (4967, 1:5000, Cell Signalling). 

Secondary antibodies were: goat anti-rabbit IgG or goat anti-mouse IgG (IRDye 680RD or 

800CW, 1:10000, Odyssey, LICOR). 

 

Co-culture in hypoxia 

Co-culture experiments were performed to measure whether factors transferred from 

resistant cells enhanced survival. Cells were seeded (3.0x104/bottom well and 1.0x104/insert) in 

12-well plates and in Transwell inserts, and allowed to attach overnight. Control and resistant 

cells were cultured in the 12-well plates, as well as in the Transwell inserts, as follows: ctrl/ctrl, 
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ctrl/res, res/ctrl, res/res. Once medium was changed, the plates were placed into normoxia or 

hypoxia (0.1% O2) for 24 h and 120 h. Cells were fixed using 4% PFA, stained with Hoechst (50 

Pg/mL), and counted using Celigo.  

 

Poly I:C transfection for Western blotting 

To induce an interferon response through the dsRNA pathway, cells were seeded in 6-

well plates (2x105 cells/well), allowed to attach overnight, and transfected using poly I:C. 

Transfection was performed for 6 h using OPTI-MEM GlutaMax (Gibco) containing poly I:C (0 

and 20 Pg/mL) and lipofectamine 2000 (5 PL) following manufacturer’s instructions.  

 

Luciferase reporter assay 

Differences in the functional activation of the interferon pathway between cell lines was 

measured using a luciferase reporter assay. On day 1, PC3 control and resistant cells (1x104/well; 

100 PL) were seeded in 96-well plates. On day 2, PC3 cells were transfected with lipofectamine 

(1 PL/well) and poly I:C (0-500 ng/mL, 100 PL total volume/well) for 1 h, washed 3 times with 

PBS, and incubated in normal medium. Cells from the recombinant HEK293 cell line, stably 

expressing the firefly luciferase gene under the control of interferon-stimulated response 

element56, were seeded (2x104/well; 100 PL) in 96-well plates and allowed to attach. On day 3, 

the medium of the HEK293 cells was replaced with conditioned medium (50 PL) from PC3 cells 

for 24 h. On day 4, One-Glo Luciferase reagent (50 PL/well) was added to HEK293 cells to lyse 

cells before measurement of luminescence. 

 

RNA sequencing 
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Bulk RNA sequencing was performed to measure changes in gene expression of cells co-

cultured in hypoxia. Co-culture experiments were set up as described above. Total RNA was 

extracted at 24 h and 120 h using mirVana Isolation Kit according to manufacturer’s instructions 

and quantified using TapeStation (Agilent Biotechnologies). Bulk RNA sequencing was 

performed on biological duplicates using Illumina sequencing (75 million reads). Differences in 

gene expression were quantified using the DE-Seq2 package in R (R v 3.4) and analysed for 

statistical significance using adjusted P-values with a false-discovery rate of 0.1. Gene 

enrichment was analysed using the KEGG pathway in Enrichr61. 

 

RT-PCR and qPCR 

Differences in expression of several genes in the interferon pathway were measured using 

qPCR. Cells (2.0x105/well) were seeded in 6-well plates (Corning), allowed to attach overnight, 

and treated with normoxia or hypoxia for 24 h. Total RNA was extracted using TRI-reagent 

(Sigma), isopropanol (Sigma), and 1-bromo-3-chloropropane (Sigma), and 1 Pg was reverse 

transcribed into cDNA using High Capacity cDNA Reverse Transcription Kit (Thermo Fisher). 

Each sample was amplified in triplicate using custom-designed primers (Sigma, Supplementary 

Table 2) in a HT7900 Real Time PCR System using SensiMix SYBR-Green Mix (Bioline) with 

standard cycling conditions: 10 min at 95°C, 15 sec at 95°C (40 cycles), and 45 sec at 60°C. 

Gene expression was analysed with the 2-''CT  method using RPL11 as the reference gene. 

