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Simple Summary: The use of radiotherapy in bladder cancer treatment is increasing, which high-
lights the need for a better understanding of bladder cancer treatment with different radiation
delivery protocols. The purpose of this study is to analyze the effect of treatment time, dose and
fractionation on the number and sizes of grown three-dimensional (3D) bladder cancer spheres, and
to assess the capacity of the linear-quadratic model in describing the response of three human bladder
cancer cell lines: RT4, T24 and UM-UC-3. cultured in 3D. Three single dose radiation treatments
were performed at different time points after plating, and sphere number and sizes were assessed.
The radiosensitivity of spheres was dependent on the treatment timing after plating. Our results
showed the importance of treatment timing on the radio-response of bladder cancer spheres. We also
demonstrated that bladder cancer spheres are more resistant to dose-fractionation than the estimation
from the theoretical linear-quadratic model.

Abstract: While radical cystectomy remains the primary treatment of choice for bladder cancer, in-
creased evidence supports the use of bladder-preservation strategies based on adjuvant radiotherapy.
This highlights the need for a better understanding of bladder cancer radiosensitivity to different
types of treatment deliveries. The purpose of this study is to analyze the effect of treatment time, dose
and fractionation on the number and sizes of grown three-dimensional (3D) bladder cancer spheres,
and to assess the capacity of the linear-quadratic model in describing the response of cells cultured in
3D. 3D MatrigelTM-based cultures were employed to enrich for cancer stem cells (CSCs) from three
human bladder cancer cell lines, RT4, T24 and UM-UC-3. Three single dose radiation treatments
were performed at different time points after plating, and sphere number and sizes were assessed.
Anti-CD44 immunofluorescence, clonogenic assay and anti-γH2AX staining were also performed to
analyze the cell lines’ radiosensitivity. The radiosensitivity of spheres was dependent on the treatment
timing after plating. Current linear quadratic dose fractionation models were shown to over-estimate
radiosensitivity in 3D models. Our results showed the importance of treatment timing on the radio-
response of bladder cancer spheres. We also demonstrated that bladder cancer spheres are more
resistant to dose-fractionation than the estimation from the theoretical linear-quadratic model.

Keywords: bladder cancer; radiation therapy; radiosensitivity; cancer stem cells; dose-fractionation

1. Introduction

Bladder cancer is the sixth most commonly diagnosed cancer in men worldwide [1–3].
It usually affects the older population with an average age at diagnosis of 73 years [1–3].

Radiation 2022, 2, 318–337. https://doi.org/10.3390/radiation2040025 https://www.mdpi.com/journal/radiation

https://doi.org/10.3390/radiation2040025
https://doi.org/10.3390/radiation2040025
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/radiation
https://www.mdpi.com
https://orcid.org/0000-0003-1067-9435
https://orcid.org/0000-0001-6772-6947
https://orcid.org/0000-0003-3339-2680
https://orcid.org/0000-0002-9984-913X
https://orcid.org/0000-0003-3799-2595
https://orcid.org/0000-0001-9719-9324
https://doi.org/10.3390/radiation2040025
https://www.mdpi.com/journal/radiation
https://www.mdpi.com/article/10.3390/radiation2040025?type=check_update&version=1


Radiation 2022, 2 319

Although the standard treatment protocols in bladder cancer rely on radical cystectomy
as a major therapeutic approach, its undesirable side effects prompted the development
of bladder-preserving strategies such as radiotherapy (RT) and radio-chemotherapy (RT-
CT) [4–6]. In fact, and in addition to a decrease in the patient’s quality of life caused by
an external pouch in most cases, patients are at high risk of complications such as urinary
tract infection, deterioration in renal function, calculi formation, metabolic complications,
voiding dysfunction, and recurrence of disease [7,8]. Introducing RT as a treatment option
highlighted the need for understanding bladder cancers’ response to ionizing radiation
(IR). However, while many studies have focused on the in vitro response of bladder cancer
cells, there is still no consensus on the best way to predict their radiosensitivity [4,9–12].

Intrinsic radiosensitivity is generally defined by the radio-induced loss of clonogenicity,
and it is best correlated with the capacity of the cells to recognize and repair radio-induced
DNA double-strand breaks (DSB), with the anti-γH2AX immunofluorescence (IF) being
the most accurate DNA DSB biomarker [13–15]. Out of all the assays that have been
developed to quantify cells’ radiosensitivity, the clonogenic assay remains the most utilized
one. It is based on the capacity of irradiated cells to form colonies [16–18] and is best
described mathematically by the linear-quadratic model (LQ) that is used in the daily
clinical practice [19–25]. The α and β parameters of the LQ model are used to estimate
the best dose fractionation for each tumor and each organ, mainly by calculating the
biologically effective dose (BED) [26].

Newly developed cell culture techniques allow us today to study the effects of radia-
tion and chemotherapy via three-dimensional (3D) cultures, such as spheres [27]. Indeed,
recent studies have shown that when cells are irradiated or incubated with some reagents,
their capacity to form spheres is reduced, and the size of spheres decreases when the
treatment doses are increased [28]. For example, Tideglusib and curcumin were shown to
radiosensitize glioblastomas and bladder cancer cells, respectively [29,30]. The importance
of this 3D spheres formation cell culture model is that it enables the growth of cancer
stem cells (CSCs) in a more physiologically relevant environment than conventional two-
dimensional (2D) cell cultures [27]. CSCs are a subpopulation of cells within the tumor
bulk that play a substantial role in tumor initiation and differentiation [31–33]. A number
of stem cells biomarkers have already been identified, with CD44 being one of the most
relevant for bladder cancer [34]. It has also been established that a strong correlation exists
between these CSCs and tumor recurrence, as these cells may be resistant to the traditional
treatments that are usually effective in eradicating the rest of the tumor [35–37]. Growing
these cells in vitro provides us with a valuable opportunity to study their response to
different treatments, including radiation [27,38,39]. In particular, the sphere-formation
assay allows us to grow CSCs as multicellular 3D structures [27,38–41] and study cells in a
setting that resembles their actual in vivo complex environment [42,43].

