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Abstract:
Chordoma is a rare primary spinal cancer which affects one in one million people and has an
average survival time of seven years. Despite advances in surgical techniques and radiation
therapy, approximately 30% of chordoma patients develop metastatic disease at some point.
Local recurrence is a significant issue for case where the tumor cannot be completely removed,
and may appear as soon as a few months post-surgery. For this reason, there is great clinical
interest in finding effective therapies that can prevent or treat recurrent or metastatic tumors. In
this project, it was determined that one out of three tested chordoma cell lines experienced
significant radio-sensitization following exposure to vorinostat, an FDA approved pan-HDAC
inhibitor. In the three cell lines tested, it does not appear that HDAC6 plays a major role in
radiation response. While further testing is necessary, this data suggests that vorinostat in
combination with radiation is a possible therapeutic option for chordoma and should be
investigated.
Introduction:
Background on Chordoma
Chordoma is a relatively rare cancer of the skull and spine which accounts for
approximately 3% of all bone malignancies, 1 but is one of the most common spinal tumors.2 The
incidence of chordoma is approximately 1 in 1,000,000 and average survival time is
approximately seven years.3 There are currently no FDA approved systemic therapies for
chordoma. Treatment of chordoma frequently begins with surgical resection of the primary
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tumor. Because primary tumors are usually slow growing, they are often discovered after they
have grown quite large, and because of their locally invasive tendencies, the preferred surgical
technique for chordoma is an en bloc resection — the removal of the tumor with no dissection.
This was established to be the best surgical protocol in the late 1970’s and continues to be widely
used.4 The implications of this are profound; time before recurrence for patients who have a
successful en bloc resection can be more than ten years, but only eight months on average for
patients who do not. 5 Unfortunately, because of tumor location, size, and the level of
invasiveness at the time of discovery, en bloc resection is only possible in less than half of all
chordoma patients.6
Even with a successful en bloc resection, there is still a possibility for local recurrence.
This is attributed to micro-skip metastasis, a recently discovered phenomenon in which the tissue
immediately surrounding the tumor appears to be cancer free, but looking farther beyond the
tumor margin reveals microscopic nodules of metastatic chordoma.7 To reduce the risk of local
recurrence, chordoma surgeries are often followed by adjuvant radiation therapy to the tumor
bed.8 A 2014 study by DeLaney et al. showed that with proton beam therapy dose of ~72 Gray,
85% of patients have local control at five years.9 Despite the significant progress made in
surgical technique and radiation therapy, recurrence is still common. Less than 50% of chordoma
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patients have complete tumor resection, making local recurrence an immediate problem. Proton
therapy has delayed the onset of recurrence, but it is nevertheless a common issue for patients in
the years following treatment. Additionally, radiation therapy is only able to treat local disease
— not metastatic disease. Metastatic disease is still a major issue for chordoma patients, as
approximately 30% of all chordomas metastasize.10 For this reason, effective systemic therapies
are essential to treat advanced chordoma. Comprehensives studies have unfortunately shown that
traditional cytotoxic chemotherapies are largely ineffective due to the slow growing nature
typical of chordoma. Because of the lack of available systemic therapies, average survival time
for patients with metastatic disease is less than three years.11
Effective treatments for the management of advanced chordoma are clearly needed. One
significant approach to the treatment of recurrent or metastatic chordoma is through vaccination
