PRERNA SINGH
EDUCATION
University of Maryland, Baltimore
(2017-present)
Master’s in Cellular and Molecular Biomedical Sciences (CMBS)
o Master’s thesis project: Elucidation of the effects of hyperthermia and
proton/photon radiation on chordoma cell lines
University of Nottingham in Malaysia
(2013-2016)
BSc. (Honors) Biomedical Sciences
o Final year project: Construction of vector expression plasmids for integrasedeficient lentiviral with genes SOX2 and OCT3/4.

RESEARCH EXPERIENCE
Master’s Research Project
(2017-present)
University of Maryland, Baltimore
• Cell culture in Pancreatic, Lung, prostate and Chordoma cell lines
• Radiation Oncology: in collaboration with the Maryland Proton Treatment Center for
radiating cancer cells lines
• Prepare first author research and review articles on master’s research project and coauthor articles on other projects in lab (see Publications)
• Research grant writing (submitted in American Cancer Society and Elsa-Pardee
foundation grant application 2018)
• Trainings:
o In vivo- Good Laboratory Practice (GLP) and CITI Trainings (certificates
available on request) with Mice
o In vitro - Cell culture techniques, clonogenic and MTS assays, western Blot and
Immunohistochemistry
Undergraduate Research Project
(2015-2016)
University of Nottingham and University kebangsan Malaysia, Medical Centre (UKMMC)
• Stem Cell Research: construction of integrase deficient lentiviral vector with genes SOX2
and OCT3/4
• Co-authored Review article: Human Immunodeficiency Lentiviral versus Integrasedeficient Lentiviral: A comparison for safer Clinical Applications.
• Trainings:
o In vitro- Gel electrophoresis, restriction enzyme digestion, PCR, DNA mini-prep
INSTITUTIONAL SERVICE/SERVICE AND OUTREACH/EXTRACURRICULAR
ACTIVITIES
Student Advisory Committee
(2018-Present)
• Representative member for CMBS master’s program
• Organizing and executing charity and social events at the UMB
International Student Bureau
(2015-2016)
• Student Ambassador for the United States of America at undergraduate institution
Event Manager for Biomedical Science Society
(2014-2015)

• Execute and manage charity events
AIESEC, non-corporate relations (NCR) member
(2013-2014)
• Conduct interviews and recruit international volunteers for charity work in nongovernmental organizations in Malaysia

PUBLICATIONS
1. Mahmood, J*., Shukla, H., Samanta, S., Soman S., Singh P., Kamlapurkar S., Saeed A.,
Amin N., Vujaskovic Z. Immunotherapy, Radiotherapy, and Hyperthermia: A Combined
Therapeutic Approach in Pancreatic Cancer Treatment, Cancers, 10(12):469, 2018
2. Mahmood, J*., Alexander A., Samanta, S., Kamlapurkar S., Singh P., Soman S., Saeed
A., Carrier F., Shukla A., Vujaskovic Z. combination of radiotherapy, hyperthermia and
immunotherapy inhibits unresectable pancreatic tumor progression and prolongs survival
of mice. (under review Int J Rad Onc Biol Phys 2018)
3. Singh P*., Mahmood J., Eley J., Malayapa R., Vujaskovic Z., Elucidation of the effects
of hyperthermia with proton radiation therapy in chordoma cell lines (under preparation)
4. Nordin F*., Singh P., Farzaneh F. Human Immunodeficiency Lentiviral versus Integrasedeficient Lentiviral: A comparison for safer Clinical Applications. Regenerative
Research, 5(2): 19-27, 2017

PRESENTATIONS
•

Graduate Research Conference (March 15th, 2019): Effect of hyperthermia with
proton radiation therapy in chordoma cell lines (poster presentation)

AWARDS
University of Nottingham
• Best Research Project Award in Biomedical Sciences for year 2015-16
• The Most Improved Student Award in Biomedical Sciences for year 2014-15

Abstract

Title of Thesis: The effect of hyperthermia and radiation therapy on chordoma cells
Prerna Singh, Master of Science, 2019
Thesis directed by: Dr. Javed Mahmood, University of Maryland, Baltimore, Assistant Professor,
Radiation Oncology