In a previous study from our group, three bladder cancer cell lines (RT4, UM-UC-3 and
T24) were treated with different IR doses and their capacity to form spheres post-treatment
was assessed [28]. The purpose of the current study is to better understand the effect of
treatment time, dose and fractionation on the number and sizes of grown 3D spheres from
the previously used human bladder cancer cell lines, and to validate the capacity of models
developed in 2D in describing the response of cells cultured in 3D. When spheres were
treated with single doses, we performed the irradiations at three different time points
in order to mimic the development phases of a tumor. When the dose fractionation was
performed, a dose of 2 Gy per session-which is the typical RT session in clinical practice-was
applied to the spheres. The stemness was assessed by performing anti-CD44 IF on the
spheres, and the effect of IR in was studied by analyzing the unrepaired DNA DSB via
anti-γH2AX IF and the cell survival via the clonogenic assay.
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2. Materials and Methods
2.1. Cell Culture

Three bladder cancer cell lines purchased from American Tissue Culture Collection
(ATCC, Edina, MN, USA) were used: RT4 (RRID: CVCL_0036, transitional cell papil-
loma), UM-UC-3 (RRID: CVCL_1783) and T24 (RRID: CVCL_0554, transitional cell carci-
noma/urothelial carcinoma). The characteristics of each cell line are outlined in Table 1.
Cells were incubated in a humidified incubator at 37 ◦C and 5% CO2. Dulbecco’s Mod-
ified Eagle Media (DMEM) Ham’s F-12 (Sigma-Aldrich, St. Louis, MI, USA) with 10%
heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 1% Penicillin-Streptomycin (PS;
Sigma-Aldrich) and 0.2% plasmocin prophylactic was used for the culture and maintenance.
Table 2 summarizes all the experiments performed on these cell lines.

Table 1. Cell lines specifications.

Cell Line Tissue Disease Age Sphere Maturity

RT4 Urinary bladder Transitional cell papilloma 63 years Day 7
UM-UC-3 Urinary bladder Transitional cell carcinoma - Day 5

T24 Urinary bladder Transitional cell carcinoma 81 years Day7

Table 2. Summary of all the experiments performed in this study.

Assay Dose Treatment Delivery Endpoint Equation

2D

Clonogenic Assay 2 Gy Single dose, delayed
plating Surviving Fraction SF = number of colonies counted

number of cells seeded∗(PE/100)

Immunofluorescence:
anti-γH2AX 2 Gy Single dose Number of foci 24

h after irradiation NA

3D
Spheres assay

0, 2, 4, 6, 8
and 10 Gy

Single dose: early, mid
and late

treatment protocols
(Figure 1)

SR: Sphere Ratio SR(D) =
Number of spheres at dose D

Number of spheres at 0Gy
VR: Volume
Reduction V = 4π

3 ×
(

d
2

)3
VR(D) =

V0−V(D)
V0

× 100

0, 2, 4, 6, 8
and 10 Gy

Factionated treatment:
2 Gy every 24 h
mid treatment

protocol (Figure 1)

SR: Sphere Ratio SR(D) =
Number of spheres at dose D

Number of spheres at 0Gy

VR: Volume
Reduction V = 4π

3 ×
(

d
2

)3
VR(D) =

V0−V(D)
V0

× 100

Immunofluorescence:
anti-CD44 4 Gy Single dose, early

treatment CD44 expression NA

2.2. Irradiator

The irradiator used was a 225 kV Precision X-Ray (PXi) model No X-RAD 225. IR
was done at a rate of 3 Gy.min−1 and a 1.5 mm aluminum filter was used. The verifica-
tion/calibration of the irradiator is performed twice a year by the Medical Engineering
Department of the American University of Beirut Medical Center. Briefly, the dose is
measured at different locations within the irradiation field with a UNIDOS E dosimeter. If
the measured dose is different than the set by more than 1%, a calibration is performed.
The dosimeter is calibrated by the Medical Engineering Department on a yearly basis. The
doses used for irradiation are summarized in Table 2.

2.3. Clonogenic Assay

To assess the radiosensitivity of the three bladder cell lines, clonogenic assay was
performed as before [44].

The equation used to calculate the surviving fraction was:

SF =
number of colonies counted

number of cells seeded× (PE/100)
(1)
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PE: Plating Efficiency.
Please see Supplementary Materials and Methods.
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Figure 1. Protocols illustration (A) Schematic illustrating the 3 different treatment protocols per-
formed. (B) Schematic representing the dose fractionation (DF) treatment protocol (mid treatment
protocol was added for comparison).

2.4. Sphere Formation Assay

Sphere formation assay was performed as previously described [44]. Please see
Supplementary Materials and Methods.



Radiation 2022, 2 322

2.5. Sphere Irradiation

In order to assess the effect of IR timing and fractionation, spheres were subjected to
four different irradiation protocols (Figure 1 and Table 2).

− Early treatment: Cells were irradiated with a single dose (ranging between 0 and 10
Gy) immediately after embedding in Matrigel (day 0).

