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Abstract
Thymidine analogs (TAs) are synthetic nucleosides that incorporate into newly synthesized DNA.
Halogenated pyrimidines (HPs), such as bromodeoxyuridine (BrdU), are a class of TAs that can be
detected with antibodies and are commonly used for birthdating individual cells and for assessing
the proliferative index of cell populations. It is well established that HPs can act as radiosensitizers
when incorporated into DNA chains, but they are generally believed not to impair normal cell
function in the absence of secondary stressors. However, we and others have shown that HP
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incorporation leads to a sustained suppression of cell cycle progression in mammalian cells,
resulting in cellular senescence in somatic cells. In addition, we have shown that HP incorporation
results in delayed tumor progression in a syngeneic rat model of glioma. Here we examine
ethynyldeoxyuridine (EdU), a newly developed and alkylated TA, for its anti-cancer activity, both
in vitro and in vivo. We show that EdU, like HPs, leads to a severe reduction in the proliferation
rate of normal and transformed cells in vitro. Unlike HPs, however, EdU incorporation also causes
DNA damage resulting in the death of a substantial subset of treated cells. When administered
over an extended time as a monotherapy to mice bearing subcutaneous xenografts of human
glioblastoma multiforme tumors, EdU significantly reduces tumor volume and increases survival
without apparent significant toxicity. These results, combined with the fact that EdU readily
crosses the blood–brain barrier, support the continued investigation of EdU as a potential therapy
for malignant brain tumors.
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Introduction
Thymidine analogs (TAs) are synthetic nucleosides that are used ubiquitously to detect
DNA synthetic events including cell division, DNA repair and cell cycle re-entry [1–3]. The
most frequently used TAs are the halogenated pyrimidines (HPs, bromo-, chloro-, and iodo-
deoxyuridine). Introduced as potential mutagens in the 1950s [4, 5], they have since been
studied as radiosensitizers in a number of clinical trials [6, 7]. Although the final results
failed to demonstrate a significant overall improvement in survival [7–12], the HP BrdU
does retain orphan drug status as a radiosensitizer for primary brain tumors.

Mounting evidence suggests significant effects of HP administration in the absence of
secondary stressor. We and others have recently reported that in vitro administration of HPs
impairs cell cycle progression and causes a progressive reduction in the proliferative
capacity of a wide panel of somatic and transformed mammalian cell lines [13–16].
Additionally, we have shown such effects in the syngeneic RG2 rat glioma model, where
metronomic (i.e. a steady schedule of lower dose chemotherapy) BrdU monotherapy
resulted in delayed tumor progression [15].

In order to expand upon these findings we have examined the anti-cancer activity of a
relatively new TA, the alkylated, non-halogenated, pyrimidine 5-ethynyl-2′-deoxyuridine
(EdU). Walker and colleagues [17] described initial EdU synthesis, and interest in this TA
has recently accelerated due to the commercial introduction of “click” chemistry that utilizes
the Azide-Alkyne Huisgen Cycloaddition reaction [18]. This reaction allows for the rapid,
one-step detection of EdU in double-strand DNA, and is a major improvement over the
BrdU/antibody system that requires harsh DNA denaturation that often precludes other DNA
analyses, and can distort or remove antigenic sites from cell membranes. Because of its
relative novelty, the literature on EdU is sparse; however, EdU uptake has recently been
shown to elicit a variable decline in cell viability, as characterized by G2 cell cycle arrest
and induction of cell death in a number of breast cancer cell lines [19, 20].

In the present study we investigate the in vitro effects of EdU incorporation on several
cancer lines, and assess EdU as a potential cancer therapeutic using a human xenograft
GBM model. Despite aggressive FDA-approved therapy, the median overall survival from
GBM remains 14–16 months [21–24]. Therefore, the identification of new therapeutic
options is a high priority. We hypothesized that EdU administration—if given during active
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cycling of GBM cells—would significantly alter GBM tumor progression dynamics. Our
results show that all EdU-incorporating cells undergo a DNA damage response that results
in the death of a substantial subset of treated cells. Additionally, cells that survive EdU
exposure demonstrate a profound and long-term reduction in their rate of proliferation.
Finally, we show that long-term in vivo EdU administration in mice bearing subcutaneous
xenografts of human GBM effectively accesses the entire tumor bulk, results in both
reduced overall tumor load and increased animal survival, and causes minimal overt toxicity
(as assessed by body conditioning scoring, weight loss and gross neurological status).
Collectively, the dual anti-tumor effects of DNA damage-induced cell death and
proliferation suppression, the absence of apparent organismal toxicity during prolonged
administration, combined with evidence of rapid crossing of the blood–brain barrier, support
continued study on the optimization of EdU as a chemotherapeutic option for GBM.

