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Fluorescence image guided surgical resection (FIGR) of high grade gliomas (HGGs) takes advantage of the accumulation of the tracer protoporphyrin IX (PpIX) in glioma cells following administration of 5-aminolevulinic
acid (5-ALA). Occasionally, PpIX fluorescence intensity may be insufficient, thus compromising the efficacy and
precision of the surgical intervention. The cause for the signal variation is unclear and strategies to improve the
intensity of PpIX fluorescence are considered necessary. We have previously shown that differential expression
of the epidermal growth factor receptor in glioblastoma cells affects PpIX fluorescence. Herein, we investigated
other factors impairing PpIX accumulation and pharmacological treatments able to enhance PpIX fluorescence in
glioblastoma cells displaying lower signal. In the present study we demonstrate that presence of serum in cell
culture medium and differences in cellular confluence can negatively influence PpIX accumulation in U87 cell
lines.
We hypothesized that PpIX fluorescence intensity results from the interplay between the metabolic clearance
of PpIX mediated by ferrochelatase and heme oxygenase-1 and the cellular efflux of PpIX through the ATPbinding cassette subfamily G member 2 (ABCG2). Based on the availability of compounds targeting these proteins and inhibiting them, in this study we used modulators such as genistein, an isoflavone able to inhibit
ABCG2; deferoxamine, which chelate iron ions impairing FECH activity and tin protoporphyrin IX (SnPP), the
specific HO-1 inhibitor. Finally, we showed the efficacy of a precisely tuned pharmacological treatment in increasing PpIX accumulation and consequently fluorescence in glioblastoma cells. This strategy may translate in
more sensitive tracing of tumor cells in-vivo and improved FIGR of HGGs and possibly low grade gliomas (LGGs).

1. Introduction
Glioblastoma multiforme (GBM) is the most common primary malignant brain tumor of the central nervous system, and is characterized
by widespread infiltration into the surrounding brain parenchyma and

strong vascular proliferation [1,2]. The median survival time reaches
14 months when maximal safe surgical resection is combined with
radio-chemotherapy. Limited treatment efficacy is due to the invasive
pattern of the tumor and overall resistance to therapy [1,3,4]. Long
term survivors are rare and > 80% of recurrences are loco-regional [4].

Abbreviations: FIGR, fluorescence image guided surgical resection; PpIX, protoporphyrin IX; 5-ALA, 5-aminolevulinic acid; ABCG2, ATP-binding cassette subfamily
G member 2; GBM, glioblastoma multiforme; PEPT1/2, peptide transporter 1 and 2; CPIII, coprophyrinogen III; PBGD, porphobilinogen deaminase; ABCB6, ATPbinding cassette transporter B6; PPO, protoporphyrinogen IX oxidase; FECH, ferrochelatase; HO-1, heme oxygenase-1; FBS, fetal bovine serum; DFO, deferoxamine
mesylate; EGFR, epidermal growth factor receptor; SnPP, tin protoporphyrin IX; EGFRvIII, EGFR version III; DMSO, dimethyl sulfoxide; BCA, bicinchoninic acid
assay; MTS, [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay; PBS, phosphate buffered saline; LSM, confocal line
scanning microscope; CM, conditioned medium
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The state of the art for tumor resection is the use 5-aminolevulinic
acid (5-ALA)-induced fluorescence to guide surgery. 5-ALA given per os
induces the accumulation of the fluorescent compound protoporphyrin
IX (PpIX) within GBM cells. PpIX emits red to pink fluorescence at
635 nm when excited with a wavelength of 408 nm, usually allowing an
improved demarcation of the tumor margins. This enables the operating
surgeon to visualize and guide the resection of the tumor [5,6]. In fact,
5-ALA-guided tumor resection has a positive impact on progression-free
survival [7] and overall survival [8] in glioma surgery. However the 5ALA-induced fluorescence intensity has been described to vary in GBM
[9,10], biasing the current intraoperative detection method by subjectivity. Several studies report cases of histologically proven GBM with
fluorescence negative intraoperative tumor, despite standard preoperative 5-ALA was ingested. The reason in these cases remains unknown [9–12] although a possible explanation is that in-vivo fluorescence might be too weak to be detected and visualized with the current
technical setup [10,13–17]. Heterogeneous PpIX fluorescence distribution has also been described within the infiltration zone exhibiting
no or low fluorescence using the current standard of procedure
[7,9,10,12]. Alternative reasons that explain the low tumor-associatedfluorescence in the marginal areas are the shading of the surgical field,
blood or necrotic debris, or single infiltrating cells [10].
The specificity of 5-ALA-induced fluorescence relies on the fact that
tumor cells and other cells in active replication preferentially accumulate PpIX in the presence of 5-ALA as shown in-vitro [5,18]. In this
case, the key factors determining the level of 5-ALA-induced fluorescence are the enzymes and proteins involved in the transport, synthesis
and metabolism of PpIX and thus the balance of production, degradation and efflux of PpIX [19].
5-ALA is a natural product formed in the mitochondria from succinyl-CoA and glycin, whereas exogenous 5-ALA is internalized by the
cell through the action of the peptide transporter 1 and 2 (PEPT1/2)
(Fig. 1). Cytosolic 5-ALA is converted in coprophyrinogen III (CPIII) by