 

Xenograft tumour growth and radiation response 

To determine whether interactions affected tumour growth kinetics in vivo, we measured 

growth curves of xenografts from three groups: control, 1:1 mix, or resistant. Fluorescent PC3 
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cells (5 x 106 cells/100PL comprising PBS and Matrigel, 1:1) were inoculated subcutaneously in 

the right flank of 36 male nude mice (nu/nu, 5-6 weeks, 27.1 r 2.73 g, Envigo) with 12 

mice/group. Sample sizes were estimated from a pilot study (n = 10 mice) and from previous 

work30. Once tumours reached 70 mm3 (calculated LuWuHuS/6), they were measured with 

callipers every 3 days until they reached 200 mm3. To establish whether interactions affected 

radiation response in vivo, 36 male mice were inoculated on the right flank with control, 1:1 mix, 

or resistant PC3 cells. When tumours reached 70 mm3, they were irradiated with a single dose of 

5 Gy using a Gulmay 320 kV X-irradiator (2.0 Gy/min) and measured every 3 days for 72 days. 

Animals that did not develop tumours within 4 weeks of inoculation were excluded from 

experiments. However, animals with regressing tumours post-radiation were included in survival 

analysis and marked as “censored” events. Randomization was not used post-inoculation, but a 

partial-blinding system (cage and ear tag labels) was used to track tumour growth and label ex 

vivo samples. All animal procedures were conducted in accordance with the UK Animal 

Scientific Procedures Act of 1986 (Project License Number PCDCAFDE0) and were approved 

by the local ethics committee at the University of Oxford. 

For spatial distribution and flow cytometry analysis in untreated xenografts, mice were 

injected with EF5 (10 mM, saline) and with EdU (10 mM, PBS) 2 h prior to being culled. Parts 

of the tumour were immediately dissected for analysis using flow cytometry, while other parts 

were fixed in 4% PFA for immunofluorescence staining. For flow cytometry, tumours were 

minced and digested in Hank’s Buffered Saline Solution (ThermoFisher) containing collagenase 

II (2 mg/mL, Worthington) and DNAse I (2 U/mL, ThermoFisher) for 30 min at 37 qC with 

shaking. Samples were put through a cell strainer (50 Pm, Sysmex) and washed with ice-cold 

PBS. After centrifugation (300xg, 5 min, 4 qC), single cells were processed for flow cytometry 
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of survival and cell cycle as described above. Immunofluorescence staining was performed as 

describe above for spheroid sections. 

 

Endothelial sprouting assay 

To investigate whether control and resistant tumour cells affected angiogenesis, we 

measured sprouting of HUVEC spheroids in the presence of tumour cells. HUVEC spheroids 

were embedded in collagen gel in 24-well plates and incubated 1 h to allow the gel to solidify.57 

Tumour cells (2x104) cells were placed on the top of the gel in EGM-2 medium and incubated 

for 24 h. For each spheroid, a single image was acquired at the z-plane with the largest diameter 

in focus (Evos). The area of sprouting from this single image was measured using ImageJ.  

 

Mathematical modelling 

Non-spatial mathematical models 

We used the logistic population growth model to describe the growth of homogeneous 

tumour spheroids62. According to this model the rate of change of spheroid volume V at time t is 

given by 

     𝑑𝑉
𝑑𝑡

= 𝑟𝑉(1 − 𝑉
𝐾

), 

where r>0 represents the growth rate, K>0 is the carrying capacity (the limiting volume of the 

spheroid) and V(t=0) = V0 where V0 is the spheroid volume at t=0. The analytical solution to the 

logistic model is given by 

     𝑉(𝑡) =  𝑉0𝐾𝑒𝑟𝑡

𝐾+𝑉0(𝑒𝑟𝑡−1)
. 

 The growth of and interactions between the control and resistant populations were 

described by a Lotka-Volterra-type model given by 
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     𝑑𝑉𝐶
𝑑𝑡

= 𝑟𝐶𝐾𝐶 (1 − 𝑉𝐶
𝐾𝐶

− 𝜆𝑅
𝑉𝑅
𝐾𝐶

), 

     𝑑𝑉𝑅
𝑑𝑡

= 𝑟𝑅𝐾𝑅 (1 − 𝑉𝑅
𝐾𝑅

− 𝜆𝐶
𝑉𝐶
𝐾𝑅

). 

In the model above, VC and VR represent respectively the volumes of control and resistant 

populations, rC and rR their initial growth rates, KC and KR carrying capacities, and VC(0) and 

VR(0) their initial volumes. The parameters λC and λR describe the magnitude of the effect that 

control cells have on resistant cells, and resistant cells have on control cells, respectively. 