Chordomas are a rare slow-growing cancer and their standard of care is surgery with Radiotherapy
(RT). Chordoma is highly radioresistant and requires high dose of RT that lead to toxicity in the
surrounding tissues. We investigated whether proton beam radiation therapy (PBRT) response can
be further enhanced in combination with hyperthermia (HT) as a radiosensitizer. We also explored
cell survival at the end of the Spread-out Bragg Peak (E-SOBP) compared to middle of the SOBP
(M-SOBP) of PBRT with and without HT. Chordoma cell lines were treated with HT followed by
PBRT at both E-SOBP and M-SOBP. Clonogenic assay was performed in triplicates for a dose
response survival. HT with PBRT significantly killed (p<0.05) more cells at M-SOBP and E-SOBP
compared to PBRT without HT. Our results provide in vitro evidence on effects of HT as a novel
additive treatment to increase PBRT effectiveness in Chordoma cell lines.
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Chapter 1: What is Chordoma?
Chordoma is a rare cancer derived from notochord remnants of mesenchymal
origin [1]. They are slow-growing, locally invasive with metastatic potential, highly
recurrent and radioresistant [1]. Chordomas account for 5% of malignant bone and 17%
axial skeleton primary malignant bone tumors [2]. Their primary locations are: 50% in the
sacrum, 35% in the clival region or 15% along the mobile spine [1]. Chordoma incidence is
1 per 1 million, with 300 and 450 cases per year in USA and Europe. They commonly occur
between ages 50-60 and more in men than women [3]. Chordomas recur within 29-43
months and the 5 year progression free survival rate is 23-65% with a median survival of 6
years [2].
Current standard of care for chordoma is local therapy including en-bloc surgery
with radiation therapy [3]. Conventionally, photon radiation therapy is used, however
proton therapy has been proven to translate into a better therapeutic index [3] (see
chapter 3). Although some chemotherapeutic agents have been reported to be effective,
chordoma is usually resistant to chemotherapy, and currently there is no conventional
cytotoxic chemotherapy or immunotherapy approved for treatment of chordoma [2].
Nevertheless, cases of recurrence are still high even after surgery and radiation therapy
[2-3].
The disease presentation depends on the location of chordoma: if it occurs in the
clival region, patients may have diplopia, headache or impairment of cranial nerves, while
patients with chordoma in the sacrum will present with lower back ache, neuropathy, and
gait disturbances [3]. Patients with sacral chordoma may also have a large tumor mass. As
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they are slow-growing and asymptomatic; they require a large space to occupy before
causing significant focal symptoms [3]. This can also delay diagnosis for months and even
years [3].
Chordoma is caused by the remnants of the notochord which are precursors of the
spinal cord in embryonic development. The notochord also helps with development of the
neural tube during embryogenesis which leads to the formation of spinal cord [5].
Normally, the notochord disappears before birth, however in a small percentage of people
residual cells from the notochord may remain that can lead to chordoma [5] (figure 1).
During embryonic development, T-box proteins are involved, of which Brachyury protein
has been identified as a diagnostic marker of chordoma [5]. Brachyury is discussed in
chapter 2.

chordoma
Non- malignant
transformation
Malignant
transformation

Normal axial
skeleton

Notochord
remnant
Benign
notochordal cell
tumor (BNCT)

Figure 1: Chordoma arises directly from malignant transformation of the notochord remnants.
Chordoma may also arise from benign notochordal cell tumor (BNCT) which may switch to a
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malignant form. Notochord remnants form normal axial skeleton when not malignantly
transformed.
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Chapter 2: Brachyury
The T-box transcription factor Brachyury (T) gene is essential in embryonic
notochord development and maintenance [4]. The notochord is of mesodermal origin,
crucial for embryonic development as it supports longitudinal growth and helps signal
development of neural structures. Notochord is considered a primitive form of cartilage
which typically disappears after birth and is replaced by bone in the vertebral body. In the
intervertebral discs there are nucleus pulposus and only remnants of the notochord still
remain. Chordomas arise from malignant transformation of these remnants. Brachyury
protein is overexpressed in chordoma and is known to be a diagnostic marker in chordoma
[5].
Brachyury is essential for specification of mesoderm and hence is important in
regulating notochord formation. A study by Vujovic S. et al. [7], demonstrated the link
between chordoma and brachyury using microarrays and a polyclonal brachyury antibody
[7]. They analyzed 53 chordoma tumors and identified the overexpression of brachyury [7].
Moreover, the germline T mutation in Brachyury is involved in familial chordoma, also
sporadic chordoma cases also show T gains [8].
The mechanism of action of Brachyury in chordoma remains elusive and many
studies are underway. According to Shah R S et al. [9], the mechanism of brachyury in
chordoma involves driving cell cycle progression, cancer stemness and proliferation. They
discovered brachyury activates the Yes-associated protein (YAP) by binding to the
promoter region, in chordoma [9]. YAP is an effector of the Hippo pathway and organ
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development [9]. Hu Y. et al., [10] studied the involvement of fibroblast growth factor
pathway (FGFR/MEK/ERK/Brachyury pathway) in chordoma [10]. They showed that
activation of this pathway inhibited apoptosis and promoted chordoma cell growth and
epithelial-mesenchymal-transition (EMT) [10].
Brachyury causes chemoresistance in chordoma by activating expression of CA9
expression which is known to disrupt the tumor microenvironment pertaining to
chemosesitivity [11]. Many studies have used shRNA to knockdown brachyury and found
that downregulating brachyury expression reduces cell proliferation, induces apoptosis
and growth arrest in vitro [12-14]. Hence, brachyury is a promising therapeutic target in
chordoma. Currently there is a phase II clinical trial with heat-killed yeast vaccine targeting
Brachyury in combination with radiation therapy [15]. The Phase I clinical trial results
showed an increase in median progression-free survival of 253 days in 10 patients, with an
overall favor towards the vaccine [16].
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Chapter 3: Proton Therapy
3.1 What is proton therapy?