the enzyme porphobilinogen deaminase (PBGD). CPIII then enters the
mitochondrion through the ATP-binding cassette transporter B6
(ABCB6) where it is then converted into protoporphyrinogen IX and
finally into PpIX by the enzyme protoporphyrinogen IX oxidase (PPO)
[20]. PpIX consists of a pyrrole ring in which Fe2+ is inserted by the
enzyme ferrochelatase (FECH), which converts fluorescent PpIX into
non-fluorescent heme. This reaction can be accelerated by the inducible
expression of heme oxygenase-1 (HO-1), which in turn results in reduced PpIX fluorescence [21]. PpIX accumulation in tumor cells is favored by increased activity of PBGD during the replication phase [22],
and down-regulated FECH in GBM tissues compared to the normal
brain [23], but this is counterbalanced by the efflux of PpIX trough the
ATP-binding cassette sub-family G member 2 (ABCG2) transporter [24]
present on the cell membrane (Fig. 1) [25,26]. ABCG2 is expressed in
tissues such as the blood-brain barrier [25–28], and it is implicated in
absorption, distribution, metabolism and elimination of endogenous
metabolites. Importantly, ABCG2 is also commonly expressed in many
tumors and it is involved in the resistance to different chemotherapeutic
drugs [29].
ABCG2 inhibitors (Ko143 [30] and genistein [31]), but also tyrosine
kinase inhibitors [32] and factors contained in fetal bovine serum (FBS)
[20,23] of the cell culture medium may influence the ABCG2 transporter and thus PpIX fluorescence. A second interesting target is the
FECH enzyme, the first enzyme involved in the conversion of PpIX into
heme. A common inhibitor of FECH enzyme used in clinical practice for
the treatment of porphyria cutanea tarda is deferoxamine mesylate
(DFO) an iron chelator that negatively regulates the conversion of PpIX
into heme by preventing the insertion of an iron ion into the PpIX ring.
We have previously demonstrated an important role of the expression of epidermal growth factor receptor (EGFR) in the regulation of
PpIX accumulation [21]. A possible mechanism is that EGFR activation
leads to the induction of HO-1, which in turns accelerates the conversion of PpIX into heme thus reducing PpIX fluorescence. In fact, the HO-

Fig. 1. PpIX metabolism, efflux and degradation. The image shows the conversion of endogenous and exogenous 5-ALA into PpIX inside the mitochondria and the
degradation of PpIX into heme catalyzed by FECH enzyme and accelerated by HO-1 enzyme, which could be induced by EGFR activation. Inductors or inhibitors of
the conversion and efflux of PpIX and the proteins blocked are represented in red. The dotted arrow represents putative pathway and interaction of EGFR with HO-1.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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1 inhibitor tin protoporphyrin IX (SnPP) restores PpIX fluorescence in
EGFR/EGFRvIII expressing GBM cells [21]. This compound is a synthetic heme analog with a tin atom in its core and it is commonly used
in pediatric patients suffering from hyperbilirubinemia to block its
production [33].
In view of the optimization of GBM resection, it is important to
focus on the mechanisms affecting 5-ALA-induced fluorescence and
PpIX homeostasis. Our aim in this study was to test three GBM cell lines
harboring different EGFR expression status in order to identify intervention strategies influencing PpIX accumulation through the modulation of ABCG2, FECH and HO-1. We chose parental U87MG cells
with normal EGFR expression, U87wtEGFR cells with stable overexpression of EGFR, and U87vIII cells expressing the EGFR version III
mutation (EGFRvIII) [34,35]. Based on this approach, we were able to
augment PpIX accumulation and consequently fluorescence in all cell
lines, particularly so in U87vIII cells, as an example of aggressive GBM
cells for which improved detection during surgical resection will result
in a more effective therapy.

(from 48 h to 144 h). Doubling time was calculated using the exponential growth equation: Y = Y0*exp.(K*X). Where Y0 is the Y value
when X (time) is zero. It is expressed in the same units as Y; K is the rate
constant, expressed in reciprocal of the X axis time units. If X is in
hours, then K is expressed in inverse hours. T is the time constant,
expressed in the same units as the X axis. It is computed as the reciprocal of K. Doubling-time is in the time units of the X axis. It is
computed as ln(2)/K.
2.3. Antibodies
The following mouse and rabbit monoclonal antibodies were used
for western blot analysis and diluted in antibody dilution buffer
(Blocking solution, TBS 0.1% Tween 20, Milli-Q water) at the indicated
concentrations: anti-EGFR (ab52894, Abcam, UK; 1:500); anti-EGFRvIII
(L8A4, Absolute Antibodies, UK; 1:500); anti-ABCG2 (B-1, sc-377,176,
Santa Cruz Biotechnology, Inc., Germany; 1:300); anti-β-actin (AC-15,
Sigma-Aldrich, USA; 1:20000); IRDye® 800CW goat anti-mouse IgG
(827–08364, LICOR Biotechnology, Germany; 1:15000); IRDye® 680RD
goat anti-rabbit IgG (926–68,071, LI-COR Biotechnology, Germany;
1:15000).

2. Materials and methods
2.1. Cell culture

2.4. Drug treatment

Human GBM cell line U87MG obtained from American Type Culture
Collection (89081402-1VL, Sigma-Aldrich, Buchs, Switzerland) was
maintained in Dulbecco's Modified Eagle Medium (DMEM, 61965,
Gibco® Life technologies Europe, Zug, Switzerland) GlutaMAX cell
culture medium supplemented with 10% fetal bovine serum (FBS,
10270, Gibco® Life technologies Europe, Zug, Switzerland), 1% nonessential amino acids (MEM NEAA, 11140, Gibco® Life technologies
Europe, Zug, Switzerland), 1 mM sodium pyruvate (S8636, SigmaAldrich, USA), penicillin 10,000 units/mL and streptomycin 10,000 μg/
mL (15,140, Gibco® Life technologies Europe, Zug, Switzerland).
The human GBM cell line U87wtEGFR overexpressing the EGFR
gene, was generously provided by Prof. Dr. Frank Furnari (Laboratory
of Tumor Biology, Ludwig Institute for Cancer Research, University of
California-San Diego) and was cultured in DMEM GlutaMAX, 10% FBS
and 1% penicillin-streptomycin, supplemented with 100 μg/mL of G418
disulfate salt (A1720, Sigma-Aldrich, Buchs, Switzerland). U87MG vIII
4.12 cells stably expresses high level of the mutant EGFR variant III
(deletion of exons 2–7) (CL 01004-CLTH, Tebu-bio, Offenbach,
Germany) were maintained in DMEM GlutaMAX, 10% FBS, 1% penicillin–streptomycin and 0.2% of gentamicin 10 mg/mL (15,710,049,
Thermo Fisher Scientific, Life Technologies Europe, Zug, Switzerland),
enriched with 100 μg/mL of G418. All cells were kept at 37 °C, 5% CO2
atmosphere, in static conditions. Cells were harvested with 500 μL
TrypLE™ Express Enzyme (1×), no phenol red (12,604,021, Gibco® Life
technologies Europe, Zug, Switzerland) and blocked with DMEM supplemented with 10% FBS. During the time of the experiment, the cells
were plated and after 24 h the medium was replaced with serum-free
DMEM, high glucose, HEPES, no phenol red (21,063,045, Gibco® Life
technologies Europe, Zug, Switzerland) for at least 24 h before starting
treatments.

