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A B S T R A C T

Characterisation of molecular mechanisms that control tumour invasion is a crucial step

for the identification of molecular markers to apply in cancer diagnosis and treatment.

In this work, we have investigated the role of Id1 in thyroid tumours.

We demonstrate that Id1 participates to tumour progression by powering the invasion

capacity of cancer cells. We prove that the overexpression of Id1 in thyroid tumour cells

profoundly alters cell morphology and growth, increasing migration and invasion proper-

ties of the cells. Analysis in human thyroid tumours reveals that Id1 is expressed in invad-

ing cells and its expression is associated with an increased metastatic potential of non-

anaplastic tumours. The gene expression study supports these observations demonstrating

that Id1 modulates a number of genes known to control invasion, aggressiveness and phar-

macological resistance in different type of human tumours. Finally, we demonstrate that

the pro-invasive effect of Id1 is accompanied by the acquisition of mesenchymal features

in thyroid tumour cells. This suggests that the trans-differentiation towards a more imma-

ture condition is the mechanism through which Id1 promotes thyroid tumour metastatic

spreading.

This study identifies Id1 as part of the pro-metastatic programme of thyroid cancer and

suggests its possible utilisation as a prognostic marker.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The inhibitor of DNA binding-1 (Id1) is a transcriptional regu-

lator that belongs to the helix–loop–helix (bHLH) family of

transcription factors. Id1 controls the expression of a large

number of genes and affects important cellular processes by

inhibiting the activity of the bHLH proteins.1,2 The main role

of Id1 is to inhibit cell differentiation.3 By maintaining the

cells under immature condition, Id1 also enhances their

proliferation and motility. Loss of differentiation, unrestricted
er Ltd. All rights reserved
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proliferation and increased cell motility are hallmarks of

malignancy. Recently, the importance of Id1 in promoting tu-

mour invasion and metastasis has emerged and a role for Id1

as possible molecular marker of tumour aggressiveness has

been proposed.4–6 However, still unclear are the molecular

mechanisms through which Id1 exercises its pro-metastatic

activity.

Thyroid tumours are the most common malignancies of

the endocrine system and their incidence has constantly

increased over the past years.7 Based on histological and
.
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cytological features, thyrocyte derived tumours are classi-

fied into three categories: well-differentiated, poorly differ-

entiated and anaplastic (or undifferentiated). Based on

cellular architecture and nuclear features, well-differenti-

ated tumours are sub-divided into papillary (�90% of total)

and follicular. Aggressiveness and lethality of tumours de-

crease with cell differentiation.8 Nevertheless, the existence

of well-differentiated carcinomas that develop diffuse

aggressive metastasis is not a rare event and urgent is the

need for more accurate diagnostic tools to predict the

neoplastic spread of these lesions to distant sites. Indeed

diagnosis of thyroid tumours is based exclusively on mor-

phological features, since reliable molecular markers have

not been established yet.9 Thus, the identification of regula-

tory genes involved in the progression of thyroid tumours

towards more aggressive stages, is an obligate step to iden-

tify molecular markers thus improving diagnosis and

treatment.

We have explored Id1 function in thyroid tumour progres-

sion. We show that Id1 increases the invasiveness of thyroid

tumour cells by modifying their epithelial phenotype and

their interaction with the surrounding microenvironment.

We also demonstrate that, in vivo, Id1 expression correlates

with the aggressiveness and the metastatic potential of

non-anaplastic thyroid tumours.
2. Materials and methods

2.1. Cell cultures and Western blot

Sw579 cell line was purchased by ATCC (Manassas, USA).

Nthy-ori-3-1 was purchased by ECACC distributed by Sigma–

Aldrich (St. Louis, MO, USA), B-CPAP, TPC1 and WRO cell line

were kindly provided by the laboratory of Dr. Santoro M. Uni-

versity Federico II of Naples (Italy). All cell lines were grown at

37 �C, 5% of CO2 in DMEM supplemented with 10% FBS (Gibco-

Invitrogen, Paisley, Scotland, UK).

For Western blot, cells were lysed on 1· SDS sample buffer.

Protein extracts were analysed in SDS–PAGE. The gel running

and transfer were carried out using the Bio-Rad apparatus

according to manufacturer instructions. The following anti-

bodies were used for Western blot: mouse Anti-Actin (Sig-

ma–Aldrich, St. Louis, MO, USA); Rabbit Anti-Id1 clone 195-

14 (Biocheck, Foster City, CA USA); Mouse Anti-Vimentin

(Dako, Denmark). Anti-Mouse and Anti-Rabbit secondary

antibody HPRT conjugated were purchased by GE-healthcare

(Uppsala, Sweden). All the primary antibodies were used at

a dilution 1:1000 except anti-Id1 that was used 1:500. Second-

ary antibodies were used 1:5000. The ECL Western blot

Detection Reagent (GE-healthcare; Uppsala, Sweden) was

used to develop the HPRT signal, according to manufacturer

instructions.

