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A B S T R A C T   

Although radiotherapy and most cancer drugs target the proliferation of cancer cells, it is metastasis, the complex 
process by which cancer cells spread from the primary tumor to other tissues and organs of the body where they 
form new tumors, that leads to over 90% of all cancer deaths. Thus, there is an urgent need for anti-metastasis 
strategies alongside chemotherapy and radiotherapy. An important step in the metastatic cascade is migration. It 
is the first step in metastasis via local invasion. Here we address the question whether ionizing radiation and/or 
chemotherapy might inadvertently promote metastasis and/or invasiveness by enhancing cell migration. We 
used a standard laboratory irradiator, Faxitron CellRad, to irradiate both non-cancer (HCN2 neurons) and cancer 
cells (T98G glioblastoma) with 2 Gy, 10 Gy and 20 Gy of X-rays. Paclitaxel (5 μM) was used for chemotherapy. 
We then measured the attachment and migration of the cells using an electric cell substrate impedance sensing 
device. Both the irradiated HCN2 cells and T98G cells showed significantly (p < 0.01) enhanced migration 
compared to non-irradiated cells, within the first 20–40 h following irradiation with 20 Gy. Our results suggest 
that cell migration should be a therapeutic target in anti-metastasis/anti-invasion strategies for improved 
radiotherapy and chemotherapy outcomes.   

1. Introduction 

Although radiotherapy is one of the three most frequent treatment 
modalities used in the clinic against cancers with longstanding evidence 
of benefits to patients [1–3], there are surprising reports that ionizing 
radiation can promote processes that lead to both local tumor recurrence 
and metastasis such as migration and invasion [4–6]. All three common 
treatment modalities (radiotherapy, chemotherapy and surgery) target 
cancer cells. Yet, it is metastasis, the complex process by which cancer 
cells spread from the primary tumor to other tissues and organs of the 
body where they form new tumors, that leads to over 90% of all cancer 
deaths [7–10]. Thus, alongside chemotherapy and radiotherapy, there is 

a crucial need for anti-metastasis and anti-invasion regimens [11–14]. A 
critical step in the metastatic cascade is cell migration [15,16]. Cell 
migration engenders invasion, the primordial step in tumor spreading. 
Whether radiotherapy and/or chemotherapy promote(s) cancer cell 
migration or not, strategies that reduce migration are promising 
anti-metastasis and anti-invasion treatments [12,17] which could in 
turn improve outcomes for patients. Here, we employ a well-established 
migration assay to track in real time the migratory ability of both brain 
cancer cells (glioblastoma) and non-cancer cells (neurons) following 
irradiation with X-ray photons and paclitaxel treatment. This tracking 
allows the establishment of time scales involved in radiation-induced 
alteration of cell migration which can in turn engender the 

* Corresponding author. 
E-mail addresses: michaelmerrick@creighton.edu (M. Merrick), michaelmimlitz@creighton.edu (M.J. Mimlitz), catherineweeder@creighton.edu (C. Weeder), 

harisakhter@creighton.edu (H. Akhter), alliebray@creighton.edu (A. Bray), andrewwalther@creighton.edu (A. Walther), chisomnwakama@creighton.edu 
(C. Nwakama), joebamesberger@creighton.edu (J. Bamesberger), honourdjam@creighton.edu (H. Djam), kaamilabid@creighton.edu (K. Abid), 
andrewekpenyong@creighton.edu (A. Ekpenyong).  

Contents lists available at ScienceDirect 

Biochemistry and Biophysics Reports 

journal homepage: www.elsevier.com/locate/bbrep 

https://doi.org/10.1016/j.bbrep.2021.101071 
Received 25 November 2020; Received in revised form 28 June 2021; Accepted 29 June 2021   

mailto:michaelmerrick@creighton.edu
mailto:michaelmimlitz@creighton.edu
mailto:catherineweeder@creighton.edu
mailto:harisakhter@creighton.edu
mailto:alliebray@creighton.edu
mailto:andrewwalther@creighton.edu
mailto:chisomnwakama@creighton.edu
mailto:joebamesberger@creighton.edu
mailto:honourdjam@creighton.edu
mailto:kaamilabid@creighton.edu
mailto:andrewekpenyong@creighton.edu
www.sciencedirect.com/science/journal/24055808
https://www.elsevier.com/locate/bbrep
https://doi.org/10.1016/j.bbrep.2021.101071
https://doi.org/10.1016/j.bbrep.2021.101071
https://doi.org/10.1016/j.bbrep.2021.101071
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrep.2021.101071&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biochemistry and Biophysics Reports 27 (2021) 101071

2

development of effective anti-invasion strategies. Since invasion and 
metastasis occur in all cancers [10,18,19] in spite of the very wide va
riety of cancers with respect to their molecular biology, pathogenesis 
and prognosis, any contribution to anti-metastatic/anti-invasion treat
ment strategies would be very significant in the perennial and global 
fight against cancer. 