Materials and methods
Cells and media

Primary human glioblastoma cell lines (hGBM) were derived from surgical biopsies in
patients diagnosed with primary glioblastoma [25]. Following surgical debulking, tissue
samples were processed in a manner similar to that used to isolate neural stem cells from the
adult nervous system [25–29]. Specifically, tissue samples were finely minced and placed in
trypsin/EDTA (0.05%) for 7 min at 37°C. An equal volume of Trypsin inhibitor was added,
solution mixed well, and centrifuged at 700 rpm. The pellet was triturated and passed
through a 40 μm mesh and centrifuged again at 700 rpm. hGBM cells were maintained as
neurospheres [25–29] in human Neurocult® media (#05751, Stem Cell Technologies,
Vancouver, British Columbia, Canada). After 2–3 passages cells typically exhibit an
arithmetic increase in the total number of cells generated, at which point they are considered
a primary cell line and designated a line number. Cells were expanded and early passage
aliquots cryopreserved for future use. Murine embryonic fibroblasts were a kind gift from
Dr. Kyle Roux, and were maintained as adherent monolayers in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS). H9 human lymphoma
and MG63 human osteosarcoma cell lines were obtained from American Type Culture
Collection (Manassas, Virginia). H9 cells were maintained as suspension cultures in Roswell
Park Memorial Institute medium (RPMI-1640) plus 10% FBS. MG63 cells were maintained
as adherent monolayers in DMEM plus 10% FBS. Brain-seeking subclones of MDA-
MB-231 breast cancer cells were a gift from Dr. Toshiyuki Yoneda and were maintained as
adherent cells in DMEM containing 10% FBS [30].

Chemicals and reagents
Bromodeoxyuridine (BrdU, #B5002) and thymidine (#T9250) were purchased from Sigma-
Aldrich (St. Louis, Missouri). Temozomide (TMZ, #2706) was purchased from Tocris
(Ellisville, Missouri). Ethynyldeoxyuridine (EdU, #E10187) and TO-PRO-3 (T3605) were
purchased from Invitrogen (Carlsbad, California). Matrigel™ basement membrane
(#356234) was purchased from Becton–Dickinson (Franklin Lakes, New Jersey) and was
prepared and handled according to manufacturer’s instructions.

Thymidine analog and TMZ administration
For in vitro experiments, cells receiving TAs were exposed to a single, 24 h pulse of 1, 10 or
50 μM EdU or BrdU. Cells receiving TMZ were exposed to a single, 24 h pulse of 25, 50 or
100 μM TMZ. Vehicle controls received a single, 24 h pulse of an equal volume of dimethyl
sulfoxide (DMSO). At the end of the 24 h exposure the media were refreshed, and the cells
received no further exposure to thymidine, TA or TMZ.
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For in vivo “pre-treatment” experiments, cultured hGBM cells were exposed to 10 μM EdU
for 48 h prior to subcutaneous implantation into mouse hosts. The pre-treatment animals did
not receive any additional EdU. For in vivo “post-treatment” experiments, host animals were
implanted with naïve hGBM cells (that had not been previously exposed to EdU), and were
administered EdU via intra-peritoneal (i.p.) or subcutaneous (s.q.) injections once palpable
tumors were established. Animals in the post-treatment experiments were randomly assigned
to one of several treatment groups: (1) 50 mg thymidine/kg/day (control group); (2) 10 mg
EdU/kg/day; (3) 25 mg EdU/kg/day; (4) 50 mg EdU/kg/day EdU; (5) 200 mg EdU/kg/day;
or (6) 25 mg EdU/kg/every other day. These doses are based on our previous in vivo TA
treatment regimens [15, 16].

Animal and tumor implantation/measurement
Adult female NOD/NCrCrl-Prkdcscid mice (NOD/SCID, 8–10 weeks of age) were purchased
from The Jackson Laboratory (Bar Harbor, Maine) and housed at the University of Florida’s
Department of Animal Care Services. All animal procedures were conducted in compliance
with the regulations of the University of Florida Institutional Animal Care and Use
Committee. Mice were lightly anesthetized with halothane and injected subcutaneously over
the right flank with 1 × 106 freshly dissociated hGBM cells in a total volume of 300 μl (200
μl Neurocult® growth media mixed with 100 μl Matrigel™). Once tumors were established
as a palpable mass, post-treatment animals began receiving EdU or thymidine (as a control)
according to the regimen described above. Tumors were measured under light halothane
anesthesia using microcalipers to determine width and length. The average of these
measures was obtained, and one half of this single value was used as the radius to calculate
sphere volume [V = (4/3)πr3]. Clinical endpoint was defined as a measurement of ≥15 mm
in either length or width. Toxicity was monitored by assessing changes in body condition
scores (less than 2/5, 3 being “normal”), total body weight (weight loss of greater than
15%), and by monitoring for neurological signs (e.g. excessive unilateral turning) and signs
of stress (e.g. overgrooming, pathological posturing).