to the brachyury antigen. Brachyury is a nuclear transcription factor expressed in >98% of
chordomas, but is not expressed in normal tissue. 12 In a Phase I clinical trial, the brachyury
vaccine was moderately effective with 2/5 patients having tumor shrinkage or stabilization. 13 The
brachyury vaccine is now in a phase II clinical trial, which is comparing radiation alone versus
vaccine + radiation for locally advanced chordoma. A variety of other therapeutic strategies for
the management of recurrent and metastatic chordoma are currently underway. These include a
CDK4/6 inhibitor, palbociclib, which is undergoing a phase II trial in Heidelberg, Germany, and
radiation combined with a PD-1 inhibitor at Memorial Sloan Kettering and Johns Hopkins. Both
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of these trials, and nearly all of the planned studies for advanced chordoma, are predicated on the
disease recurrence. They are addressing treatment options when the disease returns. The aim of
this study, however, is slightly different. The goal of this project is to determine if a
radiosenstizing agent can prevent or significantly delay disease recurrence.
Histones and Histone Deacetylases
Histones are a class of small nuclear proteins which form octamers around which DNA
wraps to form nucleosomes, the base level of chromatin organization. Histones can be acetylated
on lysine residues, a modification which functions to activate the genes wrapped around that
histone. Gene activation and inactivation is critical to cellular function and response to stress,
and histone acetylation is critical to gene regulation. This is accomplished through two
complementary groups of enzymes, histone acetyltransferases and histone deacetylases (HDAC).
Histone deacetylases function by removing the acetyl group from a lysine residue on the histone,
thus inactivating the gene. The family of HDACs contains 11 members (HDAC1-11) which can
be grouped into four major classes: I, IIA, IIB, and IV depending on their amino acid sequence.
It is worth noting that the name ‘histone deacetylase’ is a bit of a misnomer, as these proteins
have targets which are not histones. This is the case in HDAC6, which we will return to later.
In many cancer types, overexpression of one or more HDACs contributes to disease
progression.14 Histone deacetylases appear to contribute to cancer progression by a few
mechanisms. Briefly, this can include increasing the ‘barrier of entry’ into programmed cell
death,15 increasing expression of p-glycoprotein efflux pump which detoxifies cells of
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chemotherapy,16 and compacting chromatin thus reducing the efficacy of genotoxins like
etoposide.17 Most notable for this project is the role of HDACs in DNA damage repair. Ionizing
radiation derives its therapeutic usefulness through inducing damage to DNA, most prominently
double stranded breaks. If left unrepaired, DNA damage prevents genome replication and even
normal function, resulting in death. Cells have, therefore, evolved remarkable machinery which
repair DNA damage. The method of repair is dependent on the nature of the lesion, which can be
loosely grouped into the following categories: base excision repair (BER), nucleotide excision
repair, mismatch repair, homologous recombination (HR), and non-homologous end joining
(NHEJ). The most common lesions resulting from radiation therapy are double stranded breaks.18
Double stranded breaks are often repaired via NHEJ or HR, depending on the nature of the
break.
Non-Homologous End Joining
Doubled-strand DNA breaks can be repaired via two pathways: HR or NHEJ. Because of
the complexity of lesions induced by ionizing radiation, repair via the NHEJ pathway is the most
common.19 The complex mechanisms behind NHEJ are outside of the scope of this project,
however, the role of HDACs in the signaling cascade that initiates NHEJ is of great interest. It is
known that a crucial early step is the detection of DSBs by the MRN complex which consists of
Mre11, Rad50, and Nbs1.20 In the case of NHEJ, the MRN complex then recruits the kinase
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ATM. ATM has a number of roles in DNA damage repair, but, for the sake of simplicity, we