Typically, the signs of the interaction parameters are constrained so that the model can only 

describe either competition (λC >0 and  λR >0) or mutualism (λC <0 and  λR < 0)63. We do not put 

such constraints on λC and λR which means that our model can describe most types of biological 

interactions found in ecology. Further details describing how the values of the model parameters 

were estimated are included in Supplementary Methods. 

 

Spatial computational model 

 To gain further insight into the growth of heterogeneous spheroids we developed a 

spatially-resolved cellular automaton (CA) model. Our CA model replicated the changes in the 

size and structure of a 2D cross-section through a 3D tumour spheroid suspended in culture 

medium. The model couples a set of automaton elements arranged on a regular 2D grid to a 

partial differential equation (PDE) describing the distribution of a growth-rate-limiting nutrient 

(here, oxygen) which is supplied from the culture medium surrounding the spheroid. Our model 

simulations are initialised by placing a circular cluster of cells in the centre of the grid: this 

imitates seeding a spheroid in a Petri dish. The control and resistant cells differ in cell cycle 

times, oxygen consumption rates, sensitivity to changing oxygen concentration and rates of lysis. 

Both cell populations consume oxygen as it diffuses from the medium and divide. When local 
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oxygen concentration drops below threshold values cells become hypoxic and eventually die via 

necrosis. Furthermore, cell division depends on local cell density. Further details pertaining to 

the model implementation are described in Supplementary Methods.  

 

Statistical Analysis 

Data were evaluated for homogeneity of variance and for normality. For all biological 

assays unless indicated below, statistical significance was evaluated using 2-factor ANOVA 

followed by Bonferroni, Sidak, or Dunnett multiple-testing correction (D= 0.05).  Effect sizes 

were approximated from pilot studies or from literature to ensure power (E = 0.8) for biological 

experiments. For clonogenic assays, the radiation protection factor (RPF) was calculated as the 

area under the dose-response curve (AUC) for the resistant cell lines divided by that of the 

control lines; AUC values were analysed for significance using a Student’s t-test (paired, one-

tailed, D= 0.05). For spheroid control probability experiments, dose-regrowth curves were fitted 

and analysed by nonlinear regression using a log-sigmoidal model with variable slope (Prism 

5.0, GraphPad). Values of spheroid control probability (SCP50) are reported as the dose at which 

50% of spheroids did not regrow, along with the 95% CI of the SCP50.  For additional regrowth 

experiments, survival curves were analysed using the Mantel-Cox (log-rank) test. Data represent 

mean ± SD from independent experiments, as indicated. 

 

Code and data availability 

Code and data are available upon request. RNA sequencing data is available at the NCBI GEO 

database with accession number XXX. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 37 

AUTHOR CONTRIBUTIONS 
 
PK, ALH, M Partridge, and HB conceived the project. PK, M Paczkowski, LKS, ALH, M 

Partridge, and HB designed experiments. PK, M Paczkowski, and AM performed cell biology 

experiments. PK, JO, SL, JK, JC, and BM performed experiments relating to xenografts. M 

Paczkowski performed mathematical modelling. WWK performed bioinformatic analysis. PK, M 

Paczkowski, and WWK analysed data. PK, M Partridge, ALH, and HB supervised project. PK, 

M Paczkowski, ALH, and HB wrote the manuscript. All authors edited/reviewed the manuscript. 

  

COMPETING INTERESTS 
 
The authors declare no competing financial or non-financial interests. 

 

ACKNOWLEDGMENTS 

We thank Yunhong Cao and Karla Watson for technical assistance. This research was 

supported by the Medical Research Council, Cancer Research UK, and the Engineering 

Physical Sciences Research Council (grant numbers: C5255/A12678, C2522/A10339, and 

C56606/A21440). PK, JK, BM, and M Partridge were funded by the CRUK/EPSRC Oxford 

Cancer Imaging Centre. AM and ALH were funded by Breast Cancer Now (grant number: 

2015MayPR479). WWK was funded by KTH Royal Institute of Technology. M Paczkowski 

was funded by EPSRC LSI grant.  

 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 38 

REFERENCES 

1. NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines): Prostate Cancer. in 
National Comprehensive Cancer Network 4, (2018). 

2. Lalonde, E. et al. Tumour genomic and microenvironmental heterogeneity for integrated 
prediction of 5-year biochemical recurrence of prostate cancer: a retrospective cohort 
study. Lancet Oncol. 15, 1521–1532 (2014). 

3. Mcgranahan, N. & Swanton, C. Clonal Heterogeneity and Tumor Evolution: Past, Present, 
and the Future. Cell 168, 613–628 (2017). 