Ex vivo tumor cell analysis
Upon reaching clinical endpoint, some animals were euthanized via cervical dislocation
under deep halothane anesthesia. Animals were then doused in 70% ethanol to sterilize the
fur and skin, and tumors were excised from their subcutaneous locus. In order to obtain a
single-cell slurry, the tumors were minced with a sterile scalpel, incubated for 5 min. at
37°Cin 0.25% trypsin with EDTA (#B81310, Atlanta Biologicals, Lawrenceville, Georgia,),
triturated with fire-polished glass Pasteur pipettes, and filtered through sterile gauze. The
tumor cells were then either plated as a single cell suspension (50,000 cells/ml) for ex vivo
analysis of growth kinetics, or fixed with 90% cold methanol for 15 min for subsequent EdU
detection and Annexin V labeling.

Tissue analysis
At clinical endpoint some animals were deeply anesthetized with halothane and perfused
through the left ventricle with 4% paraformaldehyde in PBS. The brains and tumor were
excised and post-fixed overnight in perfusate. The tissues were then cryprotected for 24 h in
PBS containing 30% sucrose. The brain and tumor were then serially sectioned at 40 μM
intervals using a freezing microtome. EdU was visualized in a 1 in 6 series of sections from
each tissue using the Click-iT™ EdU Alexa Fluor 488 kit (#C35002), Invitrogen, Carlsbad,
California) using the manufacturer’s protocol. Sections were counterstained with TO-PRO-3
per manufacturer’s protocol.
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In vitro growth curves
MEF, MG63 and H9 cell lines were plated at 50,000 cells and treated with one pulse of 1 or
10 μM BrdU (Fig. 1), EdU or DMSO (vehicle control). Cells were passaged every 7 days
and counted for total cell yield using a Coulter Z2 Particle Counter (Beckman Coulter, Inc.,
Brea, California). For long-term growth curves, H9 cells were replated at 50,000 cells at
each passage and re-counted every 7 days for 16 passages. For hGBM, cells were plated at
50,000 cells/ml and propagated as neurospheres, which were passaged every 5–7 days as
described [26, 31]. Where indicated, neurosphere forming cells were replated at 50,000
cells/ml for the next time point.

Flow cytometric analysis of EdU uptake and annexin V-based cell viability
To prepare cells for flow cytometry, cells were fixed in 70% ethanol and stored at 4°C.
Annexin V Pacific Blue conjugate kit (#A35122, Invitrogen, Carlsbad, California) was used
to assess live, dead and apoptotic cells according to the manufacturer’s protocol. To assess
EdU incorporation, ethanol-fixed cells were labeled with the Click-iT™ EdU Alexa Fluor
488 kit (#C35002, Invitrogen, Carlsbad, California) according to the manufacturer’s
protocol.

COMET assay
The CometAssay® Kit (#4250-050-K, Trevigen, Inc., Gaithersburg, Maryland) was used to
analyze DNA damage under neutral conditions. Fifty microliters of cell suspension (100,000
cells/ml) was spotted onto Comet-Slides™ and allowed to dry for 10 min at 4°C. Cells were
lysed for 30 min at 4°C, pre-equilibrated for 30 min at 4°C and electrophoresed at 1 V/cm
for 10 min at room temperature. Slides were immersed for 30 min in DNA precipitation
solution, followed by 30 min in 70% ethanol, each at room temperature. Finally, the slides
were incubated with SYBR® Green and screened for COMET positivity. Five random fields
per spot were selected and all cells in each field were counted and rated for the presence of
DNA tailing.

Statistical analysis
Results are expressed as the mean ± standard deviation or mean ± standard error, where
indicated. Statistical analysis was performed using GraphPad Prism software and consisted
of One-way ANOVA with Tukey–Kramer post-hoc analysis for single factor multiple group
comparison, Two-way ANOVA with Bonferroni post-hoc analysis for double factor
multiple group comparison, or Student’s t-test for two group comparison. The in vivo
studies were analyzed using Kaplan–Meier Curves for survival. For tumor growth, two-way
ANOVA was used to compare 2 groups, and Kruskal–Wallis with Dunn’s multiple
comparison was used to compare multiple groups when multiple doses were used. P-values
≤0.05 are considered statistically significant.

Results
EdU incorporation induces both cytotoxicity and a sustained suppression of expansion

We have previously shown that the HP, BrdU, elicits a sustained reduction in the
proliferation rate of all somatic and cancer cell lines tested [15, 16]. In order to discern if
EdU similarly perturbs proliferation, we compared the effects of EdU and BrdU on
population expansion of a number of cell types. Seven days following administration of a
single 24 h, 10 μM pulse of either EdU or BrdU, cells were analyzed for total cell number.
As depicted in representative examples, both BrdU and EdU substantially reduce the
population expansion of MEFs (Fig. 1a, P < 0.0001), MG63 cells (Fig. 1b, P < 0.005), and
hGBM cells (Fig. 1c, P < 0.0001) compared to cultures of sister cells exposed to DMSO
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vehicle control. While cells treated with BrdU exhibit a large decline in total cell yield after
7 days of culture, those treated with EdU exhibit a near-truncation of proliferation, with EdU
exerting a significantly greater decline than BrdU in MEFs (Fig. 1a, P < 0.05) and in MG63s
(Fig. 1b, P < 0.05). To determine the longevity of this treatment effect, we then tested a
human lymphoma cell line (H9) for long-term growth suppression following a single, short
exposure of low-dose EdU (24 h pulse of 1 or 10 μM). A dose-responsive decline extending
to ~60 population doublings is observed (Fig. 2, P < 0.005). These results suggest that even
a short pulse of EdU exerts a significant anti-proliferative effect in multiple cell lines that is
profound, progressive in nature, and sustained over long-term culture.

