
The expression of calcitonin receptor detected in malignant
cells of the brain tumour glioblastoma multiforme and
functional properties in the cell line A172

Peter J Wookey,1,2 Catriona A McLean,3 Peter Hwang,4 Sebastian G B Furness,5

Sandy Nguyen,1 Angela Kourakis,1 David L Hare1 & Jeffrey V Rosenfeld4,6
1Department of Medicine (at Austin Health, Heidelberg), 2Centre for Neuroscience, University of Melbourne, Melbourne,
3Departments of Anatomical Pathology, 4Neurosurgery, The Alfred Hospital, Prahran, 5Drug Discovery Biology

Laboratory, Monash Institute of Pharmaceutical Sciences and Department of Pharmacology, Monash University,

Melbourne, and 6Department of Surgery, The Alfred Hospital, Monash University Medical School, Prahran, Vic., Australia1

Date of submission 18 May 2011
Accepted for publication 3 August 2011

Wookey P J, McLean C A, Hwang P, Furness S G B, Nguyen S, Kourakis A, Hare D L & Rosenfeld J V

(2011) Histopathology

The expression of calcitonin receptor detected in malignant cells of the brain tumour
glioblastoma multiforme and functional properties in the cell line A172

Aim: Previous studies have indicated that expression

of calcitonin receptor (CTR) could be induced in a

proinflammatory environment. In the present study,

CTR-immunoreactivity (CTR-ir) was investigated in

brain tissue from patients with glioblastoma multi-

forme (GBM).

Methods and results: In immunohistochemical analy-

sis of GBM samples, tissues with complex glomeruloid

structures surrounded by malignant cells were analy-

sed for CTR-ir using anti-human CTR antibodies

generated against two separate epitopes of CTR. CTR-

ir was associated predominantly with glial cells.

Regions with CTR-ir cells were found in 12 of 14

GBM tumours (P < 0.05); using confocal microscopy,

CTR-ir cells were identified that were also positive for

glial fibrillary acidic protein, nestin and CD133. Anti-

bodies were verified using immunoblots and confocal

microscopy of the Cercopithecus aethiops(COS)-7 trans-

fectants. Immunoblots of membrane preparations from

the CTR-positive cell lines demonstrated a major band

(�67 kDa) and minor band (�52 kDa), but the inten-

sity was reversed for the GBM cell line A172. In

cultured A172 cells, functional studies demonstrated

calcitonin stimulation of adenylyl cyclase and inhibi-

tion of extracellular-regulated kinase (ERK)1 ⁄ 2 phos-

phorylation.

Conclusions: The findings that (i) CTR was expressed

by glioma cells in a majority of GBM tumours tested, (ii)

CTR+
⁄ CD133+ cells were identified and (iii) second

messenger systems were functionally modified by

calcitonin in A172 cells suggest that CTR might be a

useful therapeutic target in GBM.

Keywords: brain tumour, calcitonin receptor, glioblastoma multiforme

Abbreviations: BTIC, brain tumour initiating cell; CT, calcitonin; CTR, calcitonin receptor; EGFR, epidermal growth

factor receptor; ERK, extracellular-regulated kinase; GBM, glioblastoma multiforme; GFAP, glial filament ⁄ fibrillary

acidic protein; PFA ⁄ PBS, paraformaldehyde ⁄ phosphate-buffered saline

Introduction

Transformed precursors of astrocytes represent the

malignant basis1 of glioblastoma multiforme (GBM),

the most common, aggressive and deadly brain

tumour.2,3 GBM displays active proliferation, resistance

to apoptosis and high angiogenicity. All four criteria of

World Health Organization (WHO) grade IV malignancy,3
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including nuclear pleomorphism, necrosis, endothelial

proliferation ⁄mitoses and invasiveness, are evident.4,5

GBM displays a great deal of genetic and proteomic

heterogeneity; however, it remains very well-defined

histologically. GBM is characterized by oedema, densely

populated malignant cells, regions of necrosis and

widespread micro-vascular proliferation.6

Current best practice, multimodal therapy for GBM,

includes cytoreductive surgery of >98% of the tumour

mass followed by combination of radiotherapy and

treatment with DNA alkylating chemotherapeutics

such as nitrosureas and temozolomide. This results in

mean survival from diagnosis of 14 months. There

have been clinical trials of inhibitors of a variety of

intracellular second-messenger pathways implicated in

GBM transformation as well as anti-angiogenic thera-

pies, immunotherapies and drugs that block resistance

to DNA alkylating agents. In particular, recent clinical

trials have used antibody therapies directed against

epidermal growth factor receptor (EGFR),7,8 Tenascin9

and vascular endothelial growth factor (VEGF),7,10 as

well as tyrosine kinase11 and proteasomal12 inhibitors,

have resulted in no improvement in patient survival.

Poor clinical outcomes from traditional chemothera-

peutics and radiation therapy13 supports a model in

which the brain tumour initiating cells (BTICs14,15 or

cancer stem cells16–18) from which GBM derives are

highly resistant to these modalities and are locally

invasive. Clearly, there is an urgent need to discover

novel targets for further exploration of methods to

reverse tumour expansion and invasiveness.

Growth factors that regulate cell proliferation, cell

cycle retardation and differentiation, as well as cell

recruitment, are directly involved in neoplastic trans-

formation and expansion of tumours.19 Specifically,

expression of mutant EGFR (DEGFR) is required for

growth of glioblastoma tumours20,21 and administra-

tion of anti-DEGFR antibodies has been shown to

suppress intracranial tumours.22 Recently, EGF recep-

tor expression has been associated with BTICs that

display the most malignant phenotype23. The hetero-

geneous expression pattern of growth factors and

receptors, including DEGFR,24 is characteristic of

GBM and the understanding of these phenomena may

be relevant to aspects of the aetiology and, ultimately,

treatment of these tumours.