5-ALA (Fagron DAC 2011, Germany), was freshly dissolved in
milliQ water at an intermediate concentration of 1 M and then diluted
in serum free medium at a final concentration of 1 mM. DMSO (dimethyl sulfoxide) 0.5% (vol/vol) (D2650, Sigma-Aldrich, Buchs,
Switzerland) was added to 5-ALA to increase its permeability into the
cells as previously demonstrated by Lawrence et al. 2014 [6]. Deferoxamine mesylate (492,880, Desferal®, DFO, Novartis Basel, Switzerland)
was dissolved in milliQ water. SnPP (sc-203,452, Santa Cruz Biotech,
USA) and genistein (sc-3515, Santa Cruz Biotechnology, USA) were
dissolved in DMSO and used as described in the result section. In particular, DFO was tested at concentrations ranging between 0.1 and
1000 μM in a pre-treatment of 24 h or in co-treatment with 5-ALA for
8 h. SnPP was tested at concentrations ranging between 100 and
500 μM for 8 h and genistein was tested at concentrations ranging between 5 μM–200 μM in a pre-treatment of 24 h or in co-treatment with
5-ALA for 8 h.
2.5. Western blotting
After treatments, cells were collected in RIPA buffer (R0278, SigmaAldrich, Buchs) added with protease and phosphatase inhibitors and
shacked for 30 min at 4 °C. The samples were quantified through bicinchoninic acid (BCA Protein Assay, 23,225, Pierce™ BCA Protein
Assay Kit, Thermo Fisher Scientific, Life Technologies Europe, Zug,
Switzerland) assay. Equal protein amounts (30 μg) were prepared with
loading buffer, warmed at 95 °C for 5 min and then runned on a 10%
polyacrylamide gel and blotted onto polyvinylidene difluoride (PVDF,
IPFL00010, Merck Millipore Schaffhausen, Switzerland) membranes by
semi-dry electroblotting. Membranes were blocked for 1 h with
blocking buffer (Blocking solution (927–50,000, LI-COR, Germany),
TBS (200 mM Tris/Cl, 1.5 M NaCl, HCl, Milli-Q water) and Milli-Q
water). All antibodies were diluted in antibody dilution buffer
(Blocking solution, TBS 0.1% Tween 20, Milli-Q water). Primary antibody detection was achieved using the following secondary antibodies:
IRDye® 800CW goat anti-mouse IgG (827–08364, LI-COR
Biotechnology, Germany); IRDye® 680RD goat anti-rabbit IgG
(926–68,071, LI-COR Biotechnology, Germany).

2.2. Growth curves
GBM cell lines were plated at a density of 5 × 104 cells/well in
multiwell-6 plates. For a 7-days period, at 24 h intervals, the cells were
harvested, blocked and counted either in a Neubauer chamber or using
a handheld automated cell counter (Scepter™, Merck Millipore,
Schaffhausen, Switzerland). This device is able to determine the cell
number and the mean diameter of cell population, expressed in μm.
Cell numbers were plotted in logarithmic scale to construct the cell
growth curve. Growth rate was calculated by means of the GraphPad
software through the non-linear fit analysis. The analysis of the doubling time was performed during the logarithmic phase of cell growth

2.6. Cell proliferation assay (MTS)
To test the cytotoxicity of drugs, to find the right time and concentration of drug to use without affecting cell survival we performed
3
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an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium] assay (G5421, CellTiter 96® Aqueous
Non-Radioactive Cell Proliferation Assay; Promega, Dubendorf,
Switzerland), following the manufacturer's instructions.
8000 cells/well were plated in a 96-well plate and treatments were
performed at different concentrations and time points. MTS assay was
analyzed with a multiplate reader (Infinite M Plex, TECAN, Männedorf,
Switzerland).

500 ng/mL. The fluorescence of these solutions was measured by multiplate reader. The standard curve produced was used to calculate the
PpIX concentration in the test solutions.
2.11. Confocal microscopy
Cells were plated into Ibidi μ-slides VI0.4 (80,606, Ibidi, Munich,
Germany). After 24 h in FBS-free medium, cells were treated with DFO
100 μM, SnPP 100 μM, or genistein 25 μM alone or in combination with
5-ALA at 1 mM or with all combinations of these treatments. After 8 h of
treatment, cells were washed twice with PBS, fixed with 4% paraformaldehyde for 10 min, washed with PBS. Slides were examined with
a confocal line scanning microscope (LSM) Leica TCS SP5 equipped
with the objective HCX PL APO lambda blue 40.0 × 1.25 OIL UV and
an excitation of 405 nm and an emission of 620–650 nm.

2.7. PpIX evaluation by flow cytometric analysis
U87 cells were plated at different confluences (1 × 105, 2 × 105,
3 × 105, 4 × 105, 5 × 105 cells) in a 6-well plate and treated with 5ALA at 1 mM for 8 h. After treatment, cells were harvested, washed
twice with phosphate buffered saline (PBS, 10010056, Gibco® Life
technologies Europe, Zug, Switzerland) and centrifuged at 2000 rpm for
5 min. The pellet was resuspended in 100 μL of PBS and the single cells
suspension was analyzed by flow cytometry (CytoFLEX S, flow cytometry-Beckman Coulter, USA) (excitation 408 and emission 630/38).
For following treatments experiments 2 × 105 cells/well were plated in
a 6-well plate and after adhesion and serum starving, treated with 5ALA at 1 mM, with SnPP 100 μM, with DFO 100 μM, with genistein
25 μM or with the combination of two to four drugs for 8 h. After
treatments, cells were analyzed by flow cytometry.