− Late treatment: Spheres were irradiated with a single dose (ranging between 0 and 10
Gy) one day before ending the experiment. The experiment was ended at the specific
maturity date for each cell line (Table 1)

− Mid-treatment: Spheres were irradiated with a single dose (ranging between 0 and 10
Gy) halfway between plating and at the end of the experiment.

− Dose fractionation (DF): Spheres were irradiated with a fractionated treatment that
started the same day as the mid-treatment. The total dose (ranging between 0 and 10
Gy) was fractionated into 2 Gy/24 h.

Spheres were counted and bright-field images were acquired via a Zeiss Axio Vert.A1
(ZEISS, Jena South, Germany) microscope according to the time points of each experiment,
and their sizes were measured with the Zen 2.3 lite blue edition software. The sizes were
measured with a minimum diameter of 40 µm, as previously established [44–47]. For each
experiment and condition, the diameter of 30 spheres was measured, and all experiments
were repeated at least 3 times.

Sphere ratio (SR) was calculated using the following equation:

SR(D) =
Number of spheres at dose D

Number of spheres at 0 Gy
(2)

SR, as a function of the dose, was fitted to the LQ model:

SR(D) = exp
(
−αD− βD2

)
(3)

with α (Gy−1) and β (Gy−2) being fitting parameters.
Sphere-forming unit (SFU) was calculated based on this formula:

SFU(%) =
number of spheres counted
number of spheres seeded

× 100 (4)

Spheres’ volume was then calculated using the below equation:

V =
4π
3
×

(
d
2

)3
(5)

with V being the spheres volume and d the spheres diameter
Volume reduction (VR) was calculated using the following equation:

VR(D) =
V0 − V(D)

V0
× 100 (6)

with V0 being the volume without exposure to IR, and V(D) the volume after treatment
with a dose D in Gy.

VR, as a function of dose, was fitted to a curvilinear model:

VR(D) = VRmax(1− exp(−eD)) (7)

with VR being the percentage of volume reduction, VRmax being the maximal volume
reduction, and e (Gy−1) being a fitting parameter.

LQ model for DF was used to predict the theoretical SRDF as a function of the dose

SRdf(D) = exp(−αD− βdD) (8)
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with α (Gy−1) and β (Gy−2) being fitting parameters from Equation (1) and d (Gy) the dose
per fraction.

Each experiment was performed 3 times. Results are shown as mean ± standard error
of the mean (SEM).

2.6. Immunofluorescence and Confocal Microscopy Analysis
2.6.1. For Cells in 2D

Immunofluorescence staining of the phosphorylated form of H2AX was performed.
Bladder cancer cells were seeded on 12 mm glass coverslips in 24-well plates. After
incubation, cells were left untreated (control group—0 min) or treated with a dose of 2 Gy
and fixed with 4% paraformaldehyde 24 h post-treatment. Cells were then permeabilized
and blocked with 0.1% Triton-X 100, 10% NGS, and 3% BSA in PBS for 1 h at room
temperature. Cells were then incubated with Anti-γH2AX (ser139) antibody (dilution
1:350, Millipore, Burlington, MA, USA; cat # 05636) for 1 h at 37 ◦C, then washed with PBS.
Next, cells were incubated with the secondary antibody Alexa Fluor 488 goat anti-mouse
IgG (dilution 1:100, ab150113) for 30 min at 37 ◦C. Coverslips were then mounted using
Fluoroshield Mounting Medium with DAPI (4′,6′Diamidino-2-Phenyl-indole) (Abcam,
Cambridge, UK; cat #ab104139). Images were taken with laser scanning confocal microscope
Zeiss LSM 710 (Zeiss, Jena South, Germany), and were processed using Zen 2012 image
analysis software (blue edition).

Each experiment was performed 3 times and the number of foci was scored in 30 nuclei
per experiment, with a total of 90 nuclei. Results are shown as mean ± SEM.

2.6.2. For Spheres in 3D

Immunofluorescence staining was done on spheres in suspension. After sphere for-
mation, cells embedded in Matrigel TM/DMEM Ham’s F-12 + 3% FBS were treated with a
dose of 4 Gy (early treatment protocol) while others were left untreated (control group).
Bladder spheres were collected using ice-cold media without FBS on the day of maturation,
and were fixed with 4% paraformaldehyde. For immunofluorescence staining, spheres
were incubated with 0.5% Triton-X 100 in PBS for 30 min, followed by two washes with
PBS. Spheres were then blocked using 10% NGS, 0.2% Triton-X 100, 0.05% Tween-20 and
0.1% BSA for 2 h at room temperature. After blocking, spheres were incubated with mouse
monoclonal anti-CD44 primary antibody (1:100 uL Santa-Cruz, CA, USA, cat # sc-7297)
overnight at 4 ◦C. Spheres were washed twice with PBS and were incubated with secondary
antibody Alexa Fluor 568 goat anti-mouse IgG antibody (1:200, Abcam, UK, cat # ab175473)
for 1 h at room temperature. Finally, pelleted spheres were washed with PBS and mounted
on Fluoroshield Mounting Medium with DAPI (4′,6′Diamidino-2-Phenyl-indole) (Abcam,
UK; cat # ab104139). Images of at least 10 stained spheres were acquired using the confocal
microscope Zeiss LSM 710 (Zeiss, Germany) and were then analyzed by Zen 2012 image
analysis software (Blue Edition). Images were divided into lanes in which the intensity of
separate fully formed spheres was measured (ZEN). Later, the average of the intensities
measured per group (non-irradiated vs. irradiated at 4 Gy) was determined.

Each experiment was performed 3 times. Results are shown as mean ± SEM.