4. Hong, M. K. H. et al. Tracking the origins and drivers of subclonal metastatic expansion 
in prostate cancer. Nat. Commun. 6, (2015). 

5. Boutros, P. C. et al. Spatial genomic heterogeneity within localized, multifocal prostate 
cancer. Nat. Genet. 47, 736–745 (2015). 

6. Wei, L. et al. Intratumoral and Intertumoral Genomic Heterogeneity of Multifocal 
Localized Prostate Cancer Impacts Molecular Classifications and Genomic 
Prognosticators. Eur. Urol. 1, 183–192 (2017). 

7. Hong, M. K. H. et al. Tracking the origins and drivers of subclonal metastatic expansion 
in prostate cancer. Nat. Commun. 6, 1–12 (2015). 

8. Gundem, G. et al. The evolutionary history of lethal metastatic prostate cancer. Nature 
520, 353–358 (2015). 

9. Carreira, S. et al. Tumor clone dynamics in lethal prostate cancer. Sci. Transl. Med. 6, 1–
10 (2014). 

10. Zhou, H., Neelakantan, D. & Ford, H. L. Clonal cooperativity in heterogenous cancers. 
Semin. Cell Dev. Biol. 64, 79–89 (2017). 

11. Tabassum, D. P. & Polyak, K. Tumorigenesis: it takes a village. Nat. Rev. Cancer 15, 
473–483 (2015). 

12. Kaznatcheev, A., Peacock, J., Basanta, D., Marusyk, A. & Scott, J. G. Fibroblasts and 
Alectinib switch the evolutionary games played by non-small cell lung cancer. Nat. Ecol. 
Evol. 179259 (2018). doi:10.1101/179259 

13. Zélé, F., Magalhães, S., Kéfi, S. & Duncan, A. B. Ecology and evolution of facilitation 
among symbionts. Nat. Commun. 9, 4869 (2018). 

14. Ibrahim-Hashim, A. et al. Defining Cancer Subpopulations by Adaptive Strategies Rather 
Than Molecular Properties Provides Novel Insights into Intratumoral Evolution. Cancer 
Res 77, 2242–54 (2017). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 39 

15. Lloyd, M. C. et al. Darwinian Dynamics of Intratumoral Heterogeneity: Not Solely 
Random Mutations but Also Variable Environmental Selection Forces. Cancer Res 76, 
3136–44 (2016). 

16. Picco, N., Sahai, E., Maini, P. K. & Anderson, A. R. A. Integrating Models to Quantify 
Environment- Mediated Drug Resistance. Cancer Res 77, 5409–18 (2017). 

17. Greene, J. M., Levy, D., Herrada, S. P., Gottesman, M. M. & Lavi, O. Mathematical 
Modeling Reveals That Changes to Local Cell Density Dynamically Modulate Baseline 
Variations in Cell Growth and Drug Response. Cancer Res 76, 2882–90 (2016). 

18. Josson, S. et al. Tumor-Stromal Interactions Influence Radiation Sensitivity in Epithelial- 
versus Mesenchymal-Like Prostate Cancer Cells. J. Oncol. 2010, (2010). 

19. Sun, Y. et al. Treatment-induced damage to the tumor microenvironment promotes 
prostate cancer therapy resistance through WNT16B. Nat. Med. 18, 1359–1368 (2012). 

20. Boelens, M. C. et al. Exosome Transfer from Stromal to Breast Cancer Cells Regulates 
Therapy Resistance Pathways. Cell 159, 499–513 (2014). 

21. Chapman, A. et al. Heterogeneous tumor subpopulations cooperate to drive invasion. Cell 
Rep. 8, 688–695 (2014). 

22. Cleary, A. S., Leonard, T. L., Gestl, S. A. & Gunther, E. J. Tumour cell heterogeneity 
maintained by cooperating subclones in Wnt-driven mammary cancers. Nature 508, 113–
118 (2014). 

23. Zhang, M. et al. Intratumoral Heterogeneity in a Trp53 -Null Mouse Model of Human 
Breast Cancer. Cancer Discov. 5, 520–33 (2015). 

24. Marusyk, A. et al. Non-cell-autonomous driving of tumour growth supports sub-clonal 
heterogeneity. Nature 514, 54–58 (2014). 