Proton therapy is a type of radiation therapy used to treat cancer with positively
charged particles called protons. Dr. Robert Wilson in 1946 first proposed using protons
for radiotherapy based on their superior physical dose distribution for clinical purposes
[17]. Due to the continuous energy loss of charged particles traversing matter and due to
an inverse relation between particle velocity and energy transfer, protons deposit their
highest physical dose (named the Bragg Peak) as they slow down near their end of range,
which can be directed precisely to the tumor target depth. The radiobiological
effectiveness (RBE) of protons varies depending on a number of factors including physical
dose, proton energy, cell type, and biologic endpoint, though an average value of 1.1,
compared with megavolt x rays, is used for most clinical treatments. Protons at clinical
energies have entrance linear energy transfer (LET) in water in the range of 0.4 keV/um to
1.0 keV/um (for 245 MeV to 70 MeV protons, respectively) which goes up to a maximum
of approximately 80-90 keV/um in the very last micron of range before the particle stops
[18]. High LET radiation is well known in the literature as capable to produce more complex
or clustered DNA damage in cells than low-LET radiation [19]. Hence, the RBE generally
increases near the proton end of range.
3.2 Advantages of protons

Protons have advantages over photon (high energy x-rays) therapy which is
conventionally used to treat chordoma and many other cancers. For the same proton dose

6

to a target volume of tumor, lower dose is given to normal tissues, compared to photons
[17]. Radiating normal tissues lead to toxicities that decrease patients’ quality of life and
may complicate into other problems. Chordoma is radioresistant and is surrounded by vital
structures such as the spinal nerves, spinal cord, brainstem, and optic nerves which cannot
tolerate the high radiation dose typically given to chordoma [20]. Many studies have been
conducted using protons in chordoma. An example is a study by Indelicato D. J. et al. [21],
who tested the proton beam therapy in patients with chordoma and found they had
excellent local control when given at high dose > 60Gy, and indicated they had less toxicity
in comparison to photons [21].

3.3 Spread-out Bragg Peak

The Bragg Peak is defined as the sharp maximum dose deposited by the proton
beam at the near end of the particle’s range (Figure 2). In the proton Bragg curve, this dose
deposited by proton beam initially increases slowly with depth; the dose falls to zero after
the Bragg peak (Figure 2). In the clinic the width and position of the Bragg Peak can be
adjusted to that of the target tumor in the patient creating a spread-out Bragg-Peak (SOBP)
(Figure 2). These characteristics allow high dose of protons to be specifically delivered to a
target volume of tumor without affecting surrounding normal tissues. On the contrary,
photons deliver a maximum physical dose within a few centimeters’ depth of the patient’s
body and exhibit an exponential dose falloff leading to a high exit dose [22].
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Figure 2: Proton and photon (x-rays) dose distribution curves; protons have a sharp
maximum dose at the end of spread out Bragg Peak (SOBP) and drops to zero at the
very end. This characteristic allows protons to be delivered at the target tumor volume
and not the surrounding tissues.
3.4 Spread out Bragg Peak: Middle vs End

Protons lose energy and slow down due to their inelastic collisions (governed by
the electric force) with atomic electrons in tissue. Furthermore, as they slowdown they
exhibit an increase in their ionization that leads to more DNA damage. Michaelidesová A
et al., [25] used pencil beam scanning mode to determine the RBE of protons at different
positions in the SOBP in vitro [25]. They found decrease in the normal human neonatal
dermal fibroblasts cell survival after going deeper in the proton SOBP with RBE higher than
clinically used 1.1. At 90% towards the end of SOBP the RBE was 2.05, while at 10% was
1.53 [25]. The RBE was calculated using the α and β parameters from their linear quadratic
model. A similar study by Saager M et al. [24], determined the RBE of protons as a function
of LET and dose in rat spinal cord. They found an increase in RBE at the distal (end) edge
of SOBP [24] indicating therapeutic relevance in delivering protons at the E-SOBP in cancer.
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3.5 Mechanism in cancer

