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1
Chordomas are relatively rare neoplastic tumors that are primarily situated along the axial 
spine with an occurrence of approximately one in one million. The most frequent tumour 
locations are the sacrum and the skull base.1 Patients with skull base chordomas present 
with neurological deficits as a result of tumoral compression on cranial nerves. Multimodal 
therapy with initial gross total resection combined with adjuvant radiotherapy with typically 
proton ions, are the mainstay of patients’ clinical management today. Even as developments 
in this golden standard of therapy have improved patient outcome, approximately 50% of 
chordoma patients experience recurrence, or more appropriately, regrowth of the tumor 
within five years.2,3 As chordomas are considered to be resistant to conventional chemo-
therapy, patients are confronted with a poor prognosis.4,5 In order to improve outcome, 
scientists have focused on identifying molecular factors driving different clinical course 
of chordoma patients by comparing chordoma-tissue to a less malignant tumor called 
chondrosarcoma.6 Although chordomas and chondrosarcomas might both be present at the 
base of the skull and are often radiologically inseparable, it is the assumption that these 
tumors have a distinctive origin. Chordomas are thought to have a different cellular origin, 
firstly described in detail in 1857 by the famous pathologist Virchow as “a pea-sized, sparing, 
jelly-like tumor mass extending to the clivus”:7

“…Brachte man ein Stück davon unter das Mikroskop, so sah man in einem 
ziemlich klaren, hyalinen, gans leicht streifigen Grundgewebe, eine grosse 
Menge blasiger, fast cystoider Gebilde, welche ihrerseits wieder neue Blasen ein-
schlossen und zwischen denen nur hie und da einzelne deutlich zellige Gebilde 
erschienen.”

Although Virchow mentioned a correlation with the chorda dorsalis (notochord), it was 
only decades later before the term “chordoma” was first phrased in 1894.8 Long after this 
discovery, and only in the recent two decades, research on chordomas has increased expo-
nentially. Besides the search for prognostic factors, one of the main reasons for researchers is 
the fascinating resemblance of these tumors to the embryonic notochord and the molecular 
mechanisms behind a “prechordoma-switch” that results in a malignant transformation of 
notochordal remnants, a phenomenon termed “chordomagenesis”.

Unmet needs and aim of the study

After decades of molecular research in chordoma, our knowledge on the molecular foun-
dation of the pathogenic process underlying the debilitating disease in chordoma patient 
has expanded significantly, however unfortunately, no molecular markers are currently 
being used in the clinic and no actionable therapeutic targets have been identified. The 
aim of this study is to gain further insight in the molecular pathophysiology of this disease 
in order to discover potential molecular markers and therapeutic targets to better manage 
this disease. As the bulk of scientific molecular knowledge on chordoma is fragmented in 
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many articles, in Chapter 2, we provide an overview of the entity named chordoma. We 
discuss the presumed formation of chordomas and present an outline of the molecular 
studies performed by reviewing the most important developments in chordoma biology. 
Furthermore, we discuss a commonly accepted principle of chordomagenesis, which is 
the malignant transformation of notochordal remnants. This fundamental concept is also 
the motivation for using embryonic notochordal tissue and cells for further research in 
chordoma. In Chapter 3, we therefore have investigated the appropriate time-period and 
collecting method for notochordal tissue and cells from human specimens. The protocol that 
we developed will allow researchers to use a universal control tissue, which will improve our 
ability to compare and overlay datasets. While performing these experiments we have disco-
vered that expression of Brachyury presents throughout the entire vertebral colomn in the 
developing embryo. This questions the involvement of the transcription factor in chordoma 
as a remnant of notochordal heritage or possibly a result tumor-environmental effect. 

Another unexplored area in chordoma research is the spectrum of expression of tumor specific 
proteins. Using the isobaric tag for relative and absolute quantitation (iTRAQ) method, we 
have labeled peptides of chordoma tumor samples. Comparing this spectrum to the control 
embryonal intervertebral disk tissue containing the notochord and chondrosarcoma, we 
investigated the differential spectrum of proteins. The methodology applied in these studies 
is presented in Chapter 4. We further explored the differential expression of phosphorylated 
proteins in chordoma and chondrosarcomas in primary and recurrent tumors and present a 
group of biomarkers to identify skull base primary chordomas and chondrosarcomas with a 
propensity to recur in Chapter 5. In the same light in Chapter 6 we have investigated a cohort 
of twenty-five patients to explore if clinical parameters, (immuno)histological findings or 
the expression of cell cylcle factors have an influence on overall survival in chordoma. We 
present potential value of cyclin dependent kinase 4 in our cohort. 

As growing number of publications are a valid depiction of the interest of gene- and protein 
expression in chordoma, no reports are focused on the effect of external effectors on 
chordoma. More specifically, no studies investigating the presence of viral gene expres-
sion in chordomas, even though viruses and other infectious agents cause nearly 20% of all 
human cancers worldwide. In order explore the role of external factors in chordomagenesis, 
we also studied the presence of viruses in Chapter 7.

Finally, Chapter 8 summarizes the most relevant concepts of the chapters in this thesis and 
an overall conclusion is made.
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Abstract

Chordomas are malignant tumors of the axial skeleton, characterized by their locally 
invasive and slow but aggressive growth. These neoplasms are presumed to be derived 
from notochordal remnants with a molecular alteration preceding their malignant trans-
formation. As these tumors are most frequently observed on the skull base and sacrum, 
patients suffering from a chordoma present with debilitating neurological disease, and have 
an overall 5-year survival rate of 65%. Surgical resection with adjuvant radiotherapy is the 
first-choice treatment modality in these patients, since chordomas are resistant to conven-
tional chemotherapy. Even so, management of chordomas can be challenging, as chordoma 
patients often present with recurrent disease. Recent advances in the understanding of the 
molecular events that contribute to the development of chordomas are promising; the most 
novel finding being the identification of brachyury in the disease process. Here we present 
an overview of the current paradigms and summarize relevant research findings.
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1.	 Introduction

Chordomas are relatively rare neoplasms with an overall incidence of approximately one per 
million population.1 These tumors have a slowly aggressive and locally invasive character and 
predominantly arise at the cranial (clivus) and caudal (sacrum) ends of the axial skeleton. Due 
to the close relationship with vital structures, especially at the skull base, managing these 
tumors surgically has proven to be a challenge.2 Therefore, an increasing number of novel 
(radio)surgical and pharmacological strategies are currently being investigated.3,4 However, 
despite combining gross total resection with particle radiation therapy, frequent local recur-
rence remains a reality, and the 5- and 10 year overall survival rates are circa 65% and 35%, 
respectively.5-7 Additional chemotherapy is not implemented in the standard treatment, 
as chordomas are known to be relatively resistant to conventional chemotherapies.8 With 
the aim of improving the management of these tumors, histopathological and molecular 
research on chordoma tissue and cell lines has been carried out to improve our understan-
ding on the origin of chordoma. So far, most of the research has focused on well-known 
molecular markers found in other oncologic diseases. While these studies have contributed 
to our basic understanding of the pathophysiology of chordoma, recent experiments have 
reflected a paradigm shift away from focusing on important cell-cycle characters towards 
the investigation of more differentiating molecular markers that are primarily discovered 
by genome-wide experiments. Proteins involved in the cell-cycle regulation, including the 
p53 pathway and downstream messengers of the receptor tyrosine kinase pathway, have 
been mentioned in previous publications. However, the interpretation of more recent geno-
me-wide projects together with associated smaller case-control studies is lacking. It is our 
understanding that a holistic approach will benefit research on chordomas and will result in 
an improved strategy for clinical management. In this article, we present an overview of the 
current paradigms and summarize relevant research findings. 

2. Embryology

2.1.	Formation	of	the	Notochord
The current line of thinking is that chordoma cells originate from remnants of the embryonic 
notochord.9-11 For the purpose of clarifying the pathophysiology, we will discuss the function 
of the notochord and the formation of the vertebral axis. During embryogenesis, in the 
third week of human development, gastrulation takes place, in which the body axis and the 
three primary germ layers (ecto-, meso- and endoderm) are formed. One of the key events 
following this phenomenon is the formation of the notochord; an elongated rod of cells 
derived from the intraembryonic mesoderm initiated at the midpoint of the vertical axis 
(primitive node) with a caudo-cranial extension.12
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In the developing embryo, the notochord plays a critical role by producing and secreting 
important signaling factors (e.g. sonic hedgehog [shh]13, bone morphogenetic protein 
[bmp]14) to the surrounding tissue in order to direct organogenesis by providing fate and 
positional guidance.15 The notochord also exhibits cartilage-like and epithelial properties16, 
with considerable significance as it not only functions as the embryonic backbone, but also 
orchestrates the formation of the axial skeleton.15 In this regard, several heterotopic grafting 
studies have illustrated a crucial role for chordal cells in the formation of somites.17-20 These 
paired rectangular shaped segments which bilaterally propagate alongside the notochord 
are derivatives of the para-axial mesoderm, and in later development (imposed by chordal 
cells)21 further evolve by an epithelial-to-mesenchymal transition to form the ventral sclero-
tomes.22 Soon after this transformation, the loosely arranged mesenchymal cells will coalesce 
around the notochord and neural tube (primordial spinal cord) to instigate the formation 
of the initially unsegmented perinotochordal or perichordal sheath.19,23-25 The subsequent 
events and ultimate fate of the chordal and mesenchymal cells are still not fully understood. 

2.2.	Formation	of	the	vertebral	axis
It has been proposed that mesenchymal cells of the perichordal sheath become cartila-
ginous (chondroblasts/chondrocytic cells) via a condensation process with a central role 
for the secreted factors Shh26, epimorphin27 and the production of collagens (type 1, 3 and 
9) and type 2A procollagen28 (all derived from the notochord). Subsequently, in the span 
of the perinotochordal sheath, condensation of mesenchymal cells is shown to occur in 
a metameric fashion, where less condensed areas containing the chondrocytic cells form 
a cartilage template (primordial vertebral body). Formation of this cartilage anlagen and 
its subsequent ossification ensues in a process called “endochondral ossification”.29 During 
this process, the chondrocytic cells become hypertrophic and alter the matrix, enabling it 
to become mineralized (ossified) by calcium phosphate.30 Concurrently with the vertebral 
body morphogenesis, the confined notochordal cells probably undergo apoptosis as mecha-
nical forces increase, or will be pressed out of the primordial bodies into the adjacent more 
condensed zones.24,31 In these more condensed areas, where mesenchymal cells still enclose 
an intact notochordal tube, both cells types will later be replaced by a mature intervertebral 
disc (IVD). The outermost portion of the IVD (the annulus fibrosus) is generally accepted 
to originate from the mesenchymal cells, whereas the source of the “chondrocyte-like” 
cells which are found primarily in the inner portion (nucleus pulposus) are shown to differ 
between chordates.28 In humans, the notochordal cells in the nucleus pulposus (NP) are 
hypothesized to either progressively degenerate after coordinating the formation of the 
NP, or differentiate into the chondrocyte-like cells.32 Either way, the ultimate fate of the 
notochordal tissue in the vertebral axis resides in the NP and is usually undetectable after 
the end of the first decade.33,34

Occasionally, notochordal cells remain in the IVD – noted as notochordal rests or vestiges, 
or can be witnessed in notochord-like tissue in the intravertebral region – in which case they 
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are described as “benign notochordal cell tumors” (BNCT).35,36 These latter lesions also show 
morphologic characteristics that are different to typical notochordal rests or chordomas 
(discussed later). Furthermore, it is presumed that from these BNCT, which are found in 
approximately 20% of autopsies, the malignant variant chordoma arises.36 Evidence in favor 
of this concept is currently accumulating as Yamaguchi and colleagues described a classical 
chordoma to closely adjoin a benign notochordal cell tumor in a single section.37 Confirma-
tion of this association was further provided by Nishigushi et al.35, who described a 59-year 
old woman with similar findings in the lumbar vertebra. 

Differentiating BNCTs from chordomas is crucial, as BNCTs tend to have a much better 
prognosis. These benign counterparts can be managed by a wait and scan policy, whereas 
patients with chordoma benefit from immediate gross surgical resection.38 In addition, 
(immuno)histological39 and anatomical differences have recently become more apparent 
(for review see Amer and Hameed38). Even so, differentiation between the two entities can 
still be challenging.

2.3.	Formation	of	the	skull	base
In a similar fashion to the genesis of the vertebrae, the formation of the skull base is predomi-
nately preceded by a cartilage intermediate that becomes ossified by the same mechanism 
of endochondral ossification. This intermediate framework, termed the chondrocranium, 
forms by the fusion of several precursor cartilages. A set of three cartilage structures – the 
parachordal, hypophyseal and prechordal cartilages (trabeculae cranii) – together with the 
cartilage formed from the occipital sclerotomes, fuse to form a continuous platform that 
makes up the midline of the future skull base. The occipital sclerotomes are, as in case of 
the vertebrae, derived from somites, and the (subsequently formed) cartilage is combined 
with the parachordal cartilage to craft the cartilaginous continuum called the basioccipi-
tal cartilage (part of the future occipital bone). As the name already suggests, the para-
chordal cartilages lie alongside the notochord, which elongates and stretches cephalically 
to terminate at Rathke’s pouch. Rathke’s pouch, the primordial adenohypophysis positi-
oned at the mid-sphenoid synchondrosis, demarks an important border, as the cartilage 
formed caudal to this structure is derived from mesodermal cells and is influenced mainly 
by molecular signaling of the notochord. Chondrocranial precursors rostral to this juncture 
(prechordal cartilages) are derived from neural crest tissue and require induction by signaling 
of the preoral gut endoderm. The hypophyseal cartilage, as an intermediary part between 
the perichordal and parachordal cartilages, develops around the pituitary, and is formed by 
differentiation of mesenchymal cells. By the end of the eighth week, the precursor cartilages 
have fused and the chondrocranium becomes apparent.40 

At the same point in intrauterine life, numerous ossification centers arise and transform 
most of the chondrocranium into the four major bones that form the mature cranial base 
(the ethmoid, sphenoid, occipital and temporal bones), leaving only small segments of 
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cartilage to function as growth plates in the spheno-occipital and spheno-petrous sutures. 
This cartilage at the spheno-occipital synchondrosis, which is responsible for much of the 
cranial lengthening, becomes ossified at pubertal onset.41 Even though only investigated 
in a mouse model, this growth and ossification appears to be regulated by the hedgehog 
signaling pathway which is induced by signaling originating from notochordal remnants.42 

These notochordal remnants, which can persist throughout adult life, are also recognized 
in the region of the human skull base in 0.4-2%43,44 of autopsies, and were first described by 
Lushka and Virchow in 1857.45,46 While Lushka and Virchow both describe the histological 
appearance of vacuolated cells (“physiliphoren”) in the lesions, and their resemblance to 
the chorda dorsalis, Virchow appointed them as “Ecchondrosis Prolifera”, suggesting a car-
tilaginous origin. Müller10 in 1858, discarded this description and proposed that the lesions 
have a notochordal source, renaming them as “Ecchordosis physaliphora Spheno-occipi-
talis” (EP). In 189447 and 189548 Ribbert first suggested the term “chordoma“ to describe 
a resembling lesion that could be reproduced experimentally by puncturing the nucleus 
pulposus. It was not before the following century that Hortwitz associated chordal ectopia 
to the existence of chordoma.49 Before doing so, Stewart and Burrow43 had emphasized the 
clinical desire for differentiation between the two lesions. These authors proposed a nomen-
clature in which small extravertebral ectopic notochordal rests (jelly-like nodules) with very 
limited proliferative ability must be considered EP’s, and the larger variant which causes 
symptoms and eventually death should be regarded as chordomas. In the last century, addi-
tional features have been proposed to help differentiate between these two lesions. EP 
patients are described to be usually younger, to have a better prognosis and their lesions are 
proposed to have a lower MIB-1 labeling index (MIB-1 LI) compared chordomas, and there 
is a reduced tendency for contrast enhancement and a frequent location intradurally at the 
prepontine cistern, typically connected to the clivus with a cartilage/osseous stalk.50,51 Even 
so, differentiation is still a challenge, as chordomas can sporadically occur in the intradural 
space, and these chordomas show a similar prognosis to EP tumors.52 Histological findings 
are almost identical as well, as both tumors show similar morphological and immunohis-
tochemical patterns.53,54 Thus, since differentiation is very difficult and both show similar 
biological behavior, the question remains whether such a differentiation should be made, or 
if we should consider these different entities on the same spectrum of pathology.52 On the 
contrary, a clear distinction in terms of survival can be made when both are compared to 
conventional extradural chordomas.

3.	 Formation	of	chordoma

Hitherto, a model has been described where chordomas arise via transformation of benign 
notochordal cells (Fig. 1). However, the question still remains as to what drives the notochor-
dal cells to differentiate into the benign or malignant variant. The recent and popular cancer 
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stem cell (CSC) theory sheds more light on these transformations. This hypothesis states 
that a small subpopulation of tumor cells which exhibit stem cell characteristics (such as 
self-renewal, resistance to apoptosis, and the potential for multidirectional differentiation), 
are the driving force behind tumor growth and the presence of different neoplastic cells.55 
Although debated56, such CSCs, can be observed as “spheres” by starvation of tumor cells, 
as this method selects for the most primitive cells by eliminating the differentiated cells that 
are unable to survive. Recently, in relation to chordoma, Hsu et al.57 illustrated the formation 
of sarcospheres in the human chordoma cell line CHJ-7, and reported that these cells have 
a higher expression of the stem cell marker ALDH1 compared to typical chordoma cells. 

Fig.	1.	A hypothesized model of chordomagenesis. Notochordal remnants are observed in 2% of autopsies. Although 
considered a separate entity, benign notochordal tumors show close resemblance to these lesions due to a common 
notochordal cell nature. A chordoma might be derived from these benign notochordal tumors, since chordomas 
have been located next to these lesions only separated by a fibrous septae. A certain malignant transformation 
in phenotype (switch) would in that case be responsible for the chordomagenesis (A). Chordomas might also be 
a result of direct malignant transformation of the notochordal remnant, without a benign notochordal tumor 
intermediary stage (B). However, as notochordal remnants are observed more frequently than chordomas, these 
cells in most cases do not result in a malignant phenotype or benign tumor and are expected to go in apoptosis or 
to advance in further differentiation (C). Lastly, chordomas might not be derived from notochordal cells, but might 
only mimic notochordal morphology due to altered genetic expression (not depicted).
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After injecting these sarcospheres into an athymic mouse, the authors revealed a transfor-
mation of these cells in the typical chordoma cells, suggesting a hierarchical model for the 
differentiation of typical chordoma cells. As this offers an interesting perspective, further 
investigations concerning the initiating factors for this differentiation step are crucial for our 
understanding of the development of chordoma.

4.	 Molecular	pathways	in	chordoma

4.1.	Embryological	pathways	in	chordoma
Although a plethora of components involved in the control of embryological development 
have been investigated, only some of these developmental factors are thought to be crucial 
for notochordal development and maintenance. Since the notochord is hypothesized to 
be the predecessor of chordoma, proteins implicated in preservation of this vital structure 
have also been investigated in chordoma. These experiments have generated interesting 
results, with one of the most important and promising findings reported by Vujovic et al.58 
The authors compared thirty-five chordoma tissue samples with 33 normal and 323 other 
tumors, using a cDNA microarray technique, and reported the expression of the transcrip-
tion factor Brachyury (Bra or T) to be very specific for the notochord and for notochordal 
derived tumors. This assumption has since been confirmed by the finding of a high protein 
expression level (90-100%) in chordoma and none in genitourinary neoplasia, metastatic 
germ cell tumors and clear cell renal cell carcinoma.59,60 However, using RT-PCR amplification 
of cDNA samples derived from normal and tumoral tissues, Palena et al.61 indeed confirmed 
that there was no abnormal expression of brachyury in the normal tissue, but illustrated 
an overexpression in tumors of the small intestine, stomach, kidney, bladder, uterus, ovary, 
and testis. Even so, brachyury has not only been shown to help in the differential diagnosis 
of chordoma compared to other malignancies, but also to its assumed benign predecessor 
BNCT, makinpug it a crucial marker which might be implicated in events preceding chordoma 
formation.62-65 

Following the article of Vujovic and coworkers, the same group66 reported their genetic 
analysis of brachyury in 181 tumor samples using fluorescent in situ hybridization (FISH) and 
real-time PCR (qPCR), and found a copy number gain of the brachyury gene in 54%. Interes-
tingly, regardless of the presence of amplification or any other type of chromosomal abnor-
mality involving chormosome 6q27 (brachyury locus), all 23 investigated tumors showed 
high expression of brachyury mRNA on qPCR analysis. Furthermore, it was shown that 
RNA-interference mediated silencing of brachyury expression in the U-CH1 cell line results 
in morphological changes of the tumor cells and in initiation of cell cycle arrest. With the use 
of a similar experimental design using a novel CHJ7-cell line, Hsu et al.67 recently confirmed 
this inhibiting effect. Consequently, as brachyury overexpression in chordoma seems to be a 
crucial marker for cell cycle progression, and this does not rely on alterations in the genetic 
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material, understanding protein-protein interaction may improve our current insights. In line 
with this, Shalaby et al.68 attempted to evaluate the involvement of the potential upstream 
regulator fibroblastic growth factor receptors (FGFRs), their adaptor signaling protein fibro-
blast growth factor receptor substrate 2 alpha (FRS2α), and downstream mediators, such as 
ERK1/2. Although 94% of tumors were positive with immunohistochemical stainings for at 
least one of the four members of FGFRs, with phosphorylated FRS2α present in a subset of 
these tumors, no directly mediated effect on ERK1/2 and other downstream moderators, 
including brachyury, was demonstrated. Moreover, screenings for mutations and amplifica-
tions showed no genetic alteration. It thus seems that alternative mechanisms are responsi-
ble for activation of brachyury expression, which remain to be unraveled.

In addition to brachyury, the expression of the cellular membrane protein galectin-3 has 
been implicated in the pathophysiology of chordomas. Galectin-3 expression was first 
described to be present in the human notochord in 1997 by Götz et al.69, and the expression 
was noted to increase as gestation proceeded beyond the 8th week. In the same report, 
the authors illustrated positive galectin-3 immunostainings in chordoma specimens, con-
tributing to the notochordal origin of chordomas. Recently, this insight was confirmed as it 
was demonstrated that benign notochordal cell tumors showed almost no positive staining 
when compared to an aligning chordoma.39 However, while its expression has been charac-
terized in chordoma, no reports have been made with regard to the functional aspect of this 
protein. Future studies might hold much progmise, as galectin-3 has been associated with 
more malignant behavior in other tumors.70,71

Besides Brachyury and Galectin-3, the canonical Wingless (Wnt) pathway is thought to 
maintain the notochord fate during development72 and has been associated with multiple 
neoplasms.73 Furthermore, Wnt proteins and the downstream effector molecule β-catenin 
regulate cranial base development, and β-catenin deficient mice are shown to lack typical 
growth plate zones at the synchondroses in addition to delayed endochondral ossification.74 
Moreover, in Xenopus laevis, Wnt signaling is shown to be essential for the expression of 
brachyury.75,76 Notwithstanding the fact that Wnt regulate intracellular mechanisms in an 
intricate manner, several interactions of the canonical Wnt pathway have been identified. 
In these series of events, Wnt signaling is exerted by binding one of the large family of Wnts 
glycol-protein molecules to the cell-surface receptor Frizzled and co-receptor LRP5–LRP6. 
In the absence of this binding, the intracellular β-catenin is targeted for degradation by 
a cytoplasmic ‘destruction complex’ via phosphorylation by glycogen synthase kinase 3β 
(GSK3β) and casein kinase 1α (CK1 α).77,78 Therefore, non-activated Wnt signaling results in 
low levels of cytoplasmic β-catenin. However, when activated, Frizzled receptor transfers 
the signal by inactivation of the destruction complex through recruitment of Dishevelled 
(Dvl1) to the receptor complex, which consequently results in cytoplasmic accumulation 
of β-catenin.77 β-catenin is subsequently found to be localized in the nucleus, indicating a 
nuclear transposition, and finally serves as a transcription factor for multiple genes.78
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Accumulation of β-catenin has been encountered in 56-78% of chordoma cases. However, 
there is a remarkable report by Cho et al.,79 who, in 14 chordoma patients, found no positive 
staining, except for one weak staining. This controversial result might be due to the use of 
different primary antibodies compared to those used in the other studies. Aside from the 
amount of positive stainings, Horiguchi et al.80 and Triana et al.81 stated that their staining 
of β-catenin represented membranous immunoreactivity, reflecting a mechanism other 
than that suggested in the canonical pathway. One way to explain these findings is by the 
interaction of β-catenin with the cell adhesion molecules E-cadherin and N-cadherin. In 
line with this, Hendriksen et al.82 showed that upon Wnt3a stimulation, dephosphorylated 
β-catenin is recruited to the plasma membrane. This migration occurred only in E-cadherin 
deficient cells, and not in E-cadherin expressing cells, suggesting a new step in the conveying 
of the Wnt signal. Furthermore, Wahl et al.83 showed that N-cadherin-catenin complexes 
are formed prior to the transportation to the plasma membrane where linkage to the actin 
cytoskeleton can be established. Both of these findings become particularly interesting as 
analysis of multiple cell adhesion molecules in chordoma illustrate an overexpression of 
N-cadherin and a downregulation of E-cadherin. Thus, protein-protein regulation is again 
likely to be responsible, as there have been no reports of frequent aberration on the coding 
sequences containing these adhesion molecules. 

Chromosomal aberrations are observed for chromosome 3 and 1p36 in many chordoma 
patients, with the latter also providing a connective link to familiar chordoma. These chro-
mosomal changes might be accountable for the overexpression of β-catenin as chromosome 
3 entails the GSK3β gene and locus 1p36 comprises the adaptor molecule Dvl1. Although 
no sequence analysis has been performed on GSK-3 β, the gene transcript of Dvl1 has been 
noted by Riva et al.84 to encompass an abnormal 350bp spliced transcript fragment in 50% of 
the tumors, and a complete absence of the Dvl1 transcript in the remaining half. The effect 
of this loss of transcript on β-catenin‘s cellular action has yet to be analyzed in chordoma 
cell lines. 

Thus, the Wnt pathway and the closely related cadherins appear to play a considerable role 
in the cellular process of chordoma. Further investigation should reveal the dimension of 
this impact, perhaps by suppressing their expression at the transcriptional level.

Finally, and conceivably the most well-known pathway central to the genesis of the human 
embryo, is the Hedgehog (HH) signaling pathway. Although this pathway is observed to be 
altered in many tumors, there is a relative paucity of information in the literature regarding its 
involvement in chordoma. Shh, one of three family members of the hedgehog ligands, is the 
best studied molecule in the hedgehog family, and known to be involved in vertebrate deve-
lopment85. Upon binding to the transmembrane receptor Patched1 (PTCH1), Shh exerts its 
biological signal by inducing a conformational change of the PTCH1 receptor. Consequently, 
PTCH1 loses its ability to repress the constitutive signaling activity of Smoothened (SMO), 
an additional transmembrane receptor. Subsequent activation of downstream effector 
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molecules Gli1, Gli2 and Gli3 mediated by SMO ensues via complex mechanisms which are 
not entirely understood. However, these transcription factors have been associated with 
multiple intracellular actions, including transcriptional activation of many genes involved 
in development and cross-talk with the Wnt and p53 pathway.86,87 Concerning HH-signaling 
in chordoma, Cates88 and co-workers investigated the expression of Shh. In their analysis of 
twenty-three chordomas, they found Shh to be overexpressed in twenty-two cases (96%), 
and 89% of these cases also showed a positive staining for PTC1 receptor. However, this is 
not a chordoma specific marker, as anti-Shh antibodies also reacted in 50% of the notochor-
dal cases, and in 81% of chondrosarcoma cases. Nevertheless, greater understanding of the 
involvement of this pathway in chordoma might unravel new therapeutic strategies. 

4.2.	Other	pathways	in	chordoma
Numerous studies have been carried out in an attempt to describe the molecular-pathologi-
cal pathways involved in the formation of chordoma. Even if no effective medical treatment 
is currently available for chordomas, novel molecular biomarkers are increasingly being 
identified for the development of targeted therapies. In the following sections, we will 
summarize the current knowledge on the pathophysiology of chordoma. 

4.2.1.	Genome	wide	investigations
The genetic profile of chordomas has been intensively investigated. Although varying data 
are published on this matter, some genetic aberrations have been consistently demon-
strated. Most experiments concerning genetic integrity have focused on chromosomal 
segregation in cases of sporadic chordoma. Familial chordomas, however, rarely occur and 
have been linked to susceptibility of loci 1p3689 and 7q3390 (for an overview of families see 
Larizza et al.91). More recently, with the isolation of Brachyury as a characteristic feature of 
chordomas, Yang et al.92 linked the Brachyury coding sequence to affected individuals in four 
families with a frequent occurrence of chordoma.