Expression of many cytokines and chemokines is

induced by hypoxia,25 which is a major physiological

difference between tumours and normal tissues. Within

the context of tumour growth and expansion in which

there is pronounced expression of proinflammatory

cytokines (reviewed in Refs 26,27), these are regarded

as potential targets for therapy. For instance, interleu-

kin (IL)-6 has been tested as a potential target28 in

models of GBM.

In normal brain cells, such as cultures of primary

human astrocytes, the proinflammatory cytokines

tumour necrosis factor (TNF)-a and IL-1b can also

induce a small subset of specific mRNAs that encode

chemokines, growth factors and receptors, including

calcitonin receptor (CTR).29 In the context of a

potential role in the inflammatory environment of

GBM, the GBM-derived cell line A172 was induced to

synthesize IL-6 in response to calcitonin (CT) in a

process dependent upon protein kinase A activation.30

This observation reinforced the possibility that CTR

would be expressed in brain tumours in which inflam-

matory mechanisms were activated, and perhaps lead

to an explanation of the observations of CTR expression

in a broad range of cancers.

Calcitonin receptor is a member of the family B, G

protein-coupled receptors (GPCR) and is found ex-

pressed widely in fetal tissues as well as normal and

diseased adult tissues (recently reviewed in Refs 31,32).

Several ligands and receptor activity modifying proteins

(RAMPs) interact with CTR, and together with heter-

ogeneous GPCR dimer formation provide the basis for

considerable diversity in the activity response to

endogenous ligands. In several cancers, CTR has been

reported to be expressed by tumour cells associated

with multiple myeloma,33 leukaemia,32 bone tu-

mours,34–36 breast37,38 and prostate cancers.39–41

Thefunctions of CTR in contexts of these different

cancers are largely unknown. However, administration

of CT in a mouse xenograft model of breast cancer

inhibited expansion of the tumour,42 suggesting an

anti-proliferative action.

In previous studies with neural tumour cells and

derived cell lines, the expression of two related GPCRs,

namely CTR and 2lectin-like receptor (CLR), has been

reported.43–46 In the study by Spampinato et al.,43 a

putative CTR was identified in binding experiments

using a cell line IMR 32 derived from a human

neuroblastoma, although the expression of CTR mRNA

could not be confirmed using polymerase chain reac-

tion (PCR) technology. There was no correlation

observed between the expression of the receptor protein

for adrenomedullin (CLR) and the severity of the brain

tumour type.45 Within the group of gliomas such as

GBMs, CLR was found to be expressed sporadically in

cells and structures associated with the tumour,

namely endothelial cells of veins and venules, a small

subset of putative malignant tumour cells and in some

local neurones.45,46

In the study described here, the expression of CTR by

glioma cells of the brain tumour GBM from 14 patients
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was investigated. These immunohistochemical and

immunofluorescence studies were made possible with

the generation of high affinity anti-human CTR (hCTR)

antibodies, which were verified by immunoblotting and

confocal microscopy of material from stable transfec-

tants (CTR)

3 and CTR)) of Cercopithecus aethiops (COS)-7

cell lines. Functional studies in response to human CT

using the GBM cell line A172 are also described.

Materials and methods

human brain tissues and preparation

The tissues from 14 patients diagnosed with glioblas-

toma multiforme (GBM) were investigated in this study.

A detailed description of the pathological characteris-

tics of the GBM tumours was recorded and these were

rated grade IV. Two of these samples were collected and

processed for confocal studies. These studies received

ethics approval from the Alfred Hospital Ethics Com-

mittee (Project no. 53 ⁄ 07).

The GBMs were resected from the patients using

standard microneurosurgical techniques, and a small

portion of each tumour was sent for routine histolog-

ical analysis and stored after processing as archival

material. Prior to immunohistochemical staining, the

segments of brain tissue were either fixed in buffered

formalin (16 h at room temperature for archival

material, Figures 2 and 4) or frozen on dry ice prior

to fixation for 4 h in fresh 4% paraformaldehyde ⁄ phos-

phate-buffered saline (PFA ⁄ PBS, Figure 3), and then

processed and embedded in paraffin blocks. Sections

were cut 7 lm thick and mounted on Superfrost Plus

(Menzel-Glaser, Braunschweig, Germany) glass slides.

For confocal studies, upon resection in surgery samples

were fixed immediately in 4% PFA ⁄ PBS overnight prior

to infusion with octreotide (OCT). Frozen sections

16 lm thick were cut on a cryostat at )20�C.

cell l ines

Stable transfectants of the monkey kidney cell line COS-

7 were cultured in high glucose Dulbecco’s modified

Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA,

USA) plus 10% fetal bovine serum (FBS; Invitrogen)

and incubated in a humidified 37�C incubator with 5%

CO2. Polyclonal COS-7 cell lines, stably expressing

cMyc tagged hCTR or a vector control, were derived

from the parental line by a combination of selection,

using 10 lg ⁄ml puromycin (Invivogen, Carlsbad, CA,

USA) and fluorescence activated cell sorting (FACS) of

CTR-positive cells (negative cells in the case of vector

control) and then maintained in high glucose DMEM

plus 10% FBS with 10 lg ⁄ml puromycin (Invivogen)

in a humidified 37�C incubator with 5% CO2. Trans-

gene expression in all cases was confirmed by flow

cytometry (not shown) using the anti-cMyc antibody

9E10.

A 3T3 cell line used to make enriched plasma

membranes, stably expressing cMyc tagged hCTR, was

derived from the parental line using the flpIN system

(Invitrogen) and selected using 200 lg ⁄ml hygromy-

cin (Roche, Indianapolis, IN, USA). It was maintained

in high-glucose DMEM plus 10% FBS with 200 lg ⁄ml

hygromycin in a humidified 37�C incubator with 5%

CO2.