Furthermore, current clinical practice and research show that 
radiotherapy is less effective in some cancers than others. For instance, 
patients of primary brain tumors such as glioblastoma multiforme 
(GBM) have a median survival of 4–18 months [1,20] with or without 
radiotherapy. In fact, glioblastomas are among the most radio-resistant, 
chemo-resistant and aggressive forms of cancer [2,4,20]. The exact 
mechanisms behind this high migratory ability of GBMs and their high 
chemo-as well as radio-resistance have been studied extensively but are 
still poorly understood [4,21,22]. Already in 1991, the possibility of 
radiotherapy promoting GBM migration and invasiveness was suggested 
[23]. Several studies have since then been carried out to document the 
effects of radiotherapy on cancer cell migration and extensive reviews of 
these have been done [4,5]. Majority of the results showed that ionizing 
radiation enhanced the migration of cancer cells including GBM [21, 
24–26]. A few cases [27,28] of purportedly reduced migration were 
included in the review [5] but it turns out that one of these [28] actually 
reported radiation-induced enhancement of migration and not reduc
tion. While this apparent controversial outcome is yet to be fully 
resolved, the divergence of results has been putatively explained in 
terms of the irradiation itself (dose delivered, rate of delivery), method 
of assessing migration (wound healing assay, Boyden chamber), setup 
(in vivo, in vitro, ex vivo) [5] and natural heterogeneity of glioma cells [4, 
20]. We have therefore addressed the question whether ionizing radia
tion might inadvertently promote invasiveness of GBM cells via changes 
in cell migratory ability using experimental strategies that take the 
divergence of previous results into account. Regarding dose, we used 20 
Gy, 10 Gy and 2 Gy to cover lethal and non-lethal regimes. Regarding 
measurement of migration, our method is not an end-point assessment 
as the Boyden chamber frequently used in previous reports, but a real 
time assay that measures both attachment and migration. Regarding 
setup and heterogeneity of glioma cells, the currently proposed need for 
personalized radiation medicine [4,20,21] informed our strategy, 
namely, an in vitro setup that can be adopted for parallel monitoring of 
patient samples in the clinic so as to optimize treatments. 

In addition to aiming at clinical translation, this work also aims at 
providing radiobiological phenotyping of cells based on post-irradiation 
and post-chemotherapy migration. We found that the highly radio- 
resistant cancer cell, T98G glioblastoma cell line, and the highly 
radio-resistant non-cancer cell, HCN2 neuronal cell line, show enhanced 
migration following lethal and non-lethal doses of X-rays. On the other 
hand, the well-known radio-responsive blood cells, precisely, HL60- 
derived macrophages went into cell death following irradiation. We 
further examined the impact of combined radiotherapy and chemo
therapy (using Paclitaxel) on cell migration to guide the overall inter
pretation of our results. Our work sets the stage for ex vivo parallel 
monitoring of patient samples to inform personalized anti-invasion and 
anti-metastasis strategies for improved radiotherapy and chemotherapy 
outcomes. 

2. Materials and methods 

2.1. Cell culture 

The HCN2 cells are human brain encephalitis-derived neurons which 
we purchased from the American Type Culture Collection, ATCC, (HCN- 
2 ATCC ® CRL-10742™). We grow them in 90% DMEM with 4 mM L- 
glutamine adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L 
glucose, and 10% FBS, following ATCC protocols. HCN2 cells were 
irradiated following passages 2 to 8 and experiments stopped after 
passage 14. We used two cell culture incubators whereby all the cells 

were grown in one, while the other incubator was used for the ECIS 
experiments. The incubators were maintained at 95% air; 5% CO2 and a 
temperature of 37 ◦C. 