25. Wagenblast, E. et al. A model of breast cancer heterogeneity reveals vascular mimicry as 
a driver of metastasis. Nature 520, 358–362 (2015). 

26. Mateo, F. et al. SPARC mediates metastatic cooperation between CSC and non-CSC 
prostate cancer cell subpopulations. Mol. Cancer 13, 237–254 (2014). 

27. Calbo, J. et al. A Functional Role for Tumor Cell Heterogeneity in a Mouse Model of 
Small Cell Lung Cancer. Cancer Cell 19, 244–256 (2011). 

28. Horas, J. A., Olguin, O. R. & Rizzotto, M. G. On the surviving fraction in irradiated 
multicellular tumour spheroids: calculation of overall radiosensitivity parameters, 
influence of hypoxia and volume effects. Phys. Med. Biol 50, 1689–1701 (2005). 

29. Alfonso, J. C. L., Jagiella, N., Nú Ñ Ez, L., Herrero, M. A. & Drasdo, D. Estimating Dose 
Painting Effects in Radiotherapy: A Mathematical Model. PLoS One 9, 1–21 (2014). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 40 

30. Huang, X. et al. miRNA-95 mediates radioresistance in tumors by targeting the 
sphingolipid phosphatase SGPP1. Cancer Res. 73, 6972–6986 (2013). 

31. Ghiam, A. F. et al. Long non-coding RNA urothelial carcinoma associated 1 (UCA1) 
mediates radiation response in prostate cancer. Oncotarget 8, 4668–4689 (2017). 

32. Chadwick, K. & Leenhouts, H. Physics in Medicine & Biology Related content A 
molecular theory of cell survival A Molecular Theory of Cell Survival. Phys. Med. Biol 
18, 78–87 (1973). 

33. Robertson-Tessi, M., Gillies, R. J., Gatenby, R. A. & Anderson, A. R. A. Impact of 
metabolic heterogeneity on tumor growth, invasion, and treatment outcomes. Cancer Res. 
75, 1567–1579 (2015). 

34. Gallaher, J. A., Enriquez-Navas, P. M., Luddy, K. A., Gatenby, R. A. & Anderson, A. R. 
A. Spatial heterogeneity and evolutionary dynamics modulate time to recurrence in 
continuous and adaptive cancer therapies. Cancer Res. 78, 2127–2139 (2018). 

35. Dhani, N., Fyles, A., Hedley, D. & Milosevic, M. The Clinical Significance of Hypoxia in 
Human Cancers. Semin. Nucl. Med. 45, 110–121 (2015). 

36. McIntyre, A. et al. Carbonic anhydrase IX promotes tumor growth and necrosis in vivo 
and inhibition enhances anti-VEGF therapy. Clin. Cancer Res. 18, 3100–11 (2012). 

37. Bensaad, K. et al. Fatty Acid Uptake and Lipid Storage Induced by HIF-1α Contribute to 
Cell Growth and Survival after Hypoxia-Reoxygenation. Cell Rep. 9, 349–365 (2014). 

38. Ivashkiv, L. B. & Donlin, L. T. Regulation of type I interferon responses. Nat. Rev. 
Immunol. 14, 36–49 (2014). 

39. Waghmare, I., Roebke, A., Minata, M., Kango-Singh, M. & Nakano, I. Intercellular 
Cooperation and Competition in Brain Cancers: Lessons From Drosophila and Human 
Studies. Stem Cells Transl. Med. 3, 1262–1268 (2014). 

40. Berglund, E. et al. Spatial maps of prostate cancer transcriptomes reveal an unexplored 
landscape of heterogeneity. doi:10.1038/s41467-018-04724-5 

41. Ballesteros-Arias, L., Saavedra, V. & Morata, G. Cell competition may function either as 
tumour-suppressing or as tumour-stimulating factor in Drosophila. Oncogene 33, 4377–
4384 (2014). 

42. Sancho, M. et al. Competitive Interactions Eliminate Unfit Embryonic Stem Cells at the 
Onset of Differentiation. Dev. Cell 26, 19–30 (2013). 

43. Clavería, C., Giovinazzo, G., Sierra, R. & Torres, M. Myc-driven endogenous cell 
competition in the early mammalian embryo. Nature 500, 39–46 (2013). 

44. Park, H. J., Griffin, R. J., Hui, S., Levitt, S. H. & Song, C. W. Radiation-Induced Vascular 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 41 

Damage in Tumors: Implications of Vascular Damage in Ablative Hypofractionated 
Radiotherapy (SBRT and SRS). Radiat. Res. 177, 311–327 (2012). 