2.12. Statistical Analysis
Data were presented as the mean ± standard deviation (SD) of one
to three independent experiments performed in triplicate. Statistical
analysis was performed using Prism 7 GraphPad (version 7 for
Windows, USA, http://www.graphpad.com). An unpaired t-test, oneway ANOVA (Sidak's multiple comparison test) or a two-way ANOVA
(Dunnet's or Tukey's multiple comparison test) were used to analyze the
data and test their significance. Results were considered statistically
significant when (*) p < .05, (**) p ≤ .01, (***) p ≤ .001, (****)
p < .0001.

2.8. PpIX kinetic analysis
U87 cells were plated 2 × 105 cells/well in 6-well plate and incubated at 37 °C. After adhesion the medium was replaced with DMEM
without FBS for additional 24 h. Then cells were treated with 5-ALA at
1 mM from 2 to 24 h and at 2–4–8–16 and 24 h were harvested and
analyzed by flow cytometry to detect PpIX content inside the cells. The
conditioned medium (CM) with 5-ALA was displaced in a new 96-well
plate and analyzed by multiplate reader (excitation wavelength: 408/
9 nm, emission wavelength: 635/20 nm). Drug treatment was performed under dark conditions. Untreated cells were used as the drugfree control.
After 24 h of continuous 5-ALA treatment the medium was replaced
with fresh medium without 5-ALA and the release of PpIX was analyzed
at 0–2-4 and 8 h in cells (by flow cytometry) and CM (by multiplate
reader) separately.

3. Results
3.1. Epidermal growth factor receptor (EGFR) expression
We have previously demonstrated that PpIX accumulation correlates with the expression of EGFR in cells of different source [21]. In
order to exclude potentially confounding factors caused using cell lines
of unrelated origin, in the present work we employed three cell lines all
derived from U87MG cells, which only differ in the EGFR expression.
EGFR and EGFRvIII expression were confirmed by western blot analysis
in all three cell lines; β-actin was used as loading control (Supplementary Fig. 1).
3.2. Cell growth

2.9. PpIX extraction and quantification

As a first step we assessed the replication rate of the three U87 cell
lines. To determine the doubling time and possible growth differences
in normal serum conditions, we determined the cell number at different
time points over a period of 7 days after cell plating. U87MG cells
present the shortest doubling time of only 29.5 ± 0.5 h followed by
U87wtEGFR cells with a doubling time of about 32.5 ± 1 h and by
U87vIII cells that take about 36.3 ± 1 h to replicate. It is important to
notice that in normal conditions U87MG cells, despite the lower aggressiveness, are the cells that grow faster when compared to
U87wtEGFR and U87vIII cells. This probably is due to the tiny dimension of these cells that take less time to duplicate their content
(Supplementary Fig. 2). In order to allow comparable cell adhesion and
growth rate, in the following experiments we started all treatments on
the third day, after 24 h of incubation permitting cells adhesion and
24 h of serum starvation.

To quantify PpIX we followed a previously described method
[35,36] that allowed us to extract and measure the intracellular PpIX.
After 5-ALA and SnPP treatments, cells were harvested, lysed on ice
with 60 μL of Triton X-100 (X-100, Sigma-Aldrich, Buchs, Switzerland)
0.2% (vol/vol), for 5 min and then centrifuged at 13000 rpm at 4 °C for
5 min. Afterward 5 μL of cells supernatant was transferred in a new
eppendorf tube for the BCA assay. Next methanol-perchloric acid was
prepared as follow: 5.6% (vol/vol) perchloric acid (244,252, SigmaAldrich, Buchs, Switzerland) in 50% (vol/vol) methanol (32,213,
Sigma-Aldrich, Buchs, Switzerland), and 100 μL was added to each of
the remaining 55 μL of samples. Samples were allowed to incubate at
37 °C for 15 min, then centrifuged at 13000 rpm for 5 min at 4 °C.
100 μL of the supernatant were transferred into a 96-well plate and
PpIX fluorescence was analyzed by the multiplate reader (Fig. 5b). PpIX
standard curve was employed to determine the ng of PpIX extracted per
mg of protein.

3.3. 5-ALA induced PpIX accumulation in U87 glioblastoma cell lines

2.10. PPIX standard curve

To define the optimal labelling conditions in the U87 cell lines, we
determined the concentration of 5-ALA providing maximal PpIX
fluorescence in the absence of cytotoxicity. For this, we performed an
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay (MTS assay) after 8 h of continuous

Protoporphyrin-9 standard (sc-200327A, Santa Cruz Biotechnology,
Inc., Germany) was dissolved in methanol-perchloric acid. Serial dilution was performed to obtain a range of concentrations from 0 to
4
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Fig. 2. Influence of FBS on PpIX accumulation. (a) U87 cells were cultured both in FBS-free medium and medium added with 10% FBS; after 24 h cells were treated
for additional 8 h with 5-ALA at 1 mM and then analyzed by flow cytometry analysis to assess the mean PpIX fluorescence. Results are expressed as mean from one
experiment performed in triplicate. The graphs represent the mean ± SD (unpaired t-test ** p < .01; *** p < .001; **** p < .0001). (b) WB analysis of ABGC2
protein expression; U87 cells were cultured in FBS-free medium or medium added with 10% FBS, after 24 h cells were treated with 5-ALA at 1 mM for 8 h. Cell lysates
were analyzed by western blot using anti-ABCG2 antibody. β-actin was used as loading controls. The complete WB membranes are represented in Supplementary
Fig. 8.