HL60 cells, human peripheral blood derived acute promyelocytic 
leukemia cancer cells, were purchased from ATCC (HL-60 ATCC ® CCL- 
240™) and grown in suspension using standard methods and media, 
namely, RPMI 1640, supplemented with 10% fetal bovine serum (FBS) 
and 1% Penicillin/Streptomycin. The HL60 cells were induced to 
differentiate into macrophages using phorbol 12-myristate 13-acetate, 
PMA, using the exact protocol reported in our previous works [29,30]. 

The T98G cells are human brain derived glioblastoma multiform 
cells with fibroblastic morphology [2]. We purchased T98G cells from 
ATCC (T98G ATCC® CRL-1690™) and grew them as prescribed using 
ATCC-formulated Eagle’s Minimum Essential Medium and 10% FBS. 
Both T98G and HCN2 cells are adherent in nature. 

Cell viability was assessed using Trypan-Blue exclusion test. For 
irradiation and migration experiments, adherent cells were trypsinized 
and resuspended in culture medium at a density of about 2–5 × 105 

cells/ml in T-25 flasks. Several T-25 flasks bearing cells treated with 
radiotherapy and or chemotherapy were kept in the second incubator 
and used for viability tests and morphological imaging following irra
diation/chemotherapy at 24 h, 48 h, 72 h, 96 h and 120 h. An inverted 
phase-contrast fluorescent microscope (IN300-Fluor AMScope) was used 
for the morphological imaging. 

2.2. Irradiation of cells 

We used a dedicated benchtop compact cabinet X-ray cell irradiator, 
Faxitron CellRad (Tucson, AZ, USA) for delivering doses to cells. Its 
specifications include: Energy range, 10–130 kV; Tube current, 0.1–5 
mA; Tube Power, 650 W; Dose Rate (130 kVp, 5.0 mA) up to 50 Gy/min 
(unfiltered); up to: 13 Gy/min (0.5 mm Al filter); Focal spot size, nom
inal, 1.0 × 1.4 mm; Source to object distance, 17" (44 cm); Exposure 
time, 5 s to 180 min (1 s increments). We selected the autodose control 
of the unit and irradiated cells at a dose-rate of 0.53 Gy/min, using 100 
kVp and 4 mA. Cells inside T-25 flasks were irradiated inside the X-Ray 
cabinet at single doses of 2, 10 and 20 Gy. Molecular level readouts for 
additional confirmation of irradiation effects apart from cell viability 
tests and morphometry included the assessment of reactive oxygen 
species using our recently published protocol [31]. 

2.3. Measurement of cell attachment and migration 

The Electric Cell Impedance Sensing (ECIS®) device (AppliedBio
physics, New York), is a well-established real-time, label-free, imped
ance-based device to study the activities of cells grown in tissue culture 
[32,33]. These include attachment, migration, morphological changes, 
and other behaviors directed by the cell’s cytoskeleton. The ECIS device 
was used to measure cell attachment and migration which are reflected 
in the normalized resistance or impedance readouts. At the end of the 
ECIS measurement, the wells were examined to confirm the presence of 
cells and compare their morphology with those taken in the T-25 flasks 
used for morphological imaging and subsequently for morphometric 
analysis. 

2.4. Morphometry and data analysis using ImageJ’s FracLac and origin 
ANOVA 

Phase contrast images of cells inside T-25 flasks were taken using 20x 
objectives at the time of irradiation/chemotherapy (0 h), 24 h, 48 h, 72 
h, 96 h, and 120 h following irradiation/chemotherapy. The images 
were segmented in ImageJ (US National Institutes of Health) and its 
FracLac plugin was used in measuring the lacunarity and fractal di
mensions of the images, to enable comparisons. Here, lacunarity quan
tifies gaps and heterogeneity in images. By definition, the most basic 
number for lacunarity, λ, is given as: 
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λε,g =(
σ
μ)

2
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(1)  

where σ is the standard deviation and μ is the mean for pixels per box at 
size, ε, in a box count at an orientation, g. 

To make comparisons and assess statistical significance of differences 
in normalized resistance or impedance from ECIS measurement, 
viability from Trypan blue exclusion experiments and morphometry, the 
analysis of variance (ANOVA) function in OriginPro (OriginLab, 
Northampton, MA, USA) was used. 