45. Barker, H. E., Paget, J. T. E., Khan, A. a. & Harrington, K. J. The tumour 
microenvironment after radiotherapy: mechanisms of resistance and recurrence. Nat. Rev. 
Cancer 15, 409–425 (2015). 

46. Bacevic, K. et al. Spatial competition constrains resistance to targeted cancer therapy. Nat. 
Commun. 8, (2017). 

47. Zamboglou, C. et al. Evaluation of intensity modulated radiation therapy dose painting for 
localized prostate cancer using 68Ga-HBED-CC PSMA-PET/CT: A planning study based 
on histopathology reference. Radiother. Oncol. 123, 472–477 (2017). 

48. Cheon, H. et al. IRF9 mediate resistance to viruses and DNA damage. EMBO J. 32, 2751–
2763 (2013). 

49. Legrier, M. et al. Activation of IFN / STAT1 signalling predicts response to chemotherapy 
in oestrogen receptor-negative breast cancer. Br. J. Cancer 114, 177–187 (2016). 

50. Spaapen, R. M. et al. Therapeutic activity of high-dose intratumoral IFN-β requires direct 
effect on the tumor vasculature. J. Immunol. 193, 4254–60 (2014). 

51. Katlinski, K. V. et al. Inactivation of Interferon Receptor Promotes the Establishment of 
Immune Privileged Tumor Microenvironment. Cancer Cell 31, 194–207 (2017). 

52. Sau, S. et al. Combining Immunotherapy and Radiotherapy for Cancer Treatment: Current 
Challenges and Future Directions. Front. Pharmacol. | www.frontiersin.org 9, 185 (2011). 

53. Byrne, H. M. Dissecting cancer through mathematics: From the cell to the animal model. 
Nat. Rev. Cancer 10, 221–230 (2010). 

54. Collis, J. et al. Bayesian Calibration, Validation and Uncertainty Quantification for 
Predictive Modelling of Tumour Growth: A Tutorial. Bull. Math. Biol. 79, (2017). 

55. Grogan, J. A. et al. Predicting the Influence of Microvascular Structure On Tumor 
Response to Radiotherapy. IEEE Trans. Biomed. Eng. 64, 504–511 (2017). 

56. Bridgeman, A. et al. Viruses transfer the antiviral second messenger cGAMP between 
cells. Science (80-. ). 349, 1228–1232 (2015). 

57. Nascimento dos Santos, S. et al. Galectin-3 acts as an angiogenic switch to induce tumor 
angiogenesis via Jagged-1/Notch activation. Oncotarget 8, 49484–49501 (2017). 

58. Chen, W. et al. High-throughput Image Analysis of Tumor Spheroids: A User-friendly 
Software Application to Measure the Size of Spheroids Automatically and Accurately. J. 
Vis. Exp 89, 51639 (2014). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 42 

59. Franken, N. A. P., Rodermond, H. M., Stap, J., Haveman, J. & van Bree, C. Clonogenic 
assay of cells in vitro. Nat. Protoc. 1, 2315–2319 (2006). 

60. Ashton, T. M. et al. The anti-malarial atovaquone increases radiosensitivity by alleviating 
tumour hypoxia. Nat. Commun. 7, 1–13 (2016). 

61. Kuleshov, M. V et al. Enrichr: a comprehensive gene set enrichment analysis web server 
2016 update. Nucleic Acids Res. 44, (2016). 

62. Gerlee, P. The model muddle: In search of tumor growth laws. Cancer Res. 73, 2407–
2411 (2013). 

63. Murray, J. D. Mathematical Biology: I: An Introduction. Third Edition. Interdisciplinary 
Applied Mathematics 79, (2004). 

 
 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 3, 2019. ; https://doi.org/10.1101/564724doi: bioRxiv preprint 

https://doi.org/10.1101/564724


 43 

FIGURE LEGENDS 

 

Figure 1. Inclusion of radiation resistant cells increases bulk growth of mixed tumour cell 

populations in 3D but not 2D for two prostate cancer cell lines. (a) Growth curves of PC3 and 

DU145 monolayer cells comprising radiation sensitive (control), radiation resistant (res), or 1:1 

mixtures of control:resistant (ctrl:res). (b) Growth curves and representative images of 3D 

spheroids comprising control, resistant, or 1:1 mix of ctrl:res cells. (c) Proportions of control and 

resistant populations measured over time using flow cytometry from spheroids seeded as 1:1 

mixture. Data represent mean ± SD from 3 independent experiments except for b, for which data 

represent mean ± SD of 12 spheroids pooled from 2 independent experiments.  *** P < 0.001, as 

determined by 2-way ANOVA followed by Bonferroni correction for multiple testing.  