Ionizing radiation such as proton radiation, causes direct or indirect damage to the
DNA within a cell [26]. Direct damage to DNA happens when radiation: induces double or
single strand breaks in the DNA, disrupts the hydrogen bonds between bases, or damages
the bases [26]. On the other hand, indirect DNA damage occurs due to increase in free
radicals, which are produced when radiation hits water molecules within the cell. Free
radicals are highly reactive molecules due to unpaired electrons in their structures, which
allows them to interact and damage the DNA molecular structure. Free radicals can form
harmful compounds such as hydrogen peroxide that lead to damage to structures within
the cell [26].
Once DNA is damaged, specialized DNA repair pathways begin depending on the
kind of damage. For single strand breaks, repair mechanism such as the base excision repair
will begin, while for double strand breaks (DSBs), non-homologous end joining (NHEJ) or
homologous recombination (HR) will occur [17,27]. NHEJ happens in G1 phase of the cell
cycle, while HR in the S/G2 phase. Disruption of these pathways can lead to a cell death. In
cancer targeting DNA repair pathways following radiation prevents the tumor cell to repair
its DNA and survive [17,27].
Following radiation damage, the cell can die via apoptosis, radiation-induced
senescence or mitotic catastrophe [27]. The most common cell death is via apoptosis which
begins by activation of tumor suppressor gene p53, which leads to a caspase cascade either
by intrinsic or extrinsic pathway [27].
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Chapter 4: Hyperthermia
4.1 What is Hyperthermia?

Hyperthermia is a non-invasive therapy using raised temperature between 40-45°C
to treat cancer [28]. Hyperthermia is usually used in combination with other cancer
therapies, however hyperthermia is known to cause sensitization of cells to radiation [29].
Hyperthermia can be given locally, regionally or to the whole body [28]. Local hyperthermia
is given to small areas, such as the tumor and can be given via radiofrequency, ultrasound
or microwave. Additionally, depending on the tumor, it can be given external, intraluminal,
or through interstitial techniques [30-32]. Regional hyperthermia is given to a larger area,
such as the organ. Approaches include administering hyperthermia via regional perfusion,
continuous hyperthermia peritoneal perfusion (CHPP) or deep tissue heating through
external heaters [28]. Whole body hyperthermia is typically given for metastatic cancer
that has spread all over the body [28]. Hyperthermia has minimal side effects ranging from
blisters to a fever, which happens as a result of whole-body hyperthermia [28].
Hyperthermia given in combination with radiation allows the patient to receive a lower
radiation dose than when radiation is given alone. Lowering of radiation dose spares
potential toxicities to surrounding normal tissues.

4.2 Mechanism of action

Hyperthermia inhibits DNA repair pathways such as HR and NHEJ that occurs after
radiation induces DNA damage such as double-strand breaks (DSBs) [29]. Homologous
recombination (HR) is second most important repair pathway following a double-stranded
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break which utilises a homologous template via a sister chromatid in the S and G2 cell cycle
phases [33]. Raoof M., et al, reported that hyperthermia at temperature 42.5°C inhibits
DNA repair mechanism by homologous recombination by inhibiting RAD51 in human
hepatoceullular carcinoma [34]. While another study by krawcysk et al., reported the
degradation of BRCA2 gene which leads to inhibition of DNA repair [35].
Hyperthermia given at 42°C or above before radiation increases cell death which
correlates with increase in exposure time and temperature, however, as the time between
hyperthermia and radiation treatment given increases, the effectiveness declines [36].
Hyperthermia temperature given above 45°C is no longer therapeutic as it becomes toxic
to cells [36].
Hyperthermia induces heat shock proteins (HSP), specifically HSP70 in cells. HSP70
are released both intracellularly and extracellularly [37]. Intracellular HSPs are involved in
intracellular signalling involving protein homeostasis and block the apoptosis pathway,
while extracellular HSPs are involved in immune response against cancer [36-37]. HSP70
release extracellularly act as chaperones for immunogenic peptides and lead to activation
of adaptive and innate immune system [37].
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Chapter 5: Materials and Methods
5.1 Hypothesis and rationale

Chordoma is a radioresistant cancer which requires high dose ~70Gy radiation for
treatment. Owing to chordoma’s location, there are radiosensitive tissues such as spinal
nerves, brain stem and cranial nerves which are at risk of toxicities. In order to reduce the
clinical dose, we hypothesize that hyperthermia will radiosensitize chordoma cells to
proton radiation. Moreover, due to the distributions of LET, we hypothesis there would be
greater cell kill at the end the of spread out Bragg peak than the middle. We conducted an
in vitro study using the clonogenic assay to determine cell reproductive potential after
proton radiation with and without hyperthermia.