treatment with increasing concentrations of 5-ALA. When compared to
control cells incubated in the absence of 5-ALA, cytotoxic effects appeared in all tested concentrations (Supplementary Fig. 3a). Consistent
with a previous report [6], the highest PpIX accumulation was observed
in the presence of 5-ALA at 1–10 mM in all three cell lines (Supplementary Fig. 3b). In light of these data, we opted to use the intermediate dose of 1 mM 5-ALA.
The PpIX fluorescence in the presence of FBS combined with 5-ALA
was higher than that measured for control conditions without 5-ALA by
80% in U87MG, by 126% in U87wtEGFR and by 73% in U87vIII cells
(Fig. 2a). Notably, cells incubated with 5-ALA in the presence of FBS
significantly reduces PpIX accumulation when compared to FBS depleted cells also incubated with 5-ALA (Fig. 2a). The strongest FBSdependent effect on PpIX fluorescence was observed in U87wtEGFR
cells, probably because of the functional EGFR overexpression. Interestingly, and offering a possible mechanism at the basis of the FBSdependent effect in addition to the induction of HO-1 [21], western blot
analysis of the PpIX-efflux transporter ABCG2 reveals a robust FBSdependent induction of this protein. On the other hand, the incubation
with 5-ALA did not affect ABCG2 protein expression (Fig. 2b).
In serum-free condition, cell density has a positive effect on PpIX
accumulation as shown by the linear regression obtained at different
cell plating densities (Fig. 3). This confluency-dependent effect was
strongest in U87wtEGFR cells followed by U87MG and U87vIII cells. To
compensate for this cell line and cell density-specific effect, normalization of mean PpIX fluorescence, obtained by flow cytometry
(Fig. 5a), for cell number was performed by taking into account the
linear regression slope values corresponding to each cell line. When
comparing PpIX fluorescence in different cells, another important factor
to consider is the cell dimension. In terms of diameter of trypsinized
cells, we determined that U87MG cells (16.15 μm) are smaller than

U87wtEGFR (18.62 μm) and U87vIII cells (19.82 μm). For this reason,
normalization of mean PpIX fluorescence also includes the cell size
(Fig. 5d).
PpIX kinetics, was analyzed by flow cytometry of PpIX fluorescence
after 1 h, 2 h, 4 h, 8 h, 16 h and 24 h of continuous exogenous 5-ALA
treatment, preceded by 24 h serum starvation. The greatest increase in
cellular PpIX fluorescence is found between 4 and 16 h in the presence
of 5-ALA at 1 mM (Fig. 4a). PpIX accumulation is significant (p < .01)
in U87wtEGFR already after 1 h of 5-ALA incubation, while for U87MG
and U87vIII cells only after 8 h (p < .001). Analyzing the conditioned
medium (CM), for U87MG and U87wtEGFR cells, the first significant
(p < .0001) fluorescence detection of released PpIX is found after 16 h,
while U87vIII cells show a significant (p < .05) release in the medium
already after 4 h of 5-ALA incubation (Fig. 4b).
To study cellular PpIX release in more details, we performed a washout experiment following removal of exogenous 5-ALA after 24 h of
incubation, in the absence of serum (Fig. 4c-d). Under these conditions,
a significant release of PpIX into the media is detected starting from 4 h
for U87MG cells, whereas this becomes significant already starting at
2 h for U87wtEGFR and U87vIII cells. At 2 h wash-out, the accumulated
PpIX is released at 8% for U87MG cells and 10% for U87vIII cells, while
the release increases up to 15% for U87wtEGFR cells. For all the three
cell lines PpIX-release reaches 85% at 4 h wash-out and continues
probably past the 8 h time-point. The fluorescence measured in the CM
during wash-out is 40–70% higher than that measured in the nonconditioned medium.
Next, we determined the accumulation of PpIX fluorescence in all
U87 cell lines by flow cytometry after 24 h serum starvation followed
by 8 h incubation with exogenous 5-ALA at 1 mM (Fig. 5a). At this time
point, after normalization for cell density and cell dimensions (Fig. 5d)
U87vIII cells display the lowest accumulation of PpIX fluorescence
5
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Fig. 3. PpIX accumulation dependency on cellular confluence. U87 cells were plated in multiwell-6 plate at different cell numbers [x105] and after 24 h of serum
starvation treated with 5-ALA at 1 mM for 8 h. All samples were analyzed by flow cytometry as described in the method section 2.7. Results are expressed as mean
from one experiment performed in triplicate. The graphs represent the mean ± SD, the slope value was obtained using a linear regression, forcing the line to go
through the 1 × 105 cells treated with 5-ALA. Equations obtained by linear regression are represented under graphs.

when compared to U87MG and U87wtEGFR cells. This result is consistent with the presence of the constitutively active EGFRvIII receptor,
which we have shown to induce HO-1 expression [21]. The flow cytometry data were then compared to those obtained utilizing two different analytical procedures. First, qualitative investigation by fluorescent confocal microscopy analysis validated the data obtained
(Fig. 5c). To confirm the flow cytometry analysis, we performed a
methanol-perchloric acid extraction of intracellular PpIX (Fig. 5b).
Extraction values for U87MG cells were somehow lower than predicted,
probably because of the small size of these cells. Based on the validation
with independent analytical procedures, we concluded that quantification of cellular PpIX fluorescence by flow cytometry analysis is an
appropriate method for our experiments.

3.4. Inhibition of PpIX metabolism by HO-1 and FECH inhibitors
Having established the optimal conditions for 5-ALA treatment and
quantification of PpIX fluorescence, we then proceeded to study the
effect of drugs targeting modulators of PpIX conversion into nonfluorescent metabolites. Dose response and cytotoxicity analysis for
SnPP (100–500 μM) shown that the best compromise between PpIX
accumulation and cytotoxicity is a concentration of SnPP at 100 μM
(Supplementary Fig. 4). So, we treated 2 × 105 adherent cells/well with
SnPP at 100 μM alone or in combination with 5-ALA for 8 h and then
determined the mean cellular PpIX fluorescence by flow cytometry for
biological duplicates. Based on two independent experiments, we
showed that the HO-1 inhibitor SnPP is able to significantly improve 5-