Figure 2. Mathematical modelling predicts the nature of cellular interactions in mixed 

prostate spheroids. (a) Logistic model of spheroid growth, with growth rate r and carrying 

capacity K (the limiting volume of the spheroid) of tumour cell populations. (b) Estimates of 

growth parameters for control and resistant cells calculated by fitting the logistic model to 

growth curves of homogeneous PC3 and DU145 spheroids. Error bars represent confidence 

intervals. (c) Schematic of Lotka-Volterra model to measure growth curve of mixed spheroids, in 

which tumour cells interact with one another. The parameter λC indicates the effect of controls 

on resistant, while the parameter λR indicates the effect of resistant on control. (d) Estimated 

interaction parameters using biological data of PC3 and DU145 spheroids containing 1:1 mixture 

of ctrl: res cells. The nature of interaction, i.e., competition vs antagonism, depends on the sign 

of the interaction parameters. Error bars represent confidence intervals. (e) Experimental 

determination of cell cycle distribution for control and resistant cell populations isolated from 
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mixed and homogeneous spheroids. Data represent mean ± SD from 4 independent experiments.  

* P < 0.05, ** P < 0.01, and *** P < 0.001, as determined by 2-way ANOVA followed by post-

hoc t-tests with Bonferroni correction for multiple testing.  

Figure 3. Radiation resistant cells increase bulk radiation resistance of mixed spheroids. (a) 

Images of irradiated PC3 spheroids seeded with 100% control cells, 9:1 ctrl:res, 1:1 ctrl:res or 

100% resistant cells. (b) Control probability of irradiated spheroids comprising control, 9:1 

ctrl:res, 1:1 ctrl:res, or resistant cells. Dashed line shows the 50% control probability that 

prevents regrowth. Data represent the percent of spheroids that grew back (n = 15 

spheroids/group/radiation dose) from one biological experiment (c) Survival curves of irradiated 

spheroids seeded as control, 1:1 ctrl:res, or resistant. The experiment was performed on a smaller 

scale to replicate results of b. Data represent n = 20 spheroids/group. *** P < 0.001, as 

determined by Mantel-Cox survival analysis. (d) Proportions of control and resistant populations 

measured over time using flow cytometry from spheroids seeded as 1:1 mixture and irradiated at 

6 or 10 Gy, respectively. Data represent mean ± SD from 4 independent experiments. *** P < 

0.001, as determined by 2-way ANOVA followed by post-hoc t-tests with Bonferroni correction 

for multiple testing.  

Figure 4. The nature of cellular interactions alters regrowth time after radiation, as 

determined by mathematical modelling. Mixed spheroids were grown in silico using a range 

of interaction parameters λC and λR until the volume reached 0.9 mm3. At this volume, spheroids 

were irradiated in silico and monitored for regrowth until they reached 0.9 mm3.  Radiation 

damage was simulated using the linear quadratic model, for which input values (D and E) were 

determined from experimental PC3 clonogenic assays: ctrl cells, D = 0.44 r 0.07 and E = 0.04 r 
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0.01; res cells, D = 0.35 r 0.06 and E = 0.03 r 0.01. The numbers of control and resistant cells at 

the time of radiation depend on the values of λC and λR, whereas the numbers post radiation 

depend on the effect of radiation on each cell population, and on the values of λC and λR. See 

Supplementary Methods for more details on the mathematical model. 