shall focus on the phosphorylation of histone H2AX on serine-139.21 Phosphorylated H2AX,
abbreviated γH2AX, is a well-studied marker of DSBs. To illustrate the speed at which these
events progress, γH2Ax can be detected less than 20 seconds after irradiation. 22 The binding of
the Ku70/80 heterodimer is another critical step in NHEJ. Firstly, their binding protects the DNA
from further degradation by endogenous exonucleases.23 Ku70/80 also provides a scaffold for the
next step of NHEJ, the binding of DNA-PKcs, 24 which orchestrate the remaining steps of NHEJ.
The Role of HDAC in NHEJ
Now that the process of NHEJ has been briefly described, let us turn to the role that
histone deacetylases play in this process. NHEJ requires remodeling of chromatin to allow repair
proteins to access the damaged DNA. HDAC1 and 2 have been shown to deacetylate H3K56Ac
and H4K16Ac and promote NHEJ.25 The binding of the Ku70/80 heterodimer is also regulated
by HDACs. Acetylated Ku70 has a lower affinity for DNA, therefore its deacetylation is critical
to formation of the Ku70/80 heterodimer. 26 It has been shown that inhibition of HDAC1,2, and 3
causes increased sensitivity to chemotherapeutics because of decreased Ku70/80 formation and
decreased DNA repair. 27
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The Role of HDAC6
A 2013 paper by Scheipl et al. looked at the expression of the various HDACs in 50
chordoma biopsies and found that HDAC6 was the most prevalently expressed. 28 They also
found that HDAC inhibition by vorinostat decreased cell viability and increased apoptosis in a
chordoma cell line. 29 Unlike nearly all of the other HDACs, which are almost exclusively
localized to the nucleus, HDAC6 is primarily a cytoplasmic protein. HDAC6 functions primary
to deacetylate two non-histone target proteins: α-tubulin and Hsp90. α-tubulin is a cytoskeletal
protein, and the discovery of this interaction has contributed to our understanding of the role that
HDAC6 plays in cancer metastasis. More interestingly, for the purpose of this project, is the
interaction between HDAC6 and Hsp90.
It has been established that Hsp90 is a substrate of HDAC6, and that HDAC6 inhibition
leads to hyperacetylation of Hsp90.30 Hsp90’s role as a chaperone protein is tightly regulated by
a number of posttranslational modifications. The role of acetylation and deacetylation in the
function of Hsp90 remain a subject of study, however it appears that hyperacetylated Hsp90 is
less effective at repairing DNA. The mechanism by which Hsp90 acetylation or inhibition
induces radiation sensitivity is still unknown. However, there is abundant functional data
showing that Hsp90 plays a critical role in radiation response. A 2010 paper by Namdar et al.
showed that HDAC6 inhibition greatly reduced the ability of prostate cancer cells to repair DNA
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damage induced by alkylating chemotherapy agents and decreased cell proliferation. 31 Similarly,
a 2006 paper Dote et al.32 and a 2016 paper by Kinzel et al.33 showed radiosensitizing effects
from Hsp90 inhibition.
Clinical Uses of HDAC Inhibition as a Radiosensitizer
In other cancer types, there have been a few small Phase I studies evaluating vorinostat as a
radiosensistizer. These include a 2015 study by DuBois et al. which combined vorinostat with a
radiopharmaceutical (131I-MIBG) for the treatment of relapsed or refractory neuroblastoma. 34 A
2014 Phase I trial by Shi et al. examined the efficacy of vorinostat when combined with wholebrain radiation for the treatment of metastatic Non-small Cell Lung Cancer (NSCLC).35 Being
phase I trials, the primary outcome for both studies was to determine the safety rather than
efficacy. Both papers found the combination to be tolerable at around 300mg/day of vorinostat,
which is slightly below the FDA approved 400 mg/day for cutaneous T-cell lymphoma.
Radiosensitization in Chordoma
In a small case study of five patients, razoxane, a topoisomerase II inhibitor, was given
along with an average of 63 Gy of photon-based therapy to patients with chordoma. While no
direct controls were used, and the sample size prevents a statistically meaningful conclusion, 3/5