The glioblastoma cell line A172 (a gift from Dr Kerrie

McDonald, University of Sydney, Australia) was main-

tained in DMEM ⁄ 10% FBS. 4

antibodies

These studies involved the use of two mouse monoclo-

nal antihuman CTR antibodies, one directed against an

extracellular epitope [monoclonal antibody (mAb)

30 ⁄ 7-9B4, Welcome Receptor Antibodies Pty Ltd

(WRA; http://www.WelcomeReceptor.com 5), Melbourne,

distributed as MCA5749 by AbD Serotec, Oxford, UK],

and the second against a cytoplasmic epitope47 (mAb

31 ⁄ 01-1H10; WRA, Melbourne; also distributed as

MCA2191 by AbD Serotec).

The monoclonal cell line isolated to synthesize the

MCA5749 antibody [isotype immunoglobulin (Ig)G2A]

is maintained at the storage and reference facility,

European Collection of Cell Cultures, Health Protection

Agency (Porton Down, Wiltshire, UK). The second

mAb (MCA2191 or mAb 31-01-1H10, isotype IgG2A)

was raised against an epitope within the carboxyl

terminal of human CTR (DIPIYICHQELRNEPANN)

using standard techniques for monoclonal production,

as described previously.47,48

Previous studies using MCA2191 have been pub-

lished33,47,49 which have demonstrated the high

quality of this antibody in immunohistochemical

experiments. Furthermore, FACS analysis of CTR-

positive cells33 as well as stable transfectants of COS-

7 cell lines that are positive and negative for CTR

(unpublished data 6) has been demonstrated.

For the confocal analysis and multilabelling immu-

nofluorescence experiments the antibodies used in-

cluded the anti-CTR antibodies MCA2191 and

MCA5749, anti-glial filament ⁄ fibrillary acidic protein

(GFAP) antibody (Z0334; Dako, Glostrup, Denmark),

anti-nestin antibody (MAB1259; R&D Systems, Min-

neapolis, MN, USA) and CD133 antibody (ab19898;

Abcam, Cambridge, UK).

Calcitonin receptor and brain tumour GBM 3
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immunoblots

Crude membrane preparations for the analysis of stable

transfectants of COS-7

COS-7 transfectants were grown to 80% confluence

(Figure 1). Cells were detached with 5 ml Versene per

flask, 5 ml 1% bovine serum albumin (BSA) ⁄ PBS

added and the cells centrifuged at 300 g for 10 min.

Crude membrane preparations were made as described

previously.48 Aliquots were stored at )80�C. Protein

was determined BCA protein assay kit (ThermoScien-

tific, Rockford, IL, USA).

Samples were solubilized in standard sample buffer,

heated for 5 min at 50�C and loaded onto the sodium

dodecyl sulphide–polyacrylamide gel electrophoresis

(SDS–PAGE) acrylamide gel (3% stacking ⁄ 8% resolv-

ing) with Invitrogen benchmark prestained protein

standards. The amounts of crude membrane protein

loaded onto each lane were 25 lg (lanes 1–4). The

resolved proteins were transferred from the 1.5 mm gel

(semi-dry blot; BioRad Transblot SD) onto 0.2 lm

polyvinylidene difluoride (PVDF) membrane (BioRad,

Foster City, CA, USA) over 1 h at 15 V.

The identification of protein bands was achieved

using the Pierce enhanced chemiluminescence (ECL)

protocol (ThermoScientific) and the final concentra-

tions of primary mouse antibodies included 10 lg ⁄ml

for MCA2191 and MCA5749 and secondary antibody,

goat polyclonal antimouse ⁄ horseradish peroxidise

(HRP) (1:7000 of Dako P0447). The bands were

detected using a LAS 3000 chemiluminescence detec-

tor (FujiFilm7;87;8 ) and software (Image Reader LAS 3000,

version 2.0; FujiFilm).

Plasma membrane preparations for the analysis of 3T3

stable transfectants

Enriched plasma membrane from parental and hCTR-

expressing flpIN-3T3 cells was prepared according to

the published protocol (Figure 1).50 Cells were har-

vested in a final volume of 10 ml, ice-cold homogeni-

zation buffer (6.6 mm imidazole ⁄ 83 mm sucrose pH

7.0.51 The protein concentration was assayed by BCA

(Pierce,9 USA).

Protein (60 lg) from a plasma membrane prepara-

tion (3T3 cell lines) was loaded onto an 8% SDS–PAGE

mini-gel. Gels were transferred to PVDF membrane

(BioRad) overnight at 4�C at 30 V. After transfer, blots

were rinsed in PBS-Tween (PBS ⁄ T) and blocked with

5% BSA ⁄ PBS-T for 30 min. Blots were then incubated

for 90 min with primary antibodies as indicated,

washed three times, incubated for 45 min with sec-

ondary antibody, washed three times and imaged.

Precision molecular weight standards (BioRad) were

included. Primary antibodies (MCA2191 and

MCA5749) were used at a concentration of 1 lg ⁄ml.

Secondary goat antimouse AF-647 (Molecular Probes, ,

Eugene, OR, USA) was used at 0.5 lg ⁄ml. Immuno-

blots were imaged on a Typhoon (GE Lifesciences,

10USA), using 633 nm laser and 670 ⁄ 30 nm emission

filter.

Total-cell lysates of A172 cells

Cells were grown to 50% confluence (Figure 6). Cells

were detached with 5 ml Versene per flask, 5 ml 1%

BSA ⁄ PBS added and the cells centrifuged at 300 g for

10 min. Total-cell lysates were made as described

previously.48 Loading and blotting conditions were

outlined above for the crude membrane preparations.

immunohistochemistry ( ihc )

All immunohistochemical staining was performed

using the CSA II amplification kit (Dako), as described

in the manufacturer’s protocol, except that the primary

antibody was incubated overnight at 6�C. The coun-

terstain was haematoxylin (Amber Scientific, Mid-

vale,WA, Australia) and eosin in the case of

Figures 2A,B. Isotype controls (IgG; Dako, product no.

