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Abstract

Glioblastoma (GBM), the most frequent primary tumor of the central nervous system, has a median

survival of 14.6 months. 4-Methylumbelliferone (4MU) is a coumarin derivative widely used as a

hyaluronan synthesis inhibitor with proven antitumor activity and without toxic effects reported.

We aim to evaluate the antitumor effect of 4MU alone or combined with temozolomide (TMZ) on a

GBM cell line, its absence of toxicity on brain cells and its selectivity for tumor cells. The antitumor

effect of 4MU alone or combined with TMZ was evaluated on GL26 cells by assessing metabolic

activity using the XTT assay, cell proliferation by BrdU incorporation assay, migration by the wound

healing assay, cell death by fluorescein diacetate/propidium iodide (FDA/PI) staining, apoptosis

by membrane asymmetry and DNA fragmentation and metalloproteinase activity by zymography.

The levels of hyaluronan and its capacity to counteract the effects of 4MU and the expression of

RHAMM and CD44 were also determined. The toxicity and selectivity of 4MU were determined

by XTT assay and PI staining on normal brain primary cell culture (NBPC-GFP) and GL26/NBPC-

GFP cocultures. The GL26 cells expressed RHAMM but not CD44 and synthesized hyaluronan.

4MU decreased hyaluronan synthesis, diminished proliferation and induced apoptosis, while

reducing cell migration and the activity of metalloproteinases, which was restored by addition of

hyaluronic acid. Furthermore, 4MU sensitized GL26 cells to the TMZ effect and showed selective

toxicity on tumor cells without exhibiting neurotoxic effects. We demonstrated for the first time

the cytotoxic effect of 4MU on GBM cells, highlighting its potential usefulness to improve GBM

treatment.
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Introduction

Glioblastoma (GBM), also known as IV grade glioma, is the most
frequent primary tumor of the central nervous system (CNS). This
malignancy shows a fast-growing behavior, presenting a high mor-
tality rate. The tissue invasive capacity is a key factor for GBM
progression (Louis et al., 2016). Although the therapeutic strategies
to treat cancer have improved over the last years, few therapeutic
options are available for high-grade gliomas, particularly, for GBM.
The standard treatment strategy for GBM includes surgical resection
of the tumor followed by radiotherapy and treatment with the first-
line drug temozolomide (TMZ) (Anton et al., 2012). However, GBM
has a very poor prognosis, with a median survival of 14.6 months
(Anjum et al., 2017). As for the treatment with TMZ, not only
does drug resistance occur—in roughly 50% of patients—but also
myelosuppression and hepatotoxicity are observed (Anjum et al.,
2017; Houy and Le Grand, 2018; Sasmita et al., 2018).

Even though aggressiveness and resistance phenomena are
attributed to the activity of malignant cells, the extracellular matrix
(ECM) surrounding the tumor also plays an important role in drug
penetration, invasion and modulation and evasion of the immune
system. The brain ECM can be divided into two major groups: the
one belonging to the parenchyma and that of the vessel’s basement
membrane. Hyaluronic acid (HA) is the central component of the
parenchymal ECM to which proteins and proteoglycans adhere
forming a tridimensional net (Ferrer et al., 2018). HA is a linear
nonsulfated glycosaminoglycan (GAG), consisting of repetitive units
of D-glucuronic acid and N-acetyl-D-glucosamine (Auvinen et al.,
2013; Boregowda et al., 2006; Provenzano and Hingorani, 2013;
Toole, 2004). HA is involved in several physiological functions, such
as the maintenance of tissue architecture, wound healing, leukocyte
trafficking and growth and cell differentiation (Joy et al., 2018;
Khaldoyanidi et al., 2014; Termeer et al., 2003). Moreover, HA
plays a key role in neural stem cell niches, where is involved in the
generation, proliferation and maturation of neural stem/progenitor
cells during the CNS development and repair (Preston and Sherman,
2011; Su et al., 2019).

The quality and quantity of this GAG are finely regulated. This
control occurs majorly during its synthesis by HA synthases (HAS)
and its degradation mediated by hyaluronidases (Hyals). Other key
point in HA metabolism is the cell internalization trough membrane
hyalderins, as CD44 and RHAMM that which are the most relevant
HA receptors in oncology (Csoka and Stern, 2013; Hascall et al.,
2014; Jiang et al., 2011). The development of several malignancies
is known to be featured by deregulation of HA metabolism. An
increase of HA above physiological levels has been associated with
induction of cell proliferation, migration, inhibition of apoptosis and
development of multidrug resistance (Sironen et al., 2011; Toole,
2004, 2009). In patients with GBM, higher HA levels have been
found in the tumor stroma, as compared to the surrounding normal
tissue. These HA levels also correlated with tumor grade (Delpech
et al., 1993). Furthermore, in GBM in vitro models, HA has proved
to promote proliferation, migration and invasion (Park et al., 2008).
It can thus be speculated that reducing HA levels would constitute a
promising antitumor strategy.

The coumarin derivative 4-methylumbelliferone (4MU) has been
widely used as an inhibitor of HA synthesis. 4MU binds to glucuronic
acid to prevent the formation of UDP-glucuronic acid, the HAS
substrate and it has been shown that it generates a diminish of both
HAS-2 and HAS-3 mRNA levels (Kakizaki et al., 2004; Kultti et al.,

2009). Even more, the UDP-glucuronyltransferases (UGT) generate
4-Methylumbelliferyl glucuronide (4MU-G), which contributes to
hyaluronan synthesis inhibition (Nagy et al., 2019). Furthermore,
there are reports showing CD44 and RHAMM modulation mediated
by 4MU (Cho et al., 2017; Lokeshwar et al., 2010). However, the
mechanisms of its anticancer effect remain still unclear. Notably,
4MU has no effect on coagulation; more importantly no adverse
effects were observed over a wide range of doses in several clinical
trials. Even more, in Europe and Asia, 4MU has been approved for
use in humans as a choleretic and antispasmodic agent (Nagy et al.,
2015).

Although the effect of 4MU on GBM has not been assessed,
antiproliferative, proapoptotic and antimetastatic effects have been
demonstrated on several carcinoma and sarcoma in vivo and in vitro
models (Arai et al., 2011; Lokeshwar et al., 2010; Nagy et al., 2015;
Piccioni et al., 2012; Urakawa et al., 2012; Vigetti et al., 2011).