2.7. Statistical Analysis

Data and statistical analyses were done using MATLAB R2016a (MathWorks, Natick,
MA, USA). ANOVA test was performed to validate the differences between volumes after
irradiation. A Mann-Whitney-Wilcoxon non-parametric test was performed to compare
two unpaired groups [48,49]. A Kruskal-Wallis test was performed when more than two
groups were compared [50]. Differences were considered statistically significant when the
p-value was lower than 0.05 (*), 0.01 (**), and 0.001 (***).

The data fit was obtained by minimizing the least squares residual. The data fit was
obtained by minimizing the least squares residual. The algorithm used was the trust-region-
reflective optimization, which is based on the interior-reflective Newton method [51]. The
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least squares calculations were obtained by using the lsqcurvefit command in Matlab2021
Software (The MathWorks, Natick, MA, USA), and were stopped when the final change
in the sum of squares relative to its initial value became less than the default value of the
function tolerance.

R2 values, also known as the coefficient of determination, were calculated automati-
cally with the cited algorithm for all fits.

3. Results
3.1. Radiosensitivity in 2D: Cell Survival and DNA DSB Repair

The three bladder cancer cell lines were irradiated with a single dose of 2 Gy. Radiosen-
sitivity in 2D was assessed through the clonogenic assay for cell survival, and anti-γH2AX
IF for the number of unrepaired DNA DSB.

Without IR, there was no significant difference in the number of spontaneous γH2AX
between the three cell lines (p > 0.05, Figure 2A,B). After IR, there was a significant increase
in the number of foci 24 h post-IR for the three cell lines (p < 0.001), with RT4 showing the
lowest number of residual foci (3 ± 0.8 foci) compared to T24 (4 ± 0.5 foci) and UM-UC-3
(5.7 ± 0.6 foci) (Figure 2A,B).
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Figure 2. Radiosensitivity of RT4, T24 and UM-UC-3 in 2D. (A) Immunofluorescence (IF) imaging
of GH2AX and DAPI for the three cell lines RT4, T24 and UM-UC3 at without irradiation and 24 h
after a 2 Gy treatment (scale bar = 5 µm). (B,C) Histogram of the average number of GH2AX foci
for RT4, T24 and UM-UC3 at 0 min and 24 h post-treatment. Results are represented as the mean
of 3 independent experiments ± SEM. Each experiment was repeated 3 times and the number of
foci was counted in 30 nuclei per experiment. Mann-Whitney-Wilcoxon tests were performed for
statistical significance (*** p < 0.001).

The IF data were confirmed by the clonogenic assay results: UM-UC-3 had the lowest
SF of 31 ± 7.3%, compared to 57 ± 9% and 64.8 ± 7% for T24 and RT4, respectively
(Figure 3C).
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Figure 3. Radio-induced decrease in the sphere ratio (SR) for RT4 (A), T24 (B) and UM-UC-3 (C) after
performing early, mid and late treatment protocols. Data represents the mean of at least three
independent experiments± SEM. Data are fitted to the Linear-Quadratic (LQ) equation (Equation (2)).
Fitting parameters and the corresponding R2 values are shown in Table 3. Sphere images are shown
in Figures S1–S3.
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Table 3. Fitting parameters of SR(D). Data were fitted to the LQ model for single (SR(D) =

e−αD−βD2
) and fractionated doses (SR(D) = e−αD−βdD).

Condition α (95% CI) β (95% CI) R2

RT4

Early 0.3328 (0.2556, 0.41) 0 0.8
Mid 0.3572 (0.0815, 0.6328) 0.0007994 (−0.03194, 0.03354) 0.92
Late 0.04105 (0.019, 0.063) 0.004094 (0.0014, 0.0067) 0.99
DF 0.2132 (−0.03186, 0.4583) 0.002836 (−0.02621, 0.03188) 0.9

T24

Early 0.4772 (0.4525, 0.5) 0 0.99
Mid 0.4999 (0.2068, 0.7931) 0 (−0.032, 0.033) 0.96
Late 0.1328 (0.1098, 0.1558) 0 0.9
DF 0.176 (−0.03008, 0.3821) 0.004437 (−0.01999, 0.02886) 0.9

UC3

Early 0.1682 (0.03079, 0.3057) 0.005847 (−0.01048, 0.02217) 0.95
Mid 0.3572 (0.0815, 0.6328) 0.0007994 (−0.03194, 0.03354) 0.92
Late 0.1238 (0.01556, 0.232) 0.003527 (−0.009326, 0.01638) 0.94
DF 0.1061 (−0.001762, 0.214) 0.004011 (−0.008775, 0.0168) 0.94

3.2. IR Dose and Timing Influence Sphere Numbers

In order to assess the capacity of spheres to survive after IR, bladder cancer cells
were treated at different time points, after plating, with doses ranging between 0 Gy and
10 Gy (Figure 1A). Without IR, SFU was 5.35 ± 0.12%, 3 ± 0.04% and 1.39 ± 0.03% for
RT4, T24 and UM-UC-3 cells, respectively. After IR, and for the three treatment timings
(early, mid and late), SR of the 3 bladder cancer cell lines decreased significantly in a
dose-dependent manner (p-value < 0.05) following the LQ model, with R2 values ranging
from 0.8 to 0.99 (Figure 3 and Table 3). Interestingly, β parameters of the LQ models were
all between 0 and 0.06 Gy−2 (early treatment for UM-UC-3), showing that the α parameter
was the most dominant in describing SR.