X0931 and BD Biosciences no. 349050) were also

tested on sections from patient 2 and there was no

significant colour development (data not shown).

In the IHC protocol followed to generate images as

shown in Figures 2 and 4, MCA2191 was diluted

1:3000 and 1:4000, respectively, and MCA5749,

1:400 (Figure 2). In Figure 3, MCA2191 was used at

a dilution of 1:2000 (A,B,D) and 1:3000 (G,H). In

addition, antibodies used included an anti-human CLR

antibody (affinity purified rabbit polyclonal, AB 9414;

Millipore, 11USA) diluted 1:500 and a mouse monoclonal

anti-GFAP antibody (MAB 3402; Millipore) diluted

1:3000. The neutralization protocol used to generate

the image in Figure 3H involved the addition of a 100-

fold molar excess of the antigenic peptide and incu-

bated at room temperature for 1 h. Both test (with

peptide, Figure 3H) and control (no peptide, Figure 3G)

were centrifuged for 5 min at 10 000 rpm 12before

layering onto adjacent serial sections.

Fields that were investigated for each patient sample

were selected for the high density of malignant cells in

regions surrounding complex glomeruloid structures.

The stain intensity was not quantified, but instead the

relative numbers of positive or negative-staining malig-

nant cells were determined by counting in a given area.

IHC images were captured using an Olympus BX50

microscope and a Leica DFC 490 digital camera using

the associated software package (Leica version 2.8.1 13)
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A

B

A

B C

D E F

1 2 3 4 5 6 7 8

200

70

50
B

A

Figure 1. 18A, Lanes 1–8 represent immunoblots with membrane preparations (total membrane prep. lanes 1–4, and enriched plasma membrane

prep. lanes 5–8). Lanes 1 and 2 represent proteins probed with anti-calcitonin receptor (CTR) antibody, MCA2191, and lanes 3 and 4 with anti-

CTR antibody, MCA5749 from Cercopithecus aethiops (COS)-7 ⁄ CTR-positive (lanes 1 and 3), COS-7 ⁄ CTR-negative (lanes 2 and 4) stably

transfected cell lines. The amounts of total membrane protein loaded onto each lane were 25 lg (lanes 1–4). Plasma membrane preps. from 3T3

stable transfected cell lines were loaded onto lanes 5–8 (60 lg each). Lanes 5 and 7 represent proteins from parental flpIN 3T3 cells (CTR-

negative). Lanes 6 and 8 represent proteins prepared from flpIN 3T3 stable transfected cell line using the flpIN system to express cMyc-tagged

human CTR (hCTR). The blots developed with anti-CTR antibodies MCA2191 (lanes 1–2 and 5–6) and MCA5749 (lanes 3–4 and 7–8). Primary

anti-CTR antibodies were used at a concentration of 10 lg ⁄ ml (lanes 1–4), and 1 lg ⁄ ml (lanes 5–8). For development in lanes 1–4 the

Pierce enhanced chemiluminescence (ECL) system was used and the concentration of the secondary goat anti-mouse horseradish peroxidase

(HRP) was 1 lg ⁄ ml. For development in lanes 5–8 the secondary, goat anti-mouse AF-647 (Molecular Probes) was used at 0.5 lg ⁄ ml. Specific

bands for fully glycosylated (band A) and unglycosylated (band B) hCTR are indicated. BioRad Precision molecular weight standards were used

to indicate apparent molecular weights in kiloDaltons (kDa). B, Confocal images of cultured cell lines COS-7 ⁄ CTR-positive (A–C) and COS-

7 ⁄ CTR-negative (D–F), are shown in which a series of Z-plane stacked images have been compressed into each single image (devolution). The

staining identified at 488 nm (green) corresponds to the anti-CTR antibodies MCA5749 (A,D), MCA2191 (B,E), and the immunoglobulin

(Ig)G2A isotype control (C,F). The staining of nuclei with 4¢,6-diamidino-2-phenylindole (DAPI) was captured at 405 nm (blue). Images were

captured using a · 20 objective lens, overall magnification · 200. The calibration bar line in panel F represents 30 lm for each panel.
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A B

C D

E
F

Figure 2. Glioblastoma multiforme (GBM) tissue fixed in buffered formalin from patient 2. A,C,E, From similar fields in adjacent sections. The

boxed areas in each of these panels correspond to the areas of higher magnification shown in B,D,F, respectively. A,B, Images from sections

counterstained with haematoxylin and eosin. B, GBM cells (arrows) have a large pink cytoplasm and often irregular pale nucleus with chromatin

condensations and a prominent nucleolus. Some of the GBM cells are multinucleate (arrow head). C,D, Stained using the anti-human calcitonin

receptor (hCTR) antibody MCA2191 (dilution 1:3000), showing CTR-immunoreactivity (CTR-ir) confined to cell bodies and processes. Note that

the CTR-ir cells have large pale nuclei with condensations of chromatin and often a prominent nucleolus (examples are indicated with arrows).

Some of these CTR-ir cells are multinucleate (arrowheads). There are many examples of CTR-negative cells (examples are indicated with *).