Reports on sporadic cases of chordoma, however, reveal a considerable discrepancy 
regarding karyotype integrity. The incidence of aneuploidy in these cohorts ranges from 
26% to 100% (mean 53%)93-100, with an average of 3.2 losses and 4.2 gains per tumor.97 
Aneuploidy and chromosome instability are frequently attributed to gains or losses of either 
whole chromosomes or specific regions, which typically include losses of 1p84,96,97,99,101-103 
and 3p93,96,97,99,101-103 and gains of chromosome 7 in most studies.97,99,101,102 The frequency of 
aneuploidy seems to be comparable for the classic and chondroid subgroup, but occurs 
more often in dedifferentiated chordomas.95,100 

In the same vein, Almefty et al.93, in an analysis of sixty-four patients, demonstrated a sub-
stantial increase in recurrence rate for patients with abnormal as compared to normal karyo-
types. Detailed analysis revealed odds ratios (OR) for recurrence for patients with abnorma-
lity on chromosomes 3, 4, 12, 13 and 14, compared to cases with intact copies of 10, 7.5, 22, 
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24 and 18, respectively. The overall OR for recurrence calculated for an abnormal karyotype 
was 12.45. Besides recurrence rate, recurrence-free survival and overall survival was shown 
to be significantly impaired in patients with abnormal karyotypes, suggesting these findings 
may have a possible role in the prediction of prognosis, as previously suggested by Schoedel 
et al.104 in 1995.

Possible explanations for the origin of chromosomal instability include faulty cell-cycle regu-
lation and telomerase activity.105,106 Increased telomerase activity and telomere shortening 
are observed in various tumors, and have been related to the stability of the genome and 
to a gradual increase in chromosomal aberrations over time.107-112 Thus far, five studies have 
been published on the subject of telomere length or telomerase activity in chordomas. 
Three of these originated from the group of Butler et al.113-115, who showed increased 
telomere length in a total of 10 chordomas (considering no double report of patients) and 
three patients of which one had increased telomerase activity. Expression of human telo-
merase reverse transcriptase (hTERT) messenger RNA was investigated by Pallini et al.116 
in 26 chordoma cases in a study which yielded remarkable findings. Firstly, it was shown 
that despite the fact that only 14 out of 29 (48.3%) classic chordoma specimens expressed 
hTERT, while none of the four chondroid and both of the two more malignant dedifferenti-
ated variants did. Moreover, this seems to affect tumor behavior, as these authors reported 
patients with expression of hTERT to have shorter tumor doubling time, increased prolife-
ration, an association with mutation of the p53 tumor suppressor gene, and a decrease in 
recurrence-free probability. In addition, in a different report from the same group, similar 
proportions (42%) of hTERT expression were shown in a group of seven patients, and found 
exclusively in recurrent chordomas.117 However, although it seems that telomerase activity 
is present in a proportion of chordoma cases and has prognostic value, the basic mecha-
nisms underlying hTERT and further downstream effects are still not well understood. 

Besides the enhancement of chromosome aberration by hTERT expression, another pheno-
menon in tumor biology and chordomagenesis, called chromothripsis, was recently postu-
lated by Stephens et al.118 This potential mechanism for genomic rearrangement refers to a 
single catastrophic event resulting in multiple genomic rearrangements, and appears to be 
more frequent in bone cancers. What defines this single event and its cause has yet to be 
clarified. 

4.2.2.	Cell	cycle	regulation
Denominated as the guardian of the genome, p53 exhibits multiple functions in the regula-
tion of cellular processes in response to various forms of stress. Following DNA damage, p53 
exerts its tumor suppressive function by inducing a reversible cell cycle arrest or apoptosis.119 
Therefore, loss of p53 function is an important process in malignant progression, and may 
result from alteration in the gene encoding the protein, or from diminished activation due 
to protein-protein interactions.120 Mutations in the p53 gene, which is located on 17p13.1, 
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occur in more than 50% of human cancers.121 In relation to chordoma, relatively few studies 
have focused on genetic mutations of the p53 gene, while many have focused on its protein 
expression. Naka et al.122 screened thirty-seven chordoma samples for mutations on specific 
exons 5, 7, and 8, and found no changes. However, cytogenetic analysis using fluorescence 
in situ hybridization exposed the 17p13.1 locus to be deleted in 17.6% of cases with a higher 
occurrence in recurrent tumors.101 Loss of heterozygosity (LOH) on 17p13 was also reported 
for 52% of 23 cases, but this was not correlated to either overall survival or expression of the 
(impaired) p53 protein product.123 This might indicate that alterations on the gene level are 
located on different exons or LOH accounts for other closely located genes. DNA sequencing 
of the full p53 gene would clarify such ambiguity, but to date has not been reported. 

However, data concerning p53 protein overexpression are available but varying expression 
has been reported between 0% and 53%.117,122-127 Even though all of the studies are based on 
immohistochemical techniques, the discrepancy in outcome might be explained by the use 
of semi-qualitative versus quantitative methods of analysis, and by differences in interpreta-
tions (cut-off points) of the data. In addition, positive staining for p53 should be interpreted 
carefully, as this does not necessarily indicate overexpression of a mutant protein, even 
though wild type p53 is usually not detected at high concentration because of its relatively 
short half-life of approximately 20 minutes.128 Other factors such as protein-protein inter-
actions and a disruption of the degradation pathway should therefore also be considered.

Concerning both mechanisms, the mouse double murine 2 (MDM2) protein negatively 
regulates the function of p53 by binding at the N-terminal end and, by means of ubiqiti-
nation, modifies it for subsequent degradation. Expression of MDM2 itself is also control-
led by p53 transcription, making it a negative feedback regulatory system.129 In chordoma, 
MDM-2 gene amplification is noted in 15% of cases, however no sequence analysis has 
been reported to account for possible mutations.122 Moreover, a significant correlation has 
been reported for p53 protein expression and MDM2 overexpression and, when present, 
both separately show a higher MIB-1 LI.122 Considering their cellular behavior, one might not 
expect to find an overexpression of both in a dividing cell. A potential explanation for this 
phenomenon might be that the mutant p53-MDM2 complexes are responsible for a “gain 
of function” phenotype.130 Accumulation of p53 might also occur if the wild type protein is 
altered by an additional protein (e.g. HSP90)131, which opposes or counteracts the binding 
capability of MDM2. Furthermore, MDM2 might necessitate additional proteins for the ubi-
qitination of p53. In keeping with this notion, a crucial regulator has been shown for the 
retinoblastoma (Rb) protein.132 

Direct inactivation of the tumor suppressor Rb1 via mutation/deletion of the gene transcript 
(e.g. osteosarcoma) and functional inactivation due to (lack of) interaction with upstream 
regulators, including CDK4 (e.g. glioblastoma), cyclin D1 (lung carcinoma), and p16/INK4A 
(e.g. T cell lymphoma), are often described in many human neoplasms.133-136



 chapter 228 

Loss of heterozygosity for the Rb gene transcript in chordoma was described by Eisenberg 
et al.137 in 1996, who reported loss of heterozygosity in two introns (17 and 20) in 2 out of 7 
cases. Furthermore, alterations of chromosome 13, where the Rb gene is located (13q14.2), 
are associated with frequent recurrence and a very short survival.93 Moreover, chromoso-
mal loss on chromosome 13 occurs in 56% of the patients, with involvement of the spe-
cific13q14.2 locus in an additional 18%.93 Similar proportions have been reported for Rb 
protein expression, which are absent in 52% of the chordoma tissues.122 Similar protein 
expression level were reported for cyclin D1, which was absent in 57% of the cases. Only 
one paper has been published regarding the genomic integrity of this enzyme’s transcript, 
and reported a loss of heterozygosity in 2 out of the seven chordomas investigated.137

Conversely, cytogenetic aberrations have been frequently reported for another associated 
upstream regulator, p16INK4A. Tumor suppressive function of this protein is mediated via an 
inhibitory effect on the phosphorylation process of the Rb protein, by preventing CDK4/ cyclin 
D1 complex formation, confining the cell to the G1 cell cycle arrest.138 The CDKN2A gene, 
which encodes the p16INK4A protein, is located on 9p21 and was shown by Hallor et al.139 to 
be homo- or heterozygously lost in 70% of chordoma tumors. Immunocytochemistry has also 
revealed a 74% to 100% absence of p16 protein expression in several cohorts.122,140,141 Analysis 
of the 9p21 region has also been shown to be of prognostic value, as deletion of this specific 
area will potentially show a more aggressive clinical course and shorter overall survival.123 It 
thus appears to be the case that activation of the Rb protein might have a significant impact 
on the clinical condition of patients with chordoma, and that this is most probably mediated 
by a frequent deletion of the CDKN2A gene. Further reports on the expression of CDK4 acti-
vation in chordoma might confirm this notion, and also offer a potential mechanism for che-
motherapy, as CDK4 inhibitors are shown to have anti-tumoral activity.142 

In addition to the production of p16ink4a and its effect on the Rb-pathway, another protein 
product of the CDNK2A gene is formed, called p14arf. This protein has been reported to 
interfere with the function of MDM-2, and by blocking the MDM-2 mediated ubiquitination, 
facilitates the action of p53. 

Deregulation of the function or expression of cell cycle regulatory proteins is one of the 
hallmarks of cancer. P53 overexpression and loss of the intact CDKN2A gene are the main 
findings reported by studies on chordoma patients. As much as we know about the presence 
or absence of these factors, information about their functional effects is entirely absent. 
Moreover, aside from these two findings, information regarding other cell-cycle regulators 
is very limited.

4.2.3.	Receptor	tyrosine	kinase
Receptor tyrosine kinases (RTK) are important mediators of extracellular induced intracellu-
lar signaling, and if constitutively activated are important for malignant transformation and 
tumor proliferation. As a large group of transmembrane proteins which include families such 
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as the epidermal growth factor receptor (EGFR) family, the platelet-derived growth factor 
receptor (PDGFR) family, and the mesenchymal-epithelial transition factor receptor (c-MET), 
RTKs are generally composed of two domains, a ligand-binding extracellular domain, and a 
catalytic intracellular kinase domain. For many RTKs, binding of a ligand results in induced 
proximity and transautophosphorylation, processes, in which two receptor chains dimerize 
and, as both kinase domains interact, subsequent cross-phosphorylation on multiple 
tyrosines takes place.143 Besides phosphorylation of the kinase domains, adjacent tyrosines 
are also phosphorylated and serve as docking sites for specific intracellular proteins, with 
the best-characterized being the SH2-domain-containing proteins. These proteins often 
serve as transmitters of downstream signaling by activating second messenger modules that 
lack the SH2 domain. Ras, superfamily of monomeric GTPases, exemplifies one of the most 
important second messenger modules. Activation of Ras by promotion of its GTP-bound 
state occurs via RTK adaptor molecules grouped as guanine exchange factors (GEF, e.g. SOS 
and Grb2). Once activated, GTP-Ras instigates an intricate network of intracellular phospho-
rylation cascades, of which activation of the RAS/RAF/MEK/ERK pathway and the PI3K/RAS/
Akt/mTOR pathway are most frequently described. Even though several intracytoplasmic 
crosslink’s with other pathways occur, both of these classical pathways have been extensi-
vely described as being responsible for transmission of proliferative signals from the RTK, 
and dysregulation of this pathway results in the uncontrolled proliferation and malignant 
transformation of naïve cells.144 

Many molecular studies have focused on the expression of receptor tyrosine kinases and 
their related secondary messengers in chordoma (Table 1 and 2). Despite some varying 
results, these experiments have improved our understanding in regard to their involve-
ment in the pathophysiology. While it has been shown that some RTKs are infrequently 
expressed, others are demonstrated to have repeated high expression levels and therefore 
seem to play a considerable role in chordoma’s makeup. The platelet derived growth factor 
receptor (PDGFR), for instance, is observed consistently in the phosphorylated active form 
in almost all chordoma tissues.145-149 Real time RT-PCR analysis on the PDGFR alpha and 
beta comparing a group of 23 chordoma cases to a pool of normal mesenchymal tissues 
revealed a higher median expression of PDGFR beta (2-ΔΔCt=2.34), but did not show an overall 
increased transcribed status for PDGFR alpha (2-ΔΔCt=0.7).148 Considering that no activating 
mutations have been found, and the fact that FISH analysis on the associated chromosomes 
demonstrated diploidy in 79% of the cases, it seems likely that activation of the receptor 
is ligand mediated. Para- or autocrine activation might account for the activated state as 
mRNA encoding both PDGFα and β ligands are present in nearly all of the tumors.148,149 

However, quantification of the protein levels of these ligands compared to healthy tissue is 
required, since mRNA-expression microarray analysis carried out by Vujovic et al.58 showed 
a conversely low expression mRNA expression of PDGFα in chordoma cells as compared to 
other tumors. Paracrine regulation by the surrounding tissues might also offer an alternative 
explanation for the phosphorylated form of the PDGFR.
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Table	1.	Overview of melocular analysis performed on receptor tyrosine kinasis in chordoma

Marker IHC N. WB/IP N. WB/IP P. mRNA overexp. (exon) Sequence analysis  (exon)

PDGFα 100% (n.s.)148

PDGFRα 100%146,148 100%148 100%148 17% (10,12,14,16,18)148 20% SM, 0% AM (10-22)1; 
0% (12&18)228

PDGFβ    98% (10-20)148,149  

PDGFRβ 100%146,148,149,229 98%148,149 100%148,149 25% (10-20)148 45% SM, 0% AM (10-20)1; 
0% (12&18)228

EGF    100% (18-20)149  

EGFR 62%145,149,151,154 77%149 88%149  0% (18-21)149,154

p-EGFR 50%145,154     

HER2 18%145,151 43%149  0% (n.s.)149  

c-Met 86%145,150,231

c-Kit 49%145,146,148 86%148 100%148 18% (n.s.)1; 0% (11)228 20% SM,100% AS 9 & 15, 
0% AM (8-21)148

pIGF1R/pIR 41%140     

NGF 96%232     

TrkA 93%232     

SM = silent mutations; AM = activating mutations; M541L = exon 10 mutations; AS 9 & 15 = alternative splicing of 
exons 9 and 15; n.s. = not specified; IHC = immunohistochemistry; WB = western blotting; IP = immunoprecipita-
tion; N. = non-phosphorylated; P. = phosphorylated.

Besides the PDGFR, the epidermal growth factor receptor (EGFR) has also received much 
attention in the literature. For this receptor, however, immunohistochemistry studies have 
shown varying degrees of positive signal in relation to chordoma, ranging from 32%, described 
by Walter et al.150, to 92%, reported by Weinberger et al.151 These different findings make 
the interpretation of the extent of involvement rather difficult. A promising link between 
the gene locus of the receptor, which is located on the frequently amplified chromosome 
7, was negated as Walter et al. showed this to not be correlated to the protein expression 
seen on immunohistochemical stainings.150 However, the authors did illustrate a correla-
tion between high expression of the mesenchymal-epithelial transition factor/ hepatocyte 
growth factor receptor (c-MET) and chromosome 7 amplification. On average, immunohis-
tochemical reactivity of this receptor is found to be present in 86% of the patients, and high 
expression is significantly correlated to the expression of matrix metalloproteinases-1 and 
-2, suggesting an effect on local invasion and metastasis. In fact, in an experimental design 
using a human chordoma cell line (CCL-3), Ostroumov and Hunter152 illustrated the increased 
migratory capacity of chordoma cells following stimulation with its ligand HGF. Unfortuna-
tely, as these cells have been shown not to recapitulate chordoma cells, this concept has yet 
to be confirmed in an established chordoma cell line.
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Concerning the downstream signaling following RTK’s phosphorylation, a considerable 
number of second messengers is reported to be overexpressed, and these are cross-linked 
in a very complex manner153. 

Table	2a.	Overview of downstream second messengers of RTK’s signaling

Marker IHC normal WB/IP normal WB/IP phospho Mutations (exons)

ERK 100%149 100%149

p-ERK 88%140,145 100%149

p110 (PI3K) 0% (4, 5, 6, 7 & 20)141,149

p85 (PI3K) 95%149

PDK1 100%158

p-PDK1 100%158

PTEN 80%141,163,154 95%149 0% (5-9)149

Akt 93%141,149 100%149

p-Akt 85%141,145

TSC1 35%141

TSC2 100%141

p-TSC2 96%141

mTOR 75%141 93%141,149 100%149

p-mTOR 27%141 17%141

Src 100%166

pSrc 100%166

Table	2b.	Overview of downstream effector molecules of RTK’s signaling

Marker IHC normal WB/IP normal WB/IP phospho

S6K 100%141 100%141

pS6K 62%141 100%141

S6 100%141

p-S6 100%163 17%141

4EBP1 91%149 65%149

p-4EBP1 97%141,163 83%141

eiF-4E 98%141

Stat3 100%166

p-STAT3 92%145,165 100%166

p-BAD (S75) 32%140

p-BAD (S99) 77%140

p-PRAS40 64%163
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As previously mentioned, downstream signaling subsequent to the transautophosphoryla-
tion process occurs via activation of adapter molecules to the phosphorylated non-kinase 
regions of the receptor. For the canonical MAPK pathway (RAS/RAF/MEK/ERK), subsequent 
activation of the RAS protein results in a cascade of phosphorylation signaling. This even-
tually leads to modification of proteins involved in cell cycle progression, transformation 
and cellular motility. In chordoma, some studies have focused on the genetic integrity of 
the family of RAS protein-sequences (KRAS, HRAS, NRAS and Rheb), but, using PCR and 
direct DNA sequencing, have found none to show alterations.68,141,149,154 However, to the 
authors’ knowledge, no study has investigated the qualification or quantification of the 
(active) Ras protein, making its active condition generally presumed rather than scientifi-
cally proven. The same argument applies to the downstream activated BRAF protein. This 
serine/threonine kinase is commonly shown to be activated by somatic point mutation in 
human cancer.155 Mutated BRAF can exhibit constant activation and consequently results 
in high cellular activity of the extracellular signal-regulated kinase (ERK) mediated via the 
activation of MAPK/ERK kinase (MEK).156 However, although western blot analysis detected 
active phosphorylated ERK in nearly all chordoma tissue, denaturing high-performance 
liquid chromatography (DHPLC) for the BRAF gene did not show any genetic alterations on 
two frequently altered exons (11&15).68 This suggests that abnormal stimulation by auto- or 
paracrine growth factor is responsible for the constitutive RAS/RAF/MEK/ERK signaling, or 
that ERK activation might be subsequent to interaction with other proteins external to this 
classical pathway.

Besides signaling from the RAS/RAF/MEK/ERK pathway, the canonical signaling cascade of 
phosphoinositide-3-kinase (PI3K) becomes activated either through direct interaction of 
its p85 subunit with the intracytoplasmic phosphotyrosine tail of the RTKs, or indirectly as 
intermediate activators, such as RAS, enhance its catalytic p110 domain.157 Once activated, 
the PI3K exerts its effect by converting the phosphatidylinositol (4,5) bisphosphate (PIP2) 
to the active phosphatidylinositol (3,4,5) triphosphate (PIP3), which recruits and activates 
phosphatidylinositol-dependent kinase 1 (PDK1). Schwab et al.158 detected the presence of 
this active phosphorylated protein in all of their investigated chordoma material on western 
blot. Furthermore, like others, they have also reported on the presence of its associated 
downstream messenger protein kinase B (PKB/AKT), and noted it to be frequently phosp-
horylated, suggesting it has an active function in chordoma. This function becomes more 
apparent as known subsequent targets of AKT, including GSK3β, mammalian target of 
rapamycin (mTOR), and the pro-apoptotic BCL2-associated agonist of cell death (BAD)159,160 
are shown to be implicated in chordoma in several studies. Activated mTOR is also recog-
nized to act as an upstream regulator of many important proteins. One of the proteins 
acknowledged to be regulated by mTOR is the S6 kinase (S6K).161 After phosphorylation 
by mTOR, activated S6K is responsible for the activation of the ribosomal S6 protein and, 
via mechanisms which are still not completely understood, this pathway seems critical for 
several diverse and important cellular functions, including protein synthesis, metabolism 
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and cell growth.161 Since chordoma patients frequently exhibit active forms of both proteins, 
this might explain the large cells observed in microscopic analysis.149,162,163 However, besides 
S6K, mTOR has been illustrated to elicit active forms of several other important proteins 
in cancer, of which the cytoplasmic transcription factor signal transducer and activator of 
transcription 3 (STAT3), and the eukaryotic translation initiation factor 4E (eIF4E), are parti-
cularly interesting.164 Stat3, which can also bind directly to the EGFR, has been demonstra-
ted to be highly expressed on immunohistochemical examination in half of the chordoma 
cases. It is also associated with aggressive tumor behavior and decreased overall survival in 
chordoma patients.165 Blockage of this signaling by inhibition of the phosphorylated Stat3 
and the oncogenic upstream regulator Scr by 2-cyano-3,12-dioxooleana-1,9 (11)-dien-28-oic 
acid-methyl ester (CDDO-Me), resulted in chordoma cell growth inhibition.166 Even though 
no prognostic value has been proposed for eIF4E, an important molecule involved in the 
regulation of RNA translation, this protein has been proposed as an interesting therapeutic 
target against cancer.167 In a normal functioning cell, elF4E is prevented from binding to 
mature mRNA, through binding of hypophosphorylated eIF4E binding proteins (4EBPs), and 
so attenuates its mitogenic capacity. However, when 4EBP becomes phosphorylated, as it is 
the case in most chordoma patients, 4EBP loses its capacity to bind eIF4E, and in this way 
facilitates mitogenesis.141,149,163

Since all these downstream molecules have been observed to be activated, an explana-
tion has yet to be offered for the failed regulation by inhibitory phosphatases such as the 
tensin homology (PTEN), which is responsible for the regulation of both mTOR and STAT3.164 
Some authors have suggested that more than half of chordoma cases lack the expression 
of PTEN.163 Other larger series have demonstrated absence in only 10-15%.141,154 In their 
analysis of 22 chordoma patients, Tamborini et al.149 reported the expression of PTEN on 
immunoblot analysis in 95% of cases, and found no genetic mutation in any cases. Impaired 
function of this tumor suppressor might be induced by inactivation due to interactions with 
other proteins. One such protein might be a member of the Src family of protein-tyrosine 
kinases, which play an important role in signal integration and have been shown to alter the 
function of PTEN.168 As this protein has been shown to be overexpressed in a phosphoryla-
ted state in all chordoma cases, this hypothesis might clarify the increase in p53 observed in 
chordoma, as PTEN is also shown to regulate the transcriptional activity of p53 by antagoni-
zing the Akt mediated activation of Mdm2.169,170 

Two other tumor suppressor proteins – tuberous sclerosis protein (TSC) 1 and 2 – are also 
involved in regulation of the PI3K/AKT/mTOR pathway. In their normal cellular function, TSC1 
and TSC2 form a complex that inhibits downstream signaling of mTOR and thereby prevents 
cellular growth and proliferation. Mutations on the encoding genes are associated with the 
tuberous sclerosis complex, a rare inherited autosomal disorder that is characterized by the 
presence of multiple hamartomas in possibly all organs.171 In the literature, some reports 
have been made about chordomagenesis in a subgroup of these TSC-patients, with an occur-
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rence almost exclusively in the pediatric population.172-178 As this on its own is a remarkable 
finding, it must be noted that such a tumor might easily be mistaken for chordoma, while it 
represents a giant notochordal hamartoma of intraosseous origin (also known as BNCT).179 
Additional evidence in support of this notion comes from McMaster et al.180, who illustrate 
the substantial difference in survival in pediatric chordoma and TSC associated chordoma 
(favouring the last). However, in order to gain further insight and to improve discriminative 
capacity, further detailed investigation (e.g. immunohistochemical analysis) is required.39

Taken together, studies performed on RTKs and their downstream messengers illustrate 
active signaling via the canonical RAS/RAF/ERK and PI3K/PDK/AKT/mTOR pathways. Most of 
these second messengers are also shown to be present (in a large proportion of chordoma 
patients) in their active phosphorylated state, suggesting an important involvement in the 
disease process. Constraining signaling in this frequently activated pathway via pharmacolo-
gical reagents has been proven to be effective in a number of case reports and small clinical 
trials.181 Recently, Stacchiotti et al.182 reported the results of their phase II clinical trial using 
imatinib mesylate, a kinase inhibitor primarily targeting PDGFR. The authors reported very 
promising findings, but also discussed the presence of PDGFR in patients with no response 
to the drug. This highlights the possible implication of other members of the RTK family of 
proteins in the (in)effect of this drug, as suggested by previous data.183,184 It might therefore 
be relevant to investigate the expression pattern of multiple RTKs in these patient cohorts.

4.2.4.	Cell	adhesion	molecules	and	matrix	metalloproteinases
Cell adhesion molecules (CAMs) encompass particular properties which are involved in 
cell-cell and cell-matrix interactions, and as a result participate in the induction and mainte-
nance of cellular differentiation, proliferation, and migrations.185 The large number of CAMs 
is divided into four major families, of which the cadherins and the immunoglobulin superfa-
miliy are shown to be present in chordoma tissues.80,185

Cadherins are highly conserved Ca2+-dependent cell-surface receptors that are known for 
their involvement in crucial developmental steps in early embryonic morphogenesis and 
carcinogenesis.186 These proteins form trans-interactions on (mostly hemophilic) opposing 
cells by binding their extracellular domain, whereas the intracellular domain is responsible 
for modification of intracellular signaling by constituting a protein complex with members 
of the catenin family and the p120 protein.187,188 The classic E-, P- and N-cadherin were the 
first cadherins to be identified and have been extensively studied in the pathophysiology 
of multiple cancers.189,190 Several mechanisms have been proposed for their implication in 
neoplastic cell progression and metastasis, including cadherin switch and loss of contact 
inhibition. 

Cadherin switch refers to a process by which cells alter their expression of cadherin isoforms. 
Although this represents a common phenomenon during development, in epithelial cancers 
a certain isoform-switch from E- to N-cadherin is associated with an invasive and metasta-
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tic phenotype.191 In general, the “invasion-suppressor” E-cadherin initiates strong cell-cell 
bonds by clustering in complexes, whereas upregulation of N-cadherin is shown to induce 
a scattered morphology, increased motility and invasive potential.192 Interestingly, this 
pro-invasive character seems to be independent of E-cadherin’s existence in the cell, indi-
cating a dominant role for N-cadherin.192 This same principle of cadherin-switch has been 
demonstrated in chordoma. Triana et al.81 described a patient with recurrent chordoma who 
exhibited a high E-cadherin expression on primary resection and a twentyfold decrease in 
the recurrent tumor. The opposite was illustrated for N-cadherin, in that a threefold upre-
gulation was noticed in the recurrent tumors. As previously described, a relationship with 
survival has been proposed, although this appears to differ according to the investigative 
technique used. More investigation is needed in order to understand this switching. 

In addition to cadherin switch, loss of contact inhibition probably indicates one of the most 
important mechanisms for an infiltrative and metastatic phenotype. This principle reflects 
an inhibition of cell growth by the binding of two or more cells to each other. E-cadherin 
seems to play a crucial role in the underlying mechanism, as loss of cell-cell adhesion of 
this transmembrane protein has been illustrated to induce early invasion and metastasis.193 
Loss of functional E-cadherin might be due to several factors, including aberrations in the 
readings frame, transcriptional repression, or protein alteration by protein-protein interac-
tion. Research concerning chordoma has mainly focused on the presence of the cadherin 
protein product, its relation to survival, and the distinctive character of chordoma in contrast 
to other diagnosis.79,80,194-196 In this regard, E-cadherin is variably detected in chordoma, but 
if present can differentiate between chondrosarcoma, where its expression is reported to 
be absent.194,195 Besides the variable expression, ranging from a positive intense expression 
in most cells reported by Naka et al. and Mori et al., to very low / no staining described 
by Horiguchi et al. and Laskin et al., E-cadherin expression seems to be a dynamic protein 
localized either on the bordering membranes of neighboring tumor cells or inside the cell’s 
nucleus.80,194-196 In addition, Laskin and colleagues described this expression to be stronger 
in the physallyphorous cells and absent in the spindle cells, indicating a possible marker for 
chordoma cell differentiation.

However, besides protein expression, evidence for E-cadherin’s function in chordoma is still 
lacking. In particular, analysis of the coding sequence integrity and its relation to intracel-
lular signaling might shed more light on the pathological mechanisms of chordoma. In 
cancer, the regulation of cadherin in signaling has also not been fully elucidated, though it 
is believed to be mediated via clustering of its intracellular affixed catenin proteins, or by 
altering receptor responsiveness of RTKs.197 In regard to the latter, it has been shown that 
an intact ectodomain of the E-cadherin protein is required for regulation of RTK-mediated 
signaling and, as this domain is cleaved by matrix metalloproteinase 7 (MMP-7), this might 
be an interesting target to investigate, and could explain the high activity of c-Met and EGFR 
in chordoma.198,199 
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In addition to cadherins, most of the studies carried out on CAMs in chordoma also focus on 
the immunoglobulin superfamily of cell adhesion molecules (IgCAMs). This family consists 
of complex transmembrane proteins capable of multiple molecular interactions mediated 
by expression of repeated immunoglobulin-like domain at their extracellular N-termini.200 
Neural CAM1 (NCAM1), as a member of the IgCAMs that primarily mediate hemophilic 
interactions, is frequently expressed in chordoma where it can be witnessed on immunohis-
tochemical analysis in 75-93% of cases.79,80,195 Horiguchi et al.80 demonstrated, in addition 
to NCAM, the immunoreactivity of other members of IgCAMs: vascular CAM (VCAM) and 
intracellular CAM (ICAM), and showed a far less frequent involvement in 56% and 25% of 
the immunostained cases respectively. Moreover, the authors illustrate NCAM and not ICAM 
or VCAM to be present in the early notochord, suggesting a possible reactivation. However 
the underlying consequences in terms of morphology, cell growth or clinical parameters has 
not yet been investigated. Even so, considerable evidence in the literature implicates NCAM 
in the activation of FGFR, which is shown to be frequently expressed in chordoma.201-205 

Furthermore, new insight has been gained into the potential crosstalk between NCAM and 
EGFR in mammals, which might also account for the overexpression of the latter in chor-
dogenesis.206 Thus, experimental studies addressing these interactions in chordoma might 
offer interesting new perspectives.