We have previously demonstrated the antineoplastic effects
of 4MU on human chronic myeloid leukemia cell lines. In that
model, 4MU sensitized these cells to the action of imatinib and
vincristine (Lompardía et al., 2013, 2017). Besides, we demonstrated
that the supplementation with HA does not totally abrogate the
antitumor effects of 4MU, suggesting the existence of mechanisms
that are independent of HA synthesis inhibition. According to
that, it has recently been suggested that 4MU modulates the
activity of metalloproteinases (MMPs) in a HA-independent
fashion (Ishizuka et al., 2016; Karalis et al., 2019). Therefore, we
consider that the mechanisms of 4MU independent of hyaluronan
synthesis inhibition might be very important in its antitumor
effect.

Besides their primary role in ECM remodeling, MMPs, which are
Zn-dependent endopeptidases, regulate different processes such as
migration, proliferation, apoptosis, angiogenesis, immune responses
and tumor development through the mobilization of growth factors
and the release of cytokine/chemokine transporters or inhibitors
(Chaudhary et al., 2016; Chintala et al., 1999). The role of MMPs in
GBM progression has also been demonstrated (Chintala et al., 1999;
Musumeci et al., 2015; Nakada et al., 2003; Zheng et al., 2017).
In fact, MMP-2 and MMP-9 mRNAs are significantly augmented in
GBM, as compared to the normal brain, and MMP-9 is thought to
play a role in the CD44-mediated GBM cell migration (Chetty et al.,
2012; Varga et al., 2010).

We hypothesized that 4MU could be an effective and selective
drug for the treatment of GBM. This study aimed to evaluate the
antitumor effect of 4MU, both alone and in combination with TMZ,
on a GL26 murine GBM cell line. The cytotoxicity and selectivity of
4MU were also evaluated on a murine normal brain cells and on a
GL26/NBPC-GFP coculture, respectively.

In this work, we have demonstrated for the first time that 4MU
decreases cell viability, MMP activity and migration while increased
the levels of apoptosis on a GBM model. As expected, HA enhanced
cell migration but it could only prevent the effect of 4MU on met-
alloproteinase activity. Furthermore, 4MU sensitized GL26 cells to
TMZ treatment by enhancing the effect of TMZ on cell death. Finally,
we found that 4MU treatment had low toxicity on normal brain
cells in culture and showed a selective effect on tumoral cells when
GL26 and NBPC were treated in coculture. The results presented
in this work highlight the potential usefulness of 4MU, either alone
or in combination with TMZ, to improve the effectiveness of GBM
treatment.
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Results

4MU reduces HA synthesis and decreases cell viability

of GL26 cells by inducing apoptosis

Considering that 4MU inhibits HA synthesis, we first studied
this inhibition on GL26 cells by ELISA and Immunofluores-
cence. We found that GL26 cells were able to synthesize HA
(765.7 ± 31.48 ng/mL/105 cells), while 4MU partially decreased
its production in a dose-dependent manner after 24 h of treatment.
In accordance, such reduction was also observed by IFI (Figure 1A).

To assess the antitumor effect of 4MU, we then studied cell
viability by the XTT assay. GL26 cells were treated with increasing
doses of 4MU for 48 h. The formazan product generated by living
cells was measured spectrophotometrically at 450 nm. Figure 1B
shows that 4MU decreased the metabolic activity of GL26 cells in a
dose-dependent manner, with this reduction being significant at doses
of 4MU higher than 125 μM. Similar results were observed on human
GBM cell lines (Supplementary Figure 1).

Taking into account that 4MU abrogated the metabolic activity
on GL26 cells, we decided to evaluate if this reduction was due to
an inhibition of cell proliferation. As shown in the Figure 1C, after
48 h of treatment with 4MU, the cell proliferation was inhibited in a
dose-dependent manner.

Additionally, cell death was studied using fluorescein diac-
etate/propidium iodide (FDA/PI) staining and flow cytometry. After
72 h of treatment with 4MU the percentage of PI-positive cells
increased in a dose-dependent manner. This increase was statistically
significant for 4MU doses over 250 μM (Figure 1D). Similar results
were observed at 48 h, while 4MU failed to modify the proportion
of PI-positive cells at 24 h (Supplementary Figure 2).

Apoptosis was then evaluated by flow cytometry by annexin-
V-PE staining (Figure 1E). A significant induction of apoptosis in
GL26 cells was observed at 72 h with 4MU doses above 250 μM.
It is noteworthy that at 1000 μM, 4MU induced apoptosis in more
than 80% of GL26 cells. Finally, the results obtained with annexin-
V-PE staining were supported by evaluation of the GL26 nuclear
integrity with DAPI staining. The percentage of cells showing DNA
fragmentation was increased after 48 h of treatment with 4MU.
However, differences were statistically significant only at 1000 μM
4MU (Figure 1F). These results suggest that 4MU inhibits metabolic
activity through a cytostatic and cytotoxic effect by decreasing cell
viability and inducing apoptosis in GL26 cells. Moreover, and tak-
ing into account that 4MU partially reduced the HA levels, it is
possible that part of the 4MU effects might be independent of HA
inhibition.

4MU abrogates the migration of GL26 cells and MMP-2

activity

Another issue of interest was the evaluation of two processes closely
related to the aggressiveness of GBM: cell migration and MMPs
activity. For this purpose, the wound closure test and gelatin gel
zymography were performed, respectively. As shown in Figure 2A,
4MU reduced wound closure at 18 h. Similar results were obtained
after 6 and 24 h of treatment with 4MU (data not shown). Similarly,
4MU reduced MMP-2 activity (pro-MMP-2 or latent form) at 24
h, identified by comparing the position of bands with the molecular
weight marker (Figure 2B). In both experiments, the effects of 4MU
were dose-dependent. These results indicate that 4MU decreases
GL26 cell migration and MMP-2 activity prior to inhibition of cell
proliferation and cell death induction.