2.2. Clones isolation

For stable clone derivation, B-CPAP cells were transfected

with Id1-pCDNA 3.1 or with pCDNA 3.1 plasmids using

Lipofectamine 2000 (Invitrogen Paisley, Scotland, UK)

according to manufacturing instruction. Twenty-four hours
after transfection cells were seeded at very low density

and G418 (Geneticin) (Invitrogen Paisley, Scotland, UK)

was added to the regular growth medium at a concentra-

tion of 800 lg/ml. Two weeks after selection, single clones

were picked and expanded. Thirty-two Id1 overexpressing

clones and seven control clones were obtained and charac-

terised for Id1 overexpression by using Western blot and

qRT-PCR. In vitro assays are described in the Supplementary

information.

3.2.1. Immunohistochemistry
All samples were retrieved from the archive of the Pathology

Unit of Arcispedale S. Maria Nuova. Tissue specimens were

fixed in 10% formalin, paraffin embedded and processed for

light microscopy. For immunohistochemistry 5 lm sections

were cut and stained with a rabbit monoclonal anti-Id1 anti-

body clone 195-14 (Biocheck, Foster City, CA USA) according to

previously published protocol2 then counterstained with hae-

matoxylin. Images were captured using a Nikon Eclipse E80

microscope. This study was approved by the Arcispedale San-

ta Maria Nuova ethical committee.

2.3. Microarray analysis

The microarray analysis was performed by the Microarray

Unit of Cogentech (Milano). A full description of microarray

procedure is provided in the Supplementary information.

We have deposited the raw data at GEO/ArrayExpress under

accession number E-MEXP-2832, we can confirm that all de-

tails are MIAME compliant.

2.4. Quantitative real time PCR

One microgram of total mRNA was retrostrancribed with

SuperScript VILO cDNA kit (Invitrogen; Paisley, Scotland,

UK). qRT-PCR was conducted using the Light Cycler DNA SYBR

Master Mix and a Light Cycler thermocycler (Roche Diagnos-

tics, Mannheim, Germany). Sequence of primers used will

be provided upon request. Relative expression of target genes

was calculated using DDCT method and normalised to GAPDH

mRNA content.

2.5. Immunofluorescence

Cells were seeded in 4 well Lab-Tek Chamber slide (Nunc; Ros-

kilde, Denmark), in regular growth medium. Twenty-four

hours after seeding, cells were fixed in 4% PFA in PBS1· for

15 min at room temperature, permeabilised with 0.1% Triton,

in PBS1· for 2–5 minutes, blocked with 20% FBS and 2% BSA in

PBS1· for 1 h, incubated with a Mouse anti-b-Catenin anti-

body (BD Bioscence) or with a Rabbit anti-Id1 clone 195-14

(Biocheck, Foster City, CA USA) in a humidify chamber. Anti-

body binding was revealed with a secondary anti-mouse FITC

conjugated antibody (Sigma–Aldrich, St. Louis, MO, USA) or

anti-Rabbit Alexa568 conjugated antibody (Invitrogen Paisley,

Scotland, UK). Actin filaments were stained with an Alexa 488

conjugated Phalloidin (Invitrogen, Paisley, Scotland, UK),

according to the manufacturer instructions. Cell nuclei were

stained with DAPI (Invitrogen, Paisley, Scotland, UK). Slides

were mounted using the SlowFade mounting medium
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(Invitrogen, Paisley, Scotland, UK) and observed using an Axi-

ophot fluorescent microscope (Zeiss, Germany).

2.6. TGFb time course

TGFb was purchased from Peprotech (Rocky Hill, NJ, USA).

