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Chordoma is a malignant tumor that arises predomi-
nantly in the axial skeleton, with the base of skull 
and the distal spine being the most common sites 

of disease. Chordomas are often slow-growing tumors 
treated by resection and adjuvant proton-beam radia-
tion therapy.22 Despite their typical lower-grade features, 
chordomas have a relatively high recurrence rate. This 
is thought to be a consequence of a combination of fac-
tors, including the proximity of tumors to vital structures, 
complicating their resection and the relative resistance of 
tumor cells to radiotherapy and chemotherapy.2 Although 
recent studies suggest targeted therapeutics may have an-
titumor activity in some patients, the clinical benefits of 

these therapies have so far been modest.12,30 Additional 
therapeutic strategies are clearly needed.

Identifying therapeutic targets in chordoma has been 
challenging, but a consensus is emerging that significant 
receptor tyrosine kinase (RTK) overexpression is com-
mon in tumors, albeit poorly conserved.19,28,32–34 Conse-
quently, downstream effectors of RTK signaling appear to 
be nearly uniformly activated in chordoma, and activation 
of ERK1/2, Akt, and mTOR have been reported in a high 
percentage of tumors.5 The activity of clinical inhibitors 
against RTK activation has been tested in the single largest 
Phase II study in chordoma to date.12,30 In this single-arm 
study, patients with PDGFRB or PDGFB expressing chor-
doma were treated with imatinib and analyzed at 6 months. 
While treatment did not lead to significant reduction in tu-
mor burden, it appeared to have a modest antitumor activity 
in a subset of patients. As all tumors expressed PDGFRB/
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Conclusions. The authors report the establishment of SF8894, a recurrent clival chordoma xenograft that mim-
ics many of the features of the original tumor and that should be a useful preclinical model for recurrent chordoma.
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Abbreviations used in this paper: IL-2Rγ = interleukin-2 receptor 
gamma; NSG = NOD-SCID IL-2Rγ null; RTK = receptor tyrosine 
kinase.



J. M. Davies et al.

332                                                                                                                      J Neurosurg / Volume 120 / February 2014

PDGFB, this study may highlight the need for inhibitors of 
downstream signaling pathways in chordoma.

Aberrant activity in the mTOR pathway is one such 
promising target for chordoma.23 In children, chordomas 
have been associated with tuberous sclerosis complex,1,13 
a disease for which mTOR inhibitors have significant 
benefit.6 In the more common setting of sporadic disease, 
mTOR activation has also been observed, suggesting that 
mTOR inhibition may have utility in a wide spectrum of 
chordomas.9 Chordomas can also exhibit loss or reduced 
expression of tumor suppressor genes,4,8,17,28,33 many of 
which are known to regulate PI3K and Akt signaling, 
such as PTEN and tumor suppressor fragile histidine 
triad. Based on these data, advanced chordoma patients 
with disease resistant to imatinib have been treated with 
the mTOR inhibitor Sirolimus (rapamycin) with modest 
overall effect.31 To date, no studies have examined the ac-
tivity of the more potent ATP-competitive mTOR inhibi-
tors in preclinical models of this disease.

Despite advances in our understanding of the molecu-
lar alterations in chordoma, the treatment options for pa-
tients, particularly in the setting of recurrent or metastatic 
disease, are still inadequate. In particular, for a rare disease 
like chordoma with few patients, robust preclinical mod-
els will be necessary to compare and evaluate treatments 
that may be impossible to do in standard clinical trials. 
Importantly, multiple models that reflect the diversity of 
human disease are critical. In an effort to establish clini-
cally relevant murine models for recurrent disease, we have 
begun xenografting chordoma tumor samples. The patient-
derived xenograft model we employ allows us to examine 
tumors that faithfully recapitulate the morphology, histol-
ogy, and cell signaling of human chordoma. In this study, 
we sought to establish and validate xenograft SF8894 as a 
clinically relevant model system to study recurrent clival 
chordoma. In addition, we sought to demonstrate robust 
activity of the PI3K/Akt/mTOR signaling pathway in re-
current clival chordoma and to suggest that inhibition of 
mTOR signaling with the ATP-competitive mTOR inhibi-
tor MLN0128 may be a useful therapeutic strategy.

Methods
Study Approval

All procedures were performed according to proto-
cols approved by the University of California Commit-
tee on Research. Deidentified human chordoma samples 
were obtained from the UCSF Brain Tumor Research 
Center Tissue Bank. All experiments involving mice were 
performed in accordance with protocols approved by the 
UCSF Institutional Animal Care and Use Committee.