Both high molecular weight (HMW)-HA and low

molecular weight (LMW)-HA enhance GL26 migration

without affecting cell viability

First, the expression of CD44 and RHAMM was evaluated. As it
is shown in Figure 3A, the GL26 cells showed high expression of
RHAMM, but they did not express CD44.

Since HA induced cell migration and proliferation in other GBM
models, we decided to study the effects of this GAG on metabolic
activity, cell death, cell migration and MMP-2 activity on GL26
cells. The addition of neither LMW-HA nor HMW-HA affected
the metabolic activity of GL26 cells (Figure 3B). To verify that cell
viability was not influenced by HA, we evaluated cell death using the
highest doses of HA. As a result, neither the percentage of PI-positive
GL26 cells (Figure 3C) nor DNA fragmentation were affected by
HA (Figure 3D). However, both HMW-HA (Figure 3E) and LMW-
HA (Figure 3F) increased the wound closure index. Considering the
dose that showed the greatest effect on cell migration, we performed
zymography assays using 300 μg/mL of HA. Nevertheless, HA at this
dose did not affect MMP-2 activity (Figure 3G).

All these results indicate that GL26 cells express RHAMM but
not CD44 and that HA has no effect on cell viability while enhances
migration without affecting MMP-2 activity of GL26 cells.

HA abrogates the effect of 4MU only on MMP-2 activity

Taking into account that the effects exerted by 4MU are associated
with the inhibition of HA synthesis and that in our model the reduc-
tion of HA levels was verified, we evaluated if 4MU effects depend
on the decrement of HA levels on GL26 cells. For this purpose, cells
were cotreated with 4MU and HA and metabolic activity, cell death
and migration, as well as MMP-2 activity were evaluated.

Our results demonstrated that neither HMW-HA (Figure 4A) nor
LMW-HA (Figure 4B) were able to counteract the effect of 4MU on
the metabolic activity of GL26 cells. Similarly, neither the percentage
of cells with nuclear fragmentation (data not shown) nor that of
PI-positive cells (Figure 4C) were affected after the HA and 4MU
cotreatment. Although HA did not abrogate the effect of 4MU on
the wound closure index (Figure 4D), it successfully counteracted
the reduction generated by 4MU on MMP-2 activity, restoring the
baseline levels (Figure 4E). These results suggest that the effect of
4MU on metabolic activity, cell death and migration would be inde-
pendent of the inhibition of HA synthesis, while the effect of 4MU on
MMP-2 activity would be dependent on that mechanism. Taking this
into account, we consider that the mechanisms of 4MU independent
of hyaluronan synthesis inhibition might be very important in its
antitumor effect.

4MU present higher cytotoxic effect than TMZ on GL26

Considering that TMZ is the first line drug for GBM therapy, we
compared the effects of 4MU and TMZ on the metabolic activity
and death of GL26 cells.

As shown in Figure 5A, no significant differences were observed
in metabolic activity between 4MU and TMZ treatments. However,
the dose-response curves showed that 4MU has an IC50 lower
than TMZ: 281.6 and 463.4, respectively (P < 0.05). Besides, no
differences were observed in the percentages of PI-positive cells after
treatment with 4MU or TMZ (Figure 5B). Furthermore, while it
was observed that TMZ induces a higher percentage of annexin-V-
PE positive cells than 4MU at 250 μM (reaching about 40% and
30%, respectively), at 1000 μM 4MU induces a greater percentage of
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Fig. 1. Effect of 4MU on hyaluronan synthesis, viability and cell death. (A) Levels of HA in culture supernatant were evaluated by ELISA after treatment with 4MU

for 24 h using the bHABP and avidin–HRP detection system. Values are expressed as HA concentration (ng/ml/105 cells). For IFI assay, cells were treated for 24 h

with 4MU and then incubated with bHABP and revealed using streptavidin-cy2. Representative photographs of the HA immunofluorescence are shown below

the graph. (B) GL26 cells were treated with 4MU for 48 h. The metabolic activity was then evaluated by the XTT assay. Results are expressed as the percentage

of Abs in relation to untreated condition, as described in Material and Methods section. (C) Cell proliferation was determined by BrdU incorporation assay and

immunofluorescence after 48 h of treatment. (D) Cell death was evaluated by FC using FDA/PI stain after treatment with 4MU for 72 h. The FDA stain was used as

viability control. Bars represent the percentage of PI-positive cells. (E, F) The GL26 cell line was treated with 4MU for 72 h and apoptosis was then evaluated by FC

using annexin-V/7AAD staining (E), and by nuclear fragmentation through DAPI staining (F). Values are expressed as the percentage of annexin-V-positive cells

and cells with nuclear fragmentation, respectively. Representative FC dot plots and DAPI staining are shown under each bar graph. Arrows show fragmented

nuclei in treated cells. Data are expressed as the mean ± SEM of at least three independent experiments. Asterisks represent statistical significance with respect

to cells treated with vehicle: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 and ns = nonsignificant difference. In all the assays at least one of the differences

between doses is statistically significant (P < 0.05).
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Fig. 2. Evaluation of cell migration and MMP activity. (A) GL26 cells were

treated with 4MU and cell migration was then determined by the wound

healing assay after 18 h. The same wound area was photographed at 0 and

18 h. Results were expressed as closure gap index calculated as described

in Materials and Methods section. Representative photographs are shown

below the graph. Yellow lines show the edges of migrating cells at 0 and

18 h. (B) GL26 cells were treated for 24 h and then, the MMP activity was

determined by zymography. A representative photograph is shown below

the graph. The band appears at ∼ 72 kDa and corresponds to pro-MMP-2.

Densitometric values were expressed in relation to untreated control cells

and data were expressed as the mean ± SEM of at least three independent

experiments. Asterisks represent statistical significance with respect to cells

treated with vehicle: ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 and ns = non-

significant difference. In both assays at least one of the differences between

doses is statistically significant (P < 0.05).

annexin-V-PE positive cells than TMZ (85% vs. 70% respectively)
(Figure 5C). These results suggest that 4MU at high doses presents
a greater cytotoxic effect than TMZ on GL26 cells, both on the
decrease of metabolic activity and in the induction of apoptosis.