3. Results 

3.1. Both radiation and chemotherapy enhance cancer cell (glioblastoma) 
migration before cell death 

Glioblastomas, the most aggressive primary brain tumors, are highly 
radio-resistant and chemo-resistant, yet the standard of care in the clinic 
is still a triple modality of surgical resection followed by radiotherapy 
and chemotherapy [1,34]. In spite of this triple treatment modality, 
median survival of patients thus treated is still limited to 14 months, 
even with early detection and treatment [20,35]. Such abysmal outcome 
confirms the aggressive and invasive nature of GBM. Instructively, 90% 
of GBMs relapse close (1–2 cm) to the primary tumor site following 
resection [36]. Both resection and targeted irradiation are believed to 
have limited success in eliminating tumors due to GBM diffusively 
invading surrounding tissues and evading and/or resisting treatment 
[20,37]. Even when concomitant and adjuvant chemotherapy are added 
to radiotherapy using drugs such as temozolomide (TMZ), local relapses 
occur and median survival remains 14 months compared to 12 months 
with RT alone [1]. Since these treatments actually remove or kill some 
cells, the relapses may be due to treatment-induced augmentation of 
migration of the GBM cells that are not immediately killed by 
chemo-radiotherapy. We measured the attachment and migration of 
T98G glioblastoma cells following radiotherapy using 20 Gy and 2 Gy to 
represent both lethal and non-lethal doses respectively. Notably, the 
dose that reduces the survival fraction of GBMs to 50%, D50, is reported 
to be about 2 Gy [4]. We also treated T98G cells solely with Paclitaxel (5 
μM) and also concurrently with 20 Gy irradiation. The results are shown 
in Fig. 1 as representative of all three repeats for this experiment. 
Figure S1 shows another of these three repeats. Cells were allowed to 
migrate in culture conditions for one week (160 h). As expected, the 
non-irradiated cells (T98G ctl) and the cells treated with non-lethal dose 
of 2 Gy (T98G+2Gy) continued to migrate throughout the period of 
experiment (160 h). Even the cells treated with 2 Gy showed greater 
diffuse migration than the untreated cells (Fig. 1a). Interestingly, within 

the first 24 h post-treatment, all cells treated with radiation (20 Gy and 
2 Gy) and Paclitaxel (Pac), migrated more than the controls (Fig. 1b). 
These results clearly illustrate the alteration of cancer cell migration by 
radiotherapy and chemotherapy prior to cell death. 

To corroborate the migration results, we monitored the morphology 
and viability of cells at 0 h just after induction of radiotherapy and/ 
chemotherapy, 24 h, 48 h, 72 h, 96 h and 120 h after. Typical cell 
morphology 24 h post radiotherapy and chemotherapy for experiments 
in Fig. 1 and Figure S1 are presented in Figure S2. Typical cell 
morphology 96 h post radiotherapy and chemotherapy for experiments 
in Fig. 1 and Figure S1 are presented in Fig. 2. Clearly, the much reduced 
attachment and reduced migration of the Paclitaxel-treated cells are 
reflected in the more rounded morphology and homogeneity of these 
cells compared to the more migratory cells, especially T98G + 2Gy and 
T98G controls at 96 h and beyond (Fig. 2). We have quantified these 
qualitative differences using lacunarity, a measure of morphological 
heterogeneity or gappiness in images. Typical cell morphology 48 h after 
radiotherapy are shown in Figure S3 and the corresponding lacunarity 
results presented in Figure S4. The closer the slope of the graph of 
lacunarity as a function of box size is to 0, the more homogeneous the 
image. Obviously, cells treated with Paclitaxel only are the most ho
mogenous (see Fig. 2d, Figure S2d and Figure S3d), and their slopes in 
the lacunarity plots are the closest to 0 (Figure S4 and Figure S5). 
Curiously, the 20 Gy plus Paclitaxel treated cells end up with the greatest 
heterogeneity via lacunarity measure, perhaps illustrating the more 
complex situation of combined radiative and chemical killing (Figure S4 
and Figure S5). 

Furthermore, we monitored the migration of T98G cells following 
irradiation with 10 Gy, to have an intermediate dose for comparison 
with the lethal and non-lethal, and for comparison with previously 
published work. The dose that reduces the survival fraction to 10% or 
D10 is reported to be between 5 and 8 Gy [4]. Fig. 3 shows that within 
the first 24 h following irradiation with 10 Gy, there is also enhancement 
of migration of T98G cells as with 20 Gy and 2 Gy. 

