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Abstract
Background:

Wide resections of chordoma tumors are challenging for many reasons, primarily due to a lack of
intraoperative visualization, leading to unacceptably high recurrence rates. Known techniques using five-
aminolevulinic acid (5-ALA) for tumor paint and photodynamic therapy (PDT) may improve outcomes but
have not been well described for chordomas. This study aimed to analyze chordoma cell response to 5-
ALA tumor paint and PDT in vitro. 

Methods:

Tumor paint: Human chordoma cells (MUG-Chor1) were cocultured with green fluorescence protein (GFP)
rat adipose-derived stromal cells (ADS) with subsequent observation after 5-ALA exposure, visualized
using filters to show GFP cells in green and 5-ALA positive cells in red color. 

PDT: MUG-Chor1 and ADS cells were exposed separately to 5-ALA followed by PDT treatment using 405-
nm excitation and emission at 603-738-nm. Time-lapse images of live cells were captured every second
for 15 minutes and then visualized sequentially at 50× speed. 

Results:

The tumor paint arm of the study successfully demonstrated selective red chordoma fluorescence, a
finding which may facilitate visualization of a malignancy juxtaposed to surrounding benign healthy
tissue. The second arm of the study, PDT, demonstrated selective chordoma cellular death, clearly
evidenced by swelling and vesicle formation in contrast to the ADS control. 

Conclusion:

The results of these experiments demonstrate the effective in vitro application of 5-ALA tumor paint and
PDT on chordoma cells, documented visually using time-lapse photography. 5-ALA, with its double-edged
applications of selective tumor identification and kill, may lead to transformative change in the
management of soft tissue sarcomas.

Introduction
Chordomas are rare malignant primary bone tumors originating from embryonic notochord remnants.
[1] Paralleling their vestigial distributions, they are most frequently found in the midline sacrococcygeal or
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sphenoocciptal regions.  Wide en bloc resection with clear margins is the gold standard of care and is
directly related to prognosis.[2] Multiple studies have confirmed significantly greater local recurrence rates
with marginal (R1) and intralesional (R2) excision as opposed to wide resection (R0).[3-5] Adjuvants such
as postoperative radiation therapy, proton beam therapy, brachytherapy and recently developed targeted
chemotherapy are commonly added in efforts to minimize the notoriously high local recurrence rate,
which can be as high as 79%.[6, 7] The prognosis is poor, with a median survival of 6.29 years and 5- and
10-year relative survival rates of 67.6% and 39.9%, respectively, based on the SEER database from 1973-
1995.[8] 

Achieving negative margins, critical to improving prognosis, is often challenging due to the lack of
visualization and infiltration into the surrounding complex pelvic retroperitoneal and intraperitoneal
structures. Postoperative complication rates are therefore expectedly high and include wound dehiscence,
infections, bladder and bowel dysfunction, sexual dysfunction, motor deficits, lymphatic complications,
hematomas and cerebrospinal fluid fistulas.[3, 9] In the effort to battle such challenging tumors,
advanced techniques such as tumor paint and photodynamic therapy (PDT) may be of benefit. Tumor
paint refers to the method of selectively inducing fluorescence in tumor cells. PDT refers to the use of a
photosensitizer activated by a light source to exert cytotoxic activity towards cells.[10] Although various
compounds have been described for each of these purposes, one compound, five-aminolevulinic acid (5-
ALA), has the capability of doing both.

In 1987, a breakthrough in the field of PDT was made when Malik and Lugaci[11] described 5-ALA, which
became the first second-generation photosensitizer. Unlike earlier photosensitizers, 5-ALA is an
endogenous inactive precursor in the heme biosynthesis pathway; therefore, the risk of adverse
phototoxic effects that plagued its predecessors was reduced significantly.

Tumor paint using 5-ALA has helped identify a variety of different tumor types in the fields of
neurosurgery, urology and dermatology[12] but its use with chordoma tumors is not well described. One
study by Cornelius et al., was the only study written so far in the literature on this topic, confirming in vitro
cell fluorescence and destruction in response to 5-ALA.[13] The Cornelius study, however, involved
fluorescence intensity measurement rather than direct image visualization, and moreover did not have a
control group cell line for comparison. Eljamel et al. very briefly discussed a single case of 5-ALA guided
resection of chordoma in vivo in their 2009 study but failed to mention the details of if and how it
responded to 5-ALA. Eljamel included 114 patients who underwent 5-ALA guided resections of various
brain tumors including gliobastoma multiforme (GBM), meningiomas, lung, colon and breast metastases,
pituitary adenomas and myelomas, reporting a sensitivity of 89.5% and specificity of 100% for tumor
identification.[14] 