5.2 Materials and Methods
Table 1 COMPLETE WORKFLOW

CELL CULTURE

CLONOGENIC ASSAY

HYPERTHERMIA

RADIATION

MECHANISM STUDIES
& DATA ANALYSIS
12

Cell lines and culture: Human chordoma cell lines of sacral origin Mug-chor1 and U-CH2

were obtained from the American Type Culture Collection (Manassas, VA, USA) and
cultured at 37°C in Iscove’s modified Dulbecco’s medium (IMDM/RPMI (4:1; Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% Fetal Bovine Serum
(FBS; Invitrogen, Thermo Fisher Scientific, Inc.) and 100X Antibiotic-Antimyotic. Cells were
cultured in 50ug/ml collagen coated T-75 flasks, with a doubling time of 5-7 days. The
tissue culture plates were treated with 50ug/ml collagen with autoclaved deionized water
at room temperature for 1 hour and then the plates were washed with 1xPBS.
U-CH2

Mug-Chor1

Figure 3: Chordoma cell lines U-CH2 and Mug-chor1
Colony forming assay: Cells were seeded in collagen coated 6-well tissue culture plates at

densities 3000 cells/well and incubated at 37°C for 24 hours prior to hyperthermia and
radiation treatment. Following treatment, plates were incubated for 14 days. Colonies
were fixed and stained with 0.05% w/v crystal Violet in 37% formaldehyde. Colonies were
counted using ProtoCOL3 colony counter (synbiosis, Cambridge, UK) with sensitivity
parameter at 90% and size 0.26mm.
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Hyperthermia: Cells were treated with hyperthermia at 43 °C for 1 h immediately prior (15

mins) or after the proton irradiation. 43°C for 1 h was chosen as this temperature is often
used in the clinic. Hyperthermia was carried out by submerging the parafilm-sealed tissue
culture plates (6-well plates in a thermostatically-controlled optimized water bath. The
temperature was checked routinely at the desired temperature (±0.1 °C) with a
temperature probe and thermometer in the water bath.

Immersion
heating
circulator (43°C)
Parafilm
wrapped
tissue culture
plate

Thermometer

Temperature
probe

Figure 4: Set up of hyperthermia in lab.
Proton Radiation: Proton radiation was given at doses: Mug-Chor1 at 0, 1, 2, 4 and 8Gy and

U-CH2 at 0, 4, 8, 12, and 16Gy at both middle of Bragg-peak and End of Bragg-peak, linear
energy transfer. These doses were based on literature and a pilot study conducted in our
lab using 4 and 6Gy. Radiation treatment was performed at the Maryland Proton
Treatment Center (MPTC). The experimental groups were no treatment, hyperthermia
alone at 43°C for 1 hour, radiation alone, and hyperthermia and radiation for each dose
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where number of sample n=18. Below is the setup of cell radiation at the MPTC (courtesy
of Dr. John Eley). The exact measurement of the SOBP given during the experiment can be
seen in supplemental figure S4 where the measurement was taken via a multi-layer
ionization chamber (Giraffe, IBA, Ottignies-Louvain-la-Neuve, Belgium)

!

Figure 5: Placement and set-up of 6-well plates during proton radiation.
Western Blot Assay: After proton radiation, fresh media was replaced in the cell culture.

Cells were lysed 16 hours after proton radiation, using cell lysis buffer X1 (Cell Signaling
Technology, USA) in deionized water and were sonicated with 10 pulses. Protein
concentration was estimated using BCA protein Assay Kit (Thermo Fisher Scientific, USA).
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Cell lysates 15µg were electrophoresed on 4-12% Bis-Tris polyacrylamide gels at 100V for
45 minutes. The primary antibodies included HSP70 and Brachyury (Cell Signaling
Technology, USA) at 1:1000 dilution. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Cell Signaling Technology, USA) primary antibody at 1:1000 dilution was used as
loading control. The secondary antibodies were horseradish peroxidase-conjugated (Cell
Signaling Technology, USA).
Linear-Quadratic Model: By using Gnuplot, the linear-quadratic model:

SF = e&(()* +)