Figure 5. Indirect interactions through oxygen constraints influence cellular localisation of 

subpopulations in mixed spheroids. (a) Images showing spatial localisation of control (green) 

and resistant (magenta) cell populations, markers of hypoxia and proliferation, and H/E staining 

in homogeneous and mixed PC3 spheroids isolated on day 11. Scale bar, 100 Pm. (b) 

Clonogenic survival of cell populations isolated from untreated spheroids dissociated at day 5 

and day 11. (c) Oxygen consumption rate (OCR) of control and resistant PC3 cells. Values were 

normalized to cell density. (d) The spatial distribution of cell populations (control = green; 

resistant = magenta) based on OCR in mixed PC3 spheroids, as predicted by cellular automaton 

(CA) model.  (e) Growth curves predicted solely by indirect interactions (i.e., competition for 

space and oxygen) in homogeneous spheroids (white and black circles) and mixed spheroids 

(blue circles). The CA model described in d was used to generate growth curves. See 

Supplementary Methods for more details. Data represent mean ± SD from 2 independent 

experiments for b and 4 independent experiments for c.  * P < 0.05, ** P < 0.01, and *** P < 

0.001, as determined by 1-way ANOVA (paired, one-tailed, alpha = 0.05).  

 

Figure 6.  Altered interferon signalling correlates with hypoxic survival and radiation 

resistance. (a) Growth curves of PC3 cells grown as monolayers in hypoxia. Data represent 

mean ± SD from 4 independent experiments. (b) Cell count of control and resistant cells 

incubated separately or together in hypoxia (0.1% O2) and normoxia. The cells were cultured in 
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Transwell inserts, in which cells share medium but are separated by a membrane. Data represent 

mean ± SD from 4 independent experiments. (c) Schematic illustrating set up of Transwell 

culture used for RNA sequencing (left side). Venn diagram of differentially expressed genes 

between control and resistant cells, and control and co-cultured controls, at 24 and 120 hours of 

hypoxia. Sequencing was performed on samples from 2 biological replicates. (d) Top 10 

enriched KEGG pathways in control cells co-cultured with resistant cells in hypoxia. Gene 

enrichment analysis was performed using Enrichr61. Shaded bars indicate significant pathways 

(Padj < 0.05). (e) Expression of genes (fold change normalized to controls) from interferon 

pathway as assessed by qPCR from cells cultured in hypoxia 120 h. Data represent mean values 

from 3 independent experiments. (f) Simplified diagram of interferon pathway illustrating the 

convergence of the dsDNA and dsRNA pathways to activation of STAT-1 and interferon 

stimulated genes. (g) Activation of interferon pathway by control and resistant PC3 cells after 

exposure to synthetic dsRNA (poly I:C) for 24 hours in normoxia or hypoxia. Activation is 

measured by luminescence generated in HEK cells expressing a luciferase promoter coupled to 

an interferon response element promoter. Data represent mean ± SD from 3 independent 

experiments.  (h) Western blots of STAT-1 and tyrosine701-phosphorylated-STAT1 expression 

in PC3 control and resistant cells after exposure to poly I:C (20 μg/mL) treatment for 6 h, to 

three different radiation doses (0, 6, and 10 Gy) after 48 h, or in untreated day 11 spheroids.  

Data represent mean ± SD from 4 independent experiments for poly I:C and radiation blots, and 

from 3 independent experiments for spheroid blots.* P < 0.05, ** P < 0.01, and *** P < 0.001, 

as determined by 2-way ANOVA followed by post-hoc t-tests with Holm-Sidak’s or Sidak’s 

correction for multiple testing.  
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Figure 7. Cellular interactions alter spatial distribution in vivo and may be affected by 

angiogenesis. (a) Survival curves of untreated PC3 xenografts comprising control (n = 11 mice), 

1:1 ctrl:res (n = 10 mice), or resistant cells (n = 11 mice). *** P < 0.001, as determined by 

Mantel-Cox test, followed by Bonferroni correction for multiple comparisons. (b) Representative 

images of whole tumour sections illustrating spatial distribution of control, resistant, and hypoxic 

cells in homogeneous and mixed xenografts. Scale bar, 500 Pm. (c) Proportions of control and 

resistant cell populations isolated from mixed xenografts at end point (200 mm3), as measured by 

flow cytometry. (d) Representative images and quantification of vessel density in PC3 

xenografts comprising control (n = 9 mice), mixed (n = 9 mice), or resistant (n = 10 mice) 

tumours. * Padj = 0.042, as determined by Kruskal-Wallis non-parametric test, followed by 

Dunn’s test for multiple comparisons. (e) Representative images and quantification of sprouting 

of endothelial spheroids cocultured with control or resistant cells in vitro, pooled from three 

independent batches of HUVEC endothelial cells (n = 20 spheroids/group/batch). Scale bar, 200 

Pm. **** P < 0.0001, as determined by Kruskal-Wallis non-parametric test, followed by Dunn’s 

test for multiple comparisons. 
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