The adhesion of cells to each other and to the extracellular matrix can be explained by 
the altered expression of other CAM subfamilies, including intergrins, selectins and cartila-
ge-linked proteins. However, as yet there are no in depth studies concerning their function 
in chordoma, evidence for the involvement of some members (CD4480, integrin β4207 and 
CD2458,207) has been reported. In addition, and also in line with the altered expression of 
cell adhesion molecules, changed expression matrix metalloproteinases (MMPs) and other 
proteases in chordoma have sparked the interest of several investigators, as chordomas 
are known for their locally aggressive and invasive character, and even if infrequent, have a 
known metastatic potential.208 Generally, from the tumor cells’ point of view, the ability to 
degrade and destroy extracellular matrix is very important because it provides a mechanism 
to divide while being embedded in a matrix. Additionally, it enables tumor cells to pass 
through this barrier. MMPs belonging to a family of highly conserved zinc atom-dependent 
endopeptidases are known to fulfill such roles. Currently, more than twenty family members 
have been identified, but the gelatinases MMP-2 and MMP-9 are particularly interesting for 
chordoma research. These members have been implicated in the tumor biology of several 
epithelial tumors, and have been shown to be of prognostic significance, signifying the 
potential presence in chordoma.209-216 Indeed, in chordoma, high levels of MMP-2 expression 
have been shown by Naka et al. to relate to a significant decrease in overall survival.217,218 In 
addition, this expression was shown to be more enhanced in primary lesions at sites where 
bone infiltration of the tumor was noticed. On the other hand, expression of the other gela-
tinase, MMP-9, has been described to be limited to only a few cells for a small number of 
cases. Although these cells were also observed by the authors near bone invasion fronts, 
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the authors did not report on their possible prognostic significance.218 However, in a cohort 
of eleven patients, Rahmah et al.219 reported that ten (91%) exhibited positive staining 
for MMP-9, and also showed high expression to be associated with recurrence within the 
first two years after the final treatment. No such relation was found for MMP-2, for which 
expression was noticed in six (55%) of the cases. Other authors confirmed the prognostic 
significance of MMP-9, as patients harboring an immune-positive sacral chordoma revealed 
a significantly shorter continuous disease-free survival time.220,221 Besides these gelatinases, 
other proteinases of the MMP family (MMP-1) – cysteine proteinases (cathepsin B and K) 
and serine proteinases (urokinase plasminogen activator (uPA)) – appear to be implicated in 
chordoma, and all illustrate an increased expression at the bone invasive fronts, suggesting 
the involvement of multiple enzymes in the invasive character of chordomas.218,222 This is 
corroborated by the finding that high expression of both MMP-1 and uPA are related to a 
significantly worse prognosis for survival. 

However, to date, an explanation for the overexpression of these proteinases is still lacking, 
as attempts to prove a significant downregulation of the tissue inhibitors of metalloprotei-
nases (TIMP-1 and TIMP-2) and plasminogen activator inhibitor type 1 (PAI1) at the same 
areas of bone infiltration only demonstrate a non-significant trend. Regulatory intra- or 
extracellular factors responsible for the altered expression of proteinases and their inhi-
bitors thus seem attractive investigative targets. Further investigation of the RTKs and their 
downstream pathway might offer new insights, since high expression of c-Met in chordoma 
significantly correlates with MMP-1 and -2.223 

Altogether, it seems that increasing evidence points to an intricate but close relationship 
between cell adhesion molecules, proteinases, and RTKs. Inhibition of one might therefore 
also have an effect on the mode by which another exerts its cellular effect.

4.3.	Epigenetics	and	the	formation	of	chordoma	
Epigenetics, a process by which gene expression is modified irrespectively of changes in the 
primary genomic sequence, has received increasing attention in many areas of research. 
This dynamic process entails a broad range of components, including DNA-methylation 
and non-coding RNA expression, which are recognized as important contributors in tumor 
formation.224 DNA-methylation, a biochemical alteration of distinct regions on the gene, so 
called CpG islands, is held responsible for phenotypic changes in the cell, such as morpholo-
gic conversions and increased proliferation rates. In relation to chordoma, Longoni et al.,225 
reported the methylation status of the TNFRSF8 gene in thirteen specimens, and found 
seven to have methylated DNA that correlated with transcriptional silencing of the gene. 
This association was not observed for the methylation status in the promotor region of the 
tumor suppressor proteins CDNK2A and PTEN. In the chordoma patients investigated by Le 
et al.,226 the authors observed a methylated DNA sequence in two and four of the fifteen 
cases for CDNK2A and PTEN, respectively. However, the authors illustrate that loss of protein 
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expression could be attributed to loss of chromosomal regions containing the gene tran-
script rather than the methylation status. 

Next to DNA methylation, the well-established inhibitory process, known as RNA inter-
ference (RNAi), is based on the presence of endogenous non-coding micro-RNA (miRNA) 
fragments that bind and consequently impede target messenger RNA (mRNA) expression. 
Using miRNA microarray technology, Duan et al.227 analyzed differentially expressed miRNA’s 
in chordoma specimens and cell lines and compared them to the expression in skeletal 
muscle. They found a different set of miRNA to be either up- or downregulated, with one of 
the most promising downregulated miRNA being miRNA-1. MiRNA-1 knockdown was then 
validated and subsequently demonstrated to have a significant effect on the cell growth of 
the UCH1 cells as transfection of miRNA-1 into these cells inhibited the growth rate sub-
stantially. In addition, the authors showed that downstream targets of miRNA-1, MET and 
HDAC4 were overexpressed and reacted in a dose-dependent manner. However, further 
studies are warranted to evaluate the potential of miRNA-1 as a therapeutic target.

5.	 Discussion

Research unraveling the mechanisms underlying the initiation and further progression of 
chordoma cells has gained substantial interest in the last decade. As time progresses, accu-
mulating evidence supports the notion of a notochordal origin of chordoma. Even so, only 
limited progress has been achieved in discovering the presence and function of embryologi-
cally active proteins in chordoma. Research focusing on brachyury, one of the most promising 
and recently found markers in chordoma, has revealed this transcription factor to be a crucial 
aspect of chordoma, and highlights the impact of such embryological factors in the pathop-
hysiology of chordoma. As we reviewed the importance of some other notochordal factors 
(SHH, Wnt, Galectin-3, NCAM) with regards to their effect in notochord formation and in 
chordoma, we would like to emphasize that more functional studies are required to gain 
a better understanding of their existence and interactive roles. Other, previously discove-
red molecular pathways involved in this tumor include the overexpression of cell cycle regu-
latory pathways and an activated receptor tyrosine kinase-pathway (Fig. 2). With regards 
to the former, expression of p53 and the loss of the CDKN2A gene have been related to a 
worse prognostic clinical course. However, no functional implication has been proposed for 
these aberrations in the tumorigenesis of chordoma and they may be a frequent result of 
tumor progression. More recent data have been collected on receptor tyrosine kinases and 
their downstream signaling pathway, which are shown to play a role in the pathophysiology 
of chordoma. Inhibition of the activity of these receptors via pharmacological interference 
(imatinib mesylate, erlotinib, cetuximab, gefitinib) has shown promising results in a small 
cohort of studies. However, as these receptor tyrosine kinase inhibitors are impeding the 
activity of multiple RTKs, it might be interesting to examine the phenotype of (non)respon-
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ding patients with respect to the expression of a particular member of this protein family. 
The use of patient selection with such an approach would improve clinical management 
significantly. In line with this patient-tailored management are the multiple genome-wide 
and karyotype integrity studies that are becoming more widespread. Here, the chordoma 
karyotype seems to be frequently altered in very heterogeneous manner, with amplifications 
of chromosome 7 and deletions of chromosome 1p and 3p as the most stable observati-
ons. These karyotype changes might be due to an overexpression of the hTERT protein or a 
recently suggested phenomenon called chromothripsis. However, as several studies report 
an overexpression on the RNA or protein level with an unaltered genetic sequence, evalua-
tion of the epigenetic changes in chordoma are becoming increasingly attractive. Expression 
of miRNA-1 has shown to be a potent inhibitor of the proliferative capacity of chordoma cells. 
Additional experiments which are dedicated to other epigenetic regulations of transcription 
(acetylation, methylation etc) are required to fully comprehend the biology of this disease. 

6.	 Conclusion

Chordomas are shown to be a management challenge, requiring multimodal therapy with 
a poor overall survival. The pathophysiology underlying this lethal disease is demonstrated 
to be complex. Molecular research has so far yielded significant findings, with the most 

Fig.	2.	A simplified overview of the molecular cell biology of a chordoma cell.
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prominent being the discovery of Brachyury’s involvement in this disease. Future fundamen-
tal research would benefit from the discovery of other associated embryological markers, 
as more evidence is gathered supporting a notochordal origin for chordoma. In addition 
to brachyury, other promising targets have been identified to be crucial in chordomagene-
sis. However, as the genetic sequence is inconsistently altered, epigenetic changes are an 
exciting and relatively unexplored field of research in chordoma.
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Abstract

Background: Chordoma are malignant tumors of the axial skeleton, which arise from 
remnants of the notochord. The Notochord (chorda dorsalis) is an essential embryonic 
structure involved in the development of the nervous system and axial skeleton. Therefore, 
the notochord seems to be the most biologically relevant control tissue to study chordoma 
in molecular biology research.

Methods: Examination of human fetuses, with a gestation of 9, 11 and 13 weeks, using 
(immuno) histochemical methods was performed. To isolate pure notochord cells for further 
molecular biology investigation five cryo-preserved fetuses between 9 and 10 weeks of 
gestation were dissected by microtome slicing. Thereafter pure notochord cells for further 
molecular biology investigation where harvested by using laser capture microdissection 
(LCM). RNA was extracted from these samples and used in quantitative PCR.

Results: This study illustrates notochord of embryonic spines in three different stages of 
gestation (9–11–13 weeks). Immunohistochemical staining with brachyury showed strong 
staining of the notochord, but also weak staining of the intervertebral disc and vertebral 
body. LCM of notochord slices and subsequent total RNA extraction resulted in a good yield 
of total RNA. qPCR analysis of two housekeeping genes confirmed the quality of the RNA.

Conclusion: LCM is a fast and precise method to isolate notochord and the quality and 
yield RNA extracted from this tissue is sufficient for qPCR analysis. Therefore early embryo 
notochord isolated by LCM is suggested to be the gold standard for future research in 
chordoma development, classification and diagnosis.
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1.	 Introduction

Chordoma are malignant tumors of the axial skeleton, which occur most frequently at the 
skull base and the sacrum.1 Complete removal of the tumor is often a challenging and not 
always possible mainly at the skull base. A 5 year recurrence is reported in up to 49.7% of all 
cases.2 Chordoma are thought to arise from remnants of the embryonic notochord.3,4 These 
remnants are destined to remain in the spine throughout life and can become malignant at 
any age, with a median between 53 and 58.5 years.1,5,6 Little is known about the underlying 
mechanisms that orchestrate the switch from benign notochord cell to malignant chordoma. 
To study these mechanisms in detail, molecular and cellular analysis of chordoma tissue is 
needed. Notochordal tissue seems to be a reliable control for this purpose. However, up to 
now most studies in chordoma do not use the notochord as a control tissue for various reasons. 
Either it was not available, or other types of tissue were used such as nucleus pulposus which 
might contain notochordal cells.7-11 If nucleus pulposus is used, it is important to use only the 
tissue of young patients as throughout age there is a transition from a notochordal cell rich 
tissue to that of more fibrotic and more populated by nucleus pulposus cells (also defined as 
chondrocyte-like cells, or nucleus pulpocytes).12 Throughout age, it is shown that the inter-
vertebral disc cells do not show notochord-like cells after the age of 8 years, and notochordal 
cell markers disappear almost completely after 25 years.13

Other studies use muscle tissue, osteoblast cells, blood or other tumors like chondrosar-
coma.3,8,14,15 Therefore it is essential to develop a feasible method how to isolate highly 
purified notochord cells for further basic investigations.

The human notochord, also called chorda dorsalis, is an embryologic structure that arises 
from the bilaminar disc in the third week of the gestation. The most important functions of 
the notochord are the patterning of the surrounding ectoderm, mesoderm and endoderm, 
as well as the induction of formation of different tissues (neuroectoderm, dermatotome, 
myotome, sclerotome).16,17 In the early stages, the notochord is a rod-shaped structure, posi-
tioned where the axial skeleton will form later on. During embryogenesis, most notochordal 
cells are replaced by bone in the vertebral body.18 Notochordal cells in the intervertebral discs 
are considered to be the precursor of nucleus pulposus cells.12 After 8 weeks of gestation, 
the notochord involutes into clusters in the intervertebral disc, which are connected by an 
acellular sheath.19 After 26 weeks of gestation, the notochord becomes less distinct from 
the intervertebral disc.19 Only few studies have been conducted to visualize the notochord 
in 8–13 weeks of gestation foetuses.19,20 To better understand the anatomy of the human 
notochord in the tissue that is provided to us, and to establish which age of gestation is best 
to be used for dissection, the first part of this study focuses on the notochord from human 
foetuses of 9–13 weeks of gestation.

Since the notochord clusters are microscopically small and completely surrounded by meso-
dermal tissue, it is impossible to dissect this macroscopically without significant contamina-
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tion with the surrounding tissue. So far, no study described an adequate way to dissect pure 
human notochordal tissue. The primary aim of this study was to establish an easy-to-use 
protocol to isolate notochord, which can be used as a gold standard for collecting control 
tissue in chordoma research. Our secondary aim was to investigate whether the quality of 
the extracted RNA from this tissue is sufficient for quantitative reverse transcriptase poly-
merase chain reaction (qRT-PCR) analysis. QRT-PCR is a powerful tool to provide quantitative 
measurements of gene transcription, and is commonly used in tumor biology. Here, we used 
laser capture microdissection to isolate the notochord from five foetuses between 9 and 10 
weeks of gestation. RNA was extracted from this tissue and used in a qRT-PCR.

2. Materials and methods

2.1.	Ethical	considerations
For this study, spines from aborted fetuses were used. Prior to the study, an approval from 
the Medical Ethics committee of Maastricht University Medical Center (MUMC, Maastricht, 
The Netherlands) was received (METC 13-4-043). Patients who underwent an abortion for 
known non-psychological medical reasons were excluded from this study, as this could affect 
the morphology and gene expression of the notochord. The procedure was performed 
in an abortion clinic in Maastricht (Centrum voor Anticonceptie, Seksualiteit en Abortus 
(CASA), Maastricht, The Netherlands). All patients were given enough time to consider 
signing a written informed consent and could withdraw their initial approval until just after 
the procedure. The abortion procedure, performed by the medical doctors in the abortion 
clinic, was exactly the same for patients that were included in the study as the patients that 
did not sign the informed consent, with the only difference being that the fetal spine was 
preserved from the aborted material of included patients. These patients were asked to 
fill in a questionnaire about lifestyle, medication use, and hereditary diseases, to minimize 
the possibility of an abnormal foetus to be included in this study. The data and tissue were 
stored and processed anonymously and could not be lead back to the patient by anyone.

2.2.	Notochord	visualization	and	immunohistochemistry
For determining the best age of embryo to be used, three aborted fetuses of 9, 11, and 13 
weeks of gestation were collected at the abortion clinic. Immediately after the abortion 
procedure, the aborted material was washed in phosphate buffered saline (PBS) and 
transferred in a glass tray. From this material, the spine could usually be found in one or 
two pieces (Fig. 1). The spines were fixed in 3.7% formalin for 48 hours, paraffin embedded 
by standard procedure, and cut on a microtome (Leica RM 2245, Nussloch, Germany). 
Five-micrometer sections were cut from paraffin-embedded samples, dewaxed in xylene 
and rehydrated. Histological staining with haematoxylin and eosin was performed. Some 
adjacent sections were immunohistochemically stained with an anti-brachyury antibody, to 
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confirm the notochord-identity of tissue.3 In these slides, antigen-retrieval was performed 
in 0.01 M sodium citrate (pH = 6.0) in a 99.9 °C water bath for 15 min. The endogenous 
peroxidase activity was inhibited with 0.3% H2O2 in Tris-buffered-Saline with Triton (TBS-T) 
and blocking of nonspecific binding with 3% normal donkey serum in TBS-T for 30 min at 
37 °C.

Fig. 1. A: Aborted material in a glass tray. This material was extracted with suction aspiration. Most organs and 
limbs can be identified in this tray aside to placental material. The spine is visible in two pieces in the middle of the 
tray (arrows). B: Picture of the two pieces of the spine that was found in the material after the abortion procedure. 
The scale bars represent 1 cm.

The sections were incubated overnight at 5 °C with primary anti-brachyury antibody (Santa 
Cruz, CA, USA) diluted 1:100 in TBS-T. After washing three times in TBS-T an incubation of 
one hour with secondary antibody (Donkey-anti-rabbit; Jackson Immunoresearch Laborato-
ries, West Grove, PA, USA), diluted 1:400 in TBS-T was performed. The signal was amplified 
with avidin-biotin complex. To visualize the horseradish peroxide reaction product, the 
sections were incubated with 3,3′-diaminobenzidine tetrahydrochloride with nickel chloride 
enhancement after further washing. The specificity of the primary antibody was tested 
with chordoma samples as positive control tissue, and chondrosarcoma and vestibular sch-
wannoma samples as negative control tissue. Also, immunohistochemical reactions with 
chordoma samples without primary antibody were used as negative control.

2.3.	Notochord	isolation
Five spines of aborted fetuses with a gestation between 9 and 10 weeks were flash frozen 
in liquid nitrogen at the abortion clinic, immediately after the abortion procedure. The 
gestational age was estimated by measuring the fetal crown-rump length, because most 
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patients did not know the first day of their last menstruation. Ultrasound alone has been 
proven to be even more accurate than a “certain” menstrual date for determining gestati-
onal age in the first and second trimesters (≤23 weeks) in spontaneous conceptions.21 The 
gestational age was quantified as the duration of the pregnancy since the day of the ferti-
lisation. The tissue was stored at −80 °C. Pieces of the spine was fixed in Tissue Tek FSC22. 
(Leica biosystems, Maarn, the Netherlands; #3801480) Sagittal, 14 μm sections of the fetal 
spine were cut on a cryostat (Leica Microsystems; CM3050S), mounted on normal glass 
slides (Superfrost Plus microscope slides, WVR international, Leuven, Belgium; #631-0108) 
and stained with toluidine blue (TB), to determine the position of the section and to check 
for notochord clusters. At first, ten sections were mounted and stained with TB. On these 
sections, vertebrae and intervertebral discs were visible. When approaching the centre of 
the spine, every time, two sections were made and stained with TB, until the notochord 
was visible. The next ten sections were mounted on a RNase free glass PEN membrane 
slide (Leica Microsystems, The Netherlands; #11505189), which is suitable for laser capture 
microdissection (LCM). Subsequently, one section was mounted on a normal glass slide, and 
stained with TB. If there were still notochordal clusters visible, the next ten sections were 
mounted on one RNase free glass PEN membrane slide. Again, one section was cut and 
mounted on a normal glass slide, and stained with TB. This continued until there were no 
more notochordal clusters visible. The RNase free glass PEN membrane slides containing the 
notochord sections where kept at −20 °C all the time and stored for a maximum of 4 weeks 
at −80 °C till LCM.

The slides were transported on dry ice to the laser microdissection system (Leica LMD7000). 
This system is a contact- and contamination-free method for isolating small areas of tissue 
from glass slides. Prior to the dissection, the slides were stained with 0.5% toluidine blue, 
washed twice with DEPC-treated water and once with 70% alcohol in DEPC-treated water. 
A Leica LMD7000 laser microdissection system was used to dissect the notochord. The 
dissected tissue was collected in a 0.5 ml Eppendorf tube with 40 μl RLT buffer containing 
1% beta-mercaptoethanol from an RNeasy micro plus kit (Qiagen GmbH, Hilden, Germany, 
#74034). RNA was extracted with the RNeasy micro plus kit according to the manufactu-
rer’s instruction. The quantity was tested with a nanodrop ND-1000 spectrophotometer 
(Isogen Life Science). cDNA conversion was performed with a commercially available cDNA 
synthesis kit (RevertAid first strand cDNA synthesis kit, Thermo Scientific, #K1622), using 
oligo (dT)18 primers according to the manufacturer’s instructions.

2.4. qRT-PCR
Reverse transcriptase quantitative PCR (RT-qPCR) was performed in 96-well plates with a 
lightcycler 480 Real-Time PCR system (Roche applied science, Rotkreuz, Switzerland, serial 
20504). Two housekeeping genes were used (ACTB and YWHAZ). The primer sequence, 
primer efficiency, and amplicon length are listed in Table 1. One twentieth of the converted 
cDNA was used per reaction, with 250 nM forward/reverse primer and 1x sensimix (SYBR 
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No-RCX; #SMT-N-314304) in a 20 μl reaction. The reaction conditions were set as: pre-in-
cubation for 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 15 s at 60 °C, and 
15 s at 72 °C. Finally, a melting curve was analysed with a ramp rate of 0.29 °C/s. Three 
chordoma sample were used as a positive controls. ‘No template’ and ‘no reverse-transcrip-
tase’ negative controls were used for each primer.

Table 1. Genes and primers used for quantitative PCR

Abbr. Primer
Primer sequences 
5’  3’

Amplicon 
length 
(Bp)

Primer 
efficiency 
(%)

Annealing 
temperature 
(°C)

ACTB Beta-Actin FW: GCACTCTTCCAGCCTTCCTT 
RV: CGTACAGGTCTTTGCGGATG

106 102 60

YWHAZ Tyrosine 
3-monooxygenase/
tryptophan 
5-monooxygenase 
activation protein

FW: ACTTGACATTGTGGACATCGGA 
RV: CAAAAGTTGGAAGGCCGGT

86 103 60

3. Results

Haematoxylin/Eosin staining was performed on three spines of 9, 11, and 13 weeks of 
gestation (Fig. 2). The dimensions of the spine are significantly increased in this period. The 
intervertebral disc almost doubles in diameter and the vertebral body shows central ossifica-
tion from 11 weeks. However, the notochordal dimensions remained more or less the same. 
The notochordal clusters are connected by an acellular sheath, which is better visible in the 
earlier stages of the gestation. To further characterize the notochord, an immunohistoche-
mical staining with brachyury was performed (Fig. 2D–F). There was a specific staining of the 
notochord. Unexpectedly, also the surrounding tissue was weakly stained with this marker. 
The immunohistochemical staining was validated by positive and negative control tissue. 

Fig. 3 shows an example of a slide before and after the removal of the notochord with 
LCM. All extracted tissue per fetus was pooled and subsequently, total RNA extraction was 
performed. Nanodrop spectrophotometre analysis measured an average of 99.88 nanogram 
of total RNA (65.89 ng–171.6 ng; Table 2). qRT-PCR with beta-Actin primers resulted in an 
average cycle treshold (Ct) value of 27.72 (24.24–34.45), and qRT-PCR with YWHAZ primers 
resulted in an average Ct value of 28.83 (25.99–33.06). Three chordoma samples were used 
as a positive control for these genes, with Ct values of beta-actin between 25.03 and 28.50, 
and YWHAZ between 28.15 and 31.92. Results of individual samples are shown in Table 2.

With the exception of notochord sample #3, all samples are considered good enough for 
qRT-PCR analysis of genes with lower gene expression. The amplification curve and gel elec-
trophoresis of the notochord samples and 1 chordoma sample (Fig. 4) demonstrate that a 
single product is formed.
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Fig. 2. A–C: Coronal sections of spines of respectively 9, 11 and 13 weeks of gestation. The notochord is located 
in the centre of the intervertebral disc. Even though the vertebral body and intervertebral disc grow significantly 
in this gestational period, the volume of the notochord stays more or less the same. The notochordal clusters are 
connected by an acellular sheath (arrowhead), which is best visible in figure A. In figure B and C, the start of the 
ossification of the vertebral body is visible. The scale bar represents 1 mm and is the same in all figures, the scale 
bar in the insets represents 60 μm. D–F: immunohistochemical staining with brachyury (T) of an adjacent section 
of respectively A, B and C. The nuclei of the notochordal clusters are stained with the highest intensity. However, 
there is also staining of the intervertebral disc and vertebral body. Abbr.: NC = notochord; IVD = Intervertebral disc; 
Oss = Ossification.

Table 2. Results of quantitative PCR

Nanodrop data qRT-PCR data

Sample #
Gestational 
age (days)

Clusters 
dissected ng/ul 260/280 260/230

Total RNA 
(ng)

Ct value 
(beta-Actin)

Ct value 
(YWHAZ)

1 70 7 15.6 1.62 0.51 171.6 28.33 30.76

2 60 11 5.99 1.59 0.64 65.89 26.79 28.25

3 66 14 6.3 1.32 0.65 69.3 34.45 33.06

4 66 18 8.44 1.49 0.76 92.84 24.24 25.99

5 70 18 9.07 1.82 0.64 99.77 24.77 26.07

Average 13,6 9.08 1.57 0.64 99.88 27.72 28.83
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Fig. 3. Toluidine blue staining of a spine before (left) and after (right) LCM. It is clearly visible that nothing but the 8 
notochord clusters has been cut out of the sections. The cut-out parts seem a little bit bigger than the notochordal 
clusters, which is caused by the intensity of the laser, which has a cutting thickness of a few micrometre (D). The 
scale bars represent 10 mm in the upper figures and 1 mm in the lower figures. Abbr.: IVD = Intervertebral disc; 
Oss = Ossification. Arrowhead: notochord.
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4. Discussion

The first part of this study focused on visualizing the notochord of human fetuses from 9 to 
13 weeks of gestation to establish which age of gestation is best used for dissection. Sagittal 
sections of spines from aborted fetuses from 9, 11, and 13 weeks of gestation were made 
and stained with haematoxylin/eosin. In these stages, the notochord was clustered in the 
center of each intervertebral disc and connected to each other with an acellular sheath. 
These results are similar to previous studies.19,20,22 Immunohistochemical staining of these 
sections with anti-brachyury antibody, identified the clusters of densely stained notochor-
dal cells. However, the surrounding tissue was also weakly stained with antibody. This is 
in contrast to an earlier study, in which only the notochord of embryos of 6–8 weeks of 
gestation stained positive for this marker, without the surrounding tissue.3 In the current 
study, we used the same methods and identical primary antibody as this study. One dif-
ference is that our specimens were 2–4 weeks older than in the study by Vujovic et al.3 
Another study immunohistochemically stained fetal spines of 12–40 weeks of gestation with 
brachyury, with no staining of notochord or surrounding tissue.23 Possibly, the notochord 
is only positive for this marker in the early and not in the later stages. Furthermore, this 
antibody may not be specific enough for brachyury, although there was no staining in all 
negative control tissue samples.

The other aim of the study was to isolate RNA from notochordal tissue, to use as control 
tissue for chordoma studies. In our experimental setup, notochord from fetuses of 9–10 
weeks of gestation appears to be the best stage for dissection with this technique. Before 
the age of 9 weeks, the spine is too small to be distinguished within a sufficient time span 

Fig. 4. Linear view of the amplification curve of notochord and chordoma samples in qRT-PCR for beta-actin (left) and 
YWHAZ (right). All samples show a good curve with a baseline, exponential and plateau phase. Gel electrophoresis 
of the PCR products of all five notochord samples and three chordoma samples show single bands at the correct 
height, implicating a single product has formed.
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adequately from other abortion material. This tissue could be obtained by using aborted 
fetuses that have been extracted by using an abortion pill. However, this tissue is deceased 
for at least a few hours, which leads to significant gene expression changes. Also, this tissue 
is usually not brought back to the abortion clinic. Notochord in a later stage (>13 weeks 
of gestation) is also more difficult to find, due to legal restrictions to gestational age in 
abortion. Also, in this stage, it is more difficult to distinguish the notochord from nucleus 
pulposus tissue.

Spines of human fetuses between 9 and 10 weeks of gestation were collected and flash 
frozen within 20 min after the procedure, which preserved the RNA quality. The biggest 
strength of this technique is that almost every notochordal cell in the spine, with minimal 
contamination with surrounding tissue, can be dissected. This improves the quality of the 
control tissue significantly. The notochord in this stage is clearly distinguishable from the 
surrounding tissue, so there will be nearly no contamination with other cells. Nanodrop 
analysis resulted in an average yield of 99.88 nanogram of total RNA. However, the 260/280 
and 260/230 ratio’s are very poor, which makes these results less reliable. Nonetheless, 
qRT-PCR resulted in low Ct values in 4 out of 5 cases, which makes this RNA suitable for 
analysis, also for genes with low expression levels. Because only 10% of the cDNA was used 
for these reference genes, at least 10 genes can be tested with qRT-PCR per notochordal 
sample.