31

Namdar, M., Perez, G., Ngo, L., & Marks, P. A. (2010). Selective inhibition of histone deacetylase 6 (HDAC6)
induces DNA damage and sensitizes transformed cells to anticancer agents. Proceedings of the National Academy of
Sciences, 107(46), 20003-20008.
32
Dote, Hideaki, et al. "Inhibition of hsp90 compromises the DNA damage response to radiation." Cancer
research 66.18 (2006): 9211-9220.
33
Kinzel, Linda et al. “A novel HSP90 inhibitor with reduced hepatotoxicity synergizes with radiotherapy to induce
apoptosis, abrogate clonogenic survival, and improve tumor control in models of colorectal cancer” Oncotarget vol.
7,28 (2016): 43199-43219.
34
DuBois, Steven G., et al. "Phase 1 Study of Vorinostat as a Radiation Sensitizer with 131IMetaiodobenzylguanidine (131I-MIBG) for Patients with Relapsed or Refractory Neuroblastoma." Clinical Cancer
Research (2015): clincanres-3240.
35
Shi, Wenyin, et al. "Vorinostat as a radiosensitizer for brain metastasis: a phase I clinical trial." Journal of neurooncology118.2 (2014): 313-319.

9

Griner Thesis
patients were alive at 10 years following treatment. 36 This appears to be a moderate improvement
over the normal 10-year survival rate of 40%. In a more recent in vitro study, LB100, a protein
phosphatase 2a inhibitor which prevents progression through the cell cycle, was combined with
radiation. This data showed that LB100 + radiation increased γH2Ax, a marker of DNA damage,
and decreased cell proliferation. 37 While these two studies provide rationale for this project, they
both have significant limitations. Razoxane significantly increases the chance of developing a
secondary malignancy like leukemia because of its broad toxicities. LB100 is only in early
clinical investigation, meaning it is years away from possible FDA approval and the side effects
are yet unknown. This project takes a different approach to radiosensitization in chordoma:
investigating a possible role for histone deacetylase (HDAC) inhibition as a radiosensitizer in
chordoma. Vorinostat is a pan-HDAC inhibitor, meaning it inhibits all members of the HDAC
Class I and II family, and is FDA approved for the treatment of cutaneous T cell lymphoma.
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Methods:
Cell Lines:
This project utilized three distinct chordoma cell lines: CH22, UCH-2, and UCH-17M.
These cell lines were chosen to represent the morphologic diversity seen in chordoma, and have
different rates of cell division and different expression levels of various proteins such as
brachyury and CD24. CH22 and UCH-2 are derived from locally recurrent sacral chordomas,
while UCH-17M is derived from a soft tissue metastasis. The cell lines were kindly provided by
the Chordoma Foundation (Durham, NC), and maintained according to ATCC protocols.

Drugs:
Vorinostat and tubacin were acquired from Med Chem Express (Monmouth Junction,
NJ). Samples were dissolved in DMSO to a concentration of 10mM and stored at -20°C.

Cell Viability Assay:
To determine the effect of HDAC inhibition as a monotherapy, cells were cultured in a 96
well plate (2000 cells/well) and allowed to proliferate overnight. The following day, vorinostat,
tubacin, or control (cell culture media) was added to final concentration of 10 uM, 5 uM, 1uM,
or 0 uM. The cells were incubated for 24, 48, or 72 hours post drug addition, and then harvested
for viability. Viability was assessed using the Promega CellTiter 96 Non-Radioactive Cell
Proliferation Kit (Promega Corporation, Madison, WI). Each treatment condition was performed
in a replicate of 4. Data was analyzed using Microsoft Excel and GraphPad Prism. Statistics were
performed using the Kruskal-Wallis test and post hoc analysis between groups.
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To determine the effect of HDAC inhibition in combination with radiotherapy. Each cell
line was initially split into three groups: control/ no treatment, 2.5 uM vorinostat, and 2.5 uM
tubacin. The cell lines were pretreated for 24 hours, before being harvested for irradiation. Each
of the groups was then split in 2, which received either 10 Gy or 0 Gy (control). Cells were
irradiated at Moffitt Cancer Center in Tampa, Fl, and then returned to Florida Southern College.
Each of the now 18 groups of cells were then counted using Trypan blue, their concentration
adjusted, and seeded into 96 wellplates. Each group was in a replicate of 6. At 36 and 72 hours
post irradiation, viability was analyzed as described above.
Western Blots
HDAC1, HDAC 6, Ku80, and γH2Ax expression were analyzed from the same cell
groups as described above. Briefly, cells were lysed using 50 mM Tris–HCL pH 7.4, 150 mM
NaCl, 50 mM NaF, 1 mM EDTA, 10% NP-40, 1% Triton-X, and protease inhibitors. 100 uL of
lysis buffer was used per 1 million cells, and protein was then quantified using a ThermoFisher
NanoDrop. 20 ug of protein per lane was loaded into 12% SDS-PAGE gels, and protein was
transferred to a nitrocellulose membrane. Membranes were incubated with the primary
antibodies (Cell Signaling Technology, Danvers, MA) in TBS-T with 1% Milk overnight at 4 °C.
After washing, the membranes were incubated with secondary antibodies for 1 hour at room
temperature. The blots were developed using 1-Step NBT/BCIP substrate solution
(ThermoFisher Scientific).
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Figure 1. The workflow for the experiments described here.