The combination of 4MU and TMZ enhances GL26 cell

death

Considering that 4MU and TMZ have different mechanisms of
action, we tested the cytotoxic effect of the cotreatment with 4MU
and TMZ in order to determine if both drugs together could improve
the antitumor effects of each drug individually. We found that the
cotreatment with 4MU and TMZ for 72 h, induced a significant
increase in the percentage of PI-positive cells (Figure 6A) and, largely,
in the percentage of annexin-V-PE-positive cells (Figure 6B) with
respect to each drug alone. However, after 48 h of treatment, the
combination of drugs did not modify the metabolic activity of GL26
cells, as compared to each drug alone (Supplementary Figure 3).
Finally, Figure 6C shows that the combination of 4MU and TMZ had
a synergistic effect at cell death level since all the combination indexes
(CI) were less than 0.95. These results show that 4MU sensitized
GL26 cells to the effect of TMZ. Therefore, the combination of 4MU
and TMZ could be used to improve the GBM treatment.

4MU treatment has very low toxicity on normal brain

cells

Antitumor drugs should exhibit a potent activity on cancer cells and
a minimal toxicity on normal cells. To assess the neurotoxic effects of
4MU, NBPC cells obtained from wild type and actin::GFP transgenic
animals were treated with different doses of 4MU and the metabolic
activity, as well as the effects on cell death were then determined.

A minimal toxic activity was found for 4MU on NBPC-GFP
causing only a 10% reduction in the metabolic activity after 48
h of treatment with 1000 μM 4MU (Figure 7A). Furthermore, the
treatment with 4MU did not induce cell death, since it did not modify
the percentage of PI-positive cells (Figure 7B) nor the number of cells
with DNA fragmentation (Figure 7C). NBPC-GFP was indistinguish-
able from wild type NBPC, since similar results were obtained with
cell cultures from both mice strains (data not shown). Even more, to
confirm the low toxicity of 4MU on normal brain cells, we performed
a XTT assay on normal stem cell neurospheres which have a high
rate of proliferation. As is shown in Figure 7D, 4MU decreased the
metabolic activity of neurospheres by about 15% only at the highest
dose. These results indicate that 4MU presents very low toxicity on
normal brain cells.

4MU shows a selective cytotoxic effect on GL26 cells

without affecting normal brain cells in GL26/NBPC-GFP

cocultures

Taking into account that 4MU showed antitumor effects on GL26
cells without showing cytotoxicity on NBPC-GFP, we studied the
selectivity of this drug on GL26/NBPC-GFP cocultures. For this pur-
pose, cocultures were treated with 4MU and after 72 h cell death was
evaluated by PI staining. In this assay, viable NBPC-GFP cells showed
a GFP single staining while dead NBPC-GFP cells showed GFP-PI
double staining. On the other hand, viable GL26 cells were unstained
while dead GL26 cells were stained only with PI. It is noteworthy
that the mean GFP fluorescence intensity was diminished in the
dead NBPC-GFP cell population, but was differentiated from GL26
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Fig. 3. Effect of HA on GL26 cell viability, cell death, MMP activity and cell migration. (A) The expression of RHAMM and CD44 was determined on GL26 by IFI. The

k562 leukemia cell line was used as a positive control. (B) GL26 cells were treated with either HMW-HA or LMW-HA. The metabolic activity was then determined

by the XTT assay after 48 h. Results are expressed as the percentage of Abs in relation to untreated control cells as described in Material and Methods section.

(C) DNA fragmentation was analyzed by DAPI staining after 48 h of treatment. Data are expressed as the percentage of GL26 cells with nuclear fragmentation.

(D) Cell death was evaluated by FDA/PI staining after 72 h of treatment. Data are expressed as the percentage of PI-positive cells. (E, F) GL26 cells were treated

with either HMW-HA (E) or LMW-HA (F) and cell migration was determined by the wound healing assay after 18 h of treatment. The same wound area was

photographed at 0 and 18 h. (G) MMPs activity of GL26 cells after 24 h of treatment determined by zymography. The gelatinolytic activity was calculated as

the percentage of densitometry values of bands in relation to untreated control cells. Results are expressed as the closure gap index calculated as described in

Material and Methods section. In all graphs, bars represent means ± SEM of at least five independent experiments. Asterisks represent statistical significance

in relation to cells treated with vehicle: ∗P < 0.05 and ∗∗P < 0.01, ns = nonsignificant (P > 0.05).
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Fig. 4. Effects of the cotreatment with 4MU and HA on GL26 cells. (A, B) GL26 cells were treated with either HMW-HA (A) or LMW-HA (B) combined with 4MU.The

metabolic activity was then determined by the XTT assay after 48 h of treatment. Results are expressed as the percentage of Abs in relation to untreated control

cells as described in Material and Methods section. (C) GL26 cells were treated with either HMW-HA or LMW-HA combined with 4MU for 72 h. Cell death was

then evaluated by FC using FDA/IP staining. Values are expressed as percentage of PI-positive cells. (D) Cell migration was determined by the wound healing

assay after 18 h of treatment with either HMW-HA or LMW-HA combined with 4MU. Results are expressed as closure gap index in relation to untreated control

cells as described in Material and Methods section. (E) The MMP activity was analyzed by zymography after 24 h of cotreatment of 4MU with either HMW-HA or

LMW-HA. Bars represent means ± SEM of at least five independent experiments. Asterisks over bars indicate statistical significance in relation to cells treated

with vehicle. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 and ns = nonsignificant (P > 0.05). The same symbols over lines indicate differences between

the indicated treatments.
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Fig. 5. Comparison between the effects of 4MU and TMZ on GL26 cells. (A)

GL26 cells were treated with either 4MU or TMZ for 48 h and the XTT assay

was then performed. The metabolic activity was expressed as the percentage

of Abs in relation to untreated condition as described in Material and Methods

section. The dose-response curves were obtained allowing the comparison

of the IC50. (B, C) Cell death and apoptosis were evaluated by FC after 72

h of treatment with either 4MU or TMZ. FDA/PI (B) and annexin-V/7AAD

(C) staining were performed. Values are expressed as percentages of PI-

positive cells and annexin-V-positive cells, respectively. Bars represent the

mean ± SEM of at least three independent experiments. Asterisks over bars

indicate differences treated vs. cells treated with vehicle, ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001 ∗∗∗∗P < 0.0001 and ns = nonsignificant (P > 0.05). The same

symbols over lines indicate differences between the indicated treatments.