Establishment of Chordoma Xenograft
The tumor specimen was obtained in the operating 

room and transported in ice-cold serum-free RPMI 1640 
(Life Technologies Corporation). The tumor tissue was 
minced with a scalpel and an approximately 8-mm3 piece 
of tissue was implanted subcutaneously into each flank 
of 2 NOD-SCID interleukin-2 receptor gamma (IL-2Rg) 
null (NSG) mice (Jackson Laboratory). The mice were 

monitored weekly for evidence of tumor development. 
Once palpable, the tumor was measured periodically. Af-
ter 16–20 weeks and at approximately 500 mm3, the tu-
mor tissue was isolated, minced, and passaged serially in 
mice to maintain the tumor as a xenograft. A small por-
tion of the tumor was flash frozen for proteomic analysis 
and a small portion was fixed in 4% paraformaldehyde 
for histopathological analysis.

Histological and Immunohistological Analyses
Deidentified formalin-fixed paraffin-embedded tumor 

tissue was obtained from the UCSF Brain Tumor Research 
Center Tissue Bank. Tumor tissue from mice for paraffin 
embedding and histological and immunohistological anal-
yses was fixed overnight in 4% paraformaldehyde, rinsed 
in phosphate-buffered saline, and stored in 70% ethanol 
until further processing. Histological analysis of tumor tis-
sue was performed on H & E stained sections.

Immunohistochemistry was performed as described 
previously on Benchmark XT (Ventana Medical Systems) 
using the Ultraview (multimer) detection system.16,18 The 
following antibodies were used: p-S6 ribosomal protein 
(Ser235/236; Cell Signaling no. 2211; 1:200); p-S6 ri-
bosomal protein (Ser240/244; Cell Signaling no. 2215; 
1:200); p-4E-BP1 (Thr37/46; Cell Signaling no. 2855; 
rabbit, 1:400); EGFR (3C6) (Ventana Medical Systems 
no. 790-2988; 1:1); p-Erk1/2 (Thr202, Tyr204; Invitrogen 
Corporation no. 18-2389; 1:200); p-PRAS40 (Thr246) 
(Cell Signaling no. 2997; 1:25); PTEN (138G6) (Cell Sig-
naling no. 9559; 1:100); p-Akt (Ser473; Cell Signaling no. 
4060; 1:100); MIB-1 (30-9) (Ventana Medical Systems 
anti-Ki-67 no. 790-4286; undiluted).

Drug Treatment of Subcutaneous Chordoma Xenografts
MLN0128 was synthesized as previously described.10 

Mice harboring subcutaneous chordoma xenografts were 
treated daily with MLN0128 (1 mg/kg dissolved in 1% 
N-methyl-2-pyrrolidone, 15% polyvinylpyrrolidone, 84% 
water) or saline for 4 days. Three hours after the final dose 
tumors were harvested. A portion was flash frozen in liquid 
nitrogen and another portion was fixed for paraffin embed-
ding, as described above. A total of 3 subcutaneous flank 
tumors were analyzed from 2 mice for each condition.

Luminex xMAP
Tumor tissue from mice was collected at the time the 

mice were euthanized and flash frozen in liquid nitrogen. 
As recommended by the manufacturer (EMD Millipore 
Corporation), protein lysate (25 μg) was incubated with 
MILLIPLEX MAP Akt/mTOR phosphoprotein mag-
netic and total protein bead-based multianalyte panels 
(48-612MAG and 48-611MAG) and the non-magnetic 
GAPDH analyte (46-667). Samples were analyzed using 
Bio-Plex 200 (Bio-Rad Laboratories, Inc.).