Results
The original goal of this project was to determine the role of HDACs in DNA damage
repair, and the possible therapeutic role of HDAC inhibition as a radiosensitizer in chordoma.
There was literature evidence to suggest that HDAC inhibition does sensitize cancer cells to
radiation, and two broadly defined mechanisms are presented. One is through the epigenetic
changes induced by HDAC 1 and HDAC2 inhibition. Acetylated histones promote transcription
of the genes wrapped around them, thus increasing their expression. It has been seen that HDAC
inhibition restored the p53 tumor suppressor pathway in neuroblastoma. 38 In the context of
radiation induced DNA damage, proper p53 expression is important for preventing progression
through the cell cycle if unrepaired damage is present and even initiating apoptosis if the damage
is irreparable. The relationship between HDAC inhibition and DNA repair protein expression, as
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discussed in the introduction, is extremely complex and poorly understood. On one hand, HDAC
inhibition could promote the expression of DNA repair genes and reduce cellular sensitivity to
radiation. On the other hand, countless papers have observed that HDAC inhibition leads to
transcriptional repression of repair-associated genes. 39
The second mechanism, investigated in this project, is the HDAC6 mediated role of
Hsp90 in DNA damage repair. Tubacin specifically inhibits HDAC6, which appears to be
required for the deacetylation and subsequent activation of Hsp90. Numerous papers have shown
that Hsp90 inhibition has a radio-sensitizing and chemo-sensitizing effect in cancer cells,
implicating it in DNA damage repair. 40 Furthermore, the 2013 paper by Schiepl et al. showed
high levels of HDAC6 expression in chordoma, providing a possible explanation for its
radioresistance.
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Figure 2. Expression of HDAC6 in the CH22 cell line. HDAC6 is expressed across the various
treatment groups. It appears to be more highly expressed in treatment groups as compared to NT,
but this claim cannot be backed up without band intensity quantification which could not be
performed. NT= No Treatment, V= Vorinostat, T= Tubacin, R= Radiation (10 Gy), VR=
Vorinostat (2.5 uM) + Radiation (10 Gy), TR= Tubacin (2.5 uM) + Radiation (10 Gy).

Figure 3. Expression of Ku80 in the CH22 cell line. Ku80, a protein involved in non-holologous
end joining repair of DNA lesions, appears more highly expressed in the treatment groups as
opposed to the NT group, but this claim cannot be backed up without band intensity
quantification which could not be performed. NT= No Treatment, V= Vorinostat, T= Tubacin,
R= Radiation (10 Gy), VR= Vorinostat (2.5 uM) + Radiation (10 Gy), TR= Tubacin (2.5 uM) +
Radiation (10 Gy).
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Figure 4. Expression of HDAC1 and HDAC6 in the UCH2 cell line. HDAC 1 and 6 appear to be
expressed in the UCH2 cell line, although the broadening of the bands makes it difficult to
distinguish HDAC6 from a-Actinin. NT= No Treatment, V= Vorinostat, T= Tubacin, R=
Radiation (10 Gy), VR= Vorinostat (2.5 uM) + Radiation (10 Gy), TR= Tubacin (2.5 uM) +
Radiation (10 Gy).
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Figure 5. Expression of Ku80 and yH2AX in the UCH2 cell line. Changes in levels of Ku80
expression are difficult to comment on without band quantification, but it is interesting that
yH2AX, a sensitive marker of double stranded DNA breaks, is seen in the R, VR, and TR groups
but not in NT, V, or T. NT= No Treatment, V= Vorinostat, T= Tubacin, R= Radiation (10 Gy),
VR= Vorinostat (2.5 uM) + Radiation (10 Gy), TR= Tubacin (2.5 uM) + Radiation (10 Gy).
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Figure 6. Viability of CH22 after treatment with vorinostat or tubacin. Graphs display mean with
standard deviation. CH22 was quite sensitive to 10 uM vorinostat and tubacin at the 72 hr
timepoint, but viability remained high at the 1 and 5 uM doses.
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Figure 7. Viability of UCH-2 after treatment with vorinostat or tubacin. Graphs display mean
with standard deviation. UCH-2 displayed marked resistance to tubacin at all dose levels, but
was somewhat sensitive to the two highest doses of vorinostat.
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Figure 8. Viability of UCH-17M after treatment with vorinostat or tubacin. Graphs display mean
with standard deviation. UCH-17M displayed dose dependent response to vorinostat, but with a
significant difference in viability between 1 uM and 5 uM. The two lowest doses of tubacin did
not significantly affect viability.