Fig. 6. Effects of the combined treatment with 4MU and TMZ on GL26 cell

death. (A) GL26 cells were treated with either 4MU, TMZ or their combinations

for 72 h. Cell death was then evaluated by FC using FDA/PI staining. Values are

expressed as percentage of PI-positive cells. (B) GL26 cells were treated with

4MU, TMZ or their combination for 72 h and then apoptosis was evaluated

by FC using annexin-V/7AAD staining. Results are expressed as percentage

of annexin-V-positive cells. Bars represent the mean ± SEM of at least three

independent experiments. Asterisks over bars indicate differences between

treated vs. cells treated with vehicle, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001
∗∗∗∗P < 0.0001 and ns = nonsignificant (P > 0.05). The same symbols over

lines indicate differences between the indicated treatments. The dotted lines

in the graphs represent the percentages obtained with the highest dose of

TMZ for each assay. (C) In respect to cell death, the effect of 4MU and TMZ

combination was analyzed by effect-based strategy using the Bliss indepen-

dence model, and the CI was calculated. Expected additive effect = (4MU

effect + TMZ effect - 4MU effect x TMZ effect) x 100 (where 0 ≤ 4MU effect ≤ 1

and 0 ≤ TMZ effect ≤ 1). The resulting CI was calculated as: CI = (4MU effect

+ TMZ effect - 4MU effect x TMZ effect)/Combination effect (where 0 ≤ 4MU

effect ≤ 1; 0 ≤ TMZ effect ≤ 1 and 0 ≤ Combination effect ≤ 1), being CI < 1

synergism, CI = 1 additive and CI > 1 antagonism with significant at the 5%

level.
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Fig. 7. Evaluation of 4MU toxicity on normal brain cells. (A) NBPC-GFP were treated with increasing concentrations of 4MU for 48 h and the metabolic activity

was then determined. Results were expressed as the percentage of Abs in relation to untreated control cells as described in Material and Methods section. (B)

Cell death was assessed by FC using PI staining. Results are expressed as percentage of PI-positive cells. A representative dot plot of the FC analysis is depicted

on the right. (C) DNA fragmentation was analyzed by fluorescence microscopy by DAPI staining. (D) Neurospheres were treated with 4MU for 48 h and the

metabolic activity was then determined. Results were expressed as the percentage of Abs in relation to untreated control cells, as described in Material and

Methods section. Bars represent the percentage of cells with nuclear fragmentation. A representative immunofluorescence image is shown below the graph.

Bars represent mean ± SEM of at least three independent experiments. Asterisks over bars indicate statistical difference in relation to cells treated with vehicle
∗P < 0.05, and ns = nonsignificant (P > 0.05).

dead cells, which displayed a much lower green autofluorescence
intensity. These characteristics served to distinguish cell populations
and allowed to analyze flow cytometry assays. 4MU induced a signif-
icant increase in the percentage of PI-positive GL26 cells, decreasing
the number of viable GL26 cells. As a consequence, the proportion
of viable NBPC-GFP cells augmented while the percentage of dead
NBPC-GFP cells remained unchanged, as compared to cells treated
with vehicle (Figure 8A).

In order to confirm these results, an immunofluorescence assay
was performed on GL26/NBPC-GFP cocultures.

GL26 cells were identified by high expression levels of vimentin
(Supplementary Figure 4), while GFP served as a marker for normal
brain cells (Figure 8B). In these experiments, 4MU treatment did

not affect the number of brain GFP-positive cells. In contrast, 4MU
caused a great dose-dependent reduction in the number of vimentin-
positive GL26 cells adhered to NBPC-GFP monolayer.

Discussion

GBM is a highly aggressive malignancy due to its fast-growing rate
and its capacity to invade surrounding tissues. In this work, we stud-
ied for the first time the therapeutic potential of 4MU on the GL26
GBM cell line. We demonstrated that 4MU significantly reduced
both hyaluronan synthesis and the metabolic activity of GL26 cells,
inducing cell death in a dose-dependent manner. Furthermore, 4MU

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/31/1/29/5844075 by guest on 07 February 2022

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaa046#supplementary-data


38 M A Pibuel et al.

Fig. 8. Selectivity of 4MU for tumor cells in GL26/NBPC-GFP cocultures. GL26

cells were seeded onto a NBPC-GFP monolayer and incubated for 24 h. Then,

the cocultures were treated with 4MU for 72 h. (A) Cell death was evaluated

by FC using PI staining. Viable NBPC-GFP cells showed a GFP single staining

while dead NBPC-GFP cells showed GFP-PI double staining. Viable GL26 cells

were unstained while dead GL26 cells were only stained with PI. The GFP

mean fluorescence intensity was diminished in dead NBPC-GFP cells popu-

lation but they differentiated from GL26 dead cells, which displayed a lower

green autofluorescence intensity. Results were expressed as the percentages

of each population with respect to the total cell number. Representative dot

plots are shown at right graphic. (B) Using immunofluorescence, NBPC-GFP

and GL26 cells were identified as GFP-positive and vimentin-Cy3-positive

cells, respectively. Results were expressed as the percentage of GL26 cells

attached to the monolayer with respect to the total cell number. Bars represent

means ± SEM of at least three independent experiments. Asterisks indicate

statistical significance with respect to cells treated with vehicle, ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 and ns = nonsignificant (P > 0.05).

inhibited two processes closely related to this pathology, i.e. cell
migration and MMP-2 activity. In accordance with these findings,
we have previously shown that 4MU inhibited proliferation and
induced senescence on myeloid leukemia cell lines (Lompardía et al.,
2013). Moreover, other authors have described similar effects of 4MU
in different tumor cells, suggesting the use of 4MU as a potential
therapeutic alternative for hepatic, bladder and breast cancers as well
as other malignancies (Karalis et al., 2019; Morera et al., 2017; Nagy
et al., 2015; Piccioni et al., 2012).