This is the first study that describes a method that can be routinely used for dissection of 
pure fetal notochordal tissue to use as a control for chordoma research. In an earlier study, 
notochord was used as control tissue for miRNA expression analysis, but it was not describe 
how and in what stage of gestation this tissue was collected.14 Furthermore the purity of 
tissue was vague. Another study, used LCM to isolate notochordal tissue from aborted 
fetuses of 24–27 weeks of gestation.24 This method cannot be routinely used, as this gesta-
tional material is not available in a regular manner. In addition, the time between abortion 
and freezing of the spine is significantly longer, since the intervertebral disc has to be cut 
out of an intact foetus. Moreover, every intervertebral disc has to be cut out separately and 
only few sections can be mounted on one glass, considering the volume of the interverte-
bral disc. In current study design, one section can contain multiple notochordal clusters and 
many sections can be mounted on one glass membrane. This does not only reduce costs, 
it’s also easier and less time consuming. Furthermore, this gestational period correlates 
with a viable human being, which might impede ethical approval. Finally, the notochord 
disappears with increasing age, and becomes less distinctive from the intervertebral disc.19

The main purpose of the study was to establish a sound method to isolate control tissue for 
chordoma research. However, the question of the ideal stage of gestation that can be used 
as control tissue for chordoma remains unanswered. Even though 9–10 weeks of gestation 
may be the easiest to dissect with LCM, that this is the best control tissue for gene expres-
sion studies in chordoma was impossible to show. Furthermore, not only the stage, but also 
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the location can influence the transcriptome. Possibly, notochordal tissue from the cervical 
vertebrae can serve as a better control tissue for skull base chordoma, and notochord in 
the lumbar region for sacral chordoma. Future research should investigate this hypothe-
sis, as this technique could be used to collect all the clusters of the notochord separately. 
Finally, only one spine per age of gestation was investigated. There may be a variance in 
notochordal dimensions between fetuses, although we do not expect this to be a significant 
difference. In our opinion, the quantity and quality of total RNA can be improved in the LCM 
step. Immediately after the abortion procedure, the tissue is frozen. Also, cutting on the 
cryostat is in frozen condition. However, during staining with toluidine blue and LCM, the 
slides are at room temperature, facilitating RNA degradation by RNase. In current study, this 
period was around 30 min. If this step can be shortened in a way, we believe that the quality 
and quantity would improve significantly.

Working with aborted material requires ethical consideration. We emphasize that the 
abortion procedure was not altered in any way when patients were included in the study. 
The patients were informed of the study, only after they made their final decision to proceed 
with the abortion, so this decision could not be influenced by the study. The only difference 
between inclusion/exclusion in the study was that of the aborted material of participants 
the spine was collected and analysed. The remaining tissue was disposed of by standard 
human tissue disposal procedures.

We suggest this procedure as a gold standard for collecting control tissue for chordoma 
studies. Because abortions of fetuses in this stage of gestation can be planned, and the 
tissue can be frozen immediately after the procedure, this is an excellent method to 
preserve tissue quality. Because the total size of the fetal spine is relatively small, sections 
of a foetal spine with at least 7 intervertebral discs (i.e. notochordal clusters) can be cut 
and mounted on the same glass. LCM is a fast, user friendly, and state-of-the-art technique, 
which is perfectly suitable for dissection of this kind of tissue. Without an amplification step, 
RNA isolated from these spines can be used in qRT-PCR. Using the here presented method, 
also DNA, proteins and miRNA can be extracted.

Since there is insufficient knowledge about the driving factors behind the formation of 
chordoma from notochord, this high quality control tissue may play a key role in under-
standing these molecular mechanisms. Understanding these mechanisms can facilitate the 
development of new targeted treatment and improve the treatment outcome of patients 
with chordoma.
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Abstract

Quantitative proteomics represents a powerful approach for the comprehensive analysis of 
proteins expressed under defined conditions. These properties have been used to investigate 
the proteome of disease states, including cancer. It has become a major subject of studies 
to apply proteomics for biomarker and therapeutic target identification. In the last decades, 
technical advances in mass spectrometry have increased the capacity of protein identifi-
cation and quantification. Moreover, the analysis of posttranslational modification (PTM), 
especially phosphorylation, has allowed large-scale identification of biological mechanisms. 
Even so, increasing evidence indicates that global protein quantification is often insufficient 
for the explanation of biology and has shown to pose challenges in identifying new and 
robust biomarkers. As a consequence, to improve the accuracy of the discoveries made 
using proteomics in human tumors, it is necessary to combine (i) robust and reproduci-
ble methods for sample preparation allowing statistical comparison, (ii) PTM analyses in 
addition to global proteomics for additional levels of knowledge, and (iii) use of bioinforma-
tics for decrypting protein list. Herein, we present technical specificities for samples prepa-
ration involving isobaric tag labeling, TiO2-based phosphopeptides enrichment and hydra-
zyde-based glycopeptides purification as well as the key points for the quantitative analysis 
and interpretation of the protein lists. The method is based on our experience with tumors 
analysis derived from hepatocellular carcinoma, chondrosarcoma, human embryonic inter-
vertebral disk, and chordoma experiments.
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1.	 Introduction

Knowledge on mass spectrometry for proteomics significantly advanced in the 1990s with 
the development of two-dimensional (2D) gel electrophoresis and in-gel protein identifica-
tion using MALDI-TOF mass fingerprinting.1 A decade later, gel-based proteomics was largely 
replaced by liquid chromatography coupled with nanoelectrospray because of higher repro-
ducibility and sensitivity. Today single liquid chromatography–mass spectrometry (LC–MS/
MS) has allowed the near complete identification of the yeast proteome as well as up to 
8400 proteins from Hela cells protein extracts.2,3 In parallel to this, increased performance 
mainly due to instrumentation improvement resulted in the development of two major 
domains in proteomics, namely (i) quantitative methods for proteomics and (ii) posttransla-
tional modifications (PTMs) analysis. 

(i) Quantitative proteomics—Quantitation is a major challenge for proteomics because of the 
instability of the nanospray and the limited peakcapacity of the chromatographic systems 
in regards to the sample complexity. The first approach, label-free quantification, does 
not need any isotopic labeling.4,5 It is based either on MS precursor signal intensity or on 
MS/MS spectral counting.6 The second approach uses isotopic labeling, either metabolic 
labeling with stable isotope labeling with amino acids in cell culture (SILAC) or isobaric 
labeling with isobaric tag for relative and absolute quantitation (iTRAQ) or tandem mass 
tag (TMT).7-9 In the present work, we illustrate this aspect of quantitative proteomics by 
using iTRAQ, which presents the unique advantage to pool eight labeled samples before 
LC–MS analysis, which consequently leads to an eightfold decrease in the analysis time.

(ii) Proteomics for PTMs—analysis of PTMs is the second challenging approach for proteom-
ics because of the diversity of the PTM and their substoichiometry in complex mixtures. 
Herein, we have only presented methods for the analysis of protein phosphorylation 
and N-glycosylation but other proteomic approaches for PTM are emerging to target 
modifications such as ubiquitination, acetylation, methylation, and O-glycosylation (see 
for review10-12). Phosphorylation in eukaryotes mainly occurs on serine, threonine, and 
tyrosine residues. Using mass spectrometry, large sets of phosphopeptides can be iden-
tified only after affinity enrichment and the relative abundance of pS/ pT/pY containing 
peptides is approximately 100/10/1. As a consequence, pY peptides are underrepre-
sented in phosphoproteomics, with the exception of immunopurificated samples.13 For 
global phosphoproteomics, two major chromatography approaches are mainly used 
with either SCX–IMAC or TiO2 matrices.3,14-16 In the case of TiO2, metal is covalently 
linked to the solid phase, thereby allowing more stringent buffers for the washing steps. 
Therefore, the nonspecific binding of acidic peptides (D- and E-rich peptides) is generally 
decreased despite the absence of prefractionation.17 These methods have been used 
with success for cancer phosphoproteomics.18-20 Glycosylation has also been extensively 
studied, however, one major difficulty arises from the diversity of complex carbohydrates 
(glycan) chains. The main strategies for global glycoproteomics rely on chromatographic 
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enrichment of glycopeptides using HILIC, lectins, graphite, or hydrazide (Hz) columns 
(see for review21,22) which have all been implemented in cancer biomarker discovery.23-27

In this chapter, we describe an approach that combines quantitative and comparative 
proteome analysis and integrated PTM characterization in human tumors by integrating 
them in a single experimental workflow (Fig. 1). As such, we present a method for global-, 
phospho-, and glycoproteomics, which is performed using commercial reagents (iTRAQ, 
TiO2, and Hz gel), using a commercially available mass spectrometer. Briefly, each tumor 
sample is crunched and directly digested by trypsin. The resulting peptides are desalted 
and labeled with iTRAQ prior pooling (eight different specimens) for the following steps. An 
aliquot is reserved for global proteomics while the main part of the iTRAQ sample is purified 
with TiO2 and Hz gel. The complete method requires about a week’s worth of work. Later, 
we present a step-by-step protocol to provide a convenient methodology.
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Fig. 1 Global experimental workflow. Tumoral and nontumoral (control) tissues are
trypsin-digested then labeled using iTRAQ-8plex. Labeled peptides are analyzed using
mass spectrometry either directly or following enrichment of specific classes of peptides
(e.g., glycopeptides or phosphopeptides).

Fig. 1. Global experimental workflow. Tumoral and nontumoral (control) tissues are trypsin-digested then labeled 
using iTRAQ-8plex. Labeled peptides are analyzed using mass spectrometry either directly or following enrichment 
of specific classes of peptides (e.g., glycopeptides or phosphopeptides).

2.	 Equipment,	material	and	buffers

2.1. Trypsinolysis
Sample disruption: 1.5 ml polypropylene tube and plastic piston pellet (Eppendorf) or Tissu-
eLyser II (Qiagen) with stainless beads

• Reduction buffer: 0.1 M ammonium bicarbonate, 0.15 M NaCl, 5 mM TCEP, 2 mM 
Na2VO3. Stock solutions: NaCl: 3 M (175.3 mg/ml); ammonium bicarbonate: 1 M (79 
mg/ml); TCEP: 1 M in water (287 mg/ml).
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• Alkylation solution: 1 M (185 mg/ml) iodoacetamide in water, to be prepared extempo-
raneously.

• Trypsin: stock solution: 10 mg/ml TPCK-Treated trypsin in 2 mM HCl.
• PNGase F (New England Biolabs Inc).

2.2. SPE-C18
Sep-Pak tC18 Plus cartridge (Waters) and 25 ml plastic syringe.

• SPE-C18 buffer A: 0.1% TFA.
• SPE-C18 buffer B: 60% acetonitrile.

2.3. TiO2 chromatography
TitansphereTiO2 particles (5 µm, GL science) packed in a 1 mm x 2.5 cm (19.6 µl) peek 
tubing plugged with an inox frit pulled in the 1/16 hole of PEEK MicroTight® Adapters (IDEX).

•  TiO2 buffer A1: Loading buffer: 1 M TFA, 1 M glycolic acid, 50% ACN.
•  TiO2 buffer A2: 50 mM TFA, 50% ACN.
•  TiO2 buffer B: 1 M NH4OH.

2.4. Hydrazide (Hz) gel chromatography
Affi-Gel Hz Hydrazide Gel (Biorad) pulled in a spin columns (Thermo Scientific).

• Binding buffer: 0.1 M sodium acetate, 0.15M NaCl pH 5.5 (pH adjusted with NaOH).
• NaIO4 stock sol.: 100 mM (21.4 mg/ml) in water, to be prepared extemporaneously.
• NaS2O3 stock sol.: 200 mM (31.6 mg/ml) in water, to be prepared extemporaneously.
• PNGase F buffer: 100 mM sodium phosphate pH 7.5.

2.5. LC-MS/MS
• UltiMate 3000 RSLCnano System (Thermo Scientific); nanospray mass spectrometer 

Q-Exactive (Thermo Scientific), non-coated capillary probe (20 µm i.d., New Objective). 
MS Columns. PEPMAP100 C18 cartridge (300 µm x 5 mm); PEPMAP100 C18 Reverse 
phase (75 µm x 15 cm) from Thermo Scientific.

• HPLC pre-concentration buffer: 0.1% Formic acid. 
• HPLC buffer A: 0.1% formic acid.
• HPLC buffer B: 0.1% formic acid in 95% acetonitrile, 5% dH2O.
• Gradient: after 3 min loading at 10 µl/min, the valve is switched on in order to connect 

pre-concentration cartridge to the analytical column. Peptides are eluted with a linear 
gradient from 4 to 30% B for 110 min.
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3. Wet lab protocol

3.1.	Sample	collection	and	preparation
Operative samples/biopsies must be snap-frozen in liquid nitrogen as soon as possible 
following resection and stored at -80°C. Transport should be performed if possible on dry 
ice. For proteomics, we use 50 to 100 mg max of fresh sample is needed (i.e. a cube of 3 mm 
side). No more quantity in the Eppendorf tube. This is the maximum concentration possible 
in the Eppendorf tube before protein precipitation.

3.2.	Enzymatic	digestion	(18h)
The tubes and reduction buffer must be kept on ice. Set thermomixer at 80°C.

1.  Add 0.1 ml reduction buffer and crush with plastic piston pellet, wash the pellet with 0.9 
ml buffer.

2.  Heat 10 min 80°C with thermomixer at 1000 rpm (Note 1).
3.  Chill samples 5 min on ice prior alkylation.
4.  Alkylate with 5% (vol/vol) alkylation solution (20 mM IAA final) for 30 min at 25°C.
5.  Add 0.1% trypsin (% w/w fresh tissue) and incubate 1 h at 37°C.
6.  Add again 0.1% trypsin and incubate overnight at 37°C.
7.  Add 10% acetic acid, 1% TFA for stopping digestion. Mix until complete degassing.
8.  Centrifuge at 16000g for 10min, transfer supernatant in a clean tube for SPE and dry the 

pellet for weighting (Note 2).

3.3.	SPE	for	peptide	desalting	(15	min	a	sample)
1.  Solvate the SPE cartridge with 5 ml pure ACN then 10 ml SPE-C18 buffer A.
2.  With a plastic syringe aspire the sample (~1ml) then 1ml SPE-C18 buffer A and load the 

2 ml on the cartridge.
3. Wash with 10 ml SPE-C18 buffer A.
4.  Elute with 2 ml SPE-C18 buffer B in a tared 2 ml tube (0.5 first ml are discarded) (Note 3).
5.  Dry sample with speedVac.
6.  Weight tube for an estimation of peptide amount.

3.4.	Peptide	quantification	(30	min)
The method uses Biorad kit (DC protein assay) and BSA as standard protein. For verification, 
tryptic peptides of BSA may be prepared using digestion as described in 3.2 and 3.3. The 
dilution curves of intact BSA and its tryptic peptides should be similar.

1. Prepared standard at 1, 0.5, 0.1, 0.05 mg/ml in water (stable 1 month at 4°C).
2. Mix 50 µl sample with 100 µl reagent A and 900 µl reagent B, mix and read at 750 nm 

after 30 min RT incubation.
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3.5. iTRAQ labelling
The manufacturer (AB SCIEX) protocol is applied with minor modifications:

1.  In 1.5 ml tube, put 5 µl peptides (50 µg of 10 mg/ml reconstituted solution).
2.  Add 10 µl TEAB 1 M, pH should be above 8.5.
3.  Add 1 unit iTRAQ previously diluted with 50 µl of isopropanol.
4.  Incubate 2h under agitation at 25 °C (Thermomixer).
5.  Block possible active iTRAQ with 5 µl 1 M TRIS for 30 min.
6.  Add 10 µl glacial acetic acid.
7.  Pool the samples.
8.  Concentrate to 25-50 µl using SpeedVac.

3.6.	Phosphopeptides	purification	(1h)
1.  Dilute iTRAQ sample with TiO2 buffer A (500µL final volume).
2.  Use a 500 µl syringe and a syringe driver to inject sample on column at 50µl/min, collect 

the flow through in an Eppendorf.
3.  Wash TiO2 column with 1 x 500 µl TiO2 buffer A1. Pool this flow through with the 

previous one.
4.  Wash TiO2 column with 2 x 500 µl TiO2 buffer A2.
5.  Elute with 1x 500 µl TiO2 buffer B in a tube previously filled with 50 µl pure formic acid.
6.  Concentrate to 50 µl using speedVac.
7.  Add 5 µl 10% TFA prior LC-MS analysis.

3.7.	Glycopeptides	purification	(2	days)
1.  Desalt and dry the collected flow through from phosphopeptides purification with 

SPE-C18 as described in paragraph 3.3.
2.  Reconstitute in 100 µl 50% CAN.
3.  Collect 50 µl (about 200 µg) and adjust to 500 µl with binding buffer.
4.  Add 50 µl NaIO4 100 mM and incubate 1h RT in the dark.
5.  Add 50 µl NaS2O3 200 mM and incubate 15 min RT in the dark.
6.  Transfer 300 µl slurry hydrazide gel (corresponding to 150 µl beads) in a spin columns.
7.  Wash gel with 3x700 µl binding buffer.
8.  Add sample and mix overnight with a tube rotator at RT.
9.  Wash column with 2x 0.7 ml 60% ACN, 2x0.7 ml 0.2 M ammonium bicarbonate, 50% 

ACN, 3x0.7 ml 0.5 M acetic acid, 50% ACN, 3x0.7 ml 50 mM phosphate buffer pH 7.4.
10.  Add 250µl phosphate buffer and 1µl PGNase F, incubate overnight with agitation (Ther-

momixer) then add again 1µl PNGase F as for 24h.
11.  Collect flow through and wash (2x250 µl 0.5 M acetic acid, 50% ACN), concentrated 

using SpeedVac and desalt with SPE-C18.
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4. Dry lab protocol

4.1. Mass spectrometry
Data processing is performed using Proteome Discoverer 1.4 or 2.1 (Thermo Scientific). 
Query parameters must be adjusted depending on the instrument. With Q-Exactive orbitrap, 
precursor and fragment tolerance are respectively 5 to 10 ppm, full tryptic peptides, 1 
miss-cleavage, static modification on C (57.0215), N-terminal and lysine (304.2054), and 
dynamic modification on S, T, Y (+ 79.9663), N (+ 0.984), and M, P (+ 15.9949). The human 
sequences are extracted from the Swiss-Prot complete genome databases. Result filters 
are applied as: peptide confidence = high (automatic adjustment of thresholds for a False 
Discovery Rate (FDR) <1%).

4.2.	Quantitative	analysis
Quantitative values are extracted from MS/MS spectra using Proteome Discoverer and asso-
ciated with their corresponding peptides. Because the same amount of sample (i.e. peptide) 
is used for each iTRAQ labelling, normalization is generally done with the sum of each iTRAQ 
column, then ratio is calculated using an iTRAQ channel as denominator. For PTM analysis, 
quantitative results are presented for peptide levels only. For total peptide analysis, the 
results are presented as protein ratios (ratios corresponding to the different peptides of a 
same protein are averaged). A log-2 transform is usually needed to obtain a Gaussian distri-
bution that allows the use of parametric tests. An unsupervised hierarchical clustering is a 
first convenient test that can highlight the existence of sample groups (by example control 

Table 1. Bioinformatics webtools

Tool Name Website Ref.

Clustering

MeV http://www.tm4.org 28

Genesis http://genome.tugraz.at/ 29

Sequence 

peptidextender http://schwartzlab.uconn.edu/pepextend 30

pLogo http://plogo.uconn.edu 30

ID conversion

Uniprot ID tool http://www.uniprot.org/uploadlists 31

Functional

DAVID https://david.ncifcrf.gov 32

gProfiler http://biit.cs.ut.ee/gprofiler 33

String http://string-db.org 34

Networkin http://networkin.info/ 35
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vs. treatment). If associated with statistical tests (ANOVA, repeated t-test), clustering can 
also classify proteins into groups and subgroups (up- or down-regulated proteins, quantita-
tive representation of a PTM).

4.3.	Sequence	patterns
Pattern analysis is associated with PTM. The graphic representation of specific motifs is 
straightforward and corresponds to a first rough step for the research of enzymes respon-
sible of the studied PTM. A website software pLogo, is a convenient software which used 
sequences previously aligned with PeptidExtender. The use of both tools is straightforward 
and well documented.

4.4.	Gene	function	enrichment	and	pathway	analysis
Many informatics tools can be used for gene/protein analysis. Generally, these software 
need a list of genes/proteins of interest (i.e., deregulated) and a background gene/protein 
list (i.e., all the identified genes, this is optional). Functional analyses can point toward the 
deregulated pathways as an enrichment of controlled terms corresponding to specifically 
annotated pathway (KEGGS) or gene ontologies (GO). Several web applications can be used 
and are well illustrated with the following tools: one hand the gene enrichment with tabular 
results (DAVID, gProfiler, etc.) and on the other hand the gene enrichment with graphical 
presentation (String, Cytoscape, and its apps). The main outcome of those analyses results 
in the association of protein groups associated with comprehensive functions. But one has 
to keep in mind that many of the proteins found in the analysis remain unannotated due to 
the fact that either they correspond to groups with no enrichment or they are encoded by 
novel genes not yet characterized in term of function. As such this means that this analysis 
may spread pertinent genes for biomarker research.

5. An example

5.1.	Sample	consideration
Samples should be quality controlled at all the steps of the protocol to ensure that extrac-
tion yield of protein/peptide is equivalent for the different tissue samples. From a practical 
point of view, all the samples are processed in a same batch. Herein simple weighting of the 
peptide extract controls the yield of protein extraction / trypsin digestion and the amounts 
are confirmed using a Lowry protein concentration assay. Fig. 2 presents data from twelve 
samples extracted from three different tissues (notochord, chordoma, chondrosarcoma), 
illustrating the good correlation between the weight of dried peptides after Sep-Pack and 
protein concentration determination using Lowry assay (Fig. 2a). The same correlation is 
observed with the weight of the crude tissue and the amount of dried peptides (Fig. 2b). 
One can observe that two samples have higher peptide content. The following proteomic 
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analysis has confirmed an original protein pattern of these two samples in comparison to 
the other tumors. Thus weighting of the tissue and of the resulting peptide extract provides 
relevant information for confirming the homogeneity of the samples prior to iTRAQ labelling.

Fig. 2. Tryptic peptide Quality control. (a) Correlation between weight of purified peptides (method 1) and Lowry 
assay (method 2). (b) Correlation between tissue amount and purified tryptic peptide.
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Fig. 2 Tryptic peptide quality control. (A) Correlation between weight of purified pep-
tides (method 1) and Lowry assay (method 2). (B) Correlation between tissue amount
and purified tryptic peptide.

5.2. iTRAQ Labeling
The manufacturer recommends the labeling of up to 100 µg with one unit of iTRAQ reagent. An 
excess of peptides results in a partial tagging of reactive amines. On the contrary, a nonspecific 
signal can be observed if free reagent remains active before mixing the samples. Fig. 3 shows 
iTRAQ signal for five samples and one control. ITRAQ 113 to 117 corresponds to five different 
tissues and ITRAQ 113 was used without sample; buffer only has reacted with reagent. Before 
mixing, we add two additional step in order to block residual reactive reagent by (i) adding an 
amine buffer as TRIS and (ii) adding acetic acid. However signal from ITRAQ 113 is still present 
and corresponds to 2.5% of the average signal of the samples. This test, which is performed 
without any protein/peptide, is extreme but demonstrates the risk to misinterpret fold change 
greater than an order of magnitude. Despite this limitation, Fig. 3 shows that the signal is 
notably correlated between the samples (r2 >0.98) and the small bias observed with ITRAQ 
116 and 117 can be easily corrected with normalization as described in 3.5.

If a same reference sample is used in different iTRAQ series, it is also possible to compare 
more than eight samples. As such we successfully used this strategy in a study that presented 
a comparison between six non-tumoral samples and eighteen hepatocellular carcinoma 
tumor samples. 18 However, while the larger number of samples increases the statistical sig-
nificance, an additional variable is introduced. Indeed, one part of the identified peptides/
proteins was different in the separate series analyzed and consequently common proteins 
were used for comparison, thus decreasing the number of proteins compared between 
series.
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Fig. 3. Tryptic peptide Quality control. (a) Correlation between weight of purified peptides (method 1) and Lowry 
assay (method 2). (b) Correlation between tissue amount and purified tryptic peptide.
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Fig. 3 ITRAQ signal for samples and blank. ITRAQ 113–117 correspond to tumor sam-
ples while ITRAQ 118 is a blank. Each point corresponds to a peptide raw intensity
values.

5.3.	Global	quantitative	and	comparative	proteomics	
Herein, we defined global proteomics as the proteomic analysis of samples without enrich-
ment. A first convenient presentation of the data analysis is the non-supervised hierarchi-
cal clustering (HCL). The horizontal clustering highlights group that should correspond to 
samples groups while the vertical clustering groups proteins with the variation pattern. As 
an example, Fig. 4 shows the clustering of global proteomics from hepatocellular carcinoma. 
The HCL clearly separates two groups of proteins either up- or down-regulated (red and 
green box respectively). Regarding the horizontal clustering, the tumors group is well 
separated from non-tumor group. One can notice that two tumors have a different proteo-
mics pattern than the other tumors and then are clustered with non-tumoral tissue. Thus, 
HCL may be used as a way to redefine groups before statistical analysis.

5.4. Phosphoproteomics and N-Glycoproteomics
Regarding the different proteomics approaches, phosphoproteomics data processing is 
performed on peptides level. Usually, different phosphopeptides belonging to the same 
protein are grouped in the same hierarchical cluster. This is a relevant validation criterion 
that can be carried out with global proteomics as well. Generally, the phosphopeptide 
fraction is contaminated with nonphosphorylated peptides that exhibit an increased pro-
portion of aspartic acid and glutamic acid amino acid residues. Note that the quantitative 
variation of these background peptides should follow the variation of their corresponding 
protein in the global proteomic analysis. For the phosphopeptides as glycopeptides, two 
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complementary data processing approaches can be performed; sequence analysis pattern 
and the identification of the enzyme. Fig. 5 presents an example of motif analysis obtained 
with pLogo (see Table 1). If the upregulated and downregulated phosphopeptides have a 
different motif pattern, the signature of the upregulated phosphopeptides may correspond 
to the induction/activation of specific kinases. Here an SP motif is significantly overrepre-
sented and some other motifs as RRxxS and SPxxP are present at a lower frequency (Fig. 5a). 
At the phosphoprotein level, each kinase can be identified using web-based programs (Fig. 
5b). In contrast to the identification of phosphopeptides, which are characterized by their 
phosphoryl group, N-glycopeptides are identified after the hydrolysis of their sugar moiety 
with PNGase F. PNGase F treatment converts the asparagine, within the N-glycosylation 
consensus site (N-XS/ T/C, where X is any amino acid except proline) to an aspartic acid. 
This N-glycosylation signature corresponds to a deamidation (ΔM¼0.9840 Da). However, the 
deamidation is also a specific PTM and can occur under elevated pH, indicating a common 
pitfall in large-scale N-linked glycoproteomics.28 In this respect, we propose to remove the 
list of deamidated peptides identified in the eluted fraction, as previously identified in the 
flow through of Hz column (141 peptides in the case of Fig. 5c). Thus in our example only 
383 of the 541 deamidated peptides identified in the PNGase F eluted fraction might indeed 
correspondto glycopeptides.

5.5.	Gene	analysis	and	validation
Following the identification of deregulated proteins, phosphopeptides, and glycopepti-
des, protein functional analysis can be performed for revealing deregulated functions in 
the diseased state. For instance, a straightforward process is to input the protein list in the 

Fig. 4. Hierarchical Clustering (HCL) of Hepatocellular carcinoma and non-tumoral tissues. Each line corresponds to 
a protein, expressed as ratio (non-tumoral tissue as denominator).

corresponding protein in the global proteomic analysis. For the phospho-

peptides as glycopeptides, two complementary data processing approaches

can be performed; sequence analysis pattern and the identification of the
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Fig. 4 Hierarchical clustering (HCL) of hepatocellular carcinoma and nontumoral tissues.
Each line corresponds to a protein, expressed as ratio (nontumoral tissue as denominator).
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web-based protein interaction software such as String.29 Presented is a layout from the 
String analysis obtained with the list of proteins whose expression is upregulated in HCC 
developed on normal liver.18 The 29 proteins of the list belong to a single highly connected 
network that displays 111 protein–protein interactions (38 expected) (Fig. 6). Moreover, 
the functional analysis of the network shown in Fig. 6 indicates the enrichment in proteins 
involved in endoplasmic reticulum homeostasis control and protein folding as also previ-
ously reported when integrating phosphoproteomics data.18

6. Conclusion

Proteomic approaches provide a global view of the (de)regulation occurring in given physio-
logical or pathological situations. Outlined earlier is a presentation of an integrated protocol 
dedicated to the analysis of tumor tissues compared to their non tumoral counterparts and 
could be easily extended to other models. To complete such approaches, it is crucial that 
candidate proteins or pathways have to be validated using orthogonal approaches. The vali-
dation steps can include antibody-based strategies for Western blotting or immunohistoche-
mistry that should be performed on both the initial sample set (samples that were analyzed 
by MS to be used as a mean for validating the proteomics approach) and on a validation 
sample set to prove the biological/pathological relevance of the information generated 
through proteomics. For validation purposes, targeted proteomics can represent an alterna-
tive to antibody-based methods. This is best illustrated by the use of multiple reaction moni-

Fig. 5. Data analysis of phosphoproteomics and glycoproteomics. Phosphoproteomics: (a) Sequence motif analysis 
using pLogo of upregulated phosphopeptides in hepatocellular carcinoma. (b) Networkin-based analysis. Blue 
circles: gene name of the overrepresented phosphopeptides (substrat); red square: putative kinases. Glycoproteom-
ics: (c) deamidated peptides identified in the flow through fraction of hydrazide column and in the eluted fraction 
after PNGase F reaction. (d) Sequence motif analysis of the glycopeptides as a control of the specificity of PNGase F.
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Fig. 5 Data analysis of phosphoproteomics and glycoproteomics. Phosphoproteomics:
(A) Sequence motif analysis using pLogo of upregulated phosphopeptides in hepato-
cellular carcinoma. (B) Networkin-based analysis. Blue circles: gene name of the overrep-
resented phosphopeptides (substrate); red square: putative kinases. Glycoproteomics:
(C) deamidated peptides identified in the flow through fraction of hydrazide column
and in the eluted fraction after PNGase F reaction. (D) Sequence motif analysis of the
glycopeptides as a control of the specificity of PNGase F.