To more closely examine how EdU suppresses population expansion, we assayed treated
cells for evidence of apoptosis and cytotoxicity. Annexin V/DAPI labeling of MG63 human
osteosarcoma cells reveals that a 24 h pulse of 1 μM EdU results in a steady increase in cell
death in the first 3 days following treatment, with a concomitant decrease in live cell counts
(Fig. 3a) as compared to control cells. Cells exhibiting an apoptotic profile remained
constant at these time-points. These results are coordinate with an initial cytotoxicity and
sharp decline in cell numbers that we observed in multiple treated cell lines (data not
shown).

Finally, to determine if the observed increased cytotoxicity results from EdU-induced DNA
damage we conducted COMET assays to identify generalized single- and double-strand
DNA breaks. In the 7 days following a 24 h pulse of 1 μM EdU, MG63 cells exhibit a
progressive increase in the percentage of cells with COMET tailing (Fig. 3c, d red series),
indicating an increase in the number of cells experiencing DNA damage as compared to
cells treated with vehicle control (Figure 3b, D blue series).

EdU treatment results in comparable suppression of in vitro cell expansion and greater
cell death and DNA damage in a primary human GBM cell line

In order to assess EdU in the context of current therapeutics for GBM [32], we compared the
anti-cancer activity of EdU to TMZ, the FDA-approved chemotherapeutic alkylator for
GBM [23, 24]. Human GBM cells (hGBM) derived from surgical resection were propagated
as neurospheres. In vitro growth suppression was assessed at 5 days following a single 24 h
pulse of either EdU (1, 10 or 50 μM) or TMZ (25, 50 100 μM). Both EdU and TMZ
treatment results in a substantial decline in population expansion of hGBM (Fig. 4a, b), with
EdU eliciting a dose responsive decline. Seven days post-treatment, cells were analyzed for
DNA strand breakage and Annexin V/DAPI profiling. Compared to vehicle controls, both
TMZ- and EdU-treated cells were characterized by a dose-responsive increase in cell death,
with a concomitant decrease in live cells (Fig. 4c, d). These effects were more robust in
EdU-treated cells. Again, at this timepoint, no increase in apoptosis was observed. In
addition, a substantial increase in COMET positivity was observed following both
treatments (Fig. 4e, f), albeit at a higher percentage following EdU as compared to TMZ-
treated cells. Similar results were observed in a sub-clone of the MDA-MB-231 breast
cancer cell line [30] previously characterized to metastasize exclusively to the brain, and
therefore constituting a secondary brain cancer cell model (Supplementary Fig. 1). These
results show a dose-responsive effect of EdU treatment, thus suggesting its specificity. We
also show the induction of cytotoxicity coupled with DNA strand breakage in highly
aggressive hGBM cells. Furthermore, these experiments indicate that EdU is similar in
efficacy to the current front-line GBM cancer drug, TMZ, at the doses tested in these in vitro
analyses.
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EdU reduces hGBM tumor volume and increases latency to mortality in xenografts
To test the ability of EdU to suppress tumor progression in vivo, we generated hGBM tumor
xenografts in mice using either tumor cells that had been exposed to EdU in vitro prior to
transplantation, or naïve tumor cells that were exposed to EdU only after establishing bona
fide tumors in host mice. Animals (N = 4 per group) were inoculatedsubcutaneously over the
right flank with 1 × 106 of either pretreated hGBM cells (50 μM for 48 h immediately prior
to implantation) or naïve (non-treated prior to implantation) hGBM cells. Animals receiving
EdU pre-treated cells did not receive any additional EdU administration. Following tumor
establishment (palpable tumor), animals inoculated with nontreated hGBM cells then began
an in vivo EdU treatment regimen (50 mg/kg/day, i.p.). By day 35 post-transplant, tumor
volume in control animals was significantly larger than in either treatment group, and this
effect was consistent through day 49 post-implantation (P < 0.0001, Supplementary Fig.
2A). There was no apparent difference in tumor growth between pre-treated and post-treated
animals. Importantly, post-treatment of animals with EdU was as effective in reducing
tumor volume as the direct pre-treatment of tumor cells prior to tumor inoculation. With
regard to animal survival, no significant differences were observed in this cohort
(Supplementary Fig. 2B), potentially due to small cohort size. However, both pre-treated
and post-treated animals exhibited a trend toward an increased latency to mortality due to
tumor volume as a cohort. No animals demonstrated overt systemic toxicity, as assessed by
monitoring of body conditioning scores, body weight and neurological signs (Table 1).