,)

was used to fit of cell survival curves where D is the radiation dose and SF is the surviving
fraction. The α and β are parameters that determine the radiation sensitivity and are
determined from the LQ model curves via Gnuplot. These values depend on the culture
conditions and the presence of radiosensitizing agents [38].
The relative biological effectiveness (RBE) is defined as the ratio of the doses required by
two radiations to cause the same level of effect. For this work, we chose condition of MSOBP without hyperthermia for reference condition to use for Dref for RBE calculation.
While this condition deviates from much of the previous RBE work using 250kVp x-rays
reference, we chose to use it because firstly, it requires a minimal number of free variables
in study, proton energy varies but not irradiation machine. Secondly, because it allows
direct relative comparison between proton mid-target and distal target with and without
hyperthermia. As proton therapy is the treatment of choice of chordoma, this proves a
direct comparison that can be used to support the use of HT and/or higher LET. The RBE
16

was calculated at 10% SF and with 2Gy E-SOBP. 2Gy radiation is clinically relevant dose.
The RBE was determined using the formula below:

𝑅𝐵𝐸 =

𝐷(𝑟𝑒𝑓)
𝐷

Where D(ref) is the Middle of Spread-out Bragg peak dose and D is the dose of other curves.

Statistical Analysis: Plating efficiency and survival fractions using colonies obtained were

calculated for all groups and replicates using the formula below:

Plating efficiency is a measure of the number of colonies originating from single cells. It is
used to calculate the survival fraction which is the cells retaining their reproductive
integrity and the absorbed dose of radiation.
The statistical analysis was done in collaboration with Dr. Soren Bentzen. Prior to the
analysis, each survival fraction data was log-transformed to follow normal distribution and
to assume good model fit at the higher dose levels. Equal variances were assumed, and the
paired-sample two-tailed Student’s t-test on Excel (α = 0.05, β = 0.2) was performed to
analyze and compare distribution of differences in means for two groups RT and RT+H of
each dose separately. A statistically significant difference was considered when p ≤ 0.05
and highly significant p ≤ 0.01.
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Chapter 6: Results and Discussion
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Figure 6: Mean scatter plot with 95% confidence intervals as error bars. A) U-CH2
and B) Mug-Chor1, clonogenic cell survival after proton radiation at the middle of
spread of Bragg Peak (M-SOBP) and end of spread of Bragg Peak (E-SOBP). * pvalue ≤ 0.05; ** p-value ≤ 0.01.
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6.1. Middle vs End of SOBP

The difference in survival fraction for both chordoma cell lines U-CH2 and Mugchor1 was statistically significant (p-value ≤ 0.05) for proton radiation doses at 4, 8 and
12Gy, and 1, 2 and 4Gy, respectively between middle and end of SOBP (figure 3). However,
the highest lethal dose 16Gy for U-CH2 and 8Gy for Mug-chor1 did not show any
statistically significant killing likely because the dose was so high that the survival fraction
at M-SOBP was only 10%. The data shows that there was greater cell kill at the end of SOBP
compared to M-SOBP. This suggests there is a significantly higher RBE at the E-SOBP than
the M-SOBP in chordoma cell lines. A linear quadratic (LQ) fit for cell survival was generated
to calculate the RBE between M-SOBP and E-SOBP (Figure 6 and Table 1) at 10% survival.
The RBE at M-SOBP with hyperthermia, E-SOBP with and without hyperthermia are greater
than 1 likely indicating more cellular damage than M-SOBP alone (Table 1). 2Gy radiation
is commonly given in the clinic and according to 2Gy the RBE at E-SOBP is also higher at
1.67 for U-CH2 and 1.55 for Mug-chor1 (Table 2).

6.2. Radiation and Hyperthermia combination

Hyperthermia was given before radiation for dose response clonogenic assays
(Figure 4 and 5). Hyperthermia in combination with radiation had a statistically significant
(p-value ≤ 0.05) more cell kill than radiation alone for both cell lines at the E-SOBP and MSOBP (Figure 4 and 5). However, the greatest significance seen p-value ≤ 0.01 was at lower
doses: 4Gy for U-CH2 (Figure 4) and 1, 2 and 4Gy for Mug-Chor1 (Figure 5). At 8Gy and
12Gy proton radiation dose for U-CH2 without hyperthermia there was less than 10%
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survival and therefore hyperthermia with radiation may not have contributed to a
statistically significant more killing. Hyperthermia when given after radiation also has a
significant difference (p-value ≤ 0.01) in chordoma cell survival at both E-SOBP and M-SOBP
(Figure 7). This is shows us that in the clinical setting where hyperthermia is typically given
after radiation, there will be an enhance in tumor killing when both treatments are given
in combination. The RBE at 10% survival for hyperthermia in combination with proton
radiation was higher compared to M-SOBP and E-SOBP given alone. At 2Gy the RBE also
increased with hyperthermia likely indicating that we can decrease the dose of radiation
given at the clinic in combination with hyperthermia. The linear quadratic fit curves also
show that the effect of hyperthermia is synergistic, and hyperthermia may work by
sensitizing the chordoma cells to radiation. The in vivo and clinical setting should have a
profound effect of hyperthermia on tumor cell kill due to the presence of a tumor
microenvironment. This is because, tumor microenvironment will have the effect of the
immune response, blood perfusion and oxygenation in chordoma when hyperthermia is
given.
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Figure 7: Mean scatter plot with 95% confidence intervals as error bars. U-CH2
chordoma cell line clonogenic cell survival after proton radiation at the A) middle of
spread of Bragg Peak (M-SOBP) and B) end of spread of Bragg Peak (E-SOBP). * pvalue ≤ 0.05; ** p-value ≤ 0.01.
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22