The three cell lines responded differently to the early and mid-treatments (Figure 3A,B).
While mid treatments showed a higher SR for RT4 at the lower doses (0.41 ± 0.04 vs.
0.22 ± 0.04 at 2 Gy, for mid and early treatments, respectively), the difference was smaller at
higher doses (0.02± 0.05 vs. 0.06± 0.01 at 10 Gy, for mid and early treatments, respectively)
(Figure 3A,B).Early treatments seemed to radioprotect UM-UC-3 spheres (Figure 3A):
0.79 ± 0.05 spheres remained after a 2 Gy early treatment while it was 0.62 ± 0.08 for the
mid treatment (Figure 3B).

Late treatments were the least effective in inducing cell death, with SR values at 10 Gy
reaching 0.44 ± 0.04, 0.28 ± 0.04 and 0.20 ± 0.05 for RT4, T24 and UM-UC-3, respectively
(Figure 3C).

It is also worth mentioning that for most treatments, UM-UC-3 was the most radiore-
sistant cell line with the highest SR, followed by T24 and then RT4. The only exception was
with the late treatment, where RT4 had the highest SR (SR (2 Gy) = 0.95 ± 0.14) compared
to T24 (SR (2 Gy) = 0.65 ± 0.02) and UM-UC-3 (SR (2 Gy) = 0.66 ± 0.07).

3.3. IR Time- and Dose-Dependent Effect on the Volume of Bladder Cancer Spheres

After analyzing the effect of dose and treatment timing on the number of surviving
spheres, we sought to evaluate the effect of these treatments on the volume reduction
in spheres. Without IR, spheres reached diameters of 55 ± 0.6 µm for RT4 (Figure S1),
66 ± 0.9 µm for T24 (Figure S2) and 45 ± 1.1 µm for UM-UC-3 (Figure S3). However, the di-
ameter limit for a spheroid to be considered as such is 40 µm, as previously described [44–47].
This was shown to be a limiting factor, especially for the UM-UC-3 cell line, as any sphere with
more than 10% of reduction cannot be taken into consideration. Furthermore, in a previous
study from our group, we demonstrated that the volumetric response of UM-UC-3 to IR is
negligible compared to the sphere number effect [28]. Therefore, we decided to omit the VR
data of this cell line, as it is considered neither representative nor significant.
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For both RT4 and T24, there was a significant decrease in sphere volume after exposure
to IR for all treatment protocols (Figure 4). However, the effect of IR timing was different
between the two cell lines. For RT4, VR decrease was most significant after early treat-
ments, with the reduction reaching 50 ± 3.3% at 8 Gy while this value was 29 ± 0.2% and
33.5 ± 4.9% for mid and late treatments, respectively. On the other hand, mid treatments
VR for T24 reached a value of 100% at 10 Gy, while for early and late treatments the values
were 53 ± 8.5% and 21 ± 1.6%, respectively (Table 4).
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Figure 4. Volume reduction (VR) for RT4 (A) and T24 (B) human bladder cancer cell lines after
performing early, mid and late treatment protocols. Data represents the mean of at least three
independent experiments ± SEM. Data are fitted to a curvilinear model (Equation (7)). Fitting
parameters and the corresponding R2 values are shown in Table 4. Sphere images are shown in
Figures S1–S3. A (RT4) and B (T24) show the VR (%) as a function of irradiation dose (Gy) in the early,
mid and late protocols for all three cell lines.

Table 4. Fitting parameters of VR(D). Data were fitted to a curvilinear model (VR(D) =

VRmax(1− exp(−eD)).

Condition VRmax (CI 95%) e (CI 95%) R2

RT4

Early 45.62 (39.75, 51.49) 0.5378 (0.2835, 0.7922) 0.97
Mid 32.73 (27.55, 37.92) 0.326 (0.1809, 0.471) 0.98
Late 88.94 (−136, 313.9) 0.05236 (−0.1112, 0.2159) 0.94
DF 37.69 (21.43, 53.94) 0.3101 (−0.07377, 0.6939) 0.9

T24

Early 62.56 (52.29, 72.83) 0.4551 (0.2019, 0.7083) 0.96
Mid 2.06 × 104 (−1.138 × 107, 1.142 × 107) 0.000421 (−0.233, 0.2338) 0.88
Late 23.9 (18.93, 28.87) 1.566 (−0.5936, 3.725) 0.85
DF 59.42 (19.33, 99.52) 0.2845 (−0.233, 0.8021) 0.81

It is also noteworthy mentioning that the volumetric radiosensitivity of both cell
lines was modified by treatment timing: while RT4 was more resistant for early and
mid-treatments than T24 the latter was more resistant to late treatments at higher doses
(VR (8 Gy) = 28 ± 3.3% for T24 vs. VR (8 Gy) = 33.5 ± 3.9%).

3.4. CD44 Results

After assessing the dose and IR time effect on SR and VR, we analyzed the effect of a
single 4 Gy irradiation on the expression of CD44, a stemness maker, in spheres.

Without IR, the intensity values of CD44 in RT4, T24 and UM-UC-3 spheres were
76 ± 10, 50 ± 2 and 64 ± 6, respectively. In order to better visualize the effect of IR, we
calculated the percentage to the control of the intensity of CD44 after treatment. For all
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three cell lines, there was a significant decrease in the CD44 expression after IR (Figure 5,
p < 0.001).
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4 GY for the 3 cell lines cultured in 3D. (B) The intensity mean value of CD44 for the 3 cell lines
at 0 Gy and 4 Gy. Data was normalized to the control by dividing the intensity of CD44 signal
of the irradiation condition by the signal without irradiation. Mann-Whitney-Wilcoxon tests were
performed for statistical significance (* p < 0.05; ** p < 0.01).