Remarkably, the two wells of 10 Gy irradiated cells (W1 and W2) of 
Fig. 3 are very reproducible. To further generalize the features of Fig. 3, 
we present in Fig. 4, a fourth repeat of the experiments of Fig. 3. All 
experiments with 10 Gy (Figs. 3 and 4) show two stages of enhanced 
migration in the first 48 h post-irradiation, namely, a first period of very 
rapid migration up to 24 h, a slowing down and another rapid regime 
between 30 and 48 h. These features could be important at the molecular 
level, in view of developing anti-metastasis strategies for improved GBM 
treatments. Hence, we carried out further experiments with 2 Gy using 
multiple wells to focus on the migratory timescales and features as in the 
case of 10 Gy and 20 Gy. 

Fig. 5 shows that the two distinct phases of enhanced migration 

Fig. 1. Migration of T98G cells post radiotherapy (20 Gy and 2 Gy) and chemotherapy (Paclitaxel). (a) Seven days or 160 h of tracking. The 20 Gy treated cells 
eventually died just as the Paclitaxel treated cells (Pac) and the cells treated with both Pac and 20 Gy. (b) Same data as in (a) showing the first 48 h. All irradiated 
cells (20 Gy and 2 Gy) migrated more than controls, with p < 0.01 (20 Gy), between 20 and 40 h. 
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found with 10 Gy irradiation (and with 20 Gy irradiation), are absent for 
the 2 Gy irradiation in all wells of the two different experiments shown. 
In typical clinical irradiation, tumor cells would get varying doses in 
spite of uniform dose delivery to the planned tumor volume, owing to 
inherent heterogeneity of the tumor volume and the cells themselves. 

Furthermore, some non-cancer cells do get irradiated even though 
irradiation is usually optimized to target cancer cells and spare healthy 
tissue. Hence, we considered non-cancer cells of the central nervous 
system, CNS, that might also receive radiation in the course of GBM 
treatment, namely, neurons. We irradiated the neuronal cell line, HCN2, 
to check whether the significantly enhanced migration we found when 
brain cancer cells are treated with radiotherapy alone also occurs with 
non-cancer brain cells. 

3.2. Irradiated non-cancer cells (HCN2 neurons) attach and migrate 
more than un-irradiated neurons 

We find that the 20 Gy irradiated HCN2 cells attach and migrate 
more than non-irradiated cells in the first 20 h post irradiation (Fig. 6). 

The enhanced migration of non-cancer brain cells (here, neurons) in 
the context of radiotherapy implies that at the molecular level, the 
radiation-induced alteration of cell migration is much more general and 
fundamental. It is not merely a cancer-specific phenomenon. This im
plies that any non-cancer tissue that is part of the planned tumor vol
ume, or any healthy tissue that gets irradiated in the course of treatment, 
may also be altered with respect to the cytoskeleton and migration. 
Additionally, to ascertain the reliability of the ECIS tracking of migra
tion via impedance or resistance, we induced HL60 cells to differentiate 
into macrophages using well established protocols [29,30]. Glial cells or 

Fig. 2. Typical cell morphology 96 h post radiotherapy and chemotherapy for experiments in Fig. 1 and Figure S1. (a) T98G Ctl. (b) T98G + 20 Gy. (c) T98G + 2 Gy. 
(d) T98G + Pac. (e) T98G + Pac + 20 Gy. Scale bar is 100 μm. 
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microglia in the brain are resident macrophages and macrophages are 
among the most migratory cells of the body and many of the properties 
of metastatic cancer cells are also seen in normal macrophages [8]. Our 
ECIS system showed that the HL60-derived macrophages migrated in a 
pattern very similar to the HCN2 neuronal cells (Fig. 6). To show the 

sensitivity of ECIS to controlled changes in migration, we treated the 
HL60-derived macrophages with Paclitaxel which stabilizes microtu
bules [38], altering the cytoskeleton and thereby inhibiting migration in 
some cancer cells [39]. The Paclitaxel treated macrophages migrated 
less than the untreated cells, throughout the course of the experiment 

Fig. 3. Migration of T98G cells post radiotherapy (10 Gy). (a) Seven days or 160 h of tracking. The 10 Gy treated cells do not die within 160 h but the irradiated cells 
in wells 1 and 2 (W1 and W2) do. (b) Same data as in (a) showing the first 48 h. All irradiated cells (10 Gy) migrated more than controls, with p < 0.05 between 20 
and 40 h. The reproducibility of results is remarkable. 