4MU has been widely used as an inhibitor of HA synthesis
(Nagy et al., 2015). Moreover, in our model, the coumarin derivative
decreased HA synthesis in a dose-dependent manner. As HA is the
main component of the parenchymal ECM of the CNS, and since
it is a key regulator of tumor establishment and development, it is
tempting to speculate that the effects of 4MU would be mediated by
the reduction of HA synthesis. However, we found that the addition
of HA to 4MU-treated cells only abrogated the inhibitory effect of
4MU on the activity of MMP-2. Other 4MU effects, such as the
reduction of the cell metabolic activity, the induction of cell death,
and the inhibition of cell migration, were not counteracted by the
addition of HA. These findings indicate that most of the toxic effects
of 4MU in GL26 cells seem to be mediated by mechanisms that are
independent of the inhibition of HA synthesis. It is also possible that
the addition of exogenous HA was not enough to counterbalance
the HA deficit in 4MU-treated cells. The fact that HA is organized
in a three-dimensional structure in the ECM suggests a complex
scenario that is difficult to reproduce in vitro by the exogenous
addition of soluble HA. More studies are required to corroborate
this hypothesis. Yet, over the last years, some authors have also
described HA-independent effects for 4MU toxicity (Ishizuka et al.,
2016; Karalis et al., 2019). Similarly, we have previously shown that
the 4MU-mediated inhibition of proliferation on chronic myeloid
leukemia cell lines is only partially prevented by HA supplementation
(Lompardía et al., 2013).

HA seems to be a promising target to achieve a potentially
effective therapy for GBM. Several strategies have previously been
proposed for diminishing the aggressiveness of GBM, including the
blockade of HA interaction with its receptors, its degradation, the
inhibition of intracellular HA-activated pathways and the inhibition
of its synthesis (DeSouza et al., 2013; Tsatas et al., 2002).

In this work, we showed that both HMW-HA and LMW-HA
enhance GL26 cell migration, which is in accordance with some
studies that highlight the role of HA in cell migration and invasion of
other glioma cells (DeSouza et al., 2013; Jin et al., 2009; Park et al.,
2008). However, we did not find induction of MPP-2 activity after
the treatment with neither HMW-HA nor LMW-HA. This finding
indicates that both HMW-HA and LMW-HA would promote GL26
cell migration in an MMP-2-independent fashion. Although MMPs
are known to favor cell migration (Chetty et al., 2012; Nakada
et al., 2003; Zheng et al., 2017), in the context of brain ECM,
particularly rich in HA, MMPs activity would be more related to
neo-angiogenesis or vessel invasion, than cell migration (Chintala
et al., 1999; Kast and Halatsch, 2012). Furthermore, multiple factors
might be involved in GBM cell migration and in this environment, the
activity of Hyals might be relevant (Ferrer et al., 2018; Junker et al.,
2003; Novak et al., 1999). In addition, through their receptors, CD44
and RHAMM, GBM cells can easily interact with the hyaluronan of
the brain ECM. In this work, we found that GL26 cells showed high
expression of RHAMM, which is strongly related to HA-mediated
cell migration (Maxwell et al., 2008), but did not express CD44.
CD44 was implicated in HA-mediated cell proliferation, MMPs
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activity and cell survival (Chetty et al., 2012; Mooney et al., 2016;
Varga et al., 2010). These findings could partially explain the fact
that HA only increased cell migration on GL26 cells without affecting
other processes evaluated.

Combined drug therapies are a valuable alternative for the treat-
ment of cancer not only because they allow the use of lower drug
doses reducing adverse effects but also because they diminish the
probability of drug resistance phenomena. The antitumor effect of
4MU was compared to that of TMZ, the first-line drug for the
treatment of GBM. We showed that the GL26 cell line is sensitive
to TMZ, even at low doses. These findings are in accordance with
previous reports which demonstrated that GL26 cells do not express
O6-methylguanine-DNA methyltransferase, which has been associ-
ated with TMZ resistance (Park et al., 2015). We found that 4MU
exhibited a minor IC50 respect to TMZ on the metabolic activity
of GL26 cells. Both drugs induced a similar degree of cell death, as
assessed by PI staining; however, a differential behavior was observed
when apoptosis was analyzed by the annexin-V assay. Higher cell
death percentages were obtained with TMZ than 4MU at low doses,
whereas at high doses the effect of 4MU was greater than the effect
of the first line drug. It is noteworthy that TMZ is known to exert
hepatotoxic and myelosuppressive effects in humans, while 4MU is
a safe and well-tolerated oral medication, as indicated by clinical
experience (Anjum et al., 2017; Houy and Le Grand, 2018; Nagy
et al., 2015; Sasmita et al., 2018).

The combination of 4MU and TMZ exerted stronger effects than
each drug alone at all the concentrations tested. The treatment with
both drugs simultaneously promoted higher levels of GL26 cell death.
These findings show that 4MU produces a great sensitization of GL26
cells to the first-line drug TMZ. In addition, the synergistic effect
showed for the cotreatment is very interesting, since the combination
of both drugs would contribute to cell death through different mecha-
nisms of action, which might improve the GBM therapy. Accordingly,
we have previously demonstrated that 4MU sensitized LMC cell lines
to imatinib and vincristine, which are widely used to treat leukemia
(Lompardía et al., 2013, 2017). Similar results were obtained by other
authors with isofuranodiene, ADI-PEG20, aspirin and other drugs
combined with TMZ on GBM cells (Brunetti et al., 2019; Navone
et al., 2018; Przystal et al., 2018).

Any antitumor treatment should be highly toxic to tumor cells
without affecting normal tissues. Although no adverse effects have
been reported for 4MU, at the date the direct impact on brain
cells remains unknown. In this work, we assayed for the first time
the in vitro toxicity of 4MU on brain cells revealing that 4MU
did not induce cell death at any of the concentrations tested on
brain primary cultures as well as it exhibited very low toxicity
on neural stem cells. Moreover, we developed a coculture design,
in which GL26 cells were grown on a brain cell monolayer. On
the GL26/NBPC-GFP coculture, 4MU showed a selective effect
for tumor cells, inducing GL26 cells death without affecting
normal brain cells. The effectiveness of the treatment with 4MU
in a context in which tumor cells are intermingled with normal
cells supports 4MU as an excellent nontoxic candidate for GBM
therapy.