The purpose of this study was to analyze the response of chordoma cells to 5-ALA exposure in
vitro and to judge whether chordoma tumors would be eligible candidates for 5-ALA guided identification
and resection. Our first hypothesis is that 5-ALA tumor paint will lead to selective fluorescence of
chordoma cells. Our second hypothesis is that 5-ALA PDT will lead to chordoma cell destruction. 
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Materials And Methods
Tumor paint and PDT represented the 2 arms of this study. Rat adipose derived stromal cells carrying the
green fluorescence protein gene (ADS-GFP), human adipose derived stromal cells (ADS, Lonza Inc.,
Allendale, NJ), and human chordoma cells (MUG-Chor1, Graz, Austria) were propagated according to
established protocols, remaining free of contaminants.[15, 16] ADS-GFP and ADS cells were cultured
using Dulbecco modified Eagle/F12 (50:50) medium (DMEM/F12) (Corning Life Sciences, Teterboro, NJ)
containing 10% fetal bovine serum (FBS), 1% L-glutamine, 100 units/mL of penicillin, 100 µg/mL of
streptomycin, and 0.25 µg/mL of amphotericin B. MUG-Chor1 cells were suspended in a 4:1 mixture of
Iscove’s modified Dulbecco’s medium (IMDM) to 1640 Roswell Park Memorial Institute (RPMI) medium
and 1% Insulin Transferrin Selenium (ITS). Medium was changed every 2 days for all cell lines. Cells were
maintained at 37° C in 5% CO2.

2.1 Tumor Paint. In the first experiment, 50,000 rat adipose derived stromal cells (ADS) carrying the GFP
gene were co-cultured with 50,000 human chordoma cells (MUG-Chor1, Graz, Austria), with growth
confined strictly to monolayer form.[15] After 4 weeks, 5-ALA was added to the medium at a
concentration of 1000µg/mL. Cells were observed after 5 hours of 5-ALA exposure using phase
microscopy at 10X magnification with an excitation wavelength of 395 to 440nm. A 509nm emission
filter was used to detect GFP cells, which appeared green. A 635nm emission filter was used to detect 5-
ALA fluorescence, which appeared red.

In the second experiment, two three-dimensional micromass pellets consisting of 500,000 cells were
separately formed using liquid drop techniques- one derived from the rat GFP-ADS cells and another
derived from human chordoma cells. These two micromass pellets were then co-cultured for three weeks,
at which point 5-ALA was added at a concentration of 1000µg/mL. Cell pellets were observed after 5
hours of 5-ALA exposure using phase microscopy at 10X magnification. Emission filter settings were
unchanged from the prior experiment. 

In the third experiment, 50,000 human adipose derived stromal cells (ADS, Lonza, Allendale, NJ) and
50,000 human chordoma cells were co-cultured for two weeks, grown freely in suspension form (unlike
the monolayer form in the first experiment), at which point 5-ALA was added at a concentration of
1000µg/mL. Cells were observed after 5 hours of 5-ALA exposure using phase microscopy at 10X
magnification. Emission filter settings were unchanged from the prior experiment. 

2.2 Photodynamic Therapy. MUG-Chor1 cells that had been exposed to 3 hours of 5-ALA were visualized
using a confocal laser scanning microscope with a 10× objective at 405-nm excitation and emission at
603-738–nm wavelength. Time-lapse images of live cells were captured using bright field and 405-nm
laser every second for 15 minutes. The captured frames were then visualized sequentially at 50× speed.

Results
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3.1 Tumor Paint. Chordoma cells grown as a monolayer did not fluoresce much stronger than normal
cells. However, chordoma cells grown as a micromass did fluoresce more than normal cells. In the first
experiment, GFP positive rat adipose derived stromal cells can be seen as streaks of green fluorescence,
while the chordoma cells appear to fluoresce very weakly in response to 5-ALA with minimal scattered red
fluorescence (fig. 1). This contrasts with the second experiment, where chordoma cells, having been
cultured in micromass form, fluoresced brightly and uniformly in response to 5-ALA. As a micromass, the
distinction between chordoma cells (red color, center) and rat GFP adipose cells (green color, periphery) is
clearly seen when both emission filters are combined (fig. 2). The third experiment was designed to mimic
an in vivo growth pattern by allowing free mixture of both cell lines in a three-dimensional suspension,
unlike the first experiment’s monolayer form and the second experiment’s micromass form. The results of
the third experiment agreed with the earlier two. When grown as a free mixture, low concentrated regions
of cells responded similarly to the monolayer form, with minimal fluorescence, whereas higher
concentrated regions of the suspension behaved more like the second experiment, with high chordoma
cell fluorescence (fig. 3).