Nthy-ori-3-1 cells were seeded in a 12 well plate in regular

growth medium. After adhesion, cells were serum starved

overnight and maintained in a medium containing

DMEM + 2% of BSA (Sigma–Aldrich, St. Louis, MO, USA). Cells

were stimulated with 5 ng/ml of TGFb for different time (30,

90 min, 3, 6, 24 h). Protein extracts were collected at the indi-

cated time point lysing the cells in SDS-sample buffer. Id1

protein levels were analysed by SDS–PAGE and Western blot

as described above.
Fig. 1 – Establishment of Id1 overexpressing thyroid tumour cel

(lower panel), on protein extract obtained from the indicated cell

1 and B-CPAP are well-differentiated papillary tumour cells; WR

analysis of Id1 mRNA levels in a representative set of B-CPAP de

Id1 levels, in nine clones transfected with Id1 (left part) and four c

control clone represented in the graph. Arrows indicate the leve

the following experiments. (C) Immunofluorescent staining of Id

400·.
3. Results

In order to investigate Id1 function in thyroid tumours we

have overexpressed Id1 in a thyroid tumour cell line. The B-

CPAP cells, derived from a well-differentiated papillary thy-

roid carcinoma10 were chosen as a cellular model. B-CPAP

cells had the lowest Id1 expression (Fig. 1A) and are less com-

promised in terms of mutations and functional characteris-

tics than other thyroid tumour derived lines.11 The B-CPAP

cells were transfected with an Id1-expressing vector or with

an empty vector and single clones were generated by antibi-

otic selection. Two clones, expressing different levels of Id1,

were chosen: Id1A (high Id1 expression) and Id1B (medium

Id1 expression) (Fig. 1B and C). We noticed that the overex-

pression of Id1 drastically changes the morphology of the
ls. (A) Western blot analysis of Id1 (upper panel) and actin

lines. Sw579 are undifferentiated thyroid tumour cells; TPC-

O are well-differentiated follicular tumour cells. (B) qRT-PCR

rived clones. The histograms represent the fold induction, of

ontrols clones (right part) relative to the Id1 levels on the last

ls of Id1 expression in Id1A and Id1B cells that were used in

1 in Id1A (left panel) and ct3 (right panel) cells. Magnification
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cells (Fig. 2A). Control cells are large, polygonal, with abun-

dant cytoplasm growing in clusters, with the epithelial char-

acteristics of the parental B-CPAP cell line10 (ct2-4). In

contrast, the Id1 overexpressing cells showed a fibroblast-like

elongated structure, did not grow in clusters but distributed

through out the plate (Id1A-B). A cell growth assay showed

that proliferation does not correlate with Id1 expression levels

since Id1B cells proliferate faster than Id1A and controls

(Fig. 2B). Afterwards, a single cell suspension of Id1A and

ct3 cells was seeded in a six well plate. Two weeks after, the
Fig. 2 – Effects of Id1 overexpression on thyroid cancer cell morph

of the Id1A and Id1B clones (upper panels) and of the controls clo

50 lm. (B) Proliferation curves of Id1A, Id1B, ct3 and ct4 clones.

each clone at each time point ± SEM. p = 0.0036. (C) Light micros

cells. Broken line underlines the borders of the colonies. Arrows

origin in the Id1A cell plate. Magnification 400·. Scale bar 50 lm
colonies were analysed. No significant difference in the num-

ber of formed colonies was found. However, a striking differ-

ence in the morphology of the colonies could be observed

(Fig. 2C). In the control plate large isolated colonies were vis-

ible and no migrating cells could be detected. In contrast, in

the Id1-overexpressing plate numerous cells were spreading

from their colony of origin and moving through out the plate.

Therefore, we carried on a scratch wound healing assay

(Fig. 3A). Following adhesion, part of the cells were scrubbed

leaving on the plates scratches of comparable dimensions.
ology, proliferation and growth. (A) Light microscopy images

nes ct2, 3 and 4 (lower panels). Magnification 400·. Scale bar

Curves represent the averaged number of cells per well for

copy images of the Id1A (upper panel) and ct3 (lower panel)

indicate migrating cells that are moving from their colony of

.



Fig. 3 – In vitro analysis of Id1 overexpression effects on B-CPAP invasion and anchorage independent growth property. (A)

Light microscopy images of Id1A, Id1B, ct2, 3, 4 clones during a representative scratch wound healing assay at time 0, 12 and

24 h after scratch application. Magnification 200·. Inserts show magnification of scratch central regions in Id1A, Id1B, ct3 and

ct4 clones at 12 hours. Magnification 400·. In the inserts invading cells are visible in the healing area for the Id1A and Id1B

clones but not for the controls. Four scratches for each clone were analysed in this experiment obtaining the same results.

The experiment has been replicated twice obtaining comparable results. (B) Results of the invasion chamber assay. Each

clone was tested in triplicate. After migration invading cells were stained and pictured with a light microscope at a

magnification 100·. Three independent fields for each replicate were counted. The histograms represent the averaged

number of invading cell/ field obtained in two separated experiments. For each clones, the mean values ± SEM are indicated.