In this work, we demonstrated for the first time the antitumor
effects of 4MU on a GBM model. 4MU has also proved to exert
only mild toxic effects on normal brain cells. Moreover, we have
shown that 4MU sensitizes GL26 cells to the first-line drug TMZ.
Considering the results obtained herein, we conclude that 4MU
alone or in combination with TMZ could be used to improve the
effectiveness of the GBM treatment.

Materials and methods

Reagents

Recombinant HMW (1.5–1.8 × 106 Da) and LMW (CPN spol.s.r.o
Czech Republic) HA were supplied by Farmatrade (Argentina).
4MU, biotinylated Hyaluronic Acid Binding Protein (bHABP), PI,
FDA, 4′,6-diamidino-2-phenylindole (DAPI), gelatin, bisbenzimide
33258 (Höechst), glucose, BSA, XTT and phenazine methosulfate
(PMS) were purchased from Sigma-Aldrich (USA). DMEM, L-
glutamine, streptomycin and penicillin were purchased from
Invitrogen (Argentina). The Annexin-V-PE Apoptosis Detection
Kit I was purchased from BD Pharmingen™ (BD Bioscience,
USA). TMZ was supplied by LKM laboratories (Argentina). The
anti-CD44 monoclonal antibody was from IM7 clone (ATCC).
The V9 antivimentin monoclonal antibody was from Santa Cruz
Biotechnology (USA), the rabbit anti-Sox10 monoclonal antibody
and the rabbit anti-RHAMM polyclonal antibody were purchased
from Abcam Inc. (USA), the goat anti-PFGFRα monoclonal antibody
was from Neuromics Antibodies (Edina, USA), and the mouse anti-
Myelin basic protein (MBP) was from BioLegend Inc. (San Diego,
USA). The goat antimouse cy3 and the goat cy3 anti rat secondary
antibodies were from Jackson Immunoresearch (USA), the donkey
anti rabbit Alexa 594 was from Molecular Probes (USA) and Mowiol
(Calbiochem) was purchased from Merck S.A. (Argentina).

GL26 cell line cultures

The GL26 mouse GBM cell line (gently provided by Dr. M. Candolffi)
was grown in adherent cultures at 37◦C in a 5% CO2 atmo-
sphere with DMEM supplemented with 10% heat inactivated fetal
bovine serum (FBS), 2 mM L-glutamine, 100 μg/mL streptomycin and
100 IU/mL penicillin (DMEM-C).

Normal brain primary cultures

Murine brain primary cultures (NBPC-GFP) were generated from
C57BL/6- Tg (ACTbEGFP)10sb/J transgenic mice expressing the
enhanced green fluorescent reporter protein under the chicken
β-actin gene promoter, kindly provided by Dr. Campetella. Animal
procedures followed the guidelines from our Laboratory Animal
Welfare Committee CICUAL—Facultad de Farmacia y Bioquímica—
Universidad de Buenos Aires (RES (D) N◦ 4538/2018). Tissue
manipulation and culture procedures were adapted from methods
optimized for rat brain cultures (Carden et al., 2019; Pérez et al.,
2013). Briefly, 2–4-day-old mice were euthanized by decapitation
and brains were resected. Meninges were removed, and cerebral
hemispheres were mechanically dissociated in DMEM/F12 medium.
The largest tissue fragments were allowed to spontaneously settle,
while the upper homogenous cell suspension was recovered and
centrifuged. The pellet was resuspended in 1 mL of DMEM/F12
supplemented with 10% FBS. Finally, cells were cultured on either
poly-lysine-coated coverslips or 12 well plates at 37◦C in a 5%
CO2 atmosphere in fresh DMEM/F12 supplemented with 10% FBS,
20 μg/mL streptomycin and 20 IU/mL penicillin until cells reached
confluence.

Neural stem cells (Neurospheres)

The subventricular zone was isolated from the brain of C57BL6-j
mice and dissociated in DMEM-F12. The largest tissue fragments
were allowed to spontaneously settle, while the upper homogenous
cell suspension was recovered and centrifuged. The cellular pellet
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was resuspended in DMEMF12, conditioned with the growth factors
bFGF and EGF, and cultured at 37◦C in a 5% CO2 atmosphere.
After a week, the formation of spherical structures was observed,
namely neurospheres. These cultures are enriched in neural stem
cells/progenitors, proliferate actively and could be differentiated to
cells of all three neural lineages.

Coculture

The NBPC-GFP was grown to confluence in 12-well plates or 24-
well plates containing coverslips. 3 × 105 or 1 × 105 GL26 cells,
respectively, were then seeded onto the NBCP-GFP monolayer and
incubated for 24 h. Subsequently, the coculture was treated with 4MU
for 72 h and cell death was evaluated by flow cytometry using PI
staining. For the immunofluorescence assay, the initial number of
GL26 cells seeded was reduced respect to FC assay to facilitate the
counting of each cell population. After incubation, the supernatant
was removed, the cells were fixed with 4% paraformaldehyde (PFA)
and the percentage of remnants GL26 (Vimentin-PE+) cells attached
to the NBPC-GFP monolayer (GFP expressing cells) were evaluated.

Cell treatments

For all assays, cells were seeded 24 h before treatment. Cells were
treated with either HA (0–300 μg/mL), TMZ (0–1000 μM) 4MU
(0–1000 μM) or appropriate combinations. Untreated and vehicle
control medium were also included. All incubations were performed
at 37◦C in a 5% CO2 atmosphere.

HA was prepared in phosphate buffer saline (PBS). 4MU was
dissolved (22.2 mg/ml) in methanol (Meth) and culture medium was
added to reach a final concentration. TMZ was dissolved directly in
culture medium.