Interestingly, and after 4 Gy, the decrease was the highest for UM-UC3, with a percent-
age of expression to the control of 24.5 ± 3% (p < 0.001), followed by RT4 (36 ± 2.4%) and
T24 (76.8 ± 5%)

3.5. Dose Fractionation SR Results Are Not Compatible with the Predictions of the LQ Model

After assessing the effect of IR timing on bladder cancer spheres, we analyzed the
response of RT4, T24 and UM-UC-3 to fractionated treatments, with the first dose being
administered at the same time as the mid treatment protocol (2 Gy every 24 h, Figure 1B
and Table 2), and to compare the results with the predicted LQ model for dose fractionation
(Equation (8)). This timing protocol was chosen in order to allow spheres to grow enough
before the treatment, and at the same time avoid them reaching their full maturation before
the end of the treatment. For the three bladder cancer cell lines, SR followed the LQ model
for single-dose treatments (SR = exp (−αD − βD2)). Here also, β parameters of the LQ
model were very low, with values of 0.003 Gy−2, 0.004 Gy−2 and 0.004 Gy−2 for RT4, T24
and UM-UC-3, respectively.
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Knowing that the first fraction of the DF treatment was performed at the same timing
as the mid treatment protocol, we decided to analyze the theoretical curve of DF LQ model
by using the α and β parameters of the mid experiments for each cell line. The purpose
was to assess the compatibility between the DF LQ model and our experimental results.

However, DF LQ model failed to fit the data, showing an over-estimation of cell
death (Figure 6A–C). The biggest relative difference for RT4 and T24 was at 4 × 2 Gy with
SR values 75% and 77% higher than expected, respectively. For UM-UC-3, the biggest
difference was at 5 × 2 Gy with a value of 87%. It is also noteworthy mentioning that, for
all the treatment doses, UM-UC-3 showed the highest difference between theoretical and
experimental DF, followed by T24 and then RT4.
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Figure 6. Effect of dose fractionation on the radiosensitivity of bladder cancer cell lines in 3D.
Radio-induced decrease in the sphere ratio (SR) for RT4 (A), T24 (B) and UM-UC-3 (C), and Volume
reduction (VR) for RT4 (D) and T24 (E) human bladder cancer cell lines after performing a dose
fractionated treatment protocol. Data represents the mean of at least three independent experiments
± SEM. Fitting parameters and the corresponding R2 values are shown in Table 2.

Lastly, we evaluated the effect of DF treatment on sphere volume for both RT4 and
T24. We purposely omitted the VR values of UM-UC-3 as they were deemed not significant
for the reasons mentioned previously. VR for both cell lines decreased significantly after IR
with a DF protocol following a curvilinear shape (Figure 6D,E and Equation (7)), with R2

values of 0.9 and 0.81 for RT4 and T24, respectively (Table 4). However, for both cell lines,
there were no statistically significant variations in the VR values for DF treatments with
total doses higher than 4 Gy (p-value > 0.05 for both cell lines).

Since we started irradiating the spheres at the same timing as the mid-treatments,
a comparison between the latter and the DF results was performed (Figure 6): the only
statistically significant difference between the two protocols was observed for RT4 after
total doses of 6 and 10 Gy, and T24 at 10 Gy (p-value < 0.05).

3.6. Differences between Pre- and Post-Plating IR

In our previously published article, we studied the effect of irradiation on the capacity
of cells to form spheres [28], where cells were treated before plating. In this study, however,
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all the experiments were performed after plating. Interestingly, the difference between all
the treatment protocols was dependent on the cell line:

− When treated before plating, RT4 cell line had a sensitivity comparable to early treat-
ments (SR(2 Gy) values of 0.07 ± 0.05 for pre-plating IR vs. 0.07 ± 0.045 for early treat-
ments, p-value < 0.05), while it was more sensitive than mid (SR(2 Gy) = 0.42 ± 0.04%)
and late (SR(2 Gy) = 0.95 ± 0.014) treatment protocols.

− T24 (SR(2 Gy) = 0.21 ± 0.03), when treated before plating, was more sensitive than all
the post-plating treatments (SR(2 Gy) values of 0.49± 0.07, 0.47± 0.06 and 0.65 ± 0.02
for early, mid and late treatment protocols, respectively).

− For UM-UC-3, cells irradiated pre-plating had SR values comparable to cells with late
treatments, mainly at higher doses, with SR(8 Gy) values of 0.27± 0.06 and 0.27 ± 0.05
for pre-plating and late treatments, respectively.

Conversely, and for both RT4 and T24, sphere volume decreased significantly more af-
ter pre-plating treatment (VR(8 Gy) = 61 ± 11% and 99 ± 1% for RT4 and T24, respectively),
than any other post-plating irradiation protocol.

4. Discussion

While cystectomy is still the most frequently performed bladder cancer therapeu-
tic approach, its side effects and the quality of life of surviving patients have led to the
development of new bladder preserving treatment strategies based on RT and chemo-
radiotherapy [6,52–61]. The emergence of RT treatments for bladder cancer and the differ-
ence in radio-response between different patients have highlighted the need for a better
understanding of bladder cancers’ radiosensitivity [4,9,62].