Table 1 Bioinformatics Web-Based Tools
Tool Name Website Refs.

Clustering

MeV http://www.tm4.org Chu et al. (2008)

Genesis http://genome.tugraz.at/ Sturn, Quackenbush

and Trajanoski (2002)

Sequence

peptidextender http://schwartzlab.uconn.

edu/pepextend

O’Shea et al. (2013)

pLogo http://plogo.uconn.edu O’Shea et al. (2013)

ID conversion

Uniprot ID tool http://www.uniprot.org/

uploadlists

Pundir, Martin and

O’Donovan (2016)

Functional

DAVID https://david.ncifcrf.gov Jiao et al. (2012)

gProfiler http://biit.cs.ut.ee/gprofiler Reimand et al. (2016)

String http://string-db.org Jensen et al. (2009)

Networkin http://networkin.info/ Horn et al. (2014)
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toring or parallel reaction monitoring that allows quantification of targeted proteins using 
peptides of reference.30,31 The accuracy of quantification of a given peptide relies on the use 
of a synthetic-labeled internal standard (i.e., the heavy form of the proteotypic peptides). 
Once the observation has been confirmed and demonstrated as biologically/pathologically 
relevant, functional approaches using cell-based systems and animal models can be under-
taken. In conclusion, in the current manuscript, we provide an experimental pipeline for 
integrated and quantitative proteomics of human tumors. This approach was successfully 
used in two types of tumors so far including hepatocellular carcinoma developed on nonfi-
brous livers and on chordoma.18 The flexibility and versatility of this experimental pipeline 
allows for easy and rapid application to other types of tissues of any origin for which quan-
titative approaches using metabolic labeling is impossible.

of the list belong to a single highly connected network that displays 111

protein–protein interactions (38 expected) (Fig. 6). Moreover, the

Fig. 6 Protein interaction network. Functional analysis of the proteins whose expression
is found systematically upregulated in HCC tumors developed on nonfibrous (normal)
livers compared to their nontumoral counterparts. The 29 proteins with upregulated
expression belong to a single network with 111 edges (expected 38). The protein–
protein interaction enrichment p-value is null. A GO biological process analysis of this
network reveals the enrichment in functions associated with endoplasmic reticulum
homeostasis and protein-folding stress.

Fig. 6. Protein interaction network. Functional analysis of the proteins whose expressionis found systematically 
upregulated in HCC tumors developed on nonfibrous (normal) livers compared to their nontumoral counterparts. 
The 29 proteins with upregulated expression belong to a single network with 111 edges (expected 38). The 
protein– protein interaction enrichment p-value is null. A GO biological process analysis of this network reveals the 
enrichment in functions associated with endoplasmic reticulum homeostasis and protein-folding stress.
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Abstract

Background: Chordomas and chondrosarcomas can occur in the skull base. Currently, 45% 
of chordomas and 56% of chondrosarcomas recur within 5 years of surgery. The role of 
adjuvant therapy is highly debated. No pharmacotherapies have been approved by the 
U.S. Food and Drug Administration for chordomas or chondrosarcomas. High propensity 
for recurrence and lack of definitive adjuvant therapy necessitate additional basic science 
research to identify molecular anomalies associated with recurrent disease.

Methods: We pooled tumor lysates from patients based on clinical criteria into 4 groups: 
primary chordomas, primary chordomas that recurred, primary chondrosarcomas, and 
primary chondrosarcomas that recurred. We used a peptide labeling method, isobaric tags 
for relative and absolute quantitation, to uniquely identify each tumor group. Phosphoryla-
ted peptides were identified and quantified via mass spectroscopy to determine and predict 
active kinases.

Results: Six groups of phosphorylated peptides were associated with primary tumors that 
later recurred. Specific kinases associated with primary chordomas that recurred were FES 
and FER. Specific kinases associated with primary chondrosarcomas that recurred were FES, 
FER, SRC family kinases, PKC, ROCK, and mitogen-activated protein kinase signaling (JNK, 
ERK1, p38).

Conclusions: These data provide clinicians with a means to screen skull base chordomas and 
chondrosarcomas to help identify tumors with a propensity to recur. Many of these kinases 
can be efficaciously inhibited by Food and Drug Administration–approved drugs that have 
not yet been used in clinical trials for treatment of skull base chordomas or chondrosar-
comas. Validation of kinases identified in this study may advance treatment options for 
patients with these tumors.
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1.	 Introduction

Chordomas and chondrosarcomas are related neoplastic lesions that can occur in the skull 
base. The prognosis and clinical outcome for patients with these tumors is relatively poor. 
With surgery alone, the 5-year survival rate for chordomas of the skull base is 68%–83%1-4 

and for chondrosarcomas of the skull base is 74%.5 The 5-year recurrence-free survival rates 
are 56% for chondrosarcomas5 and approximately 45% for chordomas.2,4 Surgery is currently 
the standard clinical treatment recommendation for both tumors and is the most significant 
predictor of improved patient outcome.5-8 

Adjuvant therapy for these neoplasms is heavily debated in the literature.6-11 Skull-based 
chordomas are considered to be resistant to radiotherapy, although high doses of radio-
therapy may have some clinical efficacy.7 The use of radiotherapy in chondrosarcomas of 
the skull base has a relatively greater degree of efficacy with 5-year survival rates >90% 
in some clinical series.12 However, radiotherapy alone is not recommended for skull 
base chondrosarcomas because of poor survival compared with survival of patients who 
underwent surgery.7,8,13 At the present time, no U.S. Food and Drug Administration (FDA)–
approved drugs exist for the treatment of chordomas7,8,10 or chondrosarcomas.5-8,10,11 

The lack of evidence for appropriate clinical management of chordomas and chondrosar-
comas of the skull base may stem from the low prevalence of these tumors in the general 
population. Epidemiologic studies have shown these tumors are relatively rare, with 
chondrosarcomas accounting for 6% of tumors in the skullbase12 and chordomas accounting 
for 4% of tumors in the skull base.8 In general, most clinicians can expect a degree of uncer-
tainty when treating patients with chordomas.7,8 Although patients with chondrosarcomas 
experience relatively greater benefit from adjuvant radiotherapy compared with patients 
with chordomas9, these tumors are often difficult to resect.14 This further complicates the 
management of these neoplasms given the lack of concrete clinical recommendations for 
patients who do not qualify for radiotherapy or fail radiotherapy.12,15 

Histopathologic examination of chordomas and chondrosarcomas is inadequate in pre-
dicting rapidly progressive tumors. To develop evidence-based recommendations for the 
management of these tumors, basic science research is needed to determine molecular 
markers, which identify aggressive phenotypes that require additional medical interventi-
ons, and to identify drug targets, which can be targeted through new pharmacotherapy or 
repurposing of existing pharmacotherapy. Several recent studies have attempted to address 
this need. In chordomas, studies have implicated transforming growth factor–β signaling, 
Akt signaling, mitogen-activated protein kinase signaling, and tyrosine kinase signaling 
as potential markers for aggression and thus potential targets for drugs.16-20 However, 
clinical trials and case studies that have attempted to use a targeted molecular approach 
to therapy have not resulted in significant improvement over current clinical guideli-
nes for chordomas.10 In skull base chondrosarcomas, metalloproteinase activity, mito-
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gen-activated protein kinase signaling, and Akt signaling have been implicated as markers 
for aggression and therapy,21 although these targets have not resulted in clinically effica-
cious treatments.5,12 Despite this deficit, these studies do share a common theme in that 
intracellular phosphorylation is implicated as the primary mechanism for disease progres-
sion in both chordomas and chondrosarcomas. The complexity of the human kinome may 
account for the lack of translation of basic science research into clinical management of 
these cancers22-24; thus, global analysis and higher resolution studies of the phosphoryla-
ted proteome (phosphoproteome) may provide the necessary data to translate these basic 
science studies into appropriate clinical therapy.

In this study, we globally characterize the phosphoproteome of skull base primary chordomas, 
primary chordomas that recurred, primary chondrosarcomas, and primary chondrosarco-
mas that eventually recurred. Using an unbiased approach, we can understand the major 
changes in kinase signaling pathways that distinguish tumors that do not respond to surgery 
and tumors that do respond to surgery. This study reveals novel kinases not yet implicated 
in chondrosarcoma or chordoma pathophysiology and provides evidence to support further 
research into the use of specific kinase inhibitors in cases of recurrent disease.

2. Materials and methods

2.1.	Explanation	of	approach	and	overview	of	workflow
To globally characterize the phosphoproteome across primary chordomas that did and 
did not recur and primary chondrosarcomas that did and did not recur, we first identified 
groups of patients who met our inclusion criteria for each group (Fig. 1). We then pooled the 
protein lysate from each tumor by tumor group and isolated the phosphorylated peptides. 
We used a peptide labeling method, isobaric tags for relative and absolute quantitation 
(iTRAQ), on our samples via mass spectroscopy (MS) (Fig. 1). The iTRAQ labels allowed us 
to determine the increase or decrease in phosphorylation of specific phosphorylation sites 
between recurrent and nonrecurrent tumors. These peptides and groups of peptides were 
analyzed using several open source bioinformatics programs to determine the kinasesres-
ponsible for regulating the identified phosphosites and the resulting impact on cell signaling 
pathways.

2.2.	Patient	selection
All patients gave consent as part of an institutional review board–approved protocol. To 
be considered for inclusion in this study, patients had to have a primary tumor diagnosis 
of either a chordoma or a chondrosarcoma. Only patients with tumors of the skull base 
were included in this study. Patients with residual disease were excluded. Patients who were 
considered to have nonrecurrent disease must have undergone a gross total resection and 
had 10 years of follow-up while remaining disease-free. Patients with recurrent disease 
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must have undergone a gross total resection and had recurrent disease within 5 years of 
surgery. There was no history of clinically significant radiation exposure, other cancers, or 
tumors in our patient cohort. Two patients met our criteria for primary chondrosarcoma, 5 
patients met criteria for primary chondrosarcoma with recurrence, 2 patients met criteria 
for primary chordoma, and 3 patients met criteria for a primary chordoma with recurrence.

2.3.	Tumor	preparation
Tumors were submerged in liquid nitrogen immediately after resection. All tumors were 
stored at −80°C until initiation of experiments. From each tumor, 100 mg of tissue was 
thawed in a 20-mmol/L HEPES buffer (Bio-Rad Laboratories, Inc., Hercules, California, USA) 
containing 0.1% NP-40, 0.1% Triton X-100, 1× phosphate inhibitor (BioRad Laboratories, 
Inc.), 1 μmol/L okadaic acid, 1× protease inhibitor cocktail (BioRad Laboratories, Inc.), and 1 
mmol/L phenylmethylsulfonyl fluoride. The samples were homogenized via sonication and 
centrifuged at 15,000 g for 10 minutes. A bicinchoninic acid assay was performed on the 
supernatant, and 40 μg of protein from each sample was pooled into the corresponding 
groups. From each of the pooled samples, 20 μg of lysate was used for a silver stain (Fig. 2A). 

Fig. 1. Schematic depicts the workflow used to complete iTRAQ experiment. Protein lysate is pooled into groups 
based on clinical criteria. The pooled lysates are labeled with a unique iTRAQ tag, and then all samples are pooled 
into a single group and analyzed in a single liquid chromatography tandem mass spectrometry (MS/MS) run to 
eliminate run-to-run variation associated with label-free techniques.

(http://www.foreestmedicalschool.nl/ondersteuning/medische-

bibliotheek/)
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The remainder of the lysate was incubated at 36°C and digested with trypsin for 16 hours. 
An additional 20 μg of protein lysate was taken after digestion from each pooled sample to 
validate the digestion via silver stain (Fig. 2B).

2.4.	Phosphoproteome	isolation,	iTRAQ	iabeling,	and	MS
The samples were labeled with iTRAQ reagents (AB Sciex LLC, Framingham, Massa-
chusetts, USA) per the manufacturer’s protocol. The primary chordomas were labeled 
with isotope 114, primary chordomas with recurrence were labeled with isotope 115, 
primary chondrosarcomas were labeled with isotope 116, and primary chondrosarcomas 
with recurrence were labeled with isotope 117. Once labeled, all 4 samples were pooled. 
Before isolating the phosphoproteome, excess reagents and ions were removed using a 
Waters Oasis Sep-Pak Vacuum column (Waters Corp., Milford, Massachusetts, USA). Phosp-
hopeptides were isolated using a Pierce TiO2 Phosphopeptide Enrichment and Clean-up Kit 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) per the manufacturer’s protocol. 
Each sample was then vacuum dried and suspended in 2 μL of matrix solution. The sample 
was separated on a liquid chromatography column and analyzed via a MALDI TOF/TOF 4800 
system (AB Sciex LLC). This protocol was performed in triplicate.

2.5.	Data	analysis	and	peptide	clusters
Each MS output was combined into a single data set. Missed cleavage sites and unlabeled 
peptides were removed. To globally determine the increase or decrease of phosphorylation 

Fig. 2. Silver stains demonstrating successful isolation and digestion of protein into peptides. A bicinchoninic acid 
assay was performed on all pooled tumor lysate groups before digestion with trypsin to ensure equal amounts of 
protein were used across all samples. (A) Predigestion silver stain shows that an equal amount of protein was used 
in each tumor group, and (B) postdigestion sample shows that an equal amount of protein was recovered after 
digestion. These data show that an equal quantity of peptides were subjected to labeling with an iTRAQ reagent for 
each group, thus ensuring any differences in the data are inherent to the biology of the tumor.

bibliotheek/)

IMAGE

Kinase Activity in Recurring Primary Skull Base 
Chordomas and Chondrosarcomas: Identification of 
Novel Pathways of Oncogenesis and Potential Drug 
Targets
World Neurosurgery.

Tatman, Philip D.; Osbun, Joshua Show all.… .

Silver stains demonstrating successful isolation and digestion of protein into peptides. A bicinchoninic 
acid assay was performed on all pooled tumor lysate groups before digestion with trypsin to ensure 
equal amounts of protein were used across a...

Copyright © 2020 Elsevier, Inc. All rights reserved.

https://www.clinicalkey.com/



Kinase activity in sKull Base chordomas 93

5

of phosphosites within the chordoma and chondrosarcoma groups, the isotope peak areas 
of each peptide for each group of tumors were transformed into a series of ratios (i.e., ratio 
of chordoma to recurrent chordoma for a given peptide). The ratios for each peptide were 
averaged across each run. All peptide ratios were imported into Cluster 3.0 (http://bonsai.
hgc.jp/%7Emdehoon/software/cluster/software.htm), each peptide was centered on its 
mean, and the peptides were grouped via a hierarchical uncensored method. The peptide 
groups were visualized as a heat map using Java Treeview (https://sourceforge.net/projects/
jtreeview/) (Fig. 3A). Groups of peptides were isolated form the heatmap based on their 
similarity across ratios and displayed graphically (Fig. 3B). Each peptide group was analyzed 
for kinase regulation in iGPS (http://igps.biocuckoo.org/).

Fig. 3. Results of the phosphoproteome isolation and kinase predictions. (A) Heatmap displaying the ratios of phos-
phorylated peptides identified in our experiment. (B) Using a clustering algorithm, we identified 6 groups of peptides 
that exhibited similar patterns of phosphorylation ratios and had higher levels of phosphorylation in recurrent tumors. 
These peptides were then analyzed by a predictive kinase program, which identified the following kinases as having 
the potential to phosphorylate every peptide in a given group: i) MYCK; ii) PKC; iii) PKC, ROCK; iv) AKT1, FGR, FYN, LYN, 
YES; v) FER, FES; vi) ERK1 (MAPK3), JNK (MAPK8 and MAPK 9), p38 (MAPK11 and MAPK13).

2.6.	Network	analysis	using	DAVID	and	STRING
The list of peptides was uploaded to DAVID (https://david.ncifcrf.gov/) and subjected to GO 
(http://www.geneontology.org/) analysis to determine the cellular processes regulated by 
the phosphosites identified (Fig. 4A). Peptides found to have increased phosphorylation in 
tumors that recurred were isolated and also analyzed via GO to determine which processes 
may be responsible for disease progression (Fig. 4B). To identify additional levels of regu-
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lation, a protein motif enrichment was performed (Fig. 4C and D). The list of peptides and 
predicted kinases were loaded into the STRING (https://string-db.org/) database to see if 
experimental evidence from other studies existed that supported the protein-kinaserelati-
onships identified in our study (Fig. S1).

Fig. 4. (A–D) Bioinformatics analysis comparing enrichment of cellular processes and protein function in primary 
benign and recurrent tumors. We performed a GO term and InterPro (https://www.ebi.ac.uk/interpro/) motif anal-
ysis to see which cellular processes and protein functions these phosphorylation sites could regulate. (A and C) 
Cellular processes identified in the GO term analysis for all peptides (A) and the phosphopeptides found in primary 
tumors that recurred (C). (B and D) Results from the InterPro motif analysis for all peptides (B) and the peptides 
found to have increased phosphorylation in primary tumors that recurred (D).

3. Results

The MS results returned a list of 91 phosphorylated peptide sites (Fig. 3A) from 75 proteins. 
Of this larger protein cohort, 35 had increased phosphorylated peptides in primary tumors, 
which recurred. A clustering algorithm grouped these peptides into 6 distinct groups 
(Fig. 3B). Kinase prediction software showed that each group of phosphopeptides is 
regulated by different kinases (Fig. 3Bi–vi). In total, the following kinases were predicted 
as having increased activity in primary tumors that recurred: MYCK, PKC, ROCK, AKT1, FGR, 
FYN, LYN, YES, FER, FES, ERK1, JNK, and p38.

Differences in kinase activity were also noted between primary chondrosarcoma that 
recurred and primary chordoma that recurred (Fig. 3B). The chordoma samples that recurred 
showed an increase of kinase activity only in FES and FER (Fig. 3Bi), whereas the chondrosar-
coma samples that recurred showed a broad increase in kinase activity compared with 
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benign chondrosarcoma (Fig. 3Bi–vi). Despite both tumors being part of the sarcoma family, 
primary chordomas and chondrosarcomas that recur do so through different signaling 
mechanisms.

Bioinformatics analysis to gain insight into both cellular and protein function regulated by 
these overactive kinases revealed enrichments unique to recurring primary tumors (Fig. 4). 
GO term analysis of the 35 proteins with increased phosphorylated peptides in primary 
tumors that recurred showed an enrichment of proteins responsible for cytoskeletonbin-
ding, nucleotide binding, nitric oxide regulation, and protein folding (Fig. 4B). An InterPro 
analysis to look for enrichment of protein motifs in the same cohort of proteins showed 
an increase in protein motifs associated with nucleotide binding, heat shockdomains, 
adenosine triphosphate–binding domains, and Src homology-3 domains (Fig. 4D). This 
analysis suggests that these cellular processes and protein functions are subjected to a 
higher degree of kinase regulation in primary tumors that recur.

Through the use of the STRING database, we were able to show that the relationships iden-
tified in our study had empirical support from many other studies (Fig. S1). This analysis 
allowed us to validate our findings in the context of scientific literature. In accordance with 
our protein kinase predictions, nearly every interaction has been validated in other scientific 
articles (Fig. S1), thus providing validity for our bioinformatics analysis and kinase predicti-
ons.

4. Discussion

The main purpose of this study was to gain insight into the kinase signaling mechanisms in 
primary chordomas and chondrosarcomas that recur. Through the application of MS prote-
omics, we succeeded in identifying a group of kinases that appear to have higher activity 
in these neoplasms. From these data, we hope to inform the oncology community of novel 
driver mechanisms and potential drug targets to advance the treatment of these neoplasms 
and improve patient outcomes.

Both chordomas and chondrosarcomas are rare tumors of the skull base. Very few data 
exist to help distinguish primary tumors with a propensity to recur from tumors that do not 
recur. The identification of aggressive tumors is not possible with current histopathologic 
methods. Chordomas and chondrosarcomas could be screened using antibodies to any of 
the phosphopeptides, or predicted kinases, reported in this study as a means to identify 
tumors with a higher likelihood to recur.

Inhibition of specific kinases has had great success in other cancers. To determine the 
potential of our kinase cohort as targets for treatment, we reviewed the previous and 
current clinical trials listed on ClinicalTrials.gov to see if any of the kinases in this study have 
been targeted in clinical trials for skull base chordoma or chondrosarcoma. We found that 
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none of the kinases described in this study have been directly targeted in a clinical trial 
specifically for chordomas or chondrosarcomas (Fig. 5 and 6). The interactions between 
currently targeted proteins and the kinases identified in our study may account for some 
of the efficacy observed in these clinical trials; however, patient outcome may be improved 
further with the additional use of inhibitors specific to our cohort of kinases.

Fig. 5. By analyzing the targets for every clinical trial specific to chordomas, we found that none of these trials 
directly targeted the kinases found to be overactive in primary chordomas that recurred.

To date, many of the kinases from this study can be inhibited by FDA-approved drugs. Two 
studies, by Davis et al.25 and Wodicka et al.,26 have comprehensively analyzed 456 known 
human kinases against FDA-approved drugs and small molecule inhibitors. By searching 
these databases, we were able to identify several potential drug-kinase matches. Based 
on our data, the treatment of both primary recurring chordomas and chondrosarcomas 
could be enhanced through the use of either FER or FES inhibitors. According to the previ-
ously mentioned studies, both FER and FES can be effectively inhibited by bosutinib (>400 
nmol/L affinity, >57% activity remaining at 0.5 μmol/L).25,26 The treatment of chondrosarco-
mas could be improved by inhibiting additional kinases identified in our study. MLCK can be 
inhibited by sunitnib (>280 nmol/L affinity, >26% activity remaining at 0.5 μmol/L), any of 
the SRC family kinases (FGR, FYN, LYN, and YES) can be inhibited by dasatinib (>0.8 nmol/L 
affinity, >2.0% activity remaining at 0.5 μmol/L), and p38 can be inhibited by nilotinib (>36 
nmol/L affinity, >16% activity remaining at 0.5% μmol/L).25,26
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5. Conclusions

This study has defined a group of biomarkers to identify skull base primary chordomas 
and chondrosarcomas with a propensity to recur. Furthermore, the kinases found to have 
increased activity have not been targeted in previous clinical trials for these neoplasms, but 
several FDA-approved drugs exist to inhibit these targets. If our results are validated in a 
larger cohort, application of our study in a clinical setting could allow physicians to identify 
chordomas and chondrosarcomas with a propensity to recur and subsequently make a 
treatment plan specific to the biology of the tumor.

Fig. 6. The drug targets for each clinical trial specific to chondrosarcomas were compared with the kinases found 
to be overactive in primary chondrosarcomas that recurred. We found that none of the kinases we identified have 
been directly targeted in clinical trials specifically for chondrosarcomas.
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Abstract

Objective: Despite refinement of surgical techniques and adjuvant radiotherapy, the 
prognosis for patients suffering from a chordoma remains poor. Identification of prognostic 
factors related to tumor biology might improve this assessment and result in molecular 
markers for targeted therapy. Limited studies have been performed to unravel the impact 
of cell cycle markers in chordoma and those performed have shown inconclusive results. In 
the current study, we aimed at discovering the impact of cyclin dependent kinase 4 (CDK4) 
expression and its relation to prognosis and other cell cycle markers in chordoma.

Methods: Twenty-five human formalin fixed paraffin-embedded chordoma specimens 
were examined by immunohistochemistry for the expression of CDK4, protein 53 (p53) and 
murine double minute 2 (MDM2). The MIB-1 labeling index (MIB1-LI) and mitotic index 
(MI) were used for the examination of proliferation. We collected detailed demographic and 
clinical data.

Results: : Overexpression of CDK4, p53 and MDM2 were found in 5 (20%), 7 (28%) and 14 
(56%) of the cases, respectively. All three cell cycle markers showed a significant correlation 
with MIB1-LI. Expression of CDK4 (p=0.02) and P53 (p<0.01) were both significantly cor-
related to poor overall survival (OS). Also, histologically observed necrosis (p<0.05) and a 
dedifferentiated tumor subtype (p<0.01) were related to adverse patient outcome.

Conclusion: Our results show that the expression of CDK4 and p53 are linked to cell prolife-
ration capacity and worse outcome in patients with chordoma.
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1.	 Introduction

Chordomas, relatively uncommon neoplasms, usually cause a debilitating disease course 
due to their aggressive and invasive behaviour with destruction of the surrounding vital 
neurovascular structures. These neoplasms are almost exclusively formed in the axial 
skeleton, with a preference for the sacro-coccygeal and clival regions. Management of 
patients harboring a chordoma consists of initial gross surgical resection and additional 
radiotherapy, as both have been proven to be beneficial in prolonging patient survival.1,2 
Even so, due to recurrent tumor growth, seen in up to 68% of the cases, the 5- and 10-year 
survival rate for patients with chordoma are 67.6% and 39.9%, respectively.3,4 To improve 
patient outcome, in the past decade, efforts are focused on the identification of molecular 
and clinicopathological factors to understand the mechanisms underlying chordomagenesis 
and its malignant behaviour.3-6 One of these molecular factors is the well-known regulatory 
protein p53, which is implicated in 40-45% of all cancers.7 

Referred to as the “guardian” of the genome, p53 exhibits multiple functions in the regula-
tion of cellular processes in response to various forms of stress. Following DNA damage, p53 
exerts its tumor suppressive function by inducing a reversible cell cycle arrest or apoptosis.8 
Loss of p53 function therefore is a key player in malignant progression, and may result from 
alteration in the gene encoding the protein or be due to protein-protein interaction.9 Con-
cerning the latter, the mouse double murine 2(MDM2) negatively regulates p53’s function 
by binding at the N-terminal end and, by means of ubiqitination, modifies it for subse-
quent degradation. MDM2 expression is also controlled by p53 transcription, making it a 
negative feedback regulatory system.10 In chordoma, inconsistent p53 overexpression has 
been reported by several authors,11-17 but is shown to be well correlated with a high MIB-1 
labeling index (LI), a proliferation index using the expression of the Ki-67 protein.13-17 Excess 
of p53 protein, in addition, is generally found to be associated with a worse clinical outcome, 
as patients exhibiting high expression levels show a decreased 5-year survival rate of 38.9% 
compared to the 79.4% for patients harboring non-overexpressing tumors and are prone 
to have a regrowth of the tumor.11,13,14,17 MDM2 overexpression is also reported in 13% of 
chordoma patients, but was not found to be either associated with gene amplification or 
reduced overall survival.14

In addition to p53, cyclin dependent kinase 4 (CDK4) is well known for its important role 
in the regulation of the G1-S transition of the cell cycle. This protein forms molecular 
complexes with members of the cyclin D family, such as cyclin D1, to finally exert its negative 
effect on the tumor suppressor retinoblastoma (Rb).18-20 In similar fashion, CDK4 has also 
been shown to interact with other important mediators, including NFκB21 and Smad3.22 The 
regulation of CDK4 is by multiple factors (e.g. p53,23 Cdc3724-26), but has been largely attri-
buted to inhibition by the p16INK4 protein.27,28 Reduced expression of this latter protein by 
aberrations in its gene transcript, CDKN2A, is frequently annotated in tumors and is likely 
to result in unrestrained CDK4 activity.29 In chordoma, the CDKN2A gene, which is located 
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on 9p21, is shown by Hallor et al. to be homo- or heterozygously lost in 70% of chordoma 
tumors.30 Furthermore, aberrations on the 9p21 region are also of prognostic value, as loss 
of heterogeneity of this specific area is correlated to a shorter overall survival.11 On the 
protein level, p16INK4expression was revealed to be absent in 74% to 100% of patients in 
several cohorts.14,31,32 These data together with the expression level and predictive value in 
chondrosarcomas, identifies CDK4 as a potential prognostic factor.33

In the present study, we evaluated the expression levels of cell cycle markers p53 and MDM2 
in order to contribute to the scarce and precarious results so far. Additionally, we assessed 
the expression of a novel marker, CDK4, to examine its role in chordoma. Expression of all 
markers was compared to the presence and extent of cell-proliferation marker MIB-1(Ki67) 
and histopathological factors, including mitosis and tumor necrosis. Lastly, to evaluate a 
potential prognostic significance, the expression of the cell cycle markers was related to the 
clinical outcome of patients after (radio)surgical intervention.