E,F, Tissue stained using the anti-hCTR antibody MCA5749 (dilution 1:400), showing CTR-ir also confined to cell bodies and processes, with

characteristics as described for D. The scale bar in F equals 85 lm in A–C, and 15 lm in B,D,F.
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before processing the images in Photoshop Elements

(6.0) to produce the final forms as shown in the

Figures. Statistical analysis was performed on the basis

of two negative results of 12 samples using chi-square

one-way classification (MedCalc; http://www.medcalc.

be).

confocal microscopy of cos-7 cell l ines and

immunofluorescence with multichannel

detection

COS-7 cell lines were grown in DMEM + 10% FBS

medium to 50–80% confluence on four-well glass slides

(NUN154526, Lab Tek II chamber slides) in a humid-

ified incubator (5% CO2) at 37�C then washed with

DMEM alone. Cells were fixed with 4% PFA ⁄ PBS at 6�C

overnight and washed twice with PBS. Cells were

blocked [1:10 dilution, FcReceptor blocker (Miltenyi

Biotec, Bergisch Gladbach, Germany) in 1% Triton X-

100 ⁄ PBS] and incubated at room temperature for 1 h.

Slides of fixed cells were then incubated overnight at

6�C with either the primary anti-human CTR antibod-

ies MCA2191 or MCA5749 (5 lg ⁄ml) or the mouse

monoclonal IgG2A isotype control (5 lg ⁄ml,

#349050; BD Biosciences). The secondary antibody

used was goat anti-mouse AlexaFluor 488 (4 lg ⁄ml;

Molecular Probes, Invitrogen). The samples were then

mounted using Invitrogen 4¢,6-diamidino-2-phenylin-

dole (DAPI) aqueous mount (Prolong Gold) and dried at

6�C for several days in the dark. The samples were

imaged by confocal microscopy (·20) on a Zeiss Imager

Z1 ⁄ LSM 510 Meta confocal laser scanning system

using Zen software14 . DAPI (405 nm) was used to

visualize the nuclei. Images (LSM format) were cap-

tured in a single focal plane (optical sections of 0.7 lm

nominal thickness) or using the Z-series feature where

� 15 optical sections were compressed (devolution

using LSM Image Browser; Zeiss15 ) to create a single

plane image (TIFF format) equivalent to approximately

20 lm tissue thickness.

Fixed tissue (4% PFA ⁄ PBS overnight) was cut using

a cryostat and 16-lm sections mounted on Superfrost

plus (Menzel-Glaser) glass slides. Sections were

washed twice in PBS to clear OCT and once in

PBS ⁄ 1% Triton X-100, prior to blocking in 5%

normal goat serum (NGS) ⁄ PBS ⁄ 1% Triton X-100 for

1 h. Primary antibodies were diluted 1:100 MCA2191

(mouse IgG2A), 1:100 anti-nestin antibody (mouse

IgG1) and 1:100 anti-GFAP (rabbit IgGs) and mixed

together in the block buffer 5% normal goat serum

(NGS) ⁄ PBS ⁄ 1% Triton X-100 and incubated over-

night at 6�C. The sections were washed three times in

PBS and secondary antibodies (each 1:500 of goat

anti-mouse IgG1:Alexa 633, goat anti-mouse

IgG2A:Alexa 568, goat anti-rabbit IgG:Alexa 488;

Invitrogen) diluted in PBS were mixed together and

applied to sections for 1 h at room temperature. The

sections were washed three times in PBS before

mounting with Prolong Gold with the nuclear stain

DAPI (405 nm; Invitrogen). The sections were dried

in the dark at room temperature for several days. The

samples were imaged by confocal microscopy (·100

oil) on a Zeiss Imager Z1 ⁄ LSM 510 Meta confocal

laser scanning system using Zen software, as described

above, and multiple Z-plane images processed by

devolution.

Detection of second messenger activities, adenylyl cyclase

and extracellular-regulated kinase (ERK) in cell line A172

A172 cells were plated at 20 000 cell ⁄ well in 96-well

trays on the day prior to assay. Adenylyl cyclase

activity was stimulated for 30 min with ligands, as

indicated in the Results, and normalized to maximum

forskolin response. Intracellular cyclic adenosine

monophosphate (cAMP) was measured using Alpha-

Screen (Perkin Elmer 16). For ERK phosphorylation, cells

were serum-starved for 4 h prior to assay then stim-

ulated for 15 min with either 0.3% FBS and hCT or

0.3% FBS and hCT ⁄ sCT8-32, as indicated in the

Results. ERK phosphorylation was measured using

ERK Surefire AlphaScreen (TGR Biosciences 17) and nor-

malized to the maximum FBS response.

study limitations

At the time when analysis using IHC in this study was

undertaken, only a limited number of fresh tissue

samples from patients with GBM were available for

fixation in 4% PFA ⁄ PBS (Figure 3). Therefore, archival

samples (fixed in buffered formalin), previously used for

diagnosis, were included to provide a total of 14

individual brain tumours. Some archival material was

rejected because of the paucity of sample that

remained. However, in view of the calculated statistical

significance (P = 0.0433) the size of the database was

considered sufficient for meaningful analysis of the

frequency and cell types that were CTR-ir in GBM

patients.

Results

The general characteristics of the antibodies used in

these studies have been described in the Materials and

methods section and are discussed further in the

Discussion. In addition, analyses with immunoblots of

membrane protein are shown in Figure 1A.
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Immunoblots with preparations of total membrane

were used in this study to characterize the bands

detected by both anti-CTR antibodies (MCA2191 and

MCA5749), first in membranes from COS-7 ⁄ CTR+ and

COS-7 ⁄ CTR) as controls (lanes 1–4). The major band

found in COS-7 ⁄ CTR+ runs with an apparent molec-

ular weight of about 70 kDa (band A in Figure 1A)

with a minor band (band B) at about 50 kDa.