In order to confirm EdU incorporation into the tumor mass using this model, a subset of
animals was analyzed when treated with daily EdU injections (50 mg/kg/day for 7 days).
Histochemistry for EdU revealed positive labeling throughout (Fig. 5a, b), demonstrating
EdU’s ability to perfuse throughout the tumor bulk. Label is also present in the
periventricular subependymal zone (Fig. 5c) and olfactory bulb (Fig. 5d), confirming that
EdU crosses the blood brain barrier, and that neural stem/progenitors in the SVZ system are
labeled but persist in the neurogenic niche. When possible, tumor cells were obtained post-
sacrifice, and expanded ex vivo to assess for post-implantation proliferation rates. Compared
to cells from untreated animals, cells from both pre-treated cells and post-treated animals
exhibited reduced ex vivo proliferative capacity (control cells vs. pre-treated cells, P <
0.001, Supplemental Fig. 3).

As i.p. delivery of 50 mg/kg/day following tumor seeding proved a dosing regimen that
affected both latency and growth of the subcutaneous model in a manner comparable to
implanting pre-treated cells, we next assessed this dose for treatment following tumor
establishment in a larger cohort of NOD/SCID animals. Animals (N = 15 per group) were
implanted with 1 × 106 of hGBM cells and tumor growth was monitored. In animals treated
with EdU, tumor volume was significantly decreased over 60 days post-implantation (P <
0.0001, Fig. 6a). With regard to survival, animals treated with EdU had a significant survival
benefit, with a median survival of 53 days in control animals and 64 days in treated animals
(P < 0.001, Fig. 6b). These results confirmed the observed trends from the previous
experiment, suggesting that the chosen EdU treatment regimen results in a reduced tumor
growth and an enhanced mean survival time. No animals demonstrated overt systemic
toxicity (Table 1).

Subsequently, multiple EdU doses were tested to determine if doses lower than 50 mg/kg/
day could also prove efficacious in long-term therapy. Host mice (N = 6 per group) were
injected with either 50 mg/kg/day thymidine (controls), 10, 25 or 50 mg/kg/day EdU or 25
mg/kg/every other day EdU following tumor inoculation (1 × 106 cells, s.q.) Due to the
anticipated length of this dose response study, we chose a subcutaneous (s.q.) delivery
method as this method is less stressful in the handling of the animals. Compared to control
animals, a significant reduction in tumor volume was observed in the overall cohort (P =
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0.003, Fig. 7a), through 85 days post-implantation. Significance in tumor growth between
groups was found between 50 mg/kg/day group (median tumor volume 304.5 mm3) vs. both
control (median tumor volume 1506 mm3) and 10 mg/kg/day (median tumor volume 1469
mm3) groups (P < 0.05). Survival curves revealed that animals treated with 10 or 25 mg/kg/
day and 25 mg/kg/every other day trended toward increased survival, while only those
treated with 50 mg/kg/day exhibited a significant increase compared to control (P = 0.002,
Fig. 7b). These data confirmed that 50 mg/kg/day (s.q. or i.p. delivery), in long-term
paradigms, is an effective therapeutic regimen for EdU administration. Further, these doses
were effective for as long as 105 days with minimal signs of overt toxicity in survivors
(Table 1).

Finally, high dose EdU was tested to determine if this, too, was sustainable as a long term
treatment therapy. Adult female (N = 6 per group) NOD/SCID mice were given daily s.q.
injections with either EdU or thymidine (200 mg/kg/day) following tumor implantation.
Control animals experienced rapid tumor growth until endpoint (as long as 60 days post-
implantation). In comparison, animals treated with high dose EdU exhibited tumor growth
until approximately 49 days post-implantation, with a subsequent plateau that was sustained
through 100 days post-transplantation (Fig. 8a). Further, compared to control animals, high
dose-treated animals exhibited a significant increase in survival through 100 days post-
transplantation (Fig. 8b). Minimal signs of overt systemic toxicity were observed (Table 1).
These results suggest that high dose EdU is a treatment option that is sustainable for long
term regimens, and that the maximum biological dose perhaps has not been attained at the
presented doses.