2. Materials and methods

2.1.	Patients	and	tissue	specimens
All patients who underwent surgery at the Maastricht University Medical Center and Neu-
rosurgical Science Center Tilburg between 1993 and 2009, were included. Clinical data 
was obtained by reviewing the medical charts and contacting the physicians-in-charge. 
Chordoma tissue specimens were obtained from the Maastricht Pathology Tissue Collection 
(MPTC) and the Tilburg Clinical Pathology Collection. Collection, storage and use of tissue 
and patient data were performed in agreement with the “Code for Proper Secondary Use 
of Human Tissue in the Netherlands” (http://www.fmwv.nl). All tumors were reclassified on 
hematoxylin- and eosin-stained slides, and histological subtype was reassessed by a patho-
logist (DC) using standard diagnostic criteria. Tumors were histologically classified according 
to the WHO classification (WHO Classification Tumours of Soft Tissue and Bone, 2002). In 
addition all sections were stained for detection of cytokeratin 8/18 (NCL-5D3, MP Biomedi-
cals, Illkirch, France) and cytokeratin 5/6 (D5/16 B4, Dako, Glostrup, Denmark). The patho-
logic features of the tumors were evaluated by assessment of the mitotic index and histo-
logical necrosis. Concerning the former, mitotic figures were counted in 10 fields at high 
magnification (x400) selected in the most proliferative areas and expressed as the number 
of mitoses in 10 high-power fields (HPFs).   

2.2. Immunohistochemistry
Four micrometer thick sliced sections were deparaffinized and rehydrated using Xylene 
and graded ethanol steps. Endogenous peroxidase was inhibited using EnVision™ FLEX 
Peroxidase-Blocking Reagent (Dako). Optimization of the staining was performed by the 
EnVision™FLEX Tissue Retrieval Serum (High pH, Dako). Sections were incubated in primary 



cell-cycle markers in chordoma 105

6

antibody at room temperature for either 20 min with CDK4 (DCS-31, Invitrogen, 1:200), 
P53 (DO-7, Dako, 1:500) and Ki67 (MIB-1, Dako, 1:400) or for 45 min with cytokeratin 8/18 
(NCL5D3, MP Biomedicals, 1:100) and cytokeratin 5/6 (D5/16 B4, Dako, 1:100). Counterstai-
ning was done using Gill II hematoxylin protocol.

Table 1. Primary antibodies and controls used

Antibody Clone Supplier Dilution Incubation Pos. control

CDK4 DCS-31 Invitrogen 0,180556 20 min at RT Liposarcoma

P53 DO-7 Dako 0,388889 20 min at RT Vulva-carc.

MDM2 IF2 Invitrogen (Zymed) 0,111111 20 min at RT Liposarcoma

MIB-1 MIB-1 Dako 0,319444 20 min at RT Colon

Cytoker 8/18 NCL5D3 MP Biomedicals 0,111111 45 min at RT Colon

Cytoker 5/6 D5/16 B4 Dako 0,111111 45 min at RT Lung

Primary cell-cycle antibodies were incubated for 20 minutes and cytokeratin markers for 45 minutes at RT. Negative 
controls were created by applying the same protocol without the use of the primary antibody. Positive controls 
were standardized controls used in the clinical setting. CDK4, cyclin-dependent kinase 4; RT, room temperature; 
MDM2, murine double minute 2.

2.3.	Semiquantitaive	assessments
Extent of the staining was scored on number of positive cells (nuclear expression) by two 
experts (Y.Y and D.C.) as 0 (Negative), 1 (1–10%), 2 (10–50%) and 3 (>50%) using the Nikon 
E400 microscope (Uvikon, Bunnik, The Netherlands) based on a method previously described 
by Kilgore and Prayson.12 Expression of the markers was considered positive if the score was 
either 2 or 3 (Fig. 1). Scoring was carried out in a double-blind manner and interobserver 
examinations between the two experts was substantial to almost in perfect agreement for 
CDK4 (weighted kappa>0.8 [0.78-0.96], linear kappa>0.7 [0.62-0.93]), p53 (weighted>0.7 
[0.65-0.95], linear>0.66 [0.46-0.87]) and MDM2 (weighted kappa>0.8 [0.61-0.97], linear 
kappa>0.67 [0.45-0.88]).34 Any disagreement was resolved by discussion in order to obtain 
the final score. MIB-1 labeling index (LI) was calculated by dividing the positive staining 
cells by the total number of cells. On average 2300 (range 1580-3122) cells were counted in 

Table 2. Interobserver variability

Markers Weighted kappa 95% CI Linear kappa 95% CI

CDK4 0.871 0.779-0.962 0.778 0.622-0.934

P53 0.798 0.652-0.945 0.664 0.461-0.868

MDM2 0.789 0.609-0.969 0.667 0.453-0.880

The presented table displays the interobserver variability, which was calculated with Cohen’s kappa. Weighted 
kappas were chosen as categories are further apart and thus less weight should be put on agreements. The normal 
(linear) kappa values are also visualized, showing moderate-to-substantial agreement within the observers. CDK4, 
cyclin-dependent kinase 4; MDM2, murine double minute 2.
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well-labeled areas, as determined by scanning at low magnification with an Olympus BX50 
microscope, using the StereoInvestigator software (V 9.14, MicroBrightField, Williston, 
USA). For the selection of a highly proliferative group, a cut-off was set to be any number 
exceeding the MIB1-LI median value.

2.4.	Quantitative	assessments
Intensity of the immunohistochemical staining was quantitatively evaluated with optical 
density (OD) measurements. For this, the mean Grey values of p53- and CDK4-immunore-
active tumor cells of each patient, were assessed at 40× magnification using an Olympus 
AX70 bright field microscope (analySIS; Imaging System, Münster, Germany) connected to 
a digital camera (F-view; Olympus, Tokyo, Japan). Each cell was analyzed using the Image J 
software (NIH, http://rsbweb.nih.gov/ij/) and the light intensity and threshold conditions 
were similar for all sections. The density of pixels ranged from 0 (black) to 6553.50 (white) for 
a 16-bit digital signal. Every section was assessed for positive cells with nuclear staining and 
the density difference of the nucleus compared to the cytoplasm was taken as the outcome 
parameter. For the purpose of understanding grey values were converted resulting in higher 
values for the dark regions of interest and lower values for the less intensely stained areas. 
Statistical analysis was performed with log transformed optical density data.

2.5.	Demographic	and	clinical	data
Survival time was measured as the time from the date of the primary surgery until disease-re-
lated death or last follow up. Postoperative MRI scans were carried out for the first time 
approximately 3 months after surgery and then every six months and reviewed for the 
assessment of tumor regrowth by the attending neurosurgeon. Recurrence of chordoma was 
defined as secondary growth of the tumor observed on MRI. In case of metastatic disease, 
further analysis was carried out by PET and CT imaging. Survival analysis was performed for 
the following prognostic factors, age (<40 vs.>40), gender, tumor location, recurrent growth, 
interval to recurrent growth, metastasis, histological subtype, radiotherapy received, proton 
beam versus conventional photon-irradiation, histological (mitotic index and necrosis) and 
immunohistochemical properties (CDK4, P53, MIB-1 LI). Subgroup analysis was done for 
recurrent growth and metastasis and included the same factors. 

2.6.	Statistical	analyses
Statistical analysis was performed using the Statistical Package of Social Sciences (SPSS, 
version 17.0, Chicago, IL, USA). Survival analysis was performed with the Kaplan-Meier model 
with log rank statistics. Correlation of non-parametric clinicopathological data was done using 
the Mann-Whitney U test and Spearman’s correlation coefficient. Pearson’s correlation coef-
ficient was applied for the parametric data (MIB LI, mitosis index and optical density). Mul-
tivariate analysis using a logistic regression model was performed for the prognostic factors. 
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To compare the mean difference in optical density between the three subgroups (IHC score 
1, 2 and 3) an independent t-test was used. A p-value of <0.05 was considered significant. 

3. Results 

3.1.	Demographic	and	clinical	data
Thirty-five chordoma specimens of 32 patients were archived, but only twenty-five met the 
criteria of being a primary chordoma of whom twenty-one had sufficient follow up data 
available. Only, these patients were included for the survival analysis. Primary reasons for 
exclusion from the study were due to primary surgical resection elsewhere or insufficient 
material for examination. Patient characteristics are summarized in Table 3. The average age 
at operation was approximately 52-years (SD 16,2) and there was an almost equal distribu-
tion between the genders. Distributions of the tumors were 17 patients with skull base and 4 
with sacral localization. All patients underwent gross surgical resection of the tumor, except 
for one patient with skull base chordoma who received biopsy only. All patients with a skull 
base chordoma except for one underwent additional irradiation and one patient received 
radiotherapy two months prior to surgery. For the sacral chordomas, no radiation therapy 
was applied. The mean duration of follow-up was 57 months (range, 21–142 months). In 
these periods, ten cases displayed regrowth of the tumor on MRI, with varying intervals. 
Distance metastasis occurred in 17% (n=5) of the patients and were located in the thora-
co-lumbar vertebras, sacrum, lung, kidney and one cranial drop metastasis. In the study-pe-
riod five patients died due to terminal disease state.

Table 3. Patient characteristics (n=21)

Age at operation 
Median 52Y, range (22-76) 

Gender 
M 9
F 12

Location 
Skull base 17
Sacral 4

Follow-up 

Median 57 M, range (21-142) 
Tumor regrowth 10
Metastasis 5
Deceased 5

Subtype 15 class, 5 chondr, 1 dedif 

From the 25 patients who were included in this study, four did not meet the criteria of being a biopsy or primary 
resection. Therefore, the characteristics of the remaining 21 patients are shown here. All five patients died as the 
result of the disease. Class, classic chordoma; chondr, chondroid chordoma; dedif, dedifferentiated chordoma.
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The classic type of chordoma was most frequently observed. All chordomas were positive 
for S-100 and almost all chordomas stained positive with the cytokeratin 8/18 antibodies. 
Only one found to be negative, but demonstrated typical physaliphorous cells and was 
strongly positive for the pancytokeratin marker, epithelial membrane antigen and vimentin. 
The median mitotic index was 1 and no more than two specimens showed necrotic regions 
on histological analysis. The median MIB1 LI for all tissues was 2.8% and the cut off for the 
high proliferative group was set at 3.2%. Based on the presence of positive nuclei, a median 
of 14.5 cells (range 5-32) and 19 (range 3-24) were used for the measurements of optical 
density for CDK4 and P53, respectively. 

3.2.	Immunohistochemical	findings

3.2.1. CDK4
We found an overexpression of CDK4 in 20% (5/25) of the tumors examined. The degree 
of cellular positivity was rated strong (3) in only one tumor. Optical density measurements 
correlated significantly (r=0.7, p=0.02) with the amount of positive cells on the slide. Inte-
restingly, the quantity of CDK4-expressing cells related well with the MIB1 LI (r=0.7, p<0.01), 
which was particularly evident when the optical density values   were plotted against the 
MIB1-LI (r=0.8, p=0.012). Positive CDK4 expression was also significantly correlated to 
positive P53 expression (r=0.8, p<0.01), however again the optical densities of both markers 
showed an even stronger connection (r=0.9, p=0.01). In addition, the presence of mitotic 
figures was also related to the number of cells expressing CDK4 (r=0.5, p=0.02), but did 
not seem to be dependent on the number of mitotic figures. Both patients with histologic 
necrosis showed no immunoreactivity for the CDK4 antibody. 

Mean optical densities for all three groups (IHC scores 1, 2 and 3) were computed and are 
shown in Table 4. A clear trend was observed between group 1 (0-10% positive cells) and 
2 (10-50% positive cells). No statistical analysis was done for the single patient with an IHC 
score of 3.

3.2.2. P53
Concerning p53, overexpression seen on immunohistochemistry was present in 28% (7/25) 
of cases and also had a significant correlation with optical densities (r=0.6, p=0.02). A 
positive relation was found for p53 expression and MDM2 expression (r=0.6, p<0.01) as 
well. Furthermore, MIB1-LI again was more related to optical density measurements of p53 
(r=0.7, p<0.01) compared to the number of p53-positive cells (r=0.6, p<0.01). In addition, 
an association with the presence of mitosis (r=0.5, p=0.03) and an increased mitotic index 
(r=0.4, p=0.04) was observed for p53 overexpression. Histological necrosis, however, was 
not related to p53. The mean optical densities between the three IHC subgroups was signi-
ficantly different (p=0.026; 95% CI 0.02-0.28) between group 1 and 2.
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Table 4. General and histological findings in 25 chordoma specimens

General findings IHC findings

Age <40 32% (8) CDK4 0 60% (15)

>40 68% (17) 1 20% (5)

Gender M 52% (13) 2 16% (4)

V 48% (12) 3 4% (1)

Myx. BG Y 68% (17) P53 0 40% (10)

N 32% (8) 1 32%(8)

Subclas Class 72% (18) 2 24% (6)

Chond 24% (6) 3 4% (1)

Dedif 4% (1) MDM2 0 24% (6)

Mit_index 0 40% (10) 1 20% (5)

≥1 60% (15) 2 32% (8)

Necrosis Y 8% (2) 3 24% (6)

N 92% (23) Cyt 8/18 Y 96% (24)

Ki67 <5% 80% (20) N 4% (1)

>5% 20% (5) Cyt 5/6 Y 8% (2)

N 92% (23)

Shown is an overview of the prognostic characteristics suggested by previous reports in our cohort on the left 
and immunological stainings performed in this study on the right. Class, classic chordoma; chond, chondroid 
chordoma; dedif, Dedifferentiated chordoma; Y, Yes/positive; N, no/negative; IHC, immunohistochemistry; CDK4, 
cyclin-dependent kinase 4; MDM2, murine double minute 2.

3.2.3. MDM2
Overexpression of MDM2 was surprisingly found in 56% (14/25) of the chordomas, with six 
specimens (24%) showing a strong immunoreactivity graded as 3. A relationship was found 
with the MIB1-LI (r=0.7, p<0.01), however when selected for the high proliferative cut-off 

Table 5. Optical density measurements

Antibody IHC score Sample size Mean Log OD p-value

CDK4 1 5 5.95 0.08

2 4 6.09

3 1 6.22

p53 1 8 5.98 0.03

2 6 6.13

3 1 5.94

Depicted are log-transformed mean ODs corresponding to each subgroup with IHC scores of 1, 2, or 3. The differ-
ence in mean value was evaluated using the independent t-test. In both stainings only one patient illustrated an IHC 
score of 3. Therefore, no statistical analysis was conducted to compare the third group. IHC, immunohistochemis-
try; OD, optical density; CDK4, cyclin-dependent kinase 4. *P-value IHC score 1 vs. 2.
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value, the correlation coefficient decreased considerably (r=0.4, p=0.02). No other correla-
tions were observed.

3.3.	Prognostic	data
Kaplan-Meier survival analysis, revealed CDK4 and p53 as prognostic factors, with log rank 
values of 5,321 (p=0.021) and 13,336 (p<0.01), respectively. Remarkably, all patients expres-
sing CDK4 in more than 10% of the cells demonstrate a survival not exceeding five years (60 
months) after surgery. 

Furthermore, survival analysis related histological observed necrosis and a dedifferentiated 
tumor subtype, when compared to both the chondroid and conventional together, to an 
adverse patient outcome, with values of 8.500 (p<0.01) and 18.000 (p<0.01), respectively. 
For the recurrence of tumor growth (3.273, p=0.07) and the mitotic index (3.519, p=0.06) a 
clear trend was visible in relation to overall survival. Interestingly, this trend was also evident 
when the group was divided for treatment with proton beam therapy as displayed in Fig. 
2, but showed clearly no relation for the application of radiotherapy in general. Further, 
patient age, gender, tumor location and MIB-1 LI showed no relation with survival. When 

Fig. 1. Immunohistochemistry (IHC) staining of cell-cycle markers and MIB-1. Representative low-power photo-
micrographs (10x) are shown of 4-μm-thick sections of chordoma specimens, IHC stained using cyclin-dependent 
kinase 4 (CDK4; top left), p53 (top right), murine double minute 2 (MDM2; bottom right), MIB-1 (bottom left, Ki-67) 
antibodies. Chordoma cell morphology can be witnessed as chordoma cells present as archetypal physaliphorous 
(vacuoles containing) cells. High-power photomicrograph (inset in top right corner) shows a magnification of cells 
considered positive.

cytoplasm was taken as the outcome
parameter. For the purpose of clarity, grey
values were converted, resulting in greater
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Figure 1. Immunohistochemistry (IHC) staining of cell-cycle markers and MIB-1. Representative low-
power photomicrographs (10�) are shown of 4-mm-thick sections of chordoma specimens, IHC
stained using cyclin-dependent kinase 4 (CDK4; top left), p53 (top right), murine double minute
2 (MDM2; bottom right), MIB-1 (bottom left, Ki-67) antibodies. Chordoma cell morphology can be
witnessed as chordoma cells present as archetypal physaliphorous (vacuoles containing) cells. High-
power photomicrograph (inset in top right corner) shows a magnification of cells considered positive.
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evaluated for the potential of independent prognostic markers, multivariate analysis unfor-
tunately was not applicable for all factors due to collinear ties.

When Kaplan-Meier plots were used to investigate the prognostic effect of the clinicopa-
thologic factors in contrast to survival after radiotherapy, an clear trend was visible for the 
time length to the initiation of radiotherapy (3.082, p=0.08). Again charged protons as a 
radio-therapeutic medium showed a large difference in survival, which could not be proven 
to be statistically significant (Fig. 2b). All other factors did not show any specific prognostic 
value for the response to radiotherapy.

Fig. 2. Kaplan-Meier plots of cyclin-dependent kinase 4 (CDK4) and p53 expression. To evaluate the prognostic 
relevance, Kaplan-Meier curves were plotted and log rank statistics were applied to assess the significance of the 
observed difference. Note in the left panel that in the group that expresses the CDK4 protein, until now, none of 
the patients has lived beyond 5 years.
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Figure 2. Kaplan-Meier plots of cyclin-dependent kinase 4 (CDK4) and p53 expression. To evaluate the
prognostic relevance, Kaplan-Meier curves were plotted and log rank statistics were applied to
assess the significance of the observed difference. Note in the left panel that in the group that
expresses the CDK4 protein, until now, none of the patients has lived beyond 5 years.
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Fig. 3. Kaplan-Meier plot of proton beam therapy versus conventional photon therapy. Several factors, including 
photon radiation, a high mitotic index, and tumor regrowth, demonstrated a clear trend towards an unfavorable 
outcome. As an example the photon-irradiated patients are plotted against the patients who received proton beam 
irradiation. Similar graphs were seen for the other mentioned factors.
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Figure 2. Kaplan-Meier plots of cyclin-dependent kinase 4 (CDK4) and p53 expression. To evaluate the
prognostic relevance, Kaplan-Meier curves were plotted and log rank statistics were applied to
assess the significance of the observed difference. Note in the left panel that in the group that
expresses the CDK4 protein, until now, none of the patients has lived beyond 5 years.
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Figure 3. Kaplan-Meier plot of proton beam therapy versus conventional photon therapy. Several
factors, including photon radiation, a high mitotic index, and tumor regrowth, demonstrated a clear
trend towards an unfavorable outcome. As an example the photon-irradiated patients are plotted
against the patients who received proton beam irradiation. Similar graphs were seen for the other
mentioned factors.
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Furthermore, although tumor regrowth was not a significant predictor for survival, when 
the total group was separated for the occurrence of regrowth, a relation was observed with 
the mitotic index (p=0.014) and radiotherapy (p=0.043), but was not seen for proton beam 
therapy specifically or for any of the cell cycle markers. Also, none of the factors seemed to 
be related to tumor metastasis.

4. Discussion

Chordomagenesis in our perspective is a multistep process and requires the cumulative 
effects of altered expression of gene transcripts and proteins. Identification of these bio-
markers for chordoma will not only a have a great potential as a diagnostic tool or for the 
prediction of prognosis, but more importantly might serve as a target for medical therapy. 
This study was designed to assess the protein expressions of cell cycle markers in chordoma 
tissues and assess the potential correlation with histological features and patient outcome. 
Concerning the former, our results agree with the pro-oncogenic function that has been 
assigned to the CDK4 gene by many other studies, as CDK4 expression was highly correlated 
to MIB1-LI. Interestingly, in this respect, was the improvement for this relationship when the 
MIB-LI was plotted against the OD measurements, indicating a potential quantitative method 
for investigating immunohistochemistry in chordoma. Besides the MIB1 staining, we also 
encountered a strong correlation for CDK4 and p53. A possible explanation for this relation 
might be the overexpression of a known mutant form of p53 (H179Y), which is unable to 
regulate CDK4 expression and therefore not able to function as a known inhibitor.35 Also, 
aside from the inhibitory effect of the p16INK4 protein on the expression of CDK4, as previ-
ously mentioned, the other protein transcript of the CDKN2A gene, p14ARF is also reported 
to be to be strongly associated with stabilization of the p53 protein, via MDM2-mediated 
disinhibition.36-38 Here, loss of p14ARF function due to the loss of gene transcript results in 
increased MDM2 protein and might therefore explain the observed MDM2 overexpression 
in this study. The contra intuitively observed overexpression of p53 can be mediated via 
this same MDM2 overexpression, as it is reported that MDM2 overexpression results in a 
shift from transcription of full length p53 product to an alternatively translated p53/47K 
protein.39 This latter protein in turn does not function as a true p53 protein and thus the 
correlation of p53 to the MIB-LI should come as no surprise. So, genetic aberration on the 
CDKN2A gene can also account for p53’s relation with CDK4 overexpression, but also clarify 
its strong positive correlation to MDM2 overexpression in our study and others reported.14 

Also in conjunction with all three markers showing a positive correlation to the MIB1-LI, we 
found p53 and CDK4 to be predictive of a worse clinical as well. Particularly interesting in 
this regard, is the effect of a positive CDK4 expression with patients not surviving a longer 
period than five years so far. However, this biomarker could not be identified as an inde-
pendent factor due to collinear ties resulting in a non-functioning model using multivariate 
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regression analysis. This was also the case for all other factors and is presumably the result 
of the infrequent incidence of chordoma at our institute. Even so, the strong correlation of 
CDK4 with cell proliferation marker MIB1 and mitotic figures seen on histologic preparations 
together with its relationship to p53 and overall survival, indicates it to be a possible marker 
for the prediction of prognosis and highlights its potential as a target for medical therapy in 
a subset of patients. Further investigations examining the effect of CDK4 in larger samples 
and in vitro and in vivo models should verify these findings and could potentially establish 
the role of CDK4 as an interesting clinical predictor and therapeutic target. 

In contrast to CDK4, a number of studies have analyzed p53 overexpression in chordoma. 
However, as previously stated, the clinical significance of p53 is not yet fully clear. Here we 
also a relation between patients expressing p53 and a worse survival. However, although 
we observed an obvious trend for tumor regrowth and a poor clinical outcome, unlike the 
results reported by Naka et al. and Matsuno et al.,13 we did not find a relation between 
p53-expressing patients and the occurrence of regrowth in these patients. A possible reason 
for this discrepancy might be the effect of a different cut-off value for considering a tumor 
positive for p53 or the difference in using the terms recurrence and regrowth. Nevertheless, 
the discord on the scientific evidence of p53’s significance is diminishing, as yet again it is 
shown to be a very important in the prognosis affecting patient outcome.

Regarding the histological predictors, our data illustrate an infrequent observation of mitotic 
figures in chordoma, with an exception of enhanced mitosis in the dedifferentiated tumor. 
These findings are in concordance to the results reported by others40-43 with a mean mitosis 
identical to the ones described by Kilgore et al.12 and Holton et al.44 The results from this 
study also demonstrate the mitotic index to be of significance, as not only a clear trend was 
visible with overall survival, but it also correlated well with tumor regrowth. Similar findings 
were published by Holton et al.44 who, besides patient age and MIB-1 LI >6%, found the 
present of mitosis to be correlated with tumor doubling time. On the other hand, Kilgore 
and Prayson12 reported no relation for mitosis and recurrence, but have used different 
methods for comparing their groups (parametric vs. non-parametric). 

In addition to the mitotic index, a clear statistically significant effect was evident for the foci 
of necrosis observed under the microscope and for the dediffentiated chordomas. O’Connell 
et al.45 highlighted the significance microscopic tumor necrosis in pre-radiation biopsies by 
illustrating it to be adverse prognostic factors in patients with chordomas in sacrum and 
mobile spine. Later on, Suster and Moran41 in their case report of five mediastinal tumors 
and Holton et al.44 found in their report of a cohort of nineteen skull base chordomas one 
dedifferentiated tumor and one unknown subtype of chordoma, respectively, to display foci 
of necrosis. In our cohort of the two patient exhibiting tumor necrosis, also one showed 
spindle cell sarcomatoid components, emphasizing its malignant potential. For the other 
tumor subtypes, the chondroid and conventional chordomas, Heffelfinger et al. as the 
initiator of the term chondroid chordoma, suggested an improved outcome in patients exhi-
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biting this tumor subtype. However, Mitchell et al.46 and Colli and Al-Mefty47 reported no 
difference in survival in their cohort and, recently, Jian et al. reviewed the published intra-
cranial cases and found no difference between these two tumor subtypes. In this latter 
assessment of 560 non-duplicated patients, the authors also found no difference in survival 
when a cut-off for the age of 40 was applied or for additional radiotherapy. In keeping with 
this, no difference was observed in our cohort as well. Interestingly, however, additional 
proton beam therapy did show a trend toward a favorable outcome, which was even better 
visible when the post-radiation period was used as the survival parameter. These findings 
reflect the frequently worn proclamation of chordomas to be so-called radio-resistant to 
photon irradiation and confirm the beneficial effect of proton beam therapy.48-51 

5. Conclusion

In toto, the study presented herein is the first to assess the expression of CDK4 in chordoma 
and its relation to other cell cycle markers, histological features and patient outcome. Our 
data support the initial hypothesis that CDK4 plays an important role in tumor growth in 
chordoma.
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Abstract

Background: Chordomas are rare tumors assumed to derive from notochordal remnants. 
We believe that a molecular switch is responsible for their malignant behavior. The invol-
vement of oncogenic viruses has not been studied, however. Thus, in the present study, we 
investigated the presence of oncogenic viruses in chordomas.

Methods: DNA and RNA from snap-frozen chordoma (n=18) and chondrosarcoma (n=15) 
specimens were isolated. Real-time PCR or RT-PCR was performed to assess the presence 
of multiple oncogenic viruses, including herpesviridea (herpes simplex virus [HSV]-1, 
HSV-2, Epstein-Barr virus [EBV], cytomegalovirus, human herpesvirus [HHV]- 6, HHV-7, and 
Kaposi’s sarcoma-associated herpesvirus), polyomaviridea (parvovirus B19 [PVB19], BK 
virus, JC virus, Simian virus 40, Merkel cell polyomavirus, human polyomavirus [HPyV]-6, 
and HPyV-7), papillomaviridae, and respiratory viruses. Immunohistochemistry (IHC) and in 
situ hybridization (ISH) were used to validate the positive results.

Results: PVB19 DNA was detected in 4 of 18 chordomas (22%) and in 1 of 15 chondrosarco-
mas (7%). IHC recognizing the VP2 capsid protein of PVB19 showed a positive cytoplasmic 
staining in 44% of the cases (14 of 32). HHV7 DNA was present in 6 of the 18 chordomas 
(33%). Genomic DNA of EBV was found in 22% of the samples; however, no positive results 
were found on ISH. None of the chordoma cases showed any presence of DNA from the 
remaining viruses.