Fig. 4. Migration of T98G cells post radiotherapy (10 Gy). (a) Seven days or 160 h of tracking. The untreated cells serving as control (T98G Ctl) do not die within 
160 h but the irradiated cells in wells 1 and 2 do. (b) Same data as in (a) showing the first 48 h. All irradiated cells (10 Gy) migrated more than controls. This is a 4th 
repeat experiment enabling generalization of post-irradiation migration patterns. 

Fig. 5. Migration of T98G cells post radiotherapy (2 Gy). (a) First 48 h for experiment N = 4. (b) First 48 h for experiment N = 5. The distinct phases of enhanced 
migration found in 10 Gy are absent with 2 Gy. 
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(Fig. 6), confirming the sensitivity of ECIS migration assay. 

4. Discussion 

4.1. Alteration of cell migration, cancer metastasis and physics of cancer 

Our working hypothesis that radiotherapy and chemotherapy may 
alter migration of both cancer and non-cancer cells has been confirmed 
by the results presented in this work, with some qualifications. The 
overall alteration is an enhancement of migration, with statistical sig
nificance of the enhancement increasing with radiation dose in the case 
of radiotherapy. How this alteration of migration might affect metastasis 
and cancer relapse is the main clinical implication that needs to be 
demonstrated. We posit that an important link between cell migration 
and cancer metastasis, that needs to be explored, is the cytoskeleton of 
cells. We again note that migration is a crucial step in the metastatic 
cascade [15,16]. To migrate, cells actively alter their mechanical 
properties through their actin-myosin cytoskeleton [40]. We have 
recently shown in vitro [41] and others have shown in patient samples 
[11,13,42] that chemotherapy inadvertently alters the mechanical 
properties of leukemic cancer cells in pro-metastatic ways. Our present 
results showing that chemotherapy (here Paclitaxel) alters the migration 
of brain cancer cells suggest that this alteration happens via changes to 
the actin cytoskeleton of cells. 

Moreover, the alteration of migration of both cancer cells and non- 
cancer cells by radiotherapy, which we have demonstrated here, sug
gests that the cytoskeletal properties of cells are being altered by the X- 
ray photon interactions. Interestingly a recent report showed that non- 
lethal single dose radiation (2 Gy) influenced the invasiveness, cell 
stiffness and actin cytoskeleton properties of two GBM cell lines, namely, 
LN229 and U87 [24]. Although the authors reported reduced invasive
ness following the 2 Gy irradiation, they found “generalized stiffness” to 
be a profound marker of the invasiveness of a tumor cell population 
[24]. This finding by itself is not new. Cellular mechanical properties 
have been shown to be good markers for metastatic potential of cancer 
cells [43,44] and can be used for diagnosis of cancer itself [15,45,46]. 
Furthermore, chemotherapeutic drugs alter the mechanical properties of 
cells during cancer treatment [42]. Following recent realization that key 
stages in the metastatic cascade such as migration, involve the me
chanical and physical properties of cells [47], physical oncology or 
physics of cancer [16,47,48] has emerged, clearly illustrating the 
connection between cell mechanics, cell migration and metastasis. 

Our present results occasion the need to extensively address the 
impact of radiotherapy on the physics of cancer, that is, the connection 

between radiotherapy, cell migration and cell mechanical properties, in 
the context of metastasis. Other results that suggest the need to consider 
the impact of radiotherapy on cell mechanics and migration include the 
report that low doses of ionizing radiation (0.8 Gy or less) can promote 
tumor growth and metastasis by enhancing endothelial cell migration 
and angiogenesis [6], the investigation which focused on the effects of 
ionizing radiation on the cytoskeleton of endothelial cells and endo
thelial monolayer permeability [49], those that measured impact of 
X-rays and heavy ions on neural cell mechanics [50], and the mea
surement of mechanical properties of human umbilical vein endothelial 
cells following irradiation [51]. The further experiments that we suggest 
here (impact of radiotherapy on cell mechanics in view of cancer 
metastasis) will benefit from the recent comparison and notes for se
lection of techniques for cell mechanics in view of clinical applications 
[52] and the emergence of very rapid techniques for mechanical phe
notyping [53]. An important aspect of our results in this work which call 
for careful selection of techniques for measurement and intervention is 
the time scale of events being measured. We discuss time scales next. 