Discussion
This work expands on the characterization of TA monotherapy in the treatment of cancer.
Here we report on a relatively new TA, EdU. TAs in general, and BrdU in particular, have
an extensive historical record as potential mutagens, radiosensitizers and antiviral agents;
additionally, they readily cross the blood–brain barrier, and there is evidence that they can
augment the effects of primary cancer therapies by weakening DNA and making it more
susceptible to DNA damage [5, 6, 33–36]. Previous clinical trials have used HPs to
radiosensitize a variety of cancers (e.g. colorectal, liver, pancreatic, GBM). Although such
strategies have not proven beneficial over standard therapy [7–12], preclinical and early
clinical efficacy resulted in orphan drug status for BrdU in the 1990s [37]. In assessing EdU
as a potential anti-cancer agent, it is important to ask why earlier clinical trials of HP
radiosensitization were unable to demonstrate a survival benefit. While the present
experiments do not directly address this question we can speculate that, because these earlier
trials were formulated on the in vitro evidence of HP radiosensitization [6, 9, 34] they did
not account for potential in vivo effects stemming from dosing schedules or drug interaction
that would optimize or attenuate HP incorporation. Without antecedent experimentation in
animal models, it was not possible to know the optimal dosing paradigms to maximize
therapeutic outcome. Furthermore, in these trials HPs were added to existing therapies that
included a variety of chemotherapeutics as well as ionizing irradiation. These therapies
conceivably eliminated a large portion of actively-cycling cells in their own right,
potentially reducing HP uptake and incorporation by dividing tumor cells. Thus, it is unclear
the isolated role played by HPs in these relatively short term dosage models. Our current and
past work not only investigates monotherapy of thymidine analogs, but also employs chronic
administration to add crucial information about long-term administration protocols.

Our present studies focus on EdU. EdU contains an alkyne group (C≡CH) on the 5-position
of the pyrimidine, which is a less bulky moiety than a halogen group. This renders EdU
suitable for click chemistry [37–40], which can quickly and easily label EdU-containing
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DNA even in non-denatured, double-strand form [41]. For this reason EdU is becoming
increasingly popular in proliferation assays suitable for flow cytometry and
immunocytochemistry. Because of its relative novelty, few studies examining the
consequences of EdU uptake on cell function have been reported. However, there is
evidence that EdU does induce cell cycle arrest and cell death in breast cancer cell lines [19,
20]. Here we present data on normal fibroblasts, lymphoma, osteosarcoma, and a breast-to-
brain metastatic cancer line in order to substantiate our techniques and experimental
principles, as well as to add to comparative data amongst cancer cell lines presented in this
and previous work. in vitro results in these cell lines led us to postulate that EdU could be
effective in the treatment of aggressive cancers such as GBM. We therefore follow up with
extensive in vitro and in vivo data employing an hGBM cell line. Our data demonstrate that
a single in vitro exposure to EdU induces a dramatic reduction in the rate of population
expansion by all treated cell types (Figs. 1, 2, 3, 4). In addition to a truncated expansion rate,
EdU also induces extensive DNA damage that is associated with the death of a substantial
subset of incorporating cells. This dual effect—initial DNA damage followed by sustained
suppression of expansion—is in contrast to our previous findings using HPs, and suggests
that direct DNA damage might potentiate EdU efficacy as compared to the HPs. Our work is
the first to report that EdU monotherapy elicits an initial round of DNA strand breakage and
cytotoxicity in cultured lymphoma, osteosarcoma and hGBM cells, and subsequently leads
to delayed population expansion by surviving cells. This dual effect of EdU suggests the
potential for a novel therapeutic approach that combines shorter-term cytotoxicity with long-
term proliferation suppression. By accessing rapidly dividing cells, a subset of the cells that
incorporate EdU will be killed outright. The remaining cells that have incorporated EdU
would theoretically possess a less aggressive cell cycle profile that slows tumor progression.

To date, the molecular target and therefore the mechanism behind antiproliferation or
cytotoxicity associated with TA administration is poorly understood, yet in vitro efficacy has
been demonstrated in multiple cell lines from many different types of malignancies [13–16].
The promiscuous effectiveness of EdU suggests therapeutic potential in cancers -such as
GBM- that are characterized by a variable genetic makeup, both among different GBMs and
between primary and recurrent examples of single GBM cases [42, 43]. In order to address
these questions our future studies will continue to pursue the molecular signatures, for
example protein expression and phosphorylation profiles, of a wider cast of cellular markers
involved in cell signaling, tumor suppression, apoptosis, and DNA damage that may be
targets of EdU incorporation. In addition, a variety of additional primary GBM will need to
be analyzed before we can reasonably understand how widely we can extrapolate our results
to brain cancer as a whole.