Conclusion: Viral involvement in the etiology of chordomas is likely, with PVB19 being the 
most distinguishing.
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1.	 Introduction

Chordoma is a rare neoplasm that is believed to originate from remnants of notochordal 
cells, located almost exclusively in the axial skeleton. Long-term management of these 
tumors is limited, given that a high percentage of patients will experience regrowth of the 
tumor after multimodal therapy. Due to this predicament, research over the last decade 
has focused on the etiology of chordoma tumors in the hope of revealing biomarkers that 
can enhance our understanding of tumor growth and treatment management. A widely 
accepted view is that notochordal cells develop into chordomas subsequent to a benign 
notochordal tumor stage.1 The pathophysiological mechanism underlying this switch from 
indolent cells to malignant local invasive behavior is unknown. However, while consolidated 
knowledge is accumulating on the role of cellular and molecular mechanisms responsible 
for this malignant phenotype, no attempt has yet been made to investigate the involvement 
of cancer-related viruses in chordomas. Viral infections are an important etiological factor 
in the development of many tumors and are therefore a common target for investigation. A 
small group of oncogenic viruses (oncoviruses), including hepatitis viruses, human papillo-
maviruses (HPVs), human herpesviruses (HHVs), parvoviruses, and human polyomaviruses 
(HPyVs), are known to be responsible for a large proportion of virus-related cancers.2,3 Such 
infectious agents are estimated to be responsible for 12–15% of human tumors worldwide 
and to account for approximately 20% of cancer-related deaths.4-7  

Although the exact mechanisms by which oncoviruses induce malignant biological behavior 
has yet to be unraveled, one proposal assumes cause by dysregulation of apoptosis due to 
genetic and epigenetic mechanisms.5,8-10 A viral etiology for chordomas might be interes-
ting as merely a fraction of the patients with notochordal remnants develop a malignant 
chordoma phenotype. In addition, Stephens et al. (2011)  illustrated the existence of chro-
mosomal instability in chordomas and proposed a single crisis to be responsible for this phe-
nomenon, otherwise known as chromotripsis.11 As viruses are implicated in the induction of 
chromosomal instability, a possible association was investigated.12,13 

Here, we study the incidence of the most prevalent oncoviruses in skull base chordomas, 
their control tissue and in chondrosarcomas.  The viruses under investigation include the 
Hepatitis B virus (HBV), Hepatitis C virus (HCV), Human papilloma viruses (HPV),  Merkel cell 
polyomavirus (MCV) and Herpes viruses(HHV) , including Herpes simplex virus-1/2( HSV-1/2, 
HHV 1/2) Epstein-Barr virus (EBV/HHV4), Cytomegalovirus (CMV, HHV5), Human herpes 
virus 7 (HHV-7) and Kaposi’s sarcoma-associated herpes-virus (KSHV/ HHV8). In addition, we 
also determined the involvement of the Merkel cell polyomavirus, polyomavirus-6 and 7, JC 
polyomavirus, BK polyomavirus, parvovirus B19 and the Simian virus 40.
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2. Materials and methods

2.1.	Tumor	tissues	and	DNA/RNA	isolation	
Snap-frozen tissue specimens from 18 skull base chordomas and 15 chondrosarcomas were 
collected from surgeries performed at the Neurosurgery Department, Maastricht University 
Medical Center. Normal tissue, consisting of either bone or fat tissue removed for surgical 
exposure, was also collected from these surgeries. A tissue microarray (TMA) was generated 
from 32 formalin-fixed, paraffin-embedded blocks from 24 patients with chordomas, 
obtained from the Maastricht Pathology Tissue Collection. The storage and use of tissue 
and patient data were conducted in accordance with the Code for Proper Secondary Use 
of Human Tissue in The Netherlands (http://www.fmwv.nl). The use of tissue was approved 
by the local Ethical Committee (METC 16-4-267). DNA and RNA isolation was performed 
using TRIzol reagent (Thermo Fisher Scientific, Waltham, Massachusetts, USA), according to 
the manufacturer’s protocol. To prevent contamination, the isolation of nucleic acids was 
performed in a specially designed, isolated environment for DNA and RNA extraction. For 
real-time PCR, all samples were spiked with murine CMV DNA or RNA, which served as an 
amplification control following extraction.

2.2. PCR analysis for herpesviruses, BK and JC viruses, and respiratory viruses 
Real-time PCR for all herpesviruses was performed using primers and probes as described 
previously,14-23 with the exception of primers targeting HHV-7, for which the primers and 
probe consisted of the following nucleotide sequences: forward primer: 5’-AACGTGATG-
CCTAACCAAC-3’; reverse primer: 5’-TAGTTCCAGCACTGCAATCG-3’; probe: FAM-5’-TGTATG-
CGTGCATTGGAAAGACCG-3’. For respiratory virus detection, a separate reverse-transcrip-
tion step was performed using TaqMan reverse-transcriptase reagents, random hexamers 
(Applied Biosystems, Foster City, California, USA), and incubation for 10 minutes at 25°C, 
for 30 minutes at 48°C, and finally for 5 minutes at 95°C. Consequently, for all targets, the 
PCR mix consisted of 20 μL of isolated DNA (or produced cDNA), primers and probes, and 1× 
ABsolute QPCR Mix (ABgene, Epsom, UK). 

The PCR protocol consisted of 15 minutes at 95°C, followed by 42 cycles of 15 seconds at 
95°C and 1 minute at 60°C. All qualitative real-time PCR reactions were performed using 
an ABI Prism 7900 HT PCR machine (Applied Biosystems, Foster City, California, USA), and 
Ct values were determined using a threshold value of 0.05 and automatic baselining. The 
quality of the assays was ensured by positive and negative controls, as well as by a test on 
amplification inhibition in each sample by an external amplification control. DNA or RNA 
controls served as positive controls. Artificial DNA controls were constructed by cloning the 
PCR product into pGEM-3Z vectors, culturing of Escherichia coli containing the construct and 
subsequent plasmid isolation. The isolated plasmids were used as artificial DNA controls. 
For the generation of artificial RNA controls, RNA was initially constructed using pGEM-3Z 
vectors containing T7 RNA polymerase promoters flanking the multiple cloning region 
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(Promega, Leiden, The Netherlands) into which the respective amplicons were cloned. Sub-
sequently, RNA constructs containing the amplicons were generated and used as artificial 
RNA controls using T7 RNA polymerase.

2.3. PCR analysis for HPVs 
Analysis for HPVs was performed as described previously using GP5+/6+-mediated PCR.24-27 

In short, a step at 94°C for 4 minutes, 40 cycles of 94°C for 1 minute, 40°C for 2 minutes, 
and 72°C for 1.3 minutes, and then a final step at 72°C for 4 minutes were completed on 
the PTC-200 PCR apparatus (Bio-Rad, APP/ PCR-001). Acrylamide gels were analyzed using 
a microplate reader (Bio-Rad). For the assessment, both high-risk and low-risk HPV-positive 
controls were applied.

2.4. PCR analysis for polyomaviruses 
Detection of Simian virus 40 was performed using previously published primers with the 
following PCR conditions: 10 minutes at 94°C, 40 cycles of 30 seconds at 94°C, 30 seconds at 
55°C, 45 seconds at 72°C, and 7 minutes at 72°C.28 The positive control was kindly provided 
by Dr. Verschoor from the Biomedical Primate Research Centre, Rijswijk, The Netherlands. 
RT-PCR for MCPyV (VP1 and M antigens), HPyV-6, and HPyV-7 were performed as described 
by Schowalter et al.29 and Schrama et al.30

2.5. Immunohistochemistry and PCR analysis for PVB19 
Real-time PCR for PVB19 was performed with primers and a TaqMan probe as described 
by Dennert et al.31 The PCR mix consisted of 20 μL of isolated DNA, a final concentration of 
600 nM of each primer, and 200 nM of the probe and 1× ABsolute QPCR Mix. All real-time 
PCR reactions were performed in an ABI Prism 7900 PCR machine and quantified using a 
standard curve. The PCR assay used had a linear quantitative range from 107 copies to 1 × 
102 with a detection probability > 95%. Below this range, semiquantitative detection was 
performed by extrapolation of the standard curve. The quality of the assays was ensured by 
positive and negative controls, as well as by a test on amplification inhibition in each sample 
with an additional external amplification control. For quantification of viral loads, standard 
curves were included for each run. 

Immunohistochemistry (IHC) analyses were performed using the EnVision FLEX Mini Kit 
(Agilent Technologies, Santa Clara, California, USA) using an indirect method.32,33 Slides were 
cut to 4-μ thickness, adhered to Superfrost Plus Micro Slides (VWR, Radnor, Pennsylvania, 
USA), deparaffinized, and subjected to antigen retrieval using Tris/EDTA Target Retrieval 
solution buffer, pH 9 (Agilent Technologies) for 20 minutes at 97°C. Endogenous peroxi-
dase activity was quenched with 3% H2O2 for 30 minutes. After overnight incubation at 4°C 
with primary anti-PVB19 antibody (1:100 MAB8293, VP2 capsid protein; MilliporeSigma, 
Darmstadt, Germany), the secondary antibody horseradish peroxidaseeconjugated goat 
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anti-mouse/rabbit (EnVision FLEX, High pH, K801021-2, Agilent-Dako) was incubated for 2 
hours at room temperature. Peroxidase activity was visualized by incubation of the slides 
in 3,3’-diaminobenzidine tetrahydrochloride plus chromogen/substrate buffer (EnVision). 
Counterstaining was performed by incubation in hematoxylin and eosin using the Mayer’s 
staining protocol. A positive control sample was acquired from a cardiac biopsy specimen 
from a patient with chronic dilated cardiomyopathy with a high PVB19 viral load in the heart.

2.6.	In	situ	hybridization	EBV	
Colorimetric in situ hybridization (ISH) was performed manually on 4-μm sections of for-
malin-fixed, paraffin-embedded biopsy tissue on Superfrost Plus slides using the RNAscope 
2.0 Brown Assay Kit (Advanced Cell Diagnostics, Hayward, California, USA). In brief, sections 
were treated with heat and protease, followed by hybridization with the probe cocktail, 
which includes 17 pairs of probes within a target region (25–968) of the virus. The develop-
ment of hybridization was visualized with 3,3’-diaminobenzidine (Advanced Cell Diagnos-
tics). Slides were counterstained with 50% hematoxylin for 2 minutes and then mounted 
with xylene-based SHUR/Mount (Triangle Biomedical Sciences, Durham, North Carolina, 
USA).

3. Results 

PVB19 DNA was identified in 4 of 18 (22%) chordoma specimens. In contrast, only 1 of 15 
(7%) chondrosarcoma specimens showed a positive signal after 39 PCR cycles. Viral load in 
the chordoma samples ranged from 104 copies/mL to 2196 copies/mL. The single positive 
chondrosarcoma sample had 52 copies/mL. The samples were excised from a group of adult 
patients with a median age of 51 years (range, 35–75 years), with an exact 2:1 male to 
female ratio (12 males, 6 females). 

In 4 patients, normal control tissue was also available. For these patients, we assessed 
whether PCR would detect the presence of PVB19 only in the tumor tissue, or in both the 
tumor tissue and normal tissue. We found viral involvement in 2 out of the 4 patients (50%). 
In both of these patients, viral DNA was found in both normal tissue and tumor tissue. 

Of the 32 chordoma tissue cores in the TMA stained for chordoma, positive cytoplasmic 
staining for parvovirus B19 VP2 capsid protein was seen in 14 (44%) (Fig. 1). The four samples 
that were positive on PCR were from cases in which no formalin-fixed, paraffin-embedded 
material was available at the time of the TMA compilation, and thus a correlation could not 
be evaluated. None of the chordomas tested positive for other parvoviruses (BK virus, JC 
virus, Simian virus 40, MCPyV, HPyV-6, and HPyV-7) by PCR. 

Chordomas were also tested for the presence of herpesviruses. Four of the 18 samples 
(22%) were positive for EBV, with copy numbers ranging from 59 to 290/mL. Normal control 
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Figure 2. In situ hybridization of Epstein-Barr virus in
chordoma. (A) Positive control of nasopharyngeal

carcinoma. (B) Negative staining in a chordoma sample.
(Hematoxylin and eosin counterstain.)

Figure 1. A light microscopy microphotograph at 100�
magnification of a chordoma tissue and cardiac muscle
biopsy specimen stained for parvovirus B19 VP2 capsid
protein (hematoxylin and eosin counterstain). (A and C)

Positive and negative staining in chordoma samples.
(B and D) Positive and negative control tissue.
(Scale bar: 50 mm.)

Fig. 1. A light microscopy microphotograph at 100x magnification of a chordoma tissue and cardiac muscle biopsy 
specimen stained for parvovirus B19 VP2 capsid protein (hematoxylin and eosin counterstain). (A and C) Positive 
and negative staining in chordoma samples. (B	and	D) Positive and negative control tissue. (Scale bar: 50 μm.)

tissue from the patients with chordomas was used to help determine the specificity of the 
signal. Our analysis revealed EBV RNA only in the control tissues, and not in the correspon-
ding chordoma tissues of the same patient. ISH analysis for the location of EBV RNA in the 
tumor samples revealed no RNA (Fig. 2).

For HHV-7, in 6 out of 18 patients (33%), PCR indicated amplified DNA, with copy numbers 
ranging from 112 to 4985 copies/mL. Similar to EBV, compared with normal tissue from the 
same patients, HHV-7 was positive in 2 of 4 chordoma samples. Tests of other herpesviru-
ses, including CMV, HHV-1/2, HHV-6, and HHV-8, as well as the aforementioned respiratory 
viruses, did not show the presence of viral DNA in the chordoma samples. Tables 1 and 2 
provide an overview of the positive results. 

When considering all the expression data presented, it is to be noted that at least 1 of the 
3 viruses – PVB19, EBV, or HHV-7 – was present in one-half of all the chordoma specimens 
analyzed. In 2 specimens, all 3 viruses were expressed.
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4.	 Discussion	

Chordomas are believed to originate from notochordal remnants, which are present in 2% 
of adults. The scarce nature of this tumor and chromosomal distortion indicate a possible 
malignant switch in phenotype in these remnants, resulting in chordomagenesis. One of the 

Fig. 2. In situ hybridization of Epstein-Barr virus in chordoma. (A) Positive control of nasopharyngeal carcinoma. (B) 
Negative staining in a chordoma sample. (Hematoxylin and eosin counterstain.)

However, the presence of DNA in normal

Figure 2. In situ hybridization of Epstein-Barr virus in
chordoma. (A) Positive control of nasopharyngeal

carcinoma. (B) Negative staining in a chordoma sample.
(Hematoxylin and eosin counterstain.)
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Table 1. Results from PVB19, HHV-7, and EBV PCR analysis in 18 chordoma specimens and 15 chondrosarcoma 
specimens

PVB19 HHV-7 EBV

Tumor type Positive Negative Positive Negative Positive Negative

Chordoma, n 4 14 6 12 4 14

Chondrosarcoma, n 1 14 0 2 0 2

PVB19, parvovirus B19; HHV-7, human herpesvirus 7; EBV, Epstein-Barr virus; PCR, polymerase chain reaction.

Table 2. Results of PCR performed on normal and tumor tissue from the same patient

Patient Sample PVB19 (c/mL) HHV-7 (C/mL) EBV (c/mL)

Patient 1 Normal 1186 360 800
Primary Tumor 91 - -

Patient 1 Normal 2621 - -
Recurrent Tumor 63 - -

Patient 2 Normal - 1800 300
Tumor - - -

Patient 3 Normal - - -
Tumor - - -

Patient 4 Normal 153 - -
Tumor - - -

Two sample moments (primary resection and resection of a recurrent chordoma) were available for patient 1.
PCR, polymerase chain reaction; PVB19, parvovirus B19; HHV-7, human herpesvirus 7; EBV, Epstein-Barr virus.
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potential mechanisms by which tumor formation can occur is through the involvement of 
oncogenic viruses. Approximately 15% of all human tumors are caused by viruses, involving 
intricate processes that remain incompletely understood.5 

Here we describe, for the first time, the relationship of well-known oncogenic viruses and 
their occurrence in chordoma tissue samples. One of the most recently discovered oncogenic 
viruses, PVB19 was discovered in 1975 in healthy blood donors and was later related to the 
existence of erythema infectiosum as the causative agent. Later the virus was associated 
with other pathologies, including papillary thyroid carcinoma and germ cell tumors.34-37 In 
our cohort, the PVB19 genome was found in 22% of the chordoma specimens, compared 
with only 7% of the chondrosarcoma samples. In 4 of these patients, viral DNA was also 
detected in one-half of the normal surrounding tissues, indicating a larger area of previous 
infection. The prevalence of PVB19 infection, determined by the presence of IgG and IgM, 
is high in the general adult population, 70%–80%, and highest in the elderly population.38-40 

However, the presence of DNA in normal tissues and blood is very rare, with reported 
rates ranging from 0 to 10%.40-44 Thus, an incidence of 22% for chordomas in contrast to 
chondrosarcomas and the general public is significantly higher. In addition, IHC staining 
showed a high percentage of positive samples, demonstrating that focal positivity of PVB19 
in chordomas is not an uncommon finding. In chordomas, early PVB19 infection might 
explain the chromothripsis observed and thus could be responsible in part for the switch 
in notochordal remnants leading to chordomagenesis.1 Another potential mechanism could 
be an effect of PVB19 on the phenotype of the established tumor, either contributing to its 
progression rather than causing the carcinogenesis or causing impairment of the cancer 
cells, making them resistant to chemotherapeutic drugs.45 Finally, viral infection might be 
an opportunistic infection due to iatrogenic immunosuppression. However, considering that 
this phenomenon has not been observed in patients undergoing organ transplantation, such 
a concept is unconvincing.41,44,46 Thus, a more comprehensive investigation of the potential 
role of PVB19 in a larger cohort of chordoma samples with regard to its role in carcinogene-
sis, chemoresistance, and prognosis is needed. 

Herpesviruses are implicated in the pathophysiology of many cancers.47,48 However, in contrast 
to HSV-1 and HSV-2, little is known about the contribution of HHV-7 to the etiology of cancer. 
HHV-7 was discovered in 1990, and an active infection has since been related to exanthema 
subitum in children. In addition to the skin, HHV-7 has an apparent predilection for the central 
nervous system, considered to be related to febrile seizures as well as viral DNA, being present 
in 14% of primary brain tumors.49 In line with this observation, our present cohort, 33% of the 
resected chordomas contained the HHV-7 genome. Given the location of skull base chordomas 
in the clival region, close to the sphenoid sinus, and the almost absent detection of HHV-7 
in other internal organs, potential contamination of notochordal remnants by HHV-7 might 
be occurring.50 Considering the ubiquitous nature of HHV-7 in human saliva and mandibular 
glands, this likely explains its existence in bony structures surrounding the tumor. 
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In contrast to HHV-7, EBV has been extensively studied and has well-recognized associations 
with a multitude of tumors, including Burkitt’s lymphoma, gastric cancer, breast cancer, and 
nasopharyngeal cancer. Variable positive fractions of these tumors contain EBV DNA, ranging 
from 10%–16% in conventional gastric adenocarcinomas to 10%–51% in breast tumors.51 
The difference in persistent EBV infection reported could be explained by the heterogenetic 
presence of the virus in tissue when examined by ISH analysis and the potential of EBV to 
persist lifelong in the memory B-cell compartment.52 With this in mind, the presence of EBV 
in chordomas merits further investigation, with the contrast between positive results in EBV 
PCR and negative results in EBV ISH possibly explained by heterogeneity in the samples or 
the presence of EBV in neighboring non-neoplastic cells, termed bystander cells. 

In conclusion, our present study indicates the prevalence of oncogenic viruses in chordomas, 
with variable presence of genomic DNA of BPV19, EBV, and HHV7 in our cohort. One-half 
of our patients demonstrated the presence of genomic DNA of at least 1 of these 3 viruses. 
These findings support the idea of the potential involvement of viruses in the etiology of 
chordomas.
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General discussion

Clinical
After two decades of vastly accumulating research in chordomas, these lesions still are a 
clinical challenge for medical professionals that treat these patients. Typically, chordomas 
present in adults with neurological deficits or pain as a result of their characteristic invasive 
tumor growth in and around critical neurovascular structures. Due to possible harm to 
these precarious tissues, management of these tumors remains difficult with total surgical 
resection achieved in only a minority of the cases. Although optimization of surgical tech-
niques to achieve gross total resection have repeatedly been addressed as a primary focus 
in improving the management of these tumors, substantial gain in survival was achieved 
by the occurrence of a paradigm shift towards additional radiotherapy with proton beam 
radiation which now serves as the mainstay in postoperative care.1 Stereotactic radiosurgery 
or fractionated stereotactic radiotherapy can be considered as an alternative, even though 
no prospective studies have compared their effect with charged particle therapies.2-6 Additi-
onal conventional therapies on these tumors has no place in current treatment regimens as 
chordomas are resistant to conventional chemotherapeutic agents or conventional radiothe-
rapy.7,8 Over time, this current treatment protocol has illustrated to improve the prognosis 
of cranial chordoma patients significantly.9 Even so, the fundamental concern with these 
cancers is the high recurrence/regrowth rate after multimodal therapy, with no standardi-
zed additional therapeutic option to offer patients.1,10 After recurrence or tumor growth, a 
treatment proposal can be offered for additional surgical resection or the possibility to enter 
a trial in the advanced stage of disease, even if another recurrence is imminent.11 Clinical 
variables that influence disease progression are suggested in a multitude of epidemiological 
studies.12 However, due to the infrequent occurrence of this tumor, prognostic data on these 
variables are presented in smaller cohort, with often conflicting reports.12,13 In line with this 
is the interesting occurrence of chondrosarcomas at the skull base. These tumors are radio-
logically and histologically difficult to differentiate from chondroid chordomas, but have 
shown to carry a significantly better prognosis.14 Variable treatment outcome in chordoma 
patients and the interesting nature of these tumors, therefore, have set in motion a quest 
for a requisite understanding of the tumor’s fundamental molecular biology. Possible venues 
for incorporating the molecular knowledge gained are not merely scientific, but are crucial 
to accompany the increasing demand for promising molecular markers for purposes such 
as prognosis statement. However, even though prognosis statement might aid in the accep-
tance and management of disease for patients, it cannot provide the same immediate value 
when no predictive markers or proper therapy is exists. More crudely stated, the current 
literature increasingly acknowledges the importance of examining the molecular biology in 
order to improve medical management of these intricate tumors, even though it is merely 
the first of many steps. 
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Chordoma and the notochord
As the name “chordoma” might imply, these tumors are believed to be derived from the 
chorda dorsalis, or more commonly known as the notochord. Arguments for attributing the 
tumor to its notochordal heritance is based on the location along the spinal axis and, even 
more so, on the histologically similar appearance of the tumor cells to notochordal cells. 
Additional characteristic features of these cells, is the molecular expression of proteins 
related to a potential notochordal origin, with one of the most prominent and promising 
being the notochordal transcription factor brachyury. After successfully resecting the human 
notochord from aborted fetuses, we confirmed that the human notochord expressed 
the brachyury protein. In addition, as shown in the graphs of chapter three, expression 
of brachyury is also present in the remaining axial skeleton.15 This observation leads to 
question the true origin of brachyury expression in chordoma. Is this expression the result 
of its notochordal origin or do chordoma tumors exhibit a phenotype that resembles the 
notochord and is the expression of brachyury a consequence of its location alongside the 
axial spine? In 2012, the group of Flanagan reported gene expression panels on knockdown 
of brachyury. Although many interesting finding are described, only minor relation has been 
observed with typical notochordal transcription factors.16 However, to our knowledge, no 
such markers or panels exists. In order to alleviate the doubt and to relate chordomas to the 
notochord, expression of a specific molecular marker or an expression profile in notochor-
dal tissue is required. As the notochord, has several functions and concomitant molecular 
expression in the different stages of the developing fetus, obtaining a specific pivotal 
expression profile or tissue marker might reveal to be challenging. Thus, it therefore seems 
plausible to accept a paradigm in which a notochordal origin for these tumors is “most appli-
cable” until we know more about the specific genetic expression of the notochord. 

Another funding argument of the notochordal paradigm is based on the observations 
of Yamaguchi et al.17-20 in which benign notochordal lesions are detected neighboring a 
chordoma tumor. A potential malignant transformation was proposed by the authors, sup-
porting a hypothesis were chordoma exist from notochordal remnant via a possible benign 
counterpart. However, as notochordal benign tumor or rarely observed and even less fre-
quently adjoining a chordoma in the clinical setting, such correlation up to date has found 
little support. A possible venue to investigate the relation of the notochord with chordoma 
in this manner, would be substantial if patients harboring a skull base chordoma, would also 
be evaluate for the existence of a sacral (benign) tumor. This is not the current diagnostic 
protocol in the clinical setting. In addition, the claim of chordoma arising from a benign prede-
cessor might also raise the question of histologic heterogeneity in these tumors. Chordomas 
diagnosed as such, might show traces of BNCT architecture. Kreshak et al. have evaluated 
174 cases in their institution and report two mixed cases of BNCT and chordoma histology.21 
Although this might substantiate the possible link between these tumors, it remains questi-
onable why the other lesions did not show such a correlation. A possible explanation would 
be the slow growing nature of this tumor, so that most tumor have already developed a full 
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chordoma phenotype over time. Investigating the molecular differential expression of these 
benign counterpart and chordoma with this infrequent occurrence would again highlight 
the necessity of collaborating chordoma institution on this front. 

So, even though a notochordal origin is repeatedly proposed for chordomas with also a 
substantial amount of evidence potentiating a link between the two tissue types, there also 
remains doubt as no verification of this link has been made. The question as to whether this 
origin is important in understanding the biology of this disease is one where most scientists 
agree on largely. 

The cell/tissue-of-origin question can now be addressed by analysis of DNA methylation 
profiles. Cancer methylomes are characterized by the epigenetic code of the cell of origin 
rather than the process of malignant transformation.22 Comprehensive profiling of DNA met-
hylation, for example by Infinium 850k analysis, has been reported to facilitate identifica-
tion of unknown primary tumors,23 molecular subtypes of brain tumors and skin cancers.24,25 

Applying methylation profiling on tissue isolated using the protocol provided in chapter 
three, would be an interesting approach for identifying the cell of origin of chordomas. 

To facilitate the implication of in vitro developed hypothesis to in vivo verified concepts, 
animal models are crucial. Here, it is worth the notion that no animal models exist that 
model the true chordoma tumors from remnants of the human notochord or from the 
human notochord itself. As no GEM models are available, the most viable in vivo options 
so far are the use of xenograft model or a recently discovered zebrafish model, reported by 
Burger et al., using a transgene-driven expression of HRASV12 in notochord cells26 Finding a 
true cell of origin with methods, such as methylation profiling, might not only lead to unra-
veling the (epi)genetic fingerprint that points to the hallmark that initiate the chordomage-
nesis but moreover could direct the development of optimal model systems to analyze the 
inquired pathophysiology. 

Biomarker research and targeted therapies
One of the most trivial questions confronting clinicians is the uncertain period of time 
chordoma patients have before the tumor progresses after receiving the multimodal therapy 
containing surgery and radiotherapy. Anticipating this progression free survival time by dis-
covering crucial biomarkers and potentially adapting clinical management to extent this 
time if proper treatment regimens are available, is a scientific challenge that occupies many 
researchers. In addition, it remains questionable whether all chordoma patients require this 
same primary multimodal therapy. Although case reports and case series have indicated a 
possible positive result of patient tailored therapy on the basis of the tumors’ molecular 
profile, to date, no predictive markers are available for chordomas that steer the thera-
peutic regimen in these patients.27 Clinical benefit by using tumors’ susceptibility to certain 
therapies based biomarker research is reported extensively and highlights the potential of 
patient-tailored treatment regimens.28
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This patient-specific vulnerability has also been at the center of another detrimental question 
in chordoma. The underlying reason why chordoma tumors are believed to develop in only 
a minor portion of people harboring notochordal remnants is one that moves many scien-
tists. Finding the key trigger for a potential molecular predilection for the chordomagenesis 
phenomenon is challenging as much of the scientific work has been performed before the 
rapid development of novel genome-wide technologies. Research two decades ago began 
with a more basic examination of the integrity of the chromosomes in this disease. These 
primary analysis illustrated frequent deletions occurring in chromosomes 1p and 3p and 
amplification of chromosome 7.7 In 2008, homo- or heterozygous loss of the CDKN2A and 
CDKN2B gene loci in 9p21 were related to chordoma development.29 Even though these 
chromosomal aberrations are now known for a period of time and can be identified in a 
significant number of chordoma samples, the clinical significance is being debating only the 
past decade. As controversy exists on the role of deletion of 1p36 on the clinical progres-
sion of disease, the effect of loss of heterozygosity on 9p21 seems to have a more reliant 
scientific base with a negative effect on survival.30-33 However, as most these findings are 
based on one-lab experiments with mixed treatment populations, the level of evidence is 
little requiring validation of these findings in larger cohorts prior to clinical implementation. 
In addition, can we pinpoint a more specific location and are there other contributors to 
this relation besides the impaired expression of CDKN2A and CDKN2B? Can these genes 
also aid in understanding the primary pathophysiology of chordomas? This is crucial, as 
using only cytogenetic abnormalities as a biomarker for predicting the primary pathology 
for chordomas appears to have minor scientific evidence as Al Mefty et al.34 reported in 
their article that in sporadic skull base chordomas 74% of the cases did not show any abnor-
malities in their chromosomal arrangement. Due to this predicament, the scientific venue 
hereafter changed to focus on deeper analysis using genome-wide screening methodolo-
gies. 