XTT assay

For the XTT assay, 5 × 103 cells/well were seeded in 96-well plates
and treated with 4MU, TMZ and/or HA for 48 h. After treatment,
25 μL of an XTT solution (1 mg/ml) containing PMS (7.5 μg/mL)
were added to the culture medium (100 μL) and cells were incubated
for two additional hours at 37◦C in a 5% CO2 atmosphere. After
incubation, the absorbance (Abs) was read at 450 nm and 620 nm
using a microplate reader (Multiscan Ex, Absorbance Microplate
Reader, Thermo Electron Corporation, China). Cell viability was
calculated as follows:

Absorbance related to basal (%)

= Abs(treated450 nm − Abs(treated620 nm)

Abs(untreated450 nm − Abs(untreated620 nm)
× 100

Proliferation

Cell proliferation was determined by BrdU incorporation assay and
IFI. Briefly, 1.5 × 103 cells/well were seeded in 24-well plates on
coverslips and treated by 47.5 h with 4MU. Then, BrdU was added
at final concertation of 10 μM and cell were incubated for 30 min.
After this time, the supernatant was removed, the cells were fixed
with PFA 4% by 20 min and permeabilized with HCl 2N. Then,
the cells were neutralized with sodium tetraborate (0.1 M; pH = 9),
blocked with SFB 2% for 4 h and incubated with the mouse anti-BrdU
antibody O.N. at 4◦C. Finally, the antimouse secondary antibody was
added plus DAPI (1 μg/mL) and incubated by 2 h. The coverslips were
mounted with Mowiol and observed at fluorescence microscopy.

The proliferation was calculated as follows:

[
BrdU positive nuclei/total of nucleus

] × 100

Cell death

Propidium iodide staining was performed as previously described
(Lompardía et al., 2013, 2016; Papademetrio et al., 2014, 2016).
Briefly, 3 × 105 cells/well were seeded in 12-well plates and treated
for 72 h. Cells were then stained with FDA (1.4 μM) for 20 min,
harvested, centrifuged and washed. Subsequently, the cell pellet was
resuspended and incubated with PI (5 μg/mL) for 5 min. Stained cells
were acquired on a Pas III flow cytometer (FC) (Partec, Germany)
and analyzed with the Flowing 2.1.5 software (Scripps Institute, La
Jolla, USA).

Evaluation of apoptosis

Apoptosis was evaluated by membrane asymmetry and DNA frag-
mentation assays. Briefly, after treating cultures for 72 h, cells were
harvested, centrifuged and washed. Subsequently, membrane asym-
metry was evaluated with the Annexin-V-PE Apoptosis Detection Kit
I (BD Biosciences, USA) following the manufacturer’s instructions. A
Pas III flow cytometer (Partec, Germany) was used to acquire data
that was analyzed with the flowing 2.5 software (Scripps Institute,
La Jolla, USA). For DNA fragmentation, cells were harvested, cen-
trifuged, washed and fixed with 2% PFA in PBS, stained with DAPI (1
μg/mL) and evaluated by fluorescence microscopy (Olympus BX51,
Olympus America Inc.) (Cavaliere et al., 2009; Papademetrio et al.,
2014).

Zymography

The MMPs activity was evaluated by gelatin zymography as previ-
ously described (Alaniz et al., 2004; Bencsik et al., 2017). Briefly,
2 × 105 cells/well were incubated in 48-well plates with serum-free
DMEM supplemented with 0.01% BSA and 0.1% glucose with or
without each treatment. After 24 h, supernatants were centrifuged
and loaded on 7.5% SDS-PAGE gels containing gelatin (1 mg/mL). A
molecular weight marker was run simultaneously. After electrophore-
sis, gels were washed three times with 2.5% Triton X-100 for 20 min,
and then incubated with 25 mM Tris-HCl pH7.5; 5 mM CaCl2; 0.9%
NaCl; 0.05% NaN3 for 48 h at 37◦C. The gelatinolytic activity was
revealed by staining with 0.5% Coomassie blue. Photographs were
obtained with a BioSpectrum® 515 Imaging System M-26XV (UVP,
Cambridge, UK) and analyzed with the Scion Image Software (Scion
Corporation).

Wound-healing assay

Migration assay was performed as previously described, with slight
modifications (Mascaró et al., 2017). Cells were seeded in 24-well
plates until reaching confluence. The monolayer was then scratched
with a 200 μL sterile pipette tip and incubated in DMEM containing
3% SFB with or without each treatment. The same wound area was
photographed at 0, 6 and 18 h. The Image J software was used to
calculate wound area.

Results were expressed as migration index calculated as follows:

Closure gap index = [(areat=0h) − (areat=18h)]treated
[(areat=0h) − (areat=18h)]untreated
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Measurement of HA levels by enzyme-linked

immunosorbent assay (ELISA)

HA levels in cell supernatant were measured by a competitive ELISA
as described previously (Cordo Russo et al., 2012). Briefly, 96 well
microtiter plates were coated with 100 μg/mL HMW-HA at 4◦C.
Samples and standard HMW-HA were incubated with 0.75 μg/mL
bHABP at 37◦C. The plate was blocked and incubated with the
samples at 37◦C for 4 h. After washing, the bHABP bound was deter-
mined using an avidin–HRP detection system. Sample concentrations
were calculated from a standard curve.

Indirect immunofluorescence

After each treatment, cells were fixed with 4% PFA in PBS for 15 min,
washed and blocked with PBS containing 5% SFB and 0.1% TritonX-
100 for 2 h. Cells were then incubated in 1% FBS overnight at 4◦C
with the following primary antibodies: anti-CD44, anti-RHAMM,
V9 antivimentin, anti-Sox10, anti-PFGFRα and anti-MBP, or with
HABPb for HA staining followed by antimouse the correspondent
secondary antibody, or streptavindin-cy2 for HA staining and 5
μg/mL Höechst dye. After washing, cells were mounted with Mowiol
mounting medium on glass slides and micrographs were obtained
by an Olympus BX51 microscope equipped with an Olympus DP73
camera (Olympus America Inc.) Images were analyzed with the Image
Pro Plus 5.1 software (media Cybernetics).

Statistical analysis

Results were analyzed by one way-ANOVA follower by either the
Bonferroni’s or the Dunnet’s posttests, or by two way-ANOVA fol-
lowed by the Sidkay’s posttest as required. The analysis was per-
formed using the Prism software 6.0 (Graph Pad, San Diego, CA,
USA). P-values < 0.05 were considered statistically significant. The
drug combination analysis was performed according to the Bliss
independence model (Foucquier and Guedj, 2015).

Supplementary data

Supplementary data is available at Glycobiology online.
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