Fig. 4. PpIX metabolism is different in cells with different EGFR expression. (a, c) Cells were plated in a 6-multiwell plate and incubated with 1 mM 5-ALA for 24 h.
PpIX fluorescence was determined by flow cytometry at the indicated time points to assess the PpIX accumulation in cells (methods 2.7). Control represents cells not
treated with 5-ALA in section (a) and cells treated with 5-ALA for 24 h in section (c). (b) PpIX release and accumulation in CM was analyzed by multiplate reader
(methods 2.8). Control represents medium conditioned by control cells not treated with 5-ALA in section (b) and (d). (c) Cells were loaded with 5-ALA for 24 h and
then the medium was replaced with fresh medium and PpIX clearance within cells (methods 2.7) (panel c) or PpIX release from cells into the CM (methods 2.8) (panel
d) was analyzed at the indicated time points for 8 h. The graphs represent mean ± SD of an independent experiment performed in triplicate (two-way ANOVA,
Dunnet's multiple comparison test; n.s p > .05; * p < .05; ** p < .01; *** p < .001; **** p < .0001).
6
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Fig. 5. Quantification of PpIX accumulation after 5-ALA treatment. (a) U87 cells were cultured in FBS-free medium, after 24 h serum starvation cells were treated or
not (Ctrl) for 8 h with 5-ALA at 1 mM and then analyzed by cytofluorimetric analysis (methods 2.7) to assess the mean PpIX fluorescence. The graph represents the
mean ± SD (one-way ANOVA, Sidak's multiple comparison test ****p < .0001). Control represents untreated cells. (b) U87 cells were plated in multiwell-6 plate
and after 24 h of serum starvation treated or not (Ctrl) with 5-ALA at 1 mM for 8 h. Cell lysates were performed with 0.2% (vol/vol) of Triton X-100 for the BCA
analysis then PpIX was extracted from samples with 5.6% (vol/vol) perchloric acid in 50% (vol/vol) methanol (as reported in the method section 2.9). The Y axis is
expressed in ng PpIX normalized by mg of protein. Results are expressed as mean from two experiments performed in triplicate. The graph represents the mean ± SD
(one-way ANOVA, Sidak's multiple comparison test **** p < .0001). (c) Confocal images of untreated control U87 cells and cells treated for 8 h with 5-ALA at 1 mM,
PpIX fluorescence is represented in red, excitation 405 nm emission 620–650 nm. Scale bar represent 50 μm. (d) Difference among cell lines in the mean PpIX
fluorescence normalized using the equations calculated from the cell confluency experiment (Fig. 3) and the mean cells diameter, determined by handheld automated
cell counter as described in the method section 2.2. The graph represents the mean ± SD (one-way ANOVA, Sidak's multiple comparison test * p < .05; ****
p < .0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ALA-induced PpIX fluorescence in U87MG and U87vIII, alone or in
combination with 5-ALA. SnPP and 5-ALA co-treatment augmented the
mean PpIX fluorescence by 81% for U87MG cells, by 39% for
U87wtEGFR cells and by 48% for U87vIII cells in respect to cells treated
with 5-ALA alone. SnPP treatment alone was 458% for U87MG cells,
352% for U87wtEGFR cells and 298% for U87vIII in respect to untreated cells. In both cases, increments in U87wtEGFR cells were not
significant (Fig. 6a) [37].
For the dose-cytotoxicity studies a 24 h pre-treatment period for
DFO was added to allow better iron chelation before the regular
8 h hour 5-ALA treatment. For the pre-treatment conditions, all DFO
concentrations in the range between 0.1 and 1000 μM lead to a decrement in the MTS conversion that reached at least 60% at the highest
concentration for all the three cell lines. In the absence of a DFO pretreatment, the presence of DFO for 8 h also negatively affected the MTS
assay at all concentrations to an extent of 20–40% depending on the cell
line. Notably, we were not able to obtain a dose-response for the range
of DFO concentrations tested (Supplementary Fig. 5a). Although DFO
negatively affected MTS, PpIX mean fluorescence caused a robust increase of PpIX accumulation already at 0.1 μM, the lowest concentration tested, and does not significantly increase further with higher DFO
concentrations (Supplementary Fig. 5b). Based on these results and
concentrations reported in literature, we selected DFO at 100 μM to test
the effect of FECH inhibition for 8 h in the presence or absence of

exogenous 5-ALA. The treatment with DFO alone compared to control
untreated cells showed a non-significant variation in PpIX fluorescence.
In contrast, in the presence of exogenous 5-ALA, DFO significantly
improved 5-ALA-induced PpIX fluorescence in all the three cell lines
(Fig. 6b). In details, the increase was of 16% for U87MG, of 6% for
U87wtEGFR and of 22% for U87vIII cells when compared to cells incubated with 5-ALA alone (Fig. 6b) [37].
3.5. Inhibition of PpIX efflux by ABCG2 blockade
To retain the PpIX accumulated inside the cells we tested the effect
of inhibiting the main PpIX efflux transporter ABCG2 with genistein.
Genistein is a natural product (Isoflavone) known as an angiogenesis
inhibitor and it is also an inhibitor of ABCG2 transporter protein, thus
influencing the outbound cell traffic of PpIX.
Cytotoxicity assessment with increasing genistein concentrations
from 5 μM to 200 μM in combination with 5-ALA at the end of an 8 h
incubation revealed a dose-dependent negative effect on cell viability.
For the three cell lines, the effect ranged between 20% and 50%,
whereas with a 24 h genistein pre-treatment the decrement in cell
viability at the highest concentration reaches a range between 50 and
75% for the three cell lines (Supplementary Fig. 6a). At the lowest
genistein concentration, the cellular PpIX fluorescence analyzed with a
multiplate reader is significantly increased for the three cell lines when
7
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Fig. 6. Evaluation of PpIX fluorescence increment
after drugs treatments. (a) SnPP treatment. U87 cells
after 24 h serum starvation were treated for 8 h with
either 5-ALA at 1 mM or SnPP 100 μM or a combination of both treatments. (b) DFO treatment. U87
cells after 24 h serum starvation were treated for 8 h
with either 5-ALA at 1 mM or DFO 100 μM or a
combination of both treatments. (c) Genistein treatment. U87 cells after 24 h serum starvation were
treated for 8 h with either 5-ALA at 1 mM or genistein 25 μM or a combination of both treatments. All
samples were analyzed by flow cytometry as described in the method section 2.7. The graphs represent the mean ± SD, (one-way ANOVA, Sidak's
multiple comparisons test, n.s. p > .05; * p < .05;
** p < .01; *** p < .001; **** p < .0001), where
not specified the difference is not significant.
Controls represent untreated cells.