A

B

Figure 9: Linear Quadratic model A) Mug-Chor1 B) U-CH2 chordoma cell line
clonogenic cell survival after proton radiation.
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Table 2: Radiobiological effectiveness (RBE) values at 10% survival fraction, relative to
middle of spread-out Bragg peak proton radiation in chordoma cell lines A) U-CH2 and
B) Mug-chor1 with and without hyperthermia (H). The alpha and beta values are
determined using the linear quadratic equation.
A

α (Gy-1) [95% CI]

β (Gy-2) [95% CI]

Dose (D)

M-SOBP
M-SOBP+H
E-SOBP
E-SOBP+H

0.155 [0.114, 0.195]
0.264 [0.216, 0.312]
0.298 [0.260, 0.337]
0.319 [0.279, 0.359]

0.007 [0.004, 0.010]
0.000 [-0.004, 0.004]
0.000 [-0.003, 0.003]
0.000 [-0.003, 0.003]

10.177
8.722
7.727
7.218

B

α (Gy-1) [95% CI]

β (Gy-2) [95% CI]

Dose (D)

M-SOBP
M-SOBP+H
E-SOBP
E-SOBP+H

0.243 [0.144, 0.310]
0.626 [0.530, 0.722]
0.582 [0.506, 0.658]
0.683 [0.578, 0.789]

0.043 [0.033, 0.052]
0.000 [-0.014, 0.014]
0.000 [-0.011, 0.011]
0.000 [-0.017, 0.017]

5.018
3.678
3.956
3.371

RBE relative
to M-SOBP
1
1.167
1.317
1.410
RBE relative
to M-SOBP
1.000
1.364
1.268
1.489

,

SF = e&(()* +) ) , where D is the radiation dose, SF is the surviving fraction at 10%. α and β are
parameters that determine the LQ model curves via Gnuplot. 𝑹𝑩𝑬 =
Middle of Spread-out Bragg peak dose and D is the dose of other curves.

8(9:;)
8

, where D(ref) is the

Table
2: RBE
val
Table
3: Radiobiological
effectiveness (RBE) values at 2Gy of E-SOBP relative MSOBP proton radiation in chordoma cell lines U-CH2 and Mug-chor1. The alpha and
beta values are determined using the linear quadratic equation.

M-SOBP 2Gy
M-SOBP+H 2Gy
E-SOBP 2Gy
E-SOBP+H 2Gy

U-CH2 RBE (D = 2 Gy)
[95% CI]
1.00
1.50
1.67
1.77

Mug-chor1 RBE (D = 2 Gy)
[95% CI]
1.00
1.64
1.55
1.74

,

SF = e&(()* +) ) , where D is the radiation dose, SF is the surviving fraction. α and β are
parameters that determine the LQ model curves via Gnuplot. 𝑹𝑩𝑬 =
SOBP and D is dose of each curve.
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Figure 10: Mean scatter plots with 95% confidence intervals for proton radiation on
chordoma cells with and without hyperthermia at 4 and 6Gy. Hyperthermia was given
immediately after proton radiation. A) Mug-chor1 and B) U-CH2. * p-value ≤ 0.05; **
p-value ≤ 0.01.
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6.3. Brachyury expression decreases after treatment

The western blots show the expression of brachyury protein in cells after radiation
treatment with and without hyperthermia (Figure 8). The Brachyury expression in U-CH2
cells were highest in chordoma cells with no treatment (Figure 8). The protein expression
of brachyury decreased when hyperthermia was given alone (without radiation) indicating
that hyperthermia itself has a killing effect in chordoma cells. The data also reflects the
results of clonogenic survival fractions seen in both cell lines where hyperthermia alone
had a significant effect (Figures 4, 5 and 7). The brachyury expression decreased after
giving radiation at the M-SOBP and E-SOBP compared to control, however it decreased
further when hyperthermia was added. There is no difference between M-SOBP and ESOBP expression of brachyury. Brachyury is overexpressed in chordoma and is believed to
give chordoma its tumorigenic properties. Targeting brachyury is believed to be a
therapeutic approach in treatment of chordoma.
6.4. HSP70 expression increases after hyperthermia treatment