3.2 Photodynamic Therapy. At the start of this experiment, the affected chordoma cells can be seen
fluorescing red at an emission wavelength of 602–738 nm in response to the 405-nm excitation laser
exposure (Fig. 4a). The cells appear densely packed with small round nuclei and abundant vacuolated
cytoplasm, known as physaliferous cells, typical of a chordoma cell population. The captured frames
were then visualized sequentially at 50× speed, resulting in a 5-second video (see supplementary
material). As time progressed, there appeared to be increased intracellular swelling, with rapid formation
of multiple vesicles exiting from the cellular membrane (Fig. 4b and supplemental video).

Discussion
5-ALA–driven PDT was confirmed by the laser treatment under confocal microscopy. The bubble forming
on the membrane of the cells indicated bubbling cell death, which is considered evidence of DNA damage
caused by the accumulation of nitric oxide.[17] It has been reported that the PDT induced by 5-ALA exerts
cytotoxic effects on malignant cells by activating the photosensitizer protoporphyrin IX. Type I and II
reactions result, which release free radicals and singlet oxygen species, ultimately leading to cell death.
[10] This process was first described by Malik and Lugaci in 1987 when they noted 95% of
erythroleukemic cells were killed after 5-ALA exposure under ‘black-light’ (320-450nm) while cells which
were not exposed to light had survived.[11] 

All the experiments carried out in the tumor paint arm showed increased and selective fluorescence of
chordoma cells after exposure to 5-ALA when tumor cells were either heavily clustered or grown in
micromass form. Micromass structures and freely suspended cell cultures were chosen for this study in
order to better simulate in vivo conditions, allowing for more translatable clinical relevance. GFP positive
rat adipose derived stromal cells were used to highlight the ability of 5-ALA to distinguish between
malignant and benign cells (fig. 2).  As chordoma tumors are faced with increased cellular crowding, a
decreased ability to metabolize 5-ALA seems to ensue. This may be due to decreased exposed surface
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area to extracellular fluid, as well as possible loss of differentiation as the chordoma tumors increase in
size, making 5-ALA expulsion more difficult. The fluorescent by-product, protoporphyrin IX, accumulates
in these malignant cells but not in benign cells, leading to selective tumor fluorescence. This theory would
also support Cornelius et al.’s findings of decreased cell viability in response to 5-ALA PDT in their high-
density group as compared to their low-density group.[13] 

5-ALA guided tumor paint, pioneered by Stummer et al. for glioblastoma resections in 2000, has proven to
be successful in a variety of fields such as neurosurgery, urology and gynecology.[16, 18-21] Additionally,
the authors of the current study have shown selective and retained fluorescence in myxofibrosarcoma
cells when compared to adipose derived stromal cells after 5-ALA exposure on a micromass scaled
experiment.[22] Denzinger et al.[20] found a significant drop in residual tumor rate in 88 patients treated
with 5-ALA–assisted cystoscopy (4.5%), as opposed to the 103 patients without (25.2%) (p = 0.0003). A
meta-analysis of 10 studies involving intraoperative 5-ALA fluorescence-guided resections of gliomas
suggested that 5-ALA–guided surgery is more effective than conventional surgery, enhancing quality of
life and prolonging survival.[23] A survival analysis of 646 patients across three studies was performed
as part of this meta-analysis, with a 41% to 46% progression-free survival rate using 5-ALA–guided
resections, as opposed to 21% to 28% for resections under plain visible light.[23] 

In 1999, 5-ALA was approved by the U.S. Food and Drug Administration (FDA) for topical application to
treat basal cell carcinoma and actinic keratosis using photodynamic therapy and for cystoscopic
detection of papillary bladder cancer in 2010.[12] In Europe, the European Medicines Agency (EMA) has
already approved 5-ALA for intravenous use in 2007, however, its approval for intravenous use by the FDA
is still pending.[24] Side effects of 5-ALA are minimal, including non-clinically relevant mild alterations of
blood cell counts and slight increases in liver enzymes.[25] Preclinical and safety literature confirmed
these findings, with few reports of phototoxicity, largely limited to those receiving high doses (20 mg/kg).
Contraindications include pregnancy, hypersensitivity to porphyrins and acute/chronic porphyria.
[26] Overall, there is little evidence to support abnormal symptoms or laboratory results of clinical
relevance.[26] 