Figures 1-3 illustrate changes in cell viability across all three cell lines following
exposure to the HDAC inhibitors vorinostat and tubacin. The purpose of this study was to
determine the sensitivity of each of the cell lines to the drug. Given the aim of this project is to
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evaluate the effect of combining HDAC inhibition with radiation, it was important that the dose
used for future studies did not substantially reduce cell viability when used as a monotherapy. As
can be seen, at the 1 uM dosage level both drugs had minimal reduction in cell viability. 5 uM
was also generally acceptable, aside from UCH-17M + Vorinostat at 72 hours. Given that doses
between 1 and 5 uM for each of the drugs are published and accepted to be low doses, the
decision was made to use 2.5 uM as the dose for both drugs moving forward.
To study the combinatorial effects of HDAC inhibition and radiation, cells were then
pretreated 24 hours before irradiation with vorinostat or tubacin and then subject to irradiation
and subsequent viability testing.

Figure 9. The effects of radiation and HDAC inhibition on CH22 cell viability 36 hours post
irradiation. The increased viability seen in vorinostat + radiation group almost certainly
originates from a difference in cell number.

21

Griner Thesis

Figure 10. The effects of radiation and HDAC inhibition on CH22 cell viability 60 hours post
irradiation. The increased viability seen in vorinostat + radiation group almost certainly
originates from a difference in cell number.
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Figure 11. The effects of radiation and HDAC inhibition on UCH2 cell viability 36 hours post
irradiation.

Figure 12. The effects of radiation and HDAC inhibition on UCH2 cell viability 60 hours post
irradiation. The increased viability seen in tubacin + radiation group almost certainly originates
from a difference in cell number.
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Figure 13. The effects of radiation and HDAC inhibition on UCH-17M cell viability 36 hours
post irradiation. Significant radio-sensitization is seen in the vorinostat + radiation group.

Figure 14. The effects of radiation and HDAC inhibition on UCH-17M cell viability 36 hours
post irradiation. Significant radio-sensitization is seen in the vorinostat + radiation group.
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Discussion
Western Blots, shown in Figures 2-5, confirm that HDAC 1 and 6 expression seen in the
2013 paper by Schipel et al. is also seen in chordoma cell lines. Unfortunately, due to a technical
error with the SDS-PAGE gels or the transfer process, blots for UCH-17M could not be
developed. As can be seen in Figures 6-8, the effect of monotherapy HDAC inhibition varied
between cell lines. CH22 appeared quite sensitive to the highest dose of vorinostat and tubacin,
even though these doses are still on the lower end of the ranges seen in the literature. UCH2, on
the other hand, appeared quite resistant to both drugs. Finally, UCH-17M was largely resistant
tubacin, but was quite sensitive to vorinostat. Ultimately, a dosage of 2.5 uM was chosen for
both drugs for subsequent experiments. Because the experiments are internally controlled for
drug only cell death, it was possible to ensure that a combinatorial effect could still be seen.
As for the combinatorial effect, only one cell line showed a significant reduction in
viability between the radiation and radiation + drug group: UCH-17M and Vorinostat. This
evidence suggests that there is some rationale for combining HDAC inhibition with radiation
therapy for chordoma. However, it is only fair to present this data in the context of a few serious
caveats. Firstly, the cell viability assay used here measures the presence of formazan, generated
by the reduction of the MTT dye by NAD(P)H enzymes. Samples with a greater absorbance have
more formazan present, indicative of greater NAD(P)H activity. Thus, this assay is sensitive to
variation in the number of cells present in each well. While every attempt was made to seed 2000
cells into each well, the workflow used for these experiments generated an unavoidable variable.
Because each cell line was divided into 6 groups (NT, Radiation, Vorinostat, Tubacin, Tubacin +
Radiation, and Vorinostat + Radiation), these samples had to be seeded independently. Thus, it is
possible that some samples had less than 2000 cells per well, and others had more. Given the
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assay dependency on cell number, the true results could be skewed by variation in cell number.
In theory, a better approach to this assay would be using ThermoFisher Live/Dead stain in
combination with CountBright Absolute Counting Beads for flow cytometry. The beads allow
for viability to be normalized to cell number, eliminating this error. Unfortunately, because
Florida Southern College does not have access to a flow cytometer, it was impossible to use
approach.
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