4.2. Timescales in alteration of migration, reversible intervention and 
limitations 

The proliferation, attachment and migration of cells are all phe
nomena that happen in hours. Hence, different cell types have different 
doubling times. Our results based on attachment and migration of 
various cells types (T98G Glioblastoma, HCN2 neurons, HL60-derived 
macrophages) should indeed show different baseline readouts of 
migration for the control cells of each lineage, and this indeed is the 
case. However, with radiotherapy and chemotherapy, the time-scales of 
radiation-induced and/or drug-induced effects should become apparent. 
Since our migration assay provides continuous readouts throughout the 
week-long experiments, we have found time-scales involved in the 
induced effects. With radiotherapy at 10 Gy and 20 Gy, there are two 
distinct phases in the migration: an initial high rate of migration for 
about 24 h following treatment. Our results suggest a novel timescale 
that can be targeted by parallel anti-migratory drugs, especially those 
that have reversible action such as certain cytochalasins [54,55], during 
radiotherapy and chemotherapy. Interestingly, anti-migratory drugs 
have recently been suggested by others for the improvement of radio
therapy [17,25] and chemotherapy [56,57]. Based on our results, the 
first 24–48 h should be prime time to use the anti-migratory strategies. 
Obviously, reversal of the anti-migratory effects becomes necessary 
since the inhibition of migration by alteration of the actin cytoskeleton 
might induce collateral impairment of immune functions [40]. 

Fig. 6. Migration of HCN2 neurons post-radiotherapy (20 Gy) and HL60-derived macrophages post-chemotherapy (Paclitaxel). (a) Seven days or 160 h of tracking. 
The 20 Gy treated HCN2 cells eventually go into senescence while Pac-treated macrophages responded to treatment by migrating less than untreated macrophages 
throughout. (b). The first 48 h of data shown in (a). Irradiated HCN2 cells migrated more than unirradiated HCN2 cells. HL60 derived macrophages treated with 
Paclitaxel migrated less than untreated cells. 
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Beyond the timescales based on our 10 Gy and 20 Gy results, the 2 
Gy-induced enhancement of migration fits well with the overall outlook 
that cells surviving radiation demonstrate increased migration/invasion 
and therapeutic resistance [26]. Previous reports indicating reduced 
migration may have been partially due to end-point assays missing the 
timescales of the enhanced migration that we have found in this work. 
The question remains whether our in vitro results reflect in vivo situation. 
Another limitation of our work is the 2D state of our migration assay. 
Migration of cells in the body is a 3D phenomenon and closer mimicking 
of this in vivo 3D situation is needed as future work. Finally, there is the 
limitation imposed by GBM immortalized cell lines lacking some of the 
properties of GBM cells found in patients [20]. However, the set-up we 
have used allows for patient-specific samples to be examined in order to 
determine new or further course of treatment, along the lines of 
personalized radiation medicine [4,22]. Whether radiotherapy and/or 
chemotherapy enhance(s) cancer cell migration in patients or not, 
strategies that reduce migration are already promising anti-metastasis 
treatments [21,26,27] which could in turn improve outcomes for pa
tients. Our work gives timescales when such strategies might be most 
effective. 

5. Conclusions 

We have addressed a longstanding question whether radiotherapy 
might promote metastasis by enhancing one of its crucial steps, cell 
migration. Our results show that doses of X-rays within the range used in 
radiotherapy and chemotherapy alter the migration of both cancer cells 
(brain cancer) and non-cancer cells (neurons) prior to cell death. The 
alteration is an enhancement of migration, which increases in statistical 
significance in a dose-dependent manner. These results suggest that cell 
migration should be a therapeutic target in anti-metastasis strategies for 
improved radiotherapy and chemotherapy outcomes. Moreover, our in 
vitro setup for tracking migration presents itself as a tool that can be 
translated to the clinic to aid in the development of personalized radi
ation medicine. The heterogeneity of gliomas and the uniqueness of 
individual medical histories and prognosis call for such personalization. 
For a robust translational tool, 3D tissue constructs, and scaffolds could 
be added to the 2D migration and morphometric assay presented here. 
This work presents in vitro evidence for possible in vivo alterations of cell 
migration by chemotherapy and radiotherapy, leading to poor outcomes 
for patients. It provides a scientific basis for formulating anti-metastasis 
drugs or strategies that reversibly reduce migration within 48 h of 
treatment. It also engenders the feasibility of migration-based ex vivo 
monitoring of patient-specific cells to customize and optimize radio
therapy and chemotherapy for improved outcomes especially in cases of 
brain cancers. 
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