Scientists have always focused on the need to predict individual radiosensitivity for
both tumor and normal tissues [63]. These studies concerned mainly functional assay
based on cell death pathways such as apoptosis [64], radiogenomics [65], proteomics [66]
and DNA repair [67–69]. Their main purpose is to personalize cancer treatments to have
the highest efficiency with the least side effects. To date, the assay of reference to char-
acterize cellular radiosensitivity remains the clonogenic assay, which is defined by the
capacity of treated cells to form colonies [16]. Many theoretical models were developed to
describe cell survival, but the LQ model is still considered the most relevant and best fitting
model [17,19,20,25]. The α/β ratio is widely used in RT treatments to predict radio-induced
toxicities and tumor response to fractionation [70–72].

However, one of the drawbacks of the clonogenic assay is that it over-simplifies the
radioresponse by targeting cells cultured in 2D (monolayers) with no additional constraints.
In a previous study, we aimed at comparing between radiosensitivity in 2D (surviving
fraction, SF), and in 3D (SR and VR), for RT4, T24 and UM-UC-3 when treated before
plating [28]. The response and the difference between 2D and 3D were highly dependent on
the cell line: spheres were shown to be more resistant than monolayer cultures for RT4 and
UM-UC-3, but they were more sensitive for T24. One of the explanations was that in 3D
culture systems, only CSCs have the capacity to form spheres: there might be a difference
in the radiosensitivity between CSCs and the average cell, and this difference is cell-line
dependent [59,60,73,74].

In addition to that, 3D cultures add another constraint and endpoint for a more
relevant assessment of radiosensitivity: volume, assessed here as VR. Irradiating spheres
can therefore provide us with two critical pieces of information: the number of surviving
CSCs (SR) and the proliferative capacity of these surviving CSCs which is described by the
sphere volume (VR).

The purpose of this study was to analyze the effect of different treatment protocols
on the number and size of spheres. We started by analyzing the radiosensitivity of the
cell lines in 2D using the clonogenic assay and anti-γH2AX IF. Our results showed that
in a monolayer culture system, UM-UC-3 was the most radiosensitive, and RT4 the most
resistant (Figure 2). Then, we analyzed the effect of IR timing after plating the cells. Three
treatment protocols were performed with the cells/spheres being subjected to IR right after
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plating, midway before maturity, and at maturity. For more clarity, we summarized all the
results and the most important experimental values in Table 5.

Table 5. Summary of all the results. For treatments where many doses where used, only the results
after 2 Gy and 8 Gy are shown here.

RT4 T-24 UM-UC3

2D Assays
Clonogenic Assay SF (2 Gy) 64.8 ± 7% 57 ± 9% 31 ± 7.3%

Residual γH2AX foci (2 Gy) 3 ± 0.8 foci 4 ± 0.5 foci 5.7 ± 0.6 foci

Sphere Ratio Early Treatment SR(2 Gy) 0.22 ± 0.04 0.49 ± 0.07 0.79 ± 0.05

SR(8 Gy) 0.07 ± 0.01 0.02 ± 0.01 0.13 ± 0.02

Mid Treatment
SR(2 Gy) 0.41 ± 0.04 0.47 ± 0.06 0.62 ± 0.08
SR(8 Gy) 0.09 ± 0.05 0.01 ± 0.00 0.07 ± 0.015

Late Treatment
SR(2 Gy) 0.41 ± 0.04 0.65 ± 0.02 0.66 ± 0.07
SR(8 Gy) 0.56 ± 0.05 0.33 ± 0.04 0.27 ± 0.05

DF treatment
SR(2 Gy) 0.41 ± 0.04 0.47± 0.07 0.62 ± 0.08
SR(8 Gy) 0.22 ± 0.04 0.25 ± 0.016 35 ± 0.09

Volume
Reduction

Early Treatment SR(2 Gy) 28 ±8.4% 37.25 ± 6% Not applicable
SR(8 Gy) 50 ± 3.3% 65 ± 1.5% Not applicable

Mid Treatment
SR(2 Gy) 18.5±3.5% 27.5 ± 2.6% Not applicable
SR(8 Gy) 29.1 ± 0.26% 52.9 ± 5.2% Not applicable

Late Treatment
SR(2 Gy) 12.1 ± 3.5% 24.2 ± 3% Not applicable
SR(8 Gy) 33.5 ± 3.9% 28 ± 3% Not applicable

DF Treatment
SR(2 Gy) 18.5 ± 3.5% 27.5 ± 2.6% Not applicable
SR(8 Gy) 31.8 ± 2.6% 57 ± 2.8% Not applicable

CD44 Expression 0 Gy 76 ± 10% 50 ± 2% 64 ± 6%
4 Gy 36 ± 2.4% 76.8 ± 5% 24.5 ± 3%

There was a significant difference in the effect of IR timing on the three cell lines:
while RT4 was the most sensitive for early treatments, it became the most resistant after
late IR (Figure 3A). On the other hand, for both RT4 and T24, there was no statistically
significant difference between early and mid, while the values of these treatments were
different for UM-UC-3 (Figure 3B,C). Furthermore, early treatment for UM-UC-3 was
shown to radioprotect the spheres, compared to mid treatment (Figure 3C). This shows
that, in addition to personalized dose treatment, the timing effect in inducing CSCs death
might also play an important role. We observed a reduction in SR for all 3 cell lines with
an increase in radiation dose, as well as a VR in RT4 and T24 cell lines. We also noted a
decrease in CD44 expression in all cell lines irradiated with a single 4 Gy dose. CD44 is a
stemness marker, and as mentioned above cancer stem cells are believed to be responsible
for treatment resistance and cancer recurrence.