Results
Clinical Presentation and Pathological Confirmation of 
Chordoma

A 56-year-old man first presented in 2006 with dys-
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phagia, weight loss, and development of a lisp. Magnetic 
resonance imaging revealed an 8-cm midline lesion cen-
tered on the clivus, encasing and laterally displacing the 
carotid arteries bilaterally and extending below the odon-
toid (Fig. 1A and B). In March 2007, the lesion was re-
sected by an endoscopic transsphenoidal approach, and a 
pathological diagnosis of chordoma was made (Fig. 2A). 
Follow-up imaging in May 2007 demonstrated tumor 
growth in soft tissues surrounding the clivus, destruc-
tion of C1–2, and evidence of occipitocervical instabil-
ity (Fig. 1C and D). Staged operations were performed 
to decompress the upper cervical spine with posterior 
occiput–C5 fusion followed by transmandibular C1–2 
decompression and chordoma excision. The patient sub-
sequently underwent proton-beam irradiation in August 
2007. In September 2011, the patient developed acute on-
set of leg weakness and left hand numbness. Magnetic 
resonance imaging demonstrated a tumor extending from 
C-5 to T-2, cord compression myelopathy, and partial ero-
sion of the T-1 and T-2 vertebral bodies (Fig. 1E and F). 
The patient underwent posterior cervical and thoracic fu-

sion extending to T-3, including C6–7 and T1–2 laminec-
tomies and left-side T-1 transpedicular corpectomy and 
T-2 costotransversectomy, for removal of the epidural tu-
mor. Analysis of tumor tissue from each excision demon-
strated histopathological features of chordoma (Fig. 2A 
and B). Tumors had an overall lobulated appearance with 
tumor cells separated by fibrous septa. The tumor cells 
contained small round nuclei and often had abundant 
cytoplasm with large cytoplasmic vacuolations (physalif-
erous cells). Immunohistochemistry confirmed the diag-
nosis of chordoma with strong diffuse immunopositivity 
for brachyury and pan-cytokeratin (AE1/3 and CAM5.2) 
(Fig. 2A and B).

Establishment and Characterization of a Chordoma  
Xenograft From a Recurrent Clival Tumor 

Tumor tissue from the recurrent T-2 lesion (recur-
rence no. 2) was obtained intraoperatively and implanted 
subcutaneously into NSG mice. Mice were monitored 
over 170 days and successful xenograft growth was de-
tected by 90 days postimplantation. Two of 4 tumor frag-
ments grew and were harvested at 16 and 20 weeks post-
implantation for passage into additional recipient mice. 
SF8894 tumors were maintained as xenografts through 
serial passage. Histological and immunohistological 
analyses of the recurrent clival chordoma and the chor-
doma xenograft SF8894 demonstrated striking similarity 
(Fig. 2B and C). Similar to the human tumor, the xeno-
graft grew as a lobulated mass composed of tumor cells 
with small round nuclei and cytoplasm with abundant 
vacuolations, and immunohistochemistry demonstrated 
diffuse nuclear positivity for brachyury and cytoplasmic 
positivity for cytokeratin (Fig. 2C).

Activation of the PI3K/Akt/mTOR Signaling Pathway in 
Chordoma

Abnormal activation of the PI3K/Akt/mTOR signal-
ing pathway has been reported in a significant subset of 
chordoma.23 To investigate the activity of this pathway in 
chordoma and to determine if xenograft SF8894 mim-
icked these alterations, we analyzed the tumors using 
phospho-specific immunohistochemistry (Fig. 2D–H). 
Immunostaining for p-S6 (Ser240/244) and p-Erk1/2 
(Thr202, Tyr204) demonstrated a nearly identical pattern 
of strong diffuse immunopositivity in the primary clival 
chordoma, the recurrent tumor, and the xenograft. Ad-
ditional immunostaining for p-Akt (Ser473), p-PRAS40 
(Thr246), p-4EBP1 (Thr37/46), and p-S6 (Ser235/236) 
confirmed the strong and very similar pattern of immu-
nopositivity in both the recurrent tumor and the xeno-
graft. Immunopositivity was primarily cytoplasmic for 
p-Akt, p-PRAS40, and p-S6 and was both nuclear and 
cytoplasmic for p-4EBP1 and p-Erk1/2, similar to pre-
vious reports.26 In the primary recurrent and xenograft 
clival chordoma, both EGFR expression and PTEN ex-
pression were negative (Fig. 2D–F).