Further blots using both MCA2191 and MCA5749,

but this time with preparations of plasma membrane

from stable, transfected 3T3 cells [vector alone (lanes 5

and 7)] and with expression of hCTR [lanes 6

(MCA2191) and 8 (MCA5749)] demonstrated that

both antibodies recognized a similar protein target with

an apparent molecular weight of approximately

67 kDa.48,52 There is also a weaker band at 52 kDa,

which is likely to represent a partially or fully degly-

cosylated form of CTR52. Together these data are

consistent with a single target in the membrane being

hCTR and demonstrate the fidelity of the antibodies in

immunoblots.

Figure 1B shows Z-plane stacked confocal images of

the controls COS-7 ⁄ CTR+ (Figure 1A–C) and COS-

7 ⁄ CTR) (Figure 1D–F). These cell lines had been

grown in plastic chambers on glass slides and were

stained using the primary anti-CTR antibodies

MCA5749 (Figure 1A,D) and MCA2191 (Figure 1B,E).

During processing the samples had been washed in 1%

Triton X-100, which may render the cells permeable

and expose the cytoplasmic epitope 1 of CTR (target of

MCA2191). As negative controls, non-specific IgG2A

isotype controls were also prepared for each cell line

(Figure 1C,F). Each image in the set reflects the

intensity of the field as viewed under the fluorescence

microscope.

Thin sections of GBM tissue (fixed buffered formalin

from patient 2) are shown in Figure 2 with images

from sections counterstained with haematoxylin and

eosin at low (Figure 2A) and high magnification

(Figure 2B). At low magnification, malignant cells are

found to be concentrated around complex glomeruloid

structures or vascular spaces. Examples of malignant

cells are highlighted with arrows. In these representa-

tive images from sections of each GBM tumour, cells

displayed extended cytoplasm and large, relatively

lightly stained nuclei with condensed linear chromatin

formations and often prominent nucleoli.

There is a concentration of CTR-immunoreactive

(CTR-ir) cells in the region of blood vessels shown at

low magnification in Figure 2C,E.

Also shown in Figure 2 are representative images

with MCA2191 (cytoplasmic epitope, Figure 2C,D) and

MCA5749 (extracellular epitope, Figure 2E,F). Both

antibodies stain cell bodies and processes of cells that

display similar cellular and nuclear morphologies,

characteristic of malignant cells (see Figure 2B). There

are several examples of staining concentrated towards

the outer profile of CTR-ir cells, suggesting concentra-

tion near or within the plasma membrane.

Figure 3 shows images of one malignant tumour

(patient 4) in which the tissue was fixed in 4%

PFA ⁄ PBS. Generally, the background non-specific

staining is negligible in tissues processed in this fixative

and a wider range of antibodies produce a satisfactory

immunohistochemical response. Figure 3A,B,D repre-

sents images in an overlapping field with increasing

magnification. Figure 3C represents staining developed

with the anti-human CLR antibody AB9414, and is an

equivalent field and magnification to Figure 3B, but

developed from an adjacent section of tissue. While

staining with the anti-CTR antibody was prominent

and confined to putative malignant glioma cells, there

was little staining evident that would indicate expres-

sion of CLR. The insert (Figure 3C) shows that this

antibody does detect CLR-ir in vessel walls.

Figure 3E,F shows staining with the anti-GFAP

monoclonal antibody MAB3402. Figure 3E (GFAP-ir)

represents a similar field as shown in Figure 3B (CTR-

ir), but developed from an adjacent section of tissue. As

demonstrated in Figure 3D, GFAP-ir cells have a

morphology that is characteristic of malignant glioma

cells.

Figure 3G,H shows images with staining developed

with the anti-CTR antibody MCA2191. In Figure 3H,

the antibody was preincubated with 100-fold molar

excess of the antigenic peptide used to raise MCA2191

Figure 3. 19Immunohistochemical analysis of thin sections from the tumour from patient 4. The tissue was fixed in 4% paraformalde-

hyde ⁄ phosphate-buffered saline (PFA ⁄ PBS). A, Shown at low magnification a 22region of the tumour stained with the antihuman calcitonin

receptor (CTR) antibody (MCA2191, diluted 1:2000). B (box in A) and D (box in B), the images were captured at higher magnifications. C, a

neighbouring section was stained with an anti-hCLR antibody (AB 9414, diluted 1:500), magnification · 40. The insert in C shows small vessels

with CLR-positive cells. E,F, similar regions in neighbouring sections were stained with the anti-glial filament ⁄ fibrillary acidic protein (GFAP)

antibody (MAB3402, diluted 1:3000) G,H, Images of staining with anti-human CTR (hCTR) antibody MCA2191 (diluted 1:3000) and pre-

neutralized with 100-fold molar excess of the antigenic peptide (see Materials and methods), respectively. The scale bar in H equals 85 lm in

A, 50 lm in B,C,E, 40 lm in G,H and 15 lm in D,F.
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(see Materials and methods section). CTR-ir cells were

stained more intensely in the control (Figure 3G)

compared to excess peptide (Figure 3H).

Figure 4 shows images from patients (1, 3 and 6) at

low magnification [Figure 4A,C (·20) and Figure 4E

( · 10)] and higher power [Figure 4B,D,F (·100)],

respectively. All images are taken from tissue stained

using MCA2191. Figure 4G is normal brain tissue

adjacent to tumour (not shown) from patient 7 (·40)

and Figure 4H represents staining in tissue from

patient 8 (·100).

In each case CTR-ir was associated with cells that

have a morphology, and where evident, a nucleus,

characteristic of glioma cells. In most examples (Fig-

ure 4B,D,F) the tumour tissue is organized irregularly

compared to normal tissue shown in Figure 4G. In

contrast, CTR-ir cells in Figure 4H appear more regu-

larly organized, which could represent cells in a section

further away from the sites of proliferation.