***p < 0.001; **p = 0.0042 (unpaired t test; GraphPad Prism). Inserts show pictures of representative fields of migrating cells

(arrows) for each of the indicated clones. The pictures were captured at a magnification of 200·. (C) Results of the anchorage

independent growth assay. Each clone was tested in triplicate. Histograms represent the averaged number of colonies/

well ± SEM. Insert show pictures of a representative colony formed by Id1A clone (left insert) and single cells of ct3 clone

pictured four week after seeding (right insert). Magnification 400·. Scale bar 50 lm.
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The scratches were pictured after 12 and 24 h to check the

healing process. After 12 h the scratches were reduced in all

the clones. The healing was more pronounced in the Id1A

and Id1B as compared to the controls. Higher magnification

showed that Id1A and Id1B cells had invaded the scratch

and some parts of it were already healed. By contrast, the

margins of the scratches in control clones were still neat

without sign of invading cells (right column). After 24 h, the

scratches were completely healed in the Id1A and Id1B plates

and still visible in all controls. To confirm this observation, Id1

overexpressing and control cells were tested in an invasion

chamber assay. Each clone was seeded in triplicate and after

22 h the invading cells were counted. As shown in Fig. 3B,

the number of invading cells was higher for the Id1 over-

expressing cells as compared to the controls. These experi-

ments demonstrate that, in vitro, high levels of Id1 increase

the invasiveness of thyroid cancer cells.

In order to colonise a new site, metastatic cells must ac-

quire the capacity to grow in the absence of physical anchor-

age. We seeded a single cell suspension of each clone in a

semisolid soft agar medium. Under these conditions, cells

are isolated and cannot adhere to the plate. Four weeks after

plating, the colonies were counted. Only the Id1A line was

able to form colonies while no colonies were detected in the

plates of the other lines (Fig. 3C). We concluded that high

Id1 expression is sufficient to confer anchorage independent

growth properties to thyroid cancer cells. This observation,

together with the increased invasiveness of Id1 overexpress-

ing cells, shows that Id1 may mediate thyroid cancer meta-

static spreading.

Next, we have investigated Id1 expression in human thy-

roid cancers, to verify in vivo the pro-invasive function of

Id1. Fifty-one human thyroid cancers were stained by immu-

nohistochemistry with a specific anti-Id1 antibody2 (Table 1).

Twenty-nine out of the 51 samples showed Id1 nuclear stain-

ing in tumour cells. Despite the anti-differentiation function

of Id1, no major correlation with the differentiation stage of

the tumours emerged. 62.5% of the well differentiated and

55.5% of the poorly differentiated tumours showed Id1 posi-

tive cells, while only 40% of the anaplastic tumours were po-

sitive to Id1. Fig. 4A shows Id1 staining in a representative

subset of the analysed samples. In most cases Id1 was de-

tected in sporadic cells scattered in the tissue (less than 2%)

(a, d, e). One-third of the positive samples showed a higher
Table 1 – Tabulated results of Id1 immunohistochemistry in thy

Tumours Number of sa
(total = 6

Well differentiated 32
Poorly differentiated 9
Anaplastic 10
Non-malignanta 10
Non-anaplastic with aggressive metastasisb 8

a Non-malignant tissues analysed comprised: 1 hyperplasia, 4 follicular a

carcinoma (including 1 medullary and 3 papillary carcinomas) and 1 norm
b Non-anaplastic tumour with aggressive metastasis analysed comprised:

4 poorly-differentiated tumours (histotype: 3 papillary, 1 follicular). Eight

surgical removal of primary lesions. Seven out of 8 patients died because
frequency of positive cells (10–30%) (b, c, f). We also analysed

benign lesions and normal thyroids as control but none of

these samples displayed detectable levels of Id1 (n = 10).

It is known that non-anaplastic thyroid tumours are usu-

ally indolent lesions, with a low incidence of recurrence and

low metastatic potential. The set of tissues analysed included

8 non-anaplastic highly aggressive tumours, which developed

diffuse metastasis within 3 years after the primary lesions.

Noticeably, seven of these tumours were positive for Id1. A

high frequency of Id1 positive cells was observed at the edge

of invading regions (Fig. 4B). Panel g shows a representative

staining of the tumour boundary where Id1 positive cells are

visible at the interface between tumours and non-neoplastic

tissue (i) or at invading nests within the surrounding capsule

(h). This observation indicates that Id1 is expressed in invad-

ing tumour cells and it is in accordance with a pro-invasive

function of Id1 in thyroid tumours.