Inhibition of mTOR Signaling Activity in Chordoma  
Xenografts 

Having demonstrated a similar pattern of PI3K/Akt/

Fig. 1. Sagittal MRI of primary clival chordoma and recurrent tumor 
involving the cervical and thoracic spine. A and B: T1-weighted im-
ages of brain demonstrating clival mass extending to inferior portion of 
odontoid (arrows), obtained in January 2007. C and D: T1-weighted 
cervical images demonstrating destructive lesion in soft tissues of skull 
base and upper cervical spine (arrows), obtained in May 2007. E and 
F: T2-weighted cervical images demonstrating extension of tumor from 
C-5 to T-2 with severe cord compression (arrows), obtained in Septem-
ber 2011.
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mTOR signaling pathway activity in recurrent clival chor-
doma and the derived chordoma xenograft, we used the 
xenograft as an in vivo model to determine whether an 
mTOR kinase (mTORC1/mTORC2) inhibitor might de-
crease mTOR pathway activity in tumors. Mice harboring 
subcutaneous chordoma xenografts were treated daily with 
MLN0128, an ATP-competitive inhibitor of mTOR, or sa-
line for 4 days. Three hours after the final dose, tumors 
were harvested and subjected to phosphoproteome profil-

ing using Luminex technology (Luminex Corporation) and 
phospho-specific immunohistochemistry (Fig. 3). Follow-
ing treatment, there was a statistically significant reduc-
tion in phospho-mTOR (Ser2448) (p = 0.019, n = 3 tumors 
each treatment) and there was a trend for decreased p-S6 
(Ser235/236) levels compared to saline-treated control 
mice. According to phospho-specific immunohistochem-
istry, the MLN0128-treated tumors had decreased p-S6 
(Ser240/244) levels compared to the saline-treated tumors.

Fig. 2. Chordoma xenograft SF8894 recapitulates histological and immunohistological features of the resected chordoma 
including activation of the PI3K/Akt/mTOR pathway. The primary clival tumor resected in 2007 (A and D), the recurrent (Recur) 
tumor in 2011 (B, E, and G), and the xenograft derived from the recurrent tumor (C, F, and H) had similar histopathological and 
immunohistopathological features characteristic of chordoma. H & E staining demonstrated tumor cells with bland small nuclei 
and abundant vacuolated cytoplasm. Immunohistochemistry demonstrated robust nuclear brachyury expression, cytoplasmic 
cytokeratin positivity, and scattered Ki-67 positive proliferating tumor cells. The clival tumor (D), the recurrent tumor (E), and the 
tumor xenograft (F) had a similar profile using a panel of immunomarkers including phospho-specific antibodies. All 3 had abun-
dant levels of phosphorylated S6 (S240/244) and Erk1/2 (T202, Y204). Using an extended panel of phospho-specific antibodies 
on the recurrent tumor and the xenograft, abundant levels of phosphorylated Akt (S473), PRAS40 (T246), 4EBP1 (T37/46), and 
S6 (S235/236) were identified. EGFR and PTEN immunostaining was negative in tumor cells. Bars = 30 µm.
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Discussion
Despite aggressive surgical intervention and radiation 

treatment of chordoma, tumor recurrence is common, and 
novel therapeutic strategies are needed. In this study, we re-
port on the establishment and characterization of a prima-
ry chordoma xenograft from a recurrent clival chordoma. 
We demonstrate that the chordoma xenograft recapitulates 
the histopathological features and signaling pathway activ-
ity of the primary tumor, and we provide preliminary data 
that this xenograft model will be useful as a preclinical 
therapeutic model for recurrent chordoma.

The establishment of primary chordoma cell lines 
and xenografts is critical for advances in our understand-
ing of the biology of this disease and its treatment. There 
are now several chordoma cell lines that have been es-
tablished,3,11,14,20,21,25,27,35 but few can be xenografted into 
mice.14,24 With the establishment of SF8499, there are now 
2 primary chordoma xenografts available for study.29

Activity of the mTOR signaling pathway, a critical 
regulator of protein synthesis and entry into the G1 phase 
of the cell cycle, is frequently altered in chordoma.23 
Cellular mTOR exists in 2 different complexes, mTOR 
Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2). 
Although rapamycin and its derivatives partially in-
hibit mTOR in mTORC1, they do not inhibit mTOR in 
mTORC2. MLN0128 is an ATP-competitive inhibitor of 
mTOR that acts as a dual mTORC1/2 inhibitor, and it has 
shown promising results in tumor models of prostate can-
cer, breast cancer, and multiple myeloma.7,10,15 Our data 
argue for preclinical testing of dual mTORC1/2 inhibitors 
in chordoma and suggest inhibition of mTOR signaling 
may be a promising therapeutic strategy in chordoma.

Conclusions
These data demonstrate that SF8894 is a clinically 

relevant model for preclinical therapeutic testing in chor-
doma and suggest that additional preclinical studies of 

mTOR inhibitors for the therapeutic targeting of chor-
doma are needed.
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