For each patient (n = 12) the analysis of adjacent

sections stained either with MCA2191 (CTR-ir) or

counterstained with haematoxylin and eosin, deter-

mined the proportion (%) of CTR-ir cells with a

morphology characteristic of malignant cells. In 10 of

12 patient samples tested, a majority of cells with a

malignant morphology were CTR-ir (n = 9, > 90%;

n = 1, 60–70%; n = 2, �0%). Statistical analysis of

these data using chi-square analysis on a one-way

classification (v2 = 4.0, degree of freedom = 1) resulted

in P < 0.05.

In Figure 5 the images of multilabelled immunoflu-

orescence generated using confocal microscopy are

shown of GBM tissues from patient 13 (Figure 5A–D)

and patient 14 (Figure 5E–L). Figure 5A shows com-

posite staining in which arrows indicate examples of

CTR+
⁄ GFAP+ ⁄ nestin+ cells and arrowheads

CTR+
⁄ nestin+ ⁄ GFAP) cells. Figure 5E,I shows the

composite staining (for Figure 5F–H and J–L, respec-

tively) for representative cells that are

CTR+
⁄ GFAP+ ⁄ CD133+.

Figure 6 illustrates the concentration response

curves and immunoblot for the GBM cell line A172.

In Figure 6A phosphorylation of ERK1 ⁄ 2 was inhibited

with increasing concentrations of hCT (log

EC50 = )10.5) compared to the level of phosphoryla-

tion measured in the presence of 3% serum (100%)

This effect was inhibited with the inclusion of the

antagonist of CTR, namely 10)6 m sCT(8–32). In

Figure 6B adenylyl cyclase activity was stimulated

with increasing concentrations of hCT (logEC50 was

)9.9). The stimulation was inhibited by the antagonist

10)6 m sCT(8–32). In immunoblots (Figure 6C) of

whole cell lysates of A172 probed with the anti-CTR

antibody MCA2191, there is a minor band that runs

with a mobility of �70 kDa and a major band at

52 kDa.

Discussion

In a previous publication from our group,53 the

expression of CTR by a subpopulation of putative,

migrating precursors in the fetal forebrain was

described, and it was predicted that they would

differentiate along the glial lineage pathways. As

secondary GBMs arise later in life54 and are thought

to be transformed from glial precursors, we decided to

survey the expression of CTR in human brain tumours

using immunohistochemistry and antibodies raised to

two separate epitopes of the receptor.

Previous published studies using GBM tumours have

failed to identify expression of CTR.55 This may have

resulted from the exclusion altogether of CTR probes

used in array construction or, alternatively, from the

low levels of CTR mRNA detected in GBM tissues.

Exclusion may have been judged appropriate because

of the apparently low level expression in other tumour

types or from the limited information available on the

potential role of CTR in the context of tumourigenesis

and tumour expansion.

The validation of CTR as the major target for these

antibodies is described in the Materials and methods

section, and is demonstrated further in experiments

with immunoblots and confocal microscopy of cell lines

(COS-7 ⁄ CTR-positive and COS-7 ⁄ CTR-negative con-

trols), as illustrated in Figure 1. These observations and

others published previously33,47,49 were based on the

development of highly specific anti-human CTR anti-

bodies in this laboratory. In Figure 1, the immunoblots

demonstrated the specific interaction of both antibodies

with the major band at approximately 67 kDa and

Figure 4. 20Immunohistochemical analysis of thin sections from four different human tumours, glioblastoma multiforme with tissue fixed in

buffered formalin. In all panels the anti-human calcitonin receptor (hCTR) antibody MCA2191 was used at a dilution of 1:4000. B, Shown

at low magnification a region of the tumour (patient 1), and at higher magnification in B. C,D, Images from patient 3. E,F, Regions of

brain tumour from patient 6. G, A region of normal brain that was situated adjacent to the tumour (patient 7) and stained with the anti-hCTR

antibody. H, CTR-immunoreactivity (CTR-ir) cells from patient 8 showed more ordered alignment of cells. The scale bar in H equals 170 lm in E,

85 lm in A,C, 40 lm in G and 15 lm in B,D,F,H.
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minor band equivalent to 52 kDa, and are likely to

correspond to glycosylated hCTR and an unglycosylat-

ed form, respectively, as described previously.52 In

contrast, the cell line A172 expressed predominantly

the smaller, unglycosylated form of CTR (52 kDa) as

well as lesser relative amounts of the glycosylated form

(67 kDa, Figure 6).

In the confocal immunofluorescence studies (Fig-

ure 1), COS-7 ⁄ CTR+ control cells displayed binding

sites for MCA5749 and MCA2191 that appeared to be

concentrated on or near the cell surface, but were

absent in the COS-7 ⁄ CTR) control cell lines. Both cell

lines were negative with the IgG2A antibody isotype

control. Neutralization of antibody with immunizing

peptide prior to IHC markedly reduced staining in

glioma cells (Figure 3G,H). Together, these results

support the contention that these antibodies are specific

for CTR and that CTR is expressed by putative

malignant cells in GBM tissues.

Similar regions in serial sections are shown in

Figures 2A,C,E. In Figure 2B the rounded morphology

of malignant cells is shown at higher magnification.

Also characteristic of these cells is a large open nucleus

with dense condensations of chromatin and an intense

nucleolus. Both anti-CTR antibodies identified similar

cells in serial sections (Figure 2D,F).

In view of the homology (overall 47% identity in the

primary structure, although no significant identity in

the epitope used to raise MCA2191) that exists between

CTR and CLR, the CTR-ir cells were tested but did not

stain positively when staining using the anti-CLR

antibody (Figure 3C). Conversely, the anti-hCLR anti-

body used here did detect CLR-immunoreactivity with-

in the walls of some vessels associated with the

tumour45,46 (insert, Figure 3C), as well as cells in the

periphery of necrotic regions (not shown). Taken

together, the CTR-ir described in this manuscript

appears to reflect specifically the expression of human

CTR protein rather than CLR.