The chordoma cell line was selected for this study due to its locally aggressive characteristics coupled
with an unacceptably high recurrence rate.  Chordomas account for 1% to 4% of all primary malignant
bone tumors and have an average length of survival of 6.29 years when treated with resection with or
without radiotherapy.[8, 9] Based on a recent review by George et. al. in 2015, the only three factors
affecting prognosis are: completeness of resection, dedifferentiated forms, and recurrence.
[6] Furthermore, George et. al. showed in their series with average follow-up of 6.5 years, that local
recurrence and mortality rates correspond to the level of resection with a 75% recurrence and 63%
mortality rate after partial resection, 47.5% recurrence and 52.5% mortality rate after subtotal resection
and 28% recurrence and 20.5% mortality rate after total resection.[27] These results further justify the
necessity of finding a means of achieving optimal resection at the time of initial surgical intervention.
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Lumbo-sacral chordomas tend to present as a slowly growing painless palpable mass. Since symptoms
at onset are generally non-specific and not associated with rectal dysfunction or urinary incontinence,
diagnosis is often delayed.[1] Plain lumbosacral spine radiographs and Computed Tomography (CT)
scans may reveal a large destructive midline lesion extending into the intervertebral space and adjacent
vertebral bodies. On Magnetic Resonance Imaging (MRI) chordomas will appear hypo-intense on T1-
weighted images and hyperintense on T2-weighted images, with a possible associated soft tissue mass.
[1] 

Management of chordomas is multifaceted. A multidisciplinary approach is necessary and should
include a team of musculoskeletal surgical oncologists, medical oncologists, radiologists, pathologists,
neurosurgeons, and plastic surgeons for soft tissue reconstruction. As previously mentioned, complete
resection is the main factor affecting prognosis therefore as wide a resection as possible should be the
initial step in management once the diagnosis is made. The main adjuvant therapy used is radiation
therapy, although controversies exist over case-by-case use versus uniform use, as well as which type of
radiation therapy to utilize. A meta-analysis performed by Di Maio in 2011 found that adjuvant proton
beam therapy following resection proved beneficial for two chordoma subtypes, but not for the entire
series.[28] Conventional chemotherapy has almost no effect on chordomas. However, targeted
chemotherapy is a promising developing adjuvant for treatment given recent advances in the
understanding of chordoma oncogenesis.[1, 29] Signaling pathways such as mTOR and MAPK in
addition to molecular receptors such as PDGFR, HER2, HGFR, and IGF-1R as well as the CDKN2A and
Brachyury genes are currently being investigated as potential molecular targets.[1] 

Conclusions
The aim of this study was to perform an in vitro analysis of fluorescence and photodynamic therapy
using chordoma cells after exposure to the photosensitizer 5-ALA. Based on the results of this study,
chordoma cells selectively fluoresce in response to 5-ALA tumor paint and are sensitive to 5-ALA PDT. Our
positive results justify a need for further testing in vivo. We believe visual detection using 5-ALA tumor
paint, coupled with tumor bed sterilization using 5-ALA PDT can help the treating surgeon obtain clearer
and wider margins. The prospect of improved margins, we hope, will lead to decreased recurrence rates,
fewer complications, and improved overall survival.
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Figure 1

Tumor paint experiment #1 – cells grown in a monolayer. Phase microscopy under visible light (left),
509nm emission filter (middle), and 635nm emission filter (right). Streaks of green fluorescence in middle
image correlates with rat GFP cells. Blank area in middle image correlates to chordoma cells. A paucity of
fluorescence is observed in this same area on the red-light spectrum (right image), indicating lack of
chordoma fluorescence in response to 5-ALA as a monolayer.

Figure 2

Tumor paint experiment #2 – cells grown in three-dimensional micromass form. Phase microscopy under
visible light (upper left), 509nm (upper right), 635nm (lower left), merged 509nm and 635nm images
(lower right). GFP-ADS cells can be seen fluorescing green, bordering the chordoma micromass, which
fluoresces red after 5-ALA exposure.
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Figure 3

Tumor paint experiment #3 – cells grown in suspension form. Phase microscopy under visible light
(upper and lower left), 635nm emission (upper and lower right). After addition of 5-ALA, chordoma cells
do not appear to fluoresce in low density regions (upper right) but fluoresce heavily in high density,
clustered regions (lower right).
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Figure 4

See image above for figure legend.
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