Our in vivo studies focused on a systematic initiation of treatment regimens for
subcutaneous hGBM xenografts. Moderate dose experiments in pilot groups (Supplementary
Fig. 2) initially showed significant efficacy—both for cells pre-treated before tumor implant
(50 μM for 24 h) and for grafted naïve cells exposed to EdU in situ via i.p injection (50 mg
EdU/kg/day). It is important to note that post-treatment of animals elicited a similar tumor
growth profile as directly pre-treating the cells in culture prior to implant—a protocol that is
thought to more strongly affect target cells than when they are treated in vivo—speaking to
the efficacy of the chosen in vivo protocol. Dosing efficacy was confirmed in a larger cohort
tested with 50 mg/kg/day post-implant (Fig. 6). In pursuing efficacy of in vivo post-
treatment regimens further, we explored lower dosing schedules (Fig. 7), and found a trend
toward a dose-responsive effect of low dose therapy (10–50 mg/kg/day as well as one non-
daily regimen, 25 mg/kg/every other day). High dose therapy (200 mg/kg/day) proved even
more efficacious, yet was still compatible with long-term administration (Fig. 8). Animals
readily tolerated daily treatment for >100 days without exhibiting obvious signs of toxicity
as measured by body conditioning scores, signs of CNS dysfunction, weight loss or other
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signs of distress. All drugs can have negative side-effects that must be taken into account
when calculating the risk:benefit ratio of using them in clinical settings. To the extent that
EdU proves to be effective at slowing tumor progression in vivo, it will be important to
understand its effect on overall organismal health. Because of EdU’s progressive effect over
many population doublings it seems likely that stem cells and long-term progenitor cells will
be at risk for EdU-mediated death and/or proliferation suppression. It seems paradoxical,
then, that our animals show essentially no signs of overt toxicity even after several months
of daily EdU administration. While detailed and extensive toxicity analyses will need to be
performed in the future, we hypothesize that, since the majority of stem cell pools are
typically quiescent at any given time, the likelihood of EdU affecting all of them during a
therapeutic regimen is slight. Even if a majority are suppressed, there is the possibility that
the unaffected fraction will increase output—either through increased asymmetric divisions
or through a series of symmetric divisions- to compensate for loss of activity throughout the
entire pool. Therefore, while animals may show an initial decline of rapidly dividing, transit
amplifying cells, we predict that this would be a temporary impairment that is overcome in
time as the unaffected stem cells begin to repopulate the niche. Alternatively, it may be that
the highly proliferative tumor mass in these animals acts as a “sponge” to sequester
circulating EdU, thus sparing normal somatic stem cells from exposure to potentially
harmful concentrations. The answer to these and other important aspects of EdU’s effect on
normal cellular function will ultimately determine therapeutic potential.

Importantly, animals bearing hGBM cell-initiated tumors that were treated with short term
EdU (50 mg/kg for 7 days via i.p injection) demonstrated substantial EdU uptake throughout
the tumor mass (Fig. 5). Further, EdU readily crossed the blood–brain barrier and reached
the neurogenic niches to label diving stem/progenitor cell populations, yet did not eradicate
proliferation (Fig. 5). This suggests a potential for high treatment efficacy if dosing
regimens are appropriately optimized and assuming that our results can be successfully
translated to an intra-cranial tumor locus. Further, such measures build evidence for the
ability of optimized treatment courses to preserve stem cell pools during chemotherapy.
These results are compelling for CNS tumors, particularly with respect to highly aggressive
GBM cells.