HSP70 expression increased significantly after treatment with hyperthermia alone
and in combination with radiation (Figure 9). Hyperthermia causes stress that leads to
increase in intracellular and extracellular HSP70. Since our study was in vitro and lacked a
tumor microenvironment, there was no impact of extracellular HSP70 which primarily
affects immune response against the tumor. Intracellular HSP70 increase indicates that
hyperthermia is working.
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Figure 11: Brachyury expression with standard error bars, via western blot with
GAPDH as loading control, results are in duplicates. Brachyury expression differed
after treatment with proton radiation and hyperthermia in U-CH2 cell line.
Hyperthermia alone or in combination had lower expression of Brachyury than proton
radiation alone. p-value ≤ 0.01
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Figure 12: HSP70 expression with standard error bars, via western blot with GAPDH
as loading control, results are in triplicate. HSP70 expression differed after treatment
with proton radiation and hyperthermia in U-CH2 cell line. Hyperthermia alone or in
combination had lower expression of Brachyury than proton radiation alone. p-value ≤
0.01
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Chapter 7: Conclusion and Future work
7.1 Conclusion

Our study successfully shows decrease in clonogenic survival of chordoma cells
when hyperthermia is given with radiation. There is also a greater cell kill at the E-SOBP
than M-SOBP. The RBE at 10% survival fraction of E-SOBP rises to 1.27 for Mug-Chor1 and
1.32 for U-CH2 relative to M-SOBP likely indicating more cellular DNA damage. The RBE of
M-SOBP and E-SOBP increases when hyperthermia is added. In the meantime, we have
seen a decrease in brachyury expression, which allows us to know that hyperthermia
indeed helps kill chordoma cells in combination with radiation.

7.2 Future Work

There is only one tumor volumetric very recent study done in Switzerland (2019)
with success in using hyperthermia to treat inoperable sacral chordomas in 5 patients with
proton radiation [39]. The authors did not elucidate preclinical or mechanistic studies. In
our study, the mechanism of action still remains to be elucidated and we are currently
doing a microarray of chordoma cells to see the expression of genes after E-SOBP and MSOBP with and without hyperthermia. A time-dependent caspase expression assay needs
to be done to elucidate the apoptotic pathway in chordoma. When successful, our study
will open the opportunities for to further understand the effect of combining these
treatments as a synergistic adjuvant and/or neo-adjuvant therapy. If we are successful, we
could envision pilot proof-of-principle clinical trials at University of Maryland, Baltimore in
the near future.
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Supplemental figures
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F

Figure S1: Clonogenic assay images of two wells from a 6-well plate of U-CH2
chordoma cell line following treatment: A) No treatment (control), B) Hyperthermia
alone, C) Middle of Bragg Peak (M-SOBP) 4Gy proton radiation without hyperthermia,
D) End of Bragg Peak (E-SOBP) 4Gy proton radiation without hyperthermia, E) MSOBP 4Gy proton radiation with hyperthermia and F) E-SOBP 4Gy proton radiation
with hyperthermia.
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Figure S2: Clonogenic assay images of two wells from a 6-well plate of Mug-Chor1
chordoma cell line following treatment: A) No treatment (control), B) Hyperthermia
alone, C) Middle of Bragg Peak (M-SOBP) 1Gy proton radiation without hyperthermia,
D) End of Bragg Peak (E-SOBP) 1Gy proton radiation without hyperthermia, E) MSOBP 1Gy proton radiation with hyperthermia and F) E-SOBP 1Gy proton radiation
with hyperthermia.
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Figure S3: Caspase 9 expression via western blot with beta-tubulin as loading control,
results are in duplicates. Caspase 9 expression differed after treatment with proton
radiation and hyperthermia in U-CH2 cell line. Hyperthermia alone or in combination
had lower expression of Brachyury than proton radiation alone. p-value ≤ 0.01
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Figure S4: The exact measurement of the SOBP in our experiment for proton radiation.
The cells were placed at M-SOBP and E-SOBP were at 9.7 cm and 14.7 cm,
respectively.
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Figure S5: These are the results of Gnuplot linear quadratic fits for Mug-chor1
chordoma cell line and error propagation done by John Eley. A) LQ fit, B) RBE using
M-SOBP as reference, and 95% CI bands for C) M-SOBP+H, D) E-SOBP, E) E-SOBP
+H
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Figure S6: These are the results of Gnuplot linear quadratic fits for U-CH2 chordoma
cell line and error propagation done by John Eley. A) LQ fit, B) RBE using M-SOBP
as reference, and 95% CI bands for C) M-SOBP+H, D) E-SOBP, E) E-SOBP + H
Figure S6:
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