compared to untreated cells. At a concentration of genistein corresponding to 25 μM a faint increase in PpIX fluorescent was observed,
but there is no further improvement of PpIX fluorescence at the higher
concentrations (Supplementary Fig. 6b). We therefore selected a genistein concentration of 25 μM for a more detailed analysis in biological
triplicates of PpIX fluorescence by flow cytometry in the absence or

presence of exogenous 5-ALA. Endogenous PpIX fluorescence was not
affected by the blockade of the ABCG2 transporter in presence of genistein, whilst this was the case when 5-ALA was added to the culture
medium for the three cell lines (Fig. 6c) [37]. In fact, the combined
treatment with genistein and 5-ALA compared to 5-ALA alone increased
PpIX fluorescence by 42% for U87MG cells, by 31% for U87wtEGFR
8
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Fig. 7. PpIX accumulation after combined treatments. Flow cytometric analysis of U87MG (a), U87wtEGFR (b) and U87vIII cells (c) treated with 5-ALA alone or 5ALA combined respectively with DFO, genistein or SnPP and combination of these drugs. The three cell lines respond differently to the single treatments and to
combination of them. Results are expressed as mean ± SD from two representative experiment performed in triplicate and they are represented as a percentage in
respect to 5-ALA that represents the 0%, the table summarize the increment of PpIX fluorescence obtained by flow cytometry in percentage. (d) Confocal analysis of
U87 cells treated with 5-ALA alone or in combination with DFO, genistein or SnPP respectively and combination of these drugs. The three cell lines respond
differently to the single treatments and to combination of them, obtaining the greatest PpIX accumulation in the combined treatments with three or four compounds.
Scale bar = 50 μm.

cells and by 54% for U87vIII cells.

found above, the concentrations utilized for single and combined
treatments were 100 μM for SnPP and DFO and 25 μM for genistein. Cell
viability determination with the MTS assay revealed that the combined
treatments do not result in overt cytotoxicity in neither of the three cell
lines (Supplementary Fig. 7a-c).
Detailed flow cytometric analysis led to the identification of combined treatments composed of two drugs leading to significantly

3.6. Combination treatments improves PpIX accumulation in U87
glioblastoma cell lines
To identify a treatment leading to maximal PpIX accumulation, we
investigated the effect of different drug combinations. In line with what
9
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Table 1
Percentage values of flow cytometric analysis (Fig. 7a-c) of the combined treatment compared to 5-ALA treatment set as 0% [37].
Cell Line

5-ALA

DFO + 5-ALA

Genistein +
5-ALA

SnPP + 5-ALA

DFO + Genistein + 5-ALA

DFO + SnPP + 5-ALA

Genistein + SnPP +
5-ALA

DFO + Genistein + SnPP +
5-ALA

U87MG
U87wtEGFR
U87vIII

0%
0%
0%

23%
11%
26%

25%
48%
79%

48%
27%
42%

61%
83%
161%

64%
56%
78%

75%
140%
136%

147%
172%
228%

increased mean PpIX fluorescence. For all three cell lines the combination of reduced PpIX metabolism and impaired PpIX efflux resulted in
augmented 5-ALA-induced fluorescence (Fig. 7) Whilst SnPP and genistein is the best combination for U87MG (75% increase compared to
50% with genistein alone or 27% for SnPP alone) and U87wtEGFR cells
(140% increase compared to 92% for genistein and 113% for SnPP),
U87vIII cells respond better to DFO combined with genistein (161%
increase compared to 82% with genistein and 135% for DFO) in the
presence of exogenous 5-ALA. Maximal PpIX fluorescence is observed
for the three lines with the combination of all three drugs, indicating
that neither SnPP nor DFO, when tested alone, are able to completely
block PpIX metabolism. In the presence of the three drugs the increment in PpIX fluorescence reaches 147% for U87MG cells, 172% for
U87wtEGFR cells and 228% for U87vIII cells (Fig. 7a-c). These data
were confirmed by qualitative confocal microscopy analysis (Fig. 7d)
[37]. Overall, these data indicate that inhibition of PpIX metabolism
coupled to inhibition of PpIX efflux is expected to improve the visualization of GBM cells. Nevertheless, the optimal drug combination may
depend on the genotype of the GBM cell, in particular considering the
presence of defined gene mutations (See Table 1).