In several examples, the gross microscopic features of

these tumours include vascular spaces packed with

blood cells, some complex glomeruloid structures (CGS,

Figure 4A) and spaces that appear acellular. Around

the perimeter of many of CGS are densely packed

elongated malignant cells. Within the zones of prolif-

eration there is considerable regional heterogeneity in

terms of subpopulations of cells, each with a charac-

teristic nuclear morphology. In some tissue sections

there was considerable regional heterogeneity of CTR-

ir, which suggests differential expression of CTR. The

origins of this heterogeneity are unclear, but it will be

interesting to test whether they are inclusive or

exclusive of regions that express EGFR.24

In GBM, malignant cells express glial fibrilliary

associated protein (GFAP),56 as shown in Figures 3E,F

and 5, and display morphologies characteristic of

glioma cells, as demonstrated in the sections counter-

stained with haematoxylin and eosin (Figure 2).

Figure 5. 21Colocalization of markers determined with multilabelled immunofluorescence in confocal images of fixed ⁄ frozen glioblastoma

multiforme (GBM) patient samples (patient 13, A–D; patient 14, E–L. A–D, A confocal image of tissue from patient 13 stained with anti-

calcitonin receptor (CT) (MCA2191, B, red), anti-GFAP (C, green) and anti-nestin (D, pink) antibodies. The composite is shown in A, in which the

arrows indicate cells positive for CTR, glial filament ⁄ fibrillary acidic protein (GFAP) and nestin while the arrowheads indicate cells positive only

for CTR and nestin. Multiple images in the Z-plane were recorded and devolution performed to form a single image. E–L, Examples of confocal

images of individual cells from patient 14 stained with anti-GFAP (F,J, red), CD133 (G,K, green) and anti-CTR (H,L, pink) antibodies. The

composite is shown in E,I. Nuclei are coloured blue [4¢,6-diamidino-2-phenylindole (DAPI), 405 nm]. The scale bar in D equals 15 lm in

A–D and 10 lm in E–L.
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Figure 6. Inhibition of phosphorylation of extracellular-regulated kinase (ERK)1 ⁄ 2 (A) and stimulation of cAMP production (B) in the

glioblastoma multiforme (GBM) cell line A172 with the agonist human CT (hCT, • in A,B) and inhibition with inverse agonist of CTR, 10)6 m

sCT(8–32) [. in A, n in B]. Log EC50: (A) )10.5 and (B) )9.9. (C) is an immunoblot of a crude membrane preparation from the cell line

A172 and probed with the anti-calcitonin receptor (CTR) antibody MCA2191.
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Furthermore, CTR+
⁄ GFAP+ cells also expressed nestin

and in some subsets of smaller cells CD133 (Figure 5),

a marker of cancer stem cells or BTICs. Many of these

CTR-ir cells appeared to have a granular cytoplasm

(Figures 2D, 3D,F and 4D) when viewed under high

magnification, which would be consistent with the

presence of secretory mechanisms. Such secretory

products might include growth factors that are con-

sidered instrumental in the expansion of tu-

mours.54,57,58

CTR-ir was evident in malignant cells in a majority of

cases of GBM tumours (Figures 2–4, 10 of 12 positive

and in Figure 5, two of two positive) examined in this

study. A chi-square statistical analysis was performed

on these data and the significance was P < 0.05. In the

negative samples the probable reasons for lack of

staining may range from inadequate preparation of the

tissues or little or no detectable expression of CTR,

perhaps the result of a negative region (from hetero-

geneity) in the sample.

Inflammatory processes play an important role in

tumour expansion. In prostate cancer stem cells

(CD133+), up-regulation of genes associated with a

number of functions including inflammation and

metastasis have been described.59 Furthermore, in cell

lines derived from prostate cancer, the CT ⁄ CTR axis

has been associated with up-regulation of genes

involved in inflammation, cell adhesion and metasta-

sis.60 The expression of CTR mRNA is stimulated by

pro-inflammatory cytokines TNF-a and IL-1b in cul-

tures of primary astrocytes.29 It is likely that CTR

expression by malignant cells forms a component of the

inflammatory processes in GBM. For this reason, CTR

might prove to be a useful target for anti-tumour

expansion, as demonstrated in mouse xenograft models

of breast cancer.42 In this context the expression of

CTR and activation of intracellular signals might also

alter the cell cycle of malignant cells as discussed

below. Further studies with primary GBM cells and

mouse models will be important to establish any

functional role for CTR in the aetiology of GBM.

In normal muscle satellite cells the expression of CTR

is associated with quiescence,61 and in other primary

cell types the migration of cells.32,62,63 In some cancer

cell lines, such as T47D, CT inhibits cell prolifera-

tion.64,65 In transfected cell lines, activation of CTR

also slows the cell cycle with arrest at the G2 ⁄M

transition66,67 via a pathway involving p21 and

internalization of the receptor. Phosphorylation of

CTR provides part of the mechanism for internalization,

CTR is a substrate of multiple kinases including ERK

and phosphorylation sites have been defined in the

intracellular C-terminal domain of CTR.52,68 In Fig-

ure 6, the inhibition of phosphorylation of ERK by

increasing concentrations of hCT is demonstrated in

the GBM cell line A172. The EC50 is characteristic of an

effect mediated by CTR and inhibition was antagonized

by the CTR antagonist sCT(8–32).

The finding that in 12 of 14 cases of GBM studied

here, many of the glioma cells were CTR-ir while

adjoining tissues and structures such as blood vessels

were negative together with the identification of

CTR+
⁄ CD133+ cells suggests that further studies are

warranted. These should investigate any possible utility

for anti-CTR antibodies such as diagnostic imaging, to

assess minimal residual disease following conventional

therapies, in the determination of prognosis and

predictive outcomes, or as a therapeutic target.
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