These findings indicate the specificity of EdU monotherapy, as well as a potential to adjust
doses based on tolerance and/or tumor response in clinical trials. Importantly, our results
show that at all doses, EdU monotherapy causes an increased latency to hGBM tumor-
related mortality. Together, these results provide substantial evidence that EdU may
contribute to current therapeutic strategies in GBM and potentially other aggressive tumors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
EdU exceeds BrdU in suppression of short-term population expansion. Murine embryonic
fibroblasts (a), MG63 osteosarcoma cells (b), or human glioblastoma (hGBM) cells (c) were
treated with a single 24 h pulse of DMSO (vehicle control), 10 μM BrdU or 10 μM EdU. At
7 days post-pulse, cells treated with 10 μM EdU exhibit a more pronounced decline in cell
expansion than that seen with 10 μM BrdU. Data are expressed as total cell yield at day 7
after exposure to thymidine analog ± the standard deviation at day 7, and were subjected to
ANOVA (*P < 0.0001). All treated cells are significantly different from controls (P < 0.05).
EdU treated cells are significantly different from BrdU treated cells in MEFs (P < 0.05) and
in MG63s (P < 0.05)
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Fig. 2.
Single-pulse EdU leads to a sustained impairment of population expansion in H9 lymphoma
cells. H9 cells (human cutaneous T-cell lymphoma) were maintained as suspension cultures
and were treated once with a single 24 h pulse of 1 (red line) or 10 (green line) μM EdU, or
DMSO vehicle control (blue line). Weekly growth curves were obtained for 16 weeks. Cells
treated with either 1 or 10 μM EdU exhibit a sustained and dose-responsive inhibition of
population expansion. Data are expressed as total cumulative cell number ± standard
deviation. At all time points beginning with week 2, population expansion of control
cultures is significantly higher than the two treated groups (N = 3 independent cultures for
each group; P < 0.005). Note: standard deviation bars are not visualized in this logarithmic
scale graph
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Fig. 3.
Single-pulse EdU induces delayed cell death and DNA strand breaks. MG63 (human
osteosarcoma) cells were treated with a single 24 h pulse of 1 μM EdU or DMSO (vehicle
control). a At 0, 1, 2, and 3 days post-pulse, MG63 cells were fixed and immunolabeled with
antibody against Annexin V in order to distinguish live, dead, and apoptotic cells. EdU
administration demonstrates a progressive increase in dead (green series) and apoptotic (red
series) cells at the expense of live cells (blue series) compared to controls. Data are
expressed as percent of DMSO-treated cells. b–d DNA strand breaks were detected with the
COMET assay at 0–7 days post-EdU exposure. MG63 cells exhibit a progressive increase in
cells with DNA strand breakage (c and red series in d) as compared to DMSO cells (b and
blue series in d). Images are cells labeled with SYBR® Green. Data are expressed as
percent of total cells exhibiting COMET-tailing. Scale bar, 50 μm
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Fig. 4.
Single-pulse EdU is similar to TMZ in suppressing expansion and inducing DNA damage/
cytotoxicity. Primary adult human GBM cells were propagated as neurospheres and treated
with a single 24 h pulse of EdU (1, 10 or 50 μM), TMZ (25, 50 or 100 μM) or DMSO as a
vehicle control. Five days after exposure, TMZ-treated cells exhibit a substantial decline in
population expansion (a, P < 0.05 vehicle vs all doses) that is coterminous with increases in
both cytotoxicity (c) and DNA strand breaks (e). At day 5 post-pulse, EdU-treated cells
exhibit a more dramatic, dose-responsive decline in cell proliferation (b, P < 0.05 vehicle vs
all doses) that corresponds to a dose-responsive increase in cell death (d) and DNA strand
breakage (f). Data are expressed as total cell number (a, b), percent control (c, d) or percent
of total cells with COMET-tailing (e, f)
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Fig. 5.
EdU is incorporated into tumor cells and cells within the neurogenic niche of the adult brain.
Subcutaneous xenografted tumors and host brains of animals receiving EdU monotherapy
were sectioned and chemically labeled with Alexa Fluor 488 (green) for EdU detection, and
TO-PRO-3 for nuclear counterstain. Extensive EdU incorporation is seen in the tumor mass
(a, b), as well as in the periventricular subependymal zone (c) and the olfactory bulb (d). LV
lateral ventricle, d dorsal, r rostral
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Fig. 6.
EdU slows tumor progression and increases survival in human GBM xenografts. Host mice
(N = 15 for each group) receiving a subcutaneous injection of naive human GBM cells were
treated with either thymidine (control) or EdU (50 mg/kg/day via i.p. injection) after
palpable tumors were established. a Treated animals demonstrate significantly slower
progression of tumor volume over 60 days (P < 0.0001). b A Kaplan–Meier survival curve
shows that treated animals also demonstrate a statistically significant delay in time until
mortality (control median survival 53 days compared to EdU median survival 64 days; P =
0.001)
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Fig. 7.
Comparative analysis of tumor progression and survival as a result of different EdU dosing
regimens in subcutaneous human GBM xenografts. a A variety of dosing regimens (10, 25,
and 50 mg/kg/day) were tested for the ability to suppress progression of human GBM in
subcutaneous xenografts (N = 6 for each group). Graphical representation shows a dose-
dependent response to EdU treatment with the most benefit from 50 mg/kg/day of EdU.
One-way ANOVA followed by Dunn’s multiple comparison test shows a statistically
significant difference between the 50 mg/kg group compared to the control and 10 mg/kg
groups (P < 0.05). b Kaplan–Meier survival curve demonstrates dose dependence with
different EdU doses. The mice treated with 50 mg/kg/d showed the most improved survival
(median 79 days) compared to control (mean 57 days) (P = 0.002)
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Fig. 8.
Analysis of tumor progression and survival comparing high dose EdU to thymidine controls
in subcutaneous human GBM xenografts. a High dose EdU (200 mg/kg/day, s.q.) was tested
for the ability to suppress progression of human GBM in subcutaneous xenografts (N = 6 for
each group). Graphical representation shows a sustained suppression of tumor growth in
response to EdU treatment. Treatment animals sustained high dose treatment for ≥100 post-
transplant days, as compared to the control group, in its entirety, which reached study
endpoint by day 60. b Kaplan–Meier survival curve demonstrates that EdU treatment (200
mg/kg/day), after establishment of tumors, results in a statistically significant survival
benefit (P < 0.01). The hazard ratio (HR) for death in the control group was 14.04 compared
to the treatment group (95% CI 2.7 to 74.2)
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Table 1

Toxicity measures during EdU administration

BCS
(1–5)a

Body
weight(%Δ)a

Neurological signs

Control 3 +16.5 None noted

Pre-treatment 3 NA None noted

10 mg/kg 3 NA None noted

25 mg/kg QOD 3 NA None noted

25 mg/kg QOD 3 NA None noted

50 mg/kg QOD 3 NA Overgrooming (N = l)

Unilateral turning
 (N = 1)

Abnormal posture (N = 1)

200 mg/kg 2+ −3.0 Unilateral turning(N = 2)

 QOD Abnormal posture(N = 2)

a
Results indicate mean of available data over all experiments at the indicated doses

NA not available
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