Fig. 4 demonstrate that in U87MG and U87vIII cells, 5-ALA-induced
PpIX fluorescence was weakly detectable at 4 h, but was significantly
accumulated at 8 h and reached a plateau at 16 h. In contrast,
U87wtEGFR cells displayed a significant PpIX fluorescence already
after 1 h of 5-ALA treatment and continued to increase the signal until
24 h and beyond, most likely also causing increased release of PpIX in
the culture medium. These data underline the fact that the time of 5ALA pre-treatment necessary to reach maximal fluorescence may need
to be adapted depending on the characteristics of the cells, as in our
case the expression of the EGFR. In any case, at least in-vitro, it seems
appropriate to extend the pre-treatment time with 5-ALA to 8 h.
The effect of cell density [38] has also been discussed among the
various factors possibly influencing the macroscopic visualization of 5ALA induced fluorescence [43,44]. We found a linear positive correlation between cell confluency and PpIX fluorescence (Fig. 3), which
needed to be considered when evaluating the accumulation of PpIX
among U87 cell lines growing at different rates. Even though the mechanism involved in PpIX accumulation based on cell density is not yet
clear, PpIX could possibly spread transcellularly through gap junctional
communication as it has been shown for prodrugs [45], an aspect that
needs more attention.
We then showed that the presence of FBS reduced significantly PpIX
accumulation (Fig. 2a), possibly in relation to the upregulation of
ABGC2 (Fig. 2b), and the consequent increase in PpIX efflux (Fig. 1), as
already suggested using urothelial carcinoma cells [18,46]. Although
this aspect may not have an immediate implication on clinical application, further investigation might lead to the identification of the FBS
components responsible for the modulation of ABCG2 overexpression.
It is conceivable that natural mechanisms evolved to counteract the
toxicity of excess PpIX accumulation [6,19]. Genistein is a known inhibitor of the transporter activity of ABCG2. Indeed incubation of the
cells with this compound increased intracellular PpIX concentration
(Figs. 6 and 7) by preventing ABCG2-mediated PpIX efflux. Possible
alternative inhibition of genistein on the tyrosine kinase activity of the
EGFR receptor has been postulated [47]. Yet, also this mode of action
may lead to PpIX accumulation since EGFR inhibition may down-regulate HO-1 expression and PpIX conversion, as discussed also below.
Furthermore, recently a role for dynamine-2 mediated exocytosis of
PpIX has been demonstrated by Kitajima et al. [48].
A central part of our study was the side-by-side comparison of inhibitors of active PpIX efflux or its conversion into non-fluorescent
heme in cells with different EGFR. This also included combinations of
the compounds, which was never investigated before. So in addition to
active PpIX efflux, we targeted the first two PpIX metabolism steps, first
its conversion into heme by the enzyme FECH, and then the catabolism
of heme into biliverdin by the oxygenase HO-1 (Fig. 1). FECH enzymatic activity requires the presence of Fe2+, and thus treatment with
the specific Fe2+ chelator DFO inhibits FECH-mediated PpIX conversion resulting in increased 5-ALA induced PpIX fluorescence (Fig. 6b) as
also demonstrated in urothelial carcinoma, leukemia and gastric cancer
cells [49–52]. The positive effect of DFO on PpIX accumulation was also
demonstrated in C6 glioma cancer stem cells (GSCs) not responsive to
reserpine-mediated inhibition of ABCG2 [53].
We previously showed [21] that the variable expression and
downstream activation of the EGFR pathway and its effect on HO-1
transcription and activity may represent a cause for the intraoperative

4. Discussion
5-ALA assisted surgery is established as standard protocol for HGG
to increase the accuracy and extent of resection [4,9], although the
exact mechanism of 5-ALA induced fluorescence regarding its variability, sensitivity and specificity has not been critically evaluated
[36,38]. Yet, we propose that intracellular PpIX concentration is balanced by its production, degradation, but also transport through the
cell membrane. This balance is sensible to multiple factors as sketched
in Fig. 1 and it is likely that other yet undiscovered mechanisms may
also be involved. While 5-ALA induced fluorescence is standard for
surgery in HGGs, its use in LGGs is still under investigation for its potential to improve extent of resection. Jaber et al. [39] described a
positive correlation between Ki-67 index, high FET-PET metabolic activity and positivity for 5-ALA induced fluorescence in gliomas not
bearing typical GBM imaging features. Furthermore, Goryaynov et al.
[40] found a negative correlation between visible PpIX fluorescence
and the use of antiepileptic treatment often present in lower grade
gliomas. Importantly, different studies reported the use of quantitative
PpIX analysis to detect LGGs tissue that otherwise remain undetected by
conventional fluorescence [41,42]. Yet the main goal of our research is
to enhance GBM visibility intraoperatively and in particular enhance
PpIX fluorescence in GBM cell lines, which show a lower signal. We
have therefore determined the kinetic of 5-ALA metabolism in human
GBM cell lines with different expression of EGFR, representing thus the
typical heterogeneity of tumors (Supplementary Fig. 1). Then, we
analyzed the influence of cell density and of the presence of FBS in the
cell culture medium. More importantly, we designed pharmacological
treatments able to interfere with PpIX clearance and thus increase 5ALA-induced fluorescence.
In the clinical practice, 5-ALA is usually administered 3 to 4 h prior
to surgery. Indeed PpIX reaches a maximal plasma level at 4 h with a
quick degradation over the following 20 h [7,9]. We first considered
important to evaluate this praxis by determining the kinetics of PpIX
accumulation and release in cultured GBM cells. The data showed in
10
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variability of 5-ALA-induced fluorescence. The present study confirms
an EGFR dependent effect. Here we used U87 cells varying only their
EGFR status, instead of different cell types, and we corrected for the
influence of cell confluency and cell dimension. Consistent with the
previous data, the lowest PpIX fluorescence was measured in cells expressing the constitutive active EGFRvIII form (Fig. 5d). Direct inhibition of HO-1 with SnPP also significantly increased cellular fluorescence
and this for cells either incubated with exogenous 5-ALA but also for the
endogenous production of PpIX, although to a significant lower level
(Fig. 6a). We cannot exclude that the relatively small increase in
fluorescence in the absence of 5-ALA occurred in part because of SnPP,
with absorbance maximum at 406 nm and emission maxima at 582 and
636 nm [54], similar to PpIX. Bearing in mind a possible use during
surgery, it is crucial to perform detailed investigation in terms of selective tumor uptake of SnPP, despite the structural similarity to 5-ALA.
Finally, we demonstrated that treatment with genistein in combination
with SnPP and/or DFO results in maximal 5-ALA-induced PpIX fluorescence (Fig. 7), most likely because of the dual action of the combined
treatment on PpIX efflux as well as PpIX metabolism.
In summary, a pre-treatment with 1 mM 5-ALA lasting at least 8 h
and the use of cell layers at similar cell densities appear optimal in-vitro
conditions for improved detection of PpIX fluorescence in three different U87 GBM cell lines. The presence of factors, such as those we
anticipate to be present in FBS, lowered cellular PpIX accumulation, but
our data permit us to propose that this can be compensated by the use
of ABCG2 inhibitors such as genistein, in particular when combined
with inhibitors of PpIX metabolism such as the FECH inhibitor DFO or
the HO-1 inhibitor SnPP. The detailed optimization of treatment conditions with 5-ALA together with the careful analysis of the homeostasis
of PpIX, led us to design and propose specific pharmacological interventions with the potential of improving 5-ALA guided resection of
GBM, in particular those with inherent lower fluorescence, or for future
photodynamic therapies.
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