A relationship between CD44 expression and radiosensitivity in bladder cancer has
been previously established. Cells expressing CD44 were less likely to undergo radiation-
induced apoptosis and expressed shorter growth tumor delay than their counterparts [34].
Thus, understanding the relationship between CD44 expression and sphere formation
in-vitro could prove to be a vital step in our understanding of radiosensitivity of bladder
cancer cell lines in relation to cancer stem cells. While there was no direct correlation
between the levels of CD44 and cellular radiosensitivity (Table 5), the decrease in CD44
expression after irradiation could explain the decline in the ability of bladder cells to form
full sized spheres; however, in our results, additional experiments on a larger panel of cells
are required to confirm our results.

The volume of the sphere represents the capacity of a specific stem cell to form one
sphere. Any decrease in the sphere volume represented by the VR describes both the
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stemness and the sensitivity of the cells in the sphere. In this study, we showed that
the volumetric radiosensitivity is very dependent on both the cell line and the treatment
protocol, with RT4 being more resistant in early and mid-treatments than T24 (Figure 4 and
Table 5).

Employing the three different treatment protocols alludes to recapitulation of various
therapeutic approaches. For instance, early treatment of plated cancer cells might signify
targeting of cancer stem-like cells during their initial growth within a tumor, hence prophy-
lactically preventing tumor growth. Mid and late treatments of spheres could denote an
inhibiting effect on the progressive growth of a subpopulation and enriched population of
CSCs within the tumor bulk, respectively, which suggests targeting cancerous lesions at
their mid and late clinicopathological stages. It can also help in taking into consideration
the oxygen effect in solid tumors: the core of the spheres is known to be hypoxic, which
leads to a higher radioresistance [75–77].

In clinical practice, bladder cancer is usually treated with dose fractionation with a
dose per fraction ranging between 1.8 and 2.5 Gy for a total dose that can reach 70 Gy [61].
To date, all the dose fractionation treatments plans are based on the LQ model for dose
fractionation (Equation (8)) [25,70,72,78]. More precisely, the α and β parameters deduced
from the LQ model are used in daily clinical practice to calculate the biologically effective
dose (BED) from Equation (8) [70,79,80]. When comparing our results with those found
in the literature, we can see that the α parameters are higher than those observed and
used in clinical practices for bladder cancer treatments (α = 0.04 Gy−1 [0.022, 0.062],
CI = 0.95%), while β parameters in 3D were lower for RT4 and T24 (β = 0.0034 Gy−2

[−0.0035, 0.0103]) [81]. This leads to an α/β ratio higher than the one used in clinical
dose fractionation (recommended α/β = [10 Gy, 15 Gy]). Theoretically, a higher α/β
usually means that DF will not radioprotect the tissue, and that it can be performed without
modifying the tumor response.

These models are all based on the clonogenic assay results. In this study, we aimed
to assess whether the same model can be applied to sphere numbers and volume. We
chose a clinically relevant dose fractionation protocol that consists of a 2 Gy session every
24 h. Interestingly, there was a big and significant difference between the predicted SR
based on the LQ model and the experimental data obtained after treating bladder cancer
spheres (Figure 6). This difference was also cell line dependent, with UM-UC-3 showing
that experimental SR after DF was 87% higher than the predicted value, while the maximal
difference was 77% and 64% for T24 and RT4, respectively (Figure 6). This shows that
by performing a DF treatment protocol on bladder cancer cell lines, theoretical models
are over-estimating the radiosensitivity of the CSCs population: DF is radioprotecting
CSCs more than expected while inducing more cell death to the rest of the cellular pop-
ulation. If we take into consideration the fact that a higher number of surviving spheres
is generally correlated with poor clinical outcome, under-estimating SR can have serious
clinical consequences [76,82]. This effect can, however, be overcome by a higher dose per
fraction treatment: In fact, recent clinical studies showed that a dose escalation in bladder
radiotherapy is linked to a better clinical response [83,84]. It is also necessary to develop
a mathematical model that can describe and accurately fit the decrease in the number of
spheres after a DF treatment. More cell lines are required to be able to propose this model.

In this study, we were able to better understand the radiobiology of bladder cancer
cell lines. The differences observed between the three cell lines highlight the need for
radiosensitivity predictive assays that can help us understand the response of bladder
cancer to radiotherapy. Indeed, while 3D culture systems are very promising, one of
the limitations of this study is that they still lack the capacity to take into consideration
the effect of other constraints such as the cell-cell signaling, cell-ECM interaction, the
heterogeneous nature of tissues and the vascular network that supplies a tissue [85]. Add to
that the exhaustion of bladder cancer cell lines growing might not necessarily recapitulate
the differences seen with patient’s response; hence, the need for a more personalized
approach like patient-derived organoids methods. Finally, this study was performed on
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a limited number of bladder cancer commercial cell lines, and a larger panel of cell lines
covering different types of tissues is required to confirm our results. Future studies should
also assess the effect of a combination of RT with immunotherapy treatments and with
CT or other compounds that can influence radiosensitivity [29,86]. Furthermore, in vivo
experiments can be performed as a pre-clinical study, in addition to studies on primary
bladder cancer cells and tissues. Understanding the radiobiology of bladder cancer might
lead to the development of the predictive assays, which will help clinicians in personalizing
RT treatments: Patients showing radiosensitive tumors can, therefore, be candidates to
organ preserving strategies, while cystectomy will remain the mainstay of radioresistant
bladder cancer treatment.

5. Conclusions

To conclude, our results altogether show that:

• The radio-response of the 3 bladder cancer cell lines, in terms of VR and SR, is very
dependent on the timing of the treatment and the cells’ intrinsic sensitivity to both the
treatment timing and dose.

• Current DF predictive models overestimate the sensitivity of the tested bladder
cancer spheres.
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