Even so, using whole-exome and Sanger sequencing no significant driving mutation was 
found in chordomas by the group of Campbell et al.35 The authors do, however, describe 
duplications of brachyury (T) in 27% of the 104 sporadic cases. Expression of brachyury, 
was earlier found to be overexpressed in chordomas compared to other tumors, including 
chondrosarcomas, is implicated in the proliferation of chordoma cells, potentially related 
to the existence of single nucleotide polymorphism rs2305089 and was recently associated 
with the stemness of chordoma and more common aggressive cancers.36-39 As this evidence 
towards a significant impact of brachyury in chordoma’s pathophysiology is growing, a 
yeast-based therapeutic vaccine targeting brachyury (GI-6301) is now being tested in a 
phase II clinical trial.40 The prognostic relevance of brachyury, on the other side however, is 
less clear. Where in lung, colorectal and breast cancer brachyury expression in early stages 
seems to be predictive for impaired survival, in chordoma brachyury expression seems to 
show different prognostic outcomes.39,41-45 As brachyury evidently appears to be important 
in the biological markup of this tumor, association of its expression with other known over-
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expressed genes and proteins in chordoma were investigated. Where the expression of 
other tyrosine kinase receptors in chordoma have been extensively described, see chapter 
2, the group of Flanagan et al. and Quinones-Hinojosa et al. implicated the overexpression 
of brachyury with fibroblast growth factor.46 Quinones-Hinojosa et al. did illustrate a positive 
effect of brachyury on FGF2 expression and on cell growth in vitro, clinical relevance, 
however, of both is lacking as both studies did not address the prognostic effect in their 
population. As growing interest exist in inhibition of FGF-receptors by means of medical 
compounds, a possible venue is opened to inhibit this pathway in chordoma tumors.47 Like 
FGFR, other receptor tyrosine kinases, are clinically tested in chordoma patients and have 
not found their application in the standard treatment regimen. Experimental treatment 
with imatinib in chordoma patients with advanced disease was suggested for patients with 
advanced disease.48 This inhibitor of the platelet-derived growth factor receptor (PDGFR) was 
shown to cause disease stabilization in 72% with a median progression free survival(PFS) of 
9 months and an objective response rate of 2% (1/56).49 Selective compound testing in three 
chordoma cell lines and validation in vivo in two PDX-models has shown a potential for the 
use of epidermal growth factor receptor (EGFR) inhibitor Sapitinib.50 Other EGFR inhibitor, 
lapatinib, was tested earlier in a phase II trial and showed modest antitumor activity in 
chordoma, with 33% showing partial response and 38,9% stable disease and an PFS of 6-8 
months.51 However, as with all medical therapies, the quest of selecting the appropriate 
patient population for treatment in chordoma is challenging as most medical experimental 
therapies examined involve the RTK-pathway and showed very limited effect in only a small 
subset of patients. However, these targets are mainly studied in advanced disease, its effect 
in primary disease and the potential of these drug therapies in primary recurrent disease 
remains elusive. A large potential concerning this challenge lies in the application of patient 
derived organoids that can deliver a new dimension to our understanding of the heterogen-
eity within this rare patient population.52 As outlined in chapter five, there might be a dis-
crepancy in influence of a specific RTK spectrum in this timeline that might reflect the effect 
of these drug therapies as cross talk between the RTK family affects tumor cell sensitivity.53 
Incorporating an assessment, for instance examining the expression of the 52 known RTKs 
in the tumor and testing of the compounds in patient derived xenograft (PDX) models or 
organoids prior to treatment, would likely benefit compound selection.54,55 In addition, with 
the emerging online platforms that allow for rapid collection of more frequently available 
next generation sequencing of patients with rare diseases, will result in greater advance-
ment in understanding the biological basis of the disease.56

Unlike brachyury and RTKs, limited discussion exists around the clinical prognostic relevance 
of the cell cycle marker CDK4. As its biological role in cell proliferation would indicate in 
chordoma, the expected overexpression of CDK4, is clearly correlated to a worse prognosis. 
In chapter 6 we have illustrated this effect in our patient cohort, which has later been dupli-
cated in a larger cohort.57,58 As in vitro experiments showed promising results with CDK4/6 
inhibitor, palbociclib and abemaciclib, in consistently reducing chordoma cells growth, a 
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potential application in chordoma patients seems worth exploring. A phase II trial with pal-
bociclib is currently recruiting chordoma patients with advanced disease.59 

With the growing interest for targeted immunotherapy in cancer research, new treatment 
paradigms were created for melanoma, non-small-cell lung cancer (NSCLC) and renal 
cell carcinoma (RCC) with the implementation of Nivolumab in their treatment regimen. 
Nivolumab, a human immunoglobulin targeted against programmed death-1 (PD-1) 
receptor, blocks the inhibitory activity of this receptor on activated T cells and thereby 
promotes antitumor immunity. In chordoma, PD-L1 expression is witnessed primarily in 
tumor-infiltrating lymphocytes, however, the correlation with prognosis still need to be 
established.60-63 Currently, clinical trials are examining the effect of Nivolumab in advanced 
or recurrent disease in chordoma patients.

Concluding, biomarker research in chordoma is of great interest for chordoma researchers, 
as clinicians are faced with a complex dilemma of tumor recurrence with limited therapeutic 
options. Now, multiple drug targets are being evaluated in clinical trial settings, were positive 
effect of targeted therapy against brachyury and other targets, is anticipated. However, 
many clinical phase II trials in chordoma have been undertaken in the past, with unfor-
tunately little success. This highlights the lack of evidence that even substantial molecular 
studies in chordoma have, mostly due to the infrequent occurrence of the disease and lack 
of large validation of wet lab findings.

Fundamental methodological challenges
Conducting molecular research with special emphasis on biomarker research in chordomas 
presents numerous challenges and may explain the paucity of (interventional) clinical 
studies with patients harboring these tumors. 

One of the major challenges for chordomas remains the relatively rare occurrence of the 
disease. For comprehensive molecular exploration, acquiring high number of cases required 
to validate experimentally developed concepts is essential. Therefore, as the majority of 
fundamental research in chordoma including the current thesis is performed on smaller 
number of tumor cases due to availability of tumor specimens, it needs to be noted that the 
minor level of evidence (LoE) established by these case-control studies (LoE III) still requires 
proper validation in larger cohorts, which is lacking in most cases. These cohorts can be 
accomplished by collaborating (inter)nationally and focusing clinical management in speci-
alized care centers with clinical and scientific interest. An important aspect in this regard is 
the similarity in treatment regimen for all cases within the same treatment group. This latter 
poses a substantial challenge, as many centers apply different treatment protocols. Future 
chordoma patients are likely to have similar clinical management as a suggested guideline 
on the treatment is now available.11 Combining chordoma treatment centers with harmo-
nized protocols and scientific interest in an international consortium would undoubtedly 
improve the quality and quantity in which research is performed on these tumors. 
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Furthermore, for fundamental case-control design to be validated as such, a proper control 
should be established. Even if much of the studies regarding sub-classification of tumors 
can be achieved without a benign control tissue, experimental designs currently address 
notochordal remnant as the proper control for the fundamental studies. Although histologi-
cal and minor experimental data might suggest such an origin, no decisive study has proven 
such a correlation. As previously mentioned, a proper study including novel methodological 
approaches, such as methylation profiling using the infinium 850K, might provide the core 
origin of the chordoma cell and would therefore reveal the proper non-malignant control. 
In addition, in order to evaluate a proper methodological set up, it is of high importance to 
differentiate primary and recurrent tumor, as these tumors show a differential molecular 
makeup.64 The same applies for the distinction between conventional chordomas versus 
more dedifferentiated type of chordomas.65

Furthermore, as many prognostic molecular biomarkers are suggested, none have found 
clinical implementation in chordoma management. The main reason for this shortcoming 
is the limited to no reproducibility of these factors, heterogeneity within chordoma tumors 
and treatment protocols and the varying outcome measurements applied. As recently a 
consensus on the management of chordoma patients exists, studies on the prognostic effect 
should in our opinion clearly define the population of interest.11 Here primary tumors, that 
haven’t been treated with charged particle therapy, should be treated separately from 
recurrent cases. Patients that did not received their treatment according to the standar-
dized care should not be included in studies considering primary prognosis. In addition, 
analysis of potential prognostic biomarkers should besides the frequently reported log rank 
test, reduce the probability of confounding by applying a multivariate analysis including 
the known prognostic factors (e.g. extent of resection, type of charged particle therapy 
and previously published markers). This way, internationally verified markers, after careful 
modeling of these predictive markers and validation in larger cohorts, could have a signi-
ficant impact on the counseling of these patient and moreover might serve as important 
targets for medical therapy.

Future perspectives
While the literature on genomics, transcriptomics and recently proteomics in chordoma 
is increasing, paucity in research exists on the field of external factors as a predisposing 
feature or a causative agent in the oncogenic process of chordomas. In this light, chapter 7 
was dedicated to investigating the presence of oncogenic viruses in chordoma. We establish 
the presence of parvovirus B19 (PVB19) DNA in 22% (4/18) of chordoma and expression of 
the VP2 capsid protein of PVB19 in 44% (14/32) of the cases. In addition, the occurrence of 
Human Herpes Virus 7 (HHV7) and Epstein-Barr Virus (EBV) were witnessed in 33% and 22%, 
respectively. Despite the fact that these viruses are also present in normal tissue, at least one 
of these three viruses was detected in 50% of the patients in this cohort. Future investigations 
might implement genome wide analysis studies or association experiments with clinical data 
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for the purpose of investigating the complete presence and influence of viral involvement on 
the etiology and pathophysiology of chordomas. Other external factors that are interesting 
to consider investigating, could include environmental factors, but more significantly might 
be the tumor cell’s extracellular matrix as this is an essential process in epithelial tumors.66 

In addition, as in the molecular biology of chordomas evidence is pointing towards a single 
catastrophic event where genomic DNA is altered (chromothripsis) and no single driving 
mutation is found to be responsible for the malignant transformation, substantial advantage 
lies in amalgamating multiple fields of cell biology to gain insight in the comprehensive 
cancerous behavior in order to funnel the perspective to several crucial pathways respon-
sible for chordomagenesis and pathophysiology.35,67 This quest should entail uncovering 
separate zones of cell biology within the same experiment,68 but moreover advance the 
knowledge to unexplored zones of tumor biology, such as the before mentioned influence 
of external pathogens and extracellular matrix.69,70 This holistic approach is desirable as it 
not only improves our understanding of the molecular foundation of chordoma, but would 
furthermore enable clinicians with medical targets and improved knowledge for application 
in a patient-tailored approach. Of vital importance in this perspective is to be critical on the 
methodology applied in the study with respect to the previously mentioned methodological 
challenges in chordoma research. 

Finally, initial clinical management of chordoma tumors is largely dependent on the primary 
surgical resection. Gross total resection is by far the preferred initial treatment. However, as 
medical imaging often is insufficient to make the distinction, clinically, a chordoma is not well 
differentiated from the substantially less malignant chondrosarcoma and often confused 
with other tumors on the skull base or axial spine. Novel implicated diffusion weighted or 
PET imaging might prove to be of additional value in specifying the tumor, however, so 
far these have not found their implementation. Radiomics studies would therefore be a 
novel area within the chordoma research field with great immediate potential for improving 
patient management. For now, clinicians are exclusively dependent on tissue validation for 
the diagnosis. This results in some patients being operated in centers, where biopsies are 
being performed and subsequently are redirected to expert centers for gross total resection. 
This second surgery is challenging due to scaring and brings additional hazards to the surgery 
and sometimes makes gross total resection not possible due to tumor seeding. An unexplo-
red area in chordoma research that will hopefully attract more scientific interest is the deve-
lopment of biomarker based molecular imaging agents.71 MRI molecular targeted contrast 
agents might not only prove to be useful in visualizing the tumor and differential diagnosis, 
but moreover might illustrate a valuable vehicle to deliver targeted therapy. This latter is 
vital in the substantial portion of patient that show recurrent disease, where resection is 
often difficult. As no additional standardized medical therapies are implemented in patients 
with tumor recurrence, it remains an unforeseen misfortune that takes lives and therefore 
requires our devotion.11,49  
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Concluding remarks

Chordomas are tarnished tumors with an intricate clinical and molecular behavior. An 
improved and comprehensive understanding of chordomagenesis is accomplished by 
applying a holistic experimental approach, incorporating unexplored zones of tumor biology 
and amalgamating multiple fields of cell biology in the same experimental set-up. Before 
this can result in significant findings that would benefit the suffering patient, methologi-
cal challenges in chordoma research should be taken into consideration when designing 
novel studies. Clinically, no established treatment options are available for the frequently 
encountered recurrent disease. Internationally validated molecular prognostic biomarkers 
and advancements in medical targeted therapy could improve the clinical management of 
these patients, provided that these therapies are examined and applied in a patient-tailored 
approach.
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In this thesis, we present our focus of biomarker research in skull base chordomas. Bio-
markers are defined as biological substances or characteristics, either qualitative or quan-
titative, that outlines a certain (patho)physiological state and is often used as a surrogate 
to guide clinicians to indicate disease severity, treatment response and prognosis. Here we 
summarize the most important findings of the chapters. 

The first manuscript in chapter 2, presents a summary of the entity called chordoma. As 
many important historical and recent findings shaped our current thoughts and ideas of 
chordoma, we accentuate certain discoveries that are a mainstay in how we view the 
pathophysiological state in chordomas today. First, we admire the human embryology 
by describing the formation of the notochord, an embryonic elongated rod of cells that 
(amongst others) guides the formation of the vertebral axis and skull base by secretion of 
important signaling factors, the vertebral axis and the skull base. To illustrate the beliefs 
that form our current concept of chordomagenesis, the etiology of chordomas, we highlight 
the historical development of several paradigms and what we now consider the physiolo-
gical foundation. By displaying a hypothesized model of these mechanisms, we inform the 
reader of the possible scenarios for chordomas to arise. The molecular groundwork respon-
sible for tumor development and subsequent tumor behavior, has been very diverse over 
the past two decades, and primarily performed by single center studies. Here, we discuss 
(epi-)genetic findings, with the predominantly observation of chromosomal instability in 
chordoma cells and a proposed single crisis event that is advocated to precede it, called 
chromothripsis. This genetic backbone of the disease is very heterogeneous, possibly cla-
rifying the array of aberrant molecular pathways in chordoma cells. Brachyury, as a relatively 
unique hallmark and more stable signaling factor in chordomas, is discovered in 2006 and 
is classified as a notochordal factor with associations to several pathological mechanisms 
of the disease. This transcriptionfactor, holds much promise as a biomarker and potential 
target for therapy. With the discovery of notochordal marker brachyury, the authors argue 
that there might be potential in further investigating of other notochordal transcription-
factors. The paucity of studies performed on the level of epigenetics and other unexplored 
research fields is also touched on. 

In chapter 3, the authors support the notion of the notochord being a crucial tissue for 
chordoma research. In detail, we describe a process by which we isolate notochordal tissue 
from the human embryonic intervertebral discs. Tissue collected from aborted fetuses with 
the gestational age of 9, 11, and 13 weeks were collected. After dissection, the spinal column 
was fixed in 3.7% formalin for 48 hours before being embedded in paraffin by standard 
procedure. Immunohistochemically stained tissue of the fetal vertebral spine for brachyury 
expression, resulted in strong staining of the notochord, but also weak staining of the inter-
vertebral disc and vertebral body. Using laser capture microdissection, the notochordal 
section is isolated and good quality of RNA distracted from this section is confirmed. The 
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authors discuss isolation of other gestational ages and suggest this protocol to be the new 
standard in isolation of notochordal tissue.

Using the collected intervertebral discs discussed in the previous chapter, in chapter 4, we 
report on technical specifications and requirements for isolating and comparing protein 
samples in proteomic analysis. Total protein extraction, as well as specific TiO2-based phosp-
hopeptides enrichment and hydrazyde-based glycopeptides purification are described in 
detail. For quantitative differential protein expression, isobaric labeling with isobaric tag for 
relative and absolute quantitation (iTRAQ) is combined with liquid chromatography–mass 
spectrometry (LC-MS). The vast amount of data gathered from these analysis, represent a 
challenge for the investigator. The authors suggest the usage of several bioinformatics tools, 
depending on the preferred application. Software using gene enrichment with tabular results 
(DAVID, gProfiler, etc.) and gene enrichment with graphical presentation (String, Cytoscape) 
might prove to be helpful. However, as these results depict the association of genes, with pro-
tein-protein libraries not readily available, validation of such results remains a crucial aspect. 

Chapter 5 sets out to use such a proteomic assessment to answer a pivotal question in 
chordoma, and to a lesser extent in chondrosarcomas; “Can we find biomarkers relating 
to tumor recurrence and do we have potential therapeutics to target them?”. Here, we 
have pooled tumor lysates from patients in specific groups: primary chordomas, primary 
chordomas that recurred, primary chondrosarcomas, and primary chondrosarcomas that 
recurred. With the use of TiO2 phosphopeptide enrichment protocols, similar to ones 
described in chapter 4, the four groups of iTRAQ labeled phosphopeptides were compared 
after tandem mass spectrometry analysis. Differential expression of proteins between 
the tumors that have recurred plotted against tumors that haven’t, demonstrates a set of 
biomarkers that are potentially associated with recurrence. In chordoma that recurred, 
increased phosphorylation of the discovered peptide could be tracked down to an increase 
of kinase activity in the tyrosine-protein kinases feline sarcoma oncogene (FES) and feline 
encephalitis virus-related kinase (FER). With regards to drug sensitivity, the set of phospho-
rylated chordoma proteins of recurrent patients were predicted to be targeted by Nilotinib 
and Imatinib. Future studies have to validate this proof of concept. 

To summarize chapter 6, the authors examined cell cycle biomarkers in chordoma patients 
treated in our institution. Twenty-five formalin fixed paraffin-embedded chordoma 
specimens are immunohistochemically stained with antibodies for the cell-cycle markers 
protein 53 (p53), cyclin dependent kinase 4 (CDK4) and murine double minute 2 (MDM2). 
Extent of the staining was semi-quantitatively scored on number of positive cells (nuclear 
expression) categorized as 0 (Negative), 1 (1–10%), 2 (10–50%) and 3 (>50%) and quantita-
tively scored using optical density measurements. Clinical variables, (e.g. age, gender and 
overall survival) and pathological outcomes scores (e.g. necrosis, mitotic index and Ki67 
scores (MIB1-LI)) were also recorded. All three cell cycle markers showed a significant cor-
relation with MIB1-LI, although the MIB1-LI along with patient age, gender, tumor location 
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failed to show a relation with survival. Expression of CDK4 (p=0.02) and P53 (p<0.01), 
however, were both significantly correlated to poor overall survival. Also, histologically 
observed necrosis (p<0.05) and a dedifferentiated tumor subtype (p<0.01) were related to 
adverse patient outcome. These results advocate a direct or indirect link of these biomar-
kers with worse outcome in patients with chordoma tumors. 

The final research chapter, chapter 7, concerns a novel hypothesis of viral involvement in 
the etiology of chordomas. As previously mentioned, a recent assumption in the etiology 
of chordomas, is chromothripsis. Viral involvement is frequently heralded as an event 
preceding this phenomenon. To examine the theory of viral involvement in chordoma, 
the authors report on a study in which the presence of multiple oncogenic viruses were 
assessed in chordoma and chondrosarcoma patients. As the most outstanding finding, the 
presence of parvovirus B19 (PVB19) DNA was detected in 4 of 18 chordomas (22%) and in 
1 of 15 chondrosarcomas (7%). Immunohistochemical analysis recognized the VP2 capsid 
protein of PVB19 in 44% of cases (14 of 32), suggesting an even higher percentage of tumors 
affected by the virus. DNA from other viruses such as human herpes virus 7 (HHV-7) and 
Epstein-Barr virus (EBV/HHV4) were present in 6 of the 18 (33%) and 4 of the 18 (22%) 
chordoma samples. Although a thorough genome-wide search of viral DNA would increase 
understanding of this hypothesis, this study potentiates a viral involvement in the etiology 
or pathophysiology of chordoma. 

In the final chapter, the authors address the important findings and place them into a 
general scope of chordoma research. Firstly, a general description of the clinical challenges 
is briefly touched on to highlight the need for biomarker research. We challenge certain 
important etiologic and pathophysiological concepts, such as the notochordal origin and the 
significance of brachyury expression and chromothripsis. Due to lack of typical notochordal 
biomarkers, we finally accept a notochordal origin for these tumors as “most applicable” 
until a notochordal expression profile is recognized. Also, we advocate the established use 
of methylation profiling in unraveling the (epi)genetic fingerprint that points to the hallmark 
of chordomagenesis. We further highlight the amount of biomarker research performed 
and the paucity of these results being validated on larger data sets. This by itself addresses 
the great challenge most chordoma researchers stumble on; the unfortunate small number 
of patients and cases when compares to other more frequent occurring tumors, such as 
breast and colon cancer. Most of the biomarker study-result, including ours, therefore must 
be placed into a different perspective. However, it is still required of researchers, especi-
ally in a small research area like chordomas, to use a holistic understanding of the disease, 
including the paucity of high quality data, and to apply this knowledge for future studies. 
Amalgamating unexplored zones of tumor biology and multiple fields of cell biology, would 
help discover molecular (prognostic) biomarkers that might advance as molecular targets 
for medical therapy. This way, we hope to lift the burden that physicians and patient face in 
the clinical management of these tumors.
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Valorisation

Knowledge valorisation is decribed as ‘the process of creating value from 
knowledge, by making knowledge suitable and/or available for social (and/

or economic) use and by making knowledge suitable for translation into 
competitive products, services, processes and new commercial activities’. 

(definition taken from the report of the National Valorisation Committee, 
Leonie van Drooge, Rens Vandeberg et al., Waardevol: Indicatoren voor 

Valorisatie. Den Haag, Rathenau Instituut, 2011).

Introduction
The global burden of human cancer worldwide is rapidly growing and is predicted to 
become the single leading cause of death in every country of the world in the 21st century. 
According to the latest release of the Global Cancer Observatory (GCO, GLOBOCAN 2018), 
it is estimated that there have been 18.1 million new cancer cases and 9.6 million cancer 
deaths in 2018.1 As we progress and improve our understanding of the epidemiology of 
cancers, the multitude of cancer-causing variables increases which captures the extraordi-
nary diversity of this challenging disease. Due to research initiatives that are attempting to 
increase our understanding, preventative measures and novel processes and services are 
increasingly developed to tackle this conundrum. This section is dedicated to scientifically 
valorizing the research result of the current thesis and should be viewed through a biome-
dical scope.

Fundamental research relevance
The ‘publish and/or perish’ era we are currently participating in, results in minor apprecia-
tion for the fundamental understanding of diseased mechanisms and focusses excessively on 
clinical applicability. When viewed historically, great advances in medicine and biomedical 
science are the collective achievement of thousands by scientists for whom the primary goal 
was to understand fundamental mechanisms of biology. Funding institutions and project 
managers aiming primarily at swift results, preferring observing to understanding, often 
neglect this concept. As a result, we start to observe less and less and creativity is replaced 
by productivity. In chordoma, understanding the molecular processes responsible for tumor 
growth, cell and molecular heterogeneity and treatment resilience, are pivotal in the quest 
for finding a potential target for disease prediction and therapy. In order to provide insight 
into the majority of molecular data available we have published a comprehensive review 
of these molecules in our second chapter. One of the interesting mechanisms discussed is 
“chromothripsis”. A phenomenon deemed responsible for the chromosomal instability often 
witnessed in chordoma cells.2 Investigating viral involvement in chordoma was a rational 
follow up as it is stated to relate to chromothripsis.3 In chapter 7, we therefore studied 
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the presence of oncogenic viruses in healthy and tumorous tissue derived from chordoma 
patients. The observation indicates a potential involvement of primarily parvovirus B19 in 
the disease, broadening the scope of potential biomarkers for potential clinical application.  

Clinical relevance 
The body of work in this dissertation has the primary focus to increase the scientific under-
standing of the tumor’s biological behavior and to help unravel the complex heterogeneity 
that accompanies clinical research in chordoma. The essential foundation of clinical manage-
ment of all patients, right after communicating the diagnosis, is guidance of patients during 
the disease course. For most physicians, a vigorous challenge lies within this aspect of care 
where patients, after processing the devastating diagnosis, generally inquire about the 
prognosis in order to assess their expected quality of life for the remainder of their life. For 
many experienced physicians the main dilemma lies within the vast heterogeneity of the 
prognosis. This complexity is, amongst others, primarily derived from the often-observed 
distinct treatment sequence and, more likely, biological predisposition. Identifying biological 
substances (biomarkers) that relate to a specific disease state, susceptibility to treatment or 
outcome often capture this biological tendency for a malignant or benign outcome. It should 
therefore come to no surprise that hunt on biomarkers in current biomedical research is one 
of the leading subjects. Discovered biomarkers in other cancers (e.g. glioma) are utilized to 
enhance the diagnosis and moreover to predict treatment outcome and prognosis. In the 
design of the study reported on in chapter 6 the authors set out to investigate clinical and 
molecular markers related to worse outcome. As displayed, were patient characteristics are 
not reliable markers for the prediction of disease course, molecular markers p53 and CDK4 
are related to a more malignant disease course. As we were the first to report on the expres-
sion of CDK4 in chordoma and its relation to worse prognosis, it is interesting to note that 
recently, this negative association has been validated in a larger cohort of 75 patients further 
cementing this claim.4 Currently, a clinical trial using a CDK4 inhibitor, Palbociclib, is recruiting 
patients with advanced disease in chordoma. As this typical “from bench to bedside” exem-
plifies an increase of clinically relevant experiments performed today, one must note that 
often these single biomarker based research initiatives often fail to be reproduced in other 
datasets as important aspects, such as dose-response are often overlooked. Identifying a set 
of biomarkers often results in a more comprehensive understanding of the diseases state.

And so, the authors of this thesis in chapter have set out to investigate a more diverse set of 
proteins (proteome) with its relation to different chordoma like tissues. With the previously 
mentioned notochordal proposed origin and closely related chondrosarcoma’s, a compara-
tive study design was implemented. Data of such a design yielded significant findings, not 
included in this thesis, with a potential to serve clinical biomarkers. 

However, computational analysis using algorithms to examine large sets of data with respect 
to certain clinical aspects bear the risk of overlooking the vulnerability of overfitting the 
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data. This occurs when a multitude of potential predictive biomarkers are applied to diffe-
rentiate a small number of outcome events. The apparent risk of failure to reproduce such 
findings with other clinical dataset remains a difficult problem. 

A socio-economic perspective
As the incidence of cancer is increasing, a substantial socio-economic burden arises as, 
according to the World Health Organization (WHO) healthcare associated costs rising 
when plotted against per capita GDP. Latest indications (2018, CBS) indicate a weight of 
approximately 100 billion euro in the Netherlands, where most of the spending is made 
in the insured spectrum (Zorgverzekeringswet).5 Consideration on allocation of health care 
resources are based largely on cost-effectiveness analysis in which terms as quality-adjus-
ted life-year (QALY) are the mainstay. Applying QALY’s in decision support for allocation in 
cancer treatment are shown to contain important limitations. However, the high cost of 
(novel) cancer treatments on society is increasing and will become unaffordable, making 
further progression of the current standard impossible. Most of these costs in oncology 
are attributed to the high price of cancer drugs and the overuse of drugs in anticancer 
treatment regiments. Potent solutions to this problem have been proposed, with the most 
potent being a shift towards treatments tailored specifically to the genetic makeup of an 
individual’s tumor. This way expenditure of (new) anticancer drugs that confer only a minor 
level of clinical benefit are eliminated. 

In chordoma, standard primary treatment regimen for patients lacks any drug therapy, as 
chordomas are deemed unresponsive to conventional chemotherapy. Due to this limitation, 
a significant proportion of treated patients have a propensity to show tumor recurrence. 
Although recent treatment guidelines on this, frequently observed, recurrent growth of the 
tumor do reserve the possibility of implementing targeted therapy in the form of antican-
cer drugs in advanced disease, the scientific evidence favoring such a treatment remains 
limited. Reasons for this predicament are the relatively low incidence of chordoma and 
the heterogenic markup of the patient characteristics and cell pathophysiology. High costs, 
as a result of efforts of medical oncologists to treat patients with advanced disease and 
subsequent morbidity accompanying such a treatment, would be substantially diminished 
if tumor recurrence and implementation and accuracy of a patient tailored approach in 
advanced disease could be predicted. 

In this thesis, chapter 5 is dedicated to discovering potential biomarkers in the tumor 
cells of chordoma and chondrosarcoma patients. By comparing tumor protein lysates of 
primary tumor of patients with no recurrence and primary tumor of patients with recurrent 
disease, we were able to identify a spectrum of phosphorylated kinases that are indicative 
of recurrent disease. Two of the more frequently proposed antidrug therapies in chordoma 
Imatinib and Nilotinib hold promise by targeting these biological factors. Although these 
findings require validation in a larger cohort, applying these biomarkers will benefit opti-
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mization of individual health care for chordoma patients and minimize disease burden for 
the general population by reducing unnecessary treatments and their related morbidities.

From proprietary data to a collective effect and future perspective
As quoted by Isaac Newton (1642-1727): “If I have seen further than others, it is by standing 
upon the shoulders of giants”’, it is only with the help of previous research that we gain 
our insights in the underlying mechanism of the diseased process. For this to continue, it is 
imperative that scientist, as much as possible, confirm to the notion of shared knowledge to 
enable synergistic research. In this thesis, two research articles are dedicated to aiding future 
chordoma research endeavors by informing the reading on how to perform certain proce-
dures. In chapter 3, the authors illustrate how to isolate human notochordal tissue with the 
help of laser captured microdissection. Here, advice and procedural strategies on extraction 
of tissue from human fetuses, with a gestation of 9, 11 and 13 weeks, are discussed. This is 
relevant for chordoma research, as this tissue is proposed to be essential in the etiology of 
this tumor. A growing body of studies performed on the etiology of chordoma will therefore 
benefit from this detailed description.

Similarly, observation of trends toward increased investigation of the proteome in cancer 
research, has instigated our initiative to publish the methodology we have applied to 
research the chordoma proteome. Although the results of this final study are outside of the 
scope of this thesis, the promising outcome supports a more frequent use of this field of 
research. 

As the title of the current manuscript already implies and recent standards in clinical care 
are progressively leaning towards the use of molecular biomarkers to guide our understan-
ding and management of the disease. The author expects that single biomarker-based study 
designs will be replaced by a broader set of biomarkers derived from an integrated assess-
ment of the disease state (e.g. genomics, transcriptomics, proteomics as well as metabo-
lomics and nutriomics) plotted against a well-documented clinical databases. This large 
datasets, “Big Data”, when balanced and validated accordingly, diminish concerns about 
clinical and statistical validity that hinder their application and will provide the clinician and 
patients with increased knowledge on how to improve the quality of life.
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