Since Id1 controls biological processes by regulating gene

expression, we used the microarray technique to identify its

target genes in thyroid cancer cells.

The gene expression profile of the Id1A cells was com-

pared to the profiles of the control lines 2, 3 and 4. The

expression of 444 genes was modified, more than 2-fold, by

Id1: 314 were upregulated and 130 were repressed (Supple-

mentary Table 1). We grouped the genes in five functional

categories (Table 2). Noticeably, genes that mediate cell

migration and genes coding for ECM components were sig-

nificantly higher in the Id1A cells as compared to the con-

trols. In contrast, genes coding for proteins involved in

adherent junction or tight junction regulation were down

regulated following Id1 overexpression. This observation

suggests that Id1 modifies the interaction of cells with the

microenvironment favouring interaction with the ECM and

cell motility versus cell–cell interaction. We confirmed the

microarray analysis by qRT-PCR on selected genes. Fig. 5

shows the expression level of the indicated genes in the

Id1A and Id1B cells compared with the control lines 2, 3

and 4. The modifications observed in the microarray analysis

were confirmed both in Id1A and Id1B cells suggesting that

these genes are Id1 targets and that their de-regulation is

not due to clone selection. In conclusion, the microarray

analysis shows that Id1 controls the expression of proteins

that are involved in invasion, aggressiveness and pharmaco-

logical resistance in thyroid cancer cells.
roid cancers.

mples
1)

Number of Id1 + samples
(total = 29)

Percentage (%)

20 62.5
5 55.5
4 40
0
7 87.5

denomas, 4 normal thyroid from contro-lateral lobe of patients with

al thyroid from healthy patient.

4 well-differentiated tumours (histotype: 3 papillary, 1 follicular) and

out of 8 patients developed diffuse metastasis within 3 years after

of thyroid tumour dissemination.



Fig. 4 – Immunohistochemical analysis of Id1 expression in human thyroid tumours. (A) Id1 staining (brown) in different

types of thyroid carcinomas. Haematoxylin (blue). (a) Papillary carcinoma, tall cell variant; (b) papillary carcinoma, sclerosing

diffuse variant; (c) follicular carcinoma, Hürtle cell variant; (d) poorly differentiated insular carcinoma; (e) classic follicular

carcinoma; and (f) papillary carcinoma solid variant. Magnification 200·. (B) Id1 staining at the edge of invasive region in a

case of poorly-differentiated insular papillary carcinoma (g). Magnification 100·. The inserts show higher magnification of

tumour cells pushing on the neoplastic capsule (i) and of an invading nest within the capsule (h). Magnification 200·. Scale

bar 100 lm.
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Table 2 – Functional categories of Id1 target genes. The numbers indicate the gene expression fold change in the Id1A clone
compared to ct2, ct3 and ct4 averaged value. Highlighted in bold genes that have been described to partake or to be de-
regulated in EMT.

Cell–cell/cell–ECM interacting protein Cytoskeleton organisation Transcription factor Cell signalling

Gene name Fold
change

Gene
name

Fold
change

Gene
name

Fold
change

Gene
name

Fold
change

TIMP 3 13.1 SCIN 9.3 RUNX2 8.7 SFRP1 7.7
K-CDH 6.6 SNTG1 6.3 EYA4 5.3 LPHN2 7.4
P-CDH10 4.9 MTMR8 3.7 MEIS2 4.6 IL1 a 5.4
TNC 4.6 AFAP1L2 3.4 MEST 3.7 c-KIT 4.9
ITGb8 4.3 MAP2 2.6 MYB 2.8 TNIK 4.8
KRT19 4.3 MYLK 2.5 CREB3 L1 2.8 EREG 4.5
NCAM 2 4.1 SNTB 1 2.2 LEF1 2.6 SHC4 4.3
AJAP1 4.0 MFAP 5 2.0 PBX3 2.4 BLK 4.2
KRT13 3.9 DTNA 2.0 RARG 2.4 PTGFR 4.1
LAMC2 3.7 CALD1 –2.0 BHLHB3 2.3 TNFRSF9 3.9
ITGa4 3.7 EML1 –2.3 TBX3 2.5 ELTD1 3.5
NLGN1 3.6 CTTNBP2 –2.3 EYA1 2.3 EPHA5 3.3
SPOCK3 3.3 AFAP1L1 –2.6 BHLHB2 2.1 LIF 3.3
DSC2 3.2 BHLHB9 2,0 PIK3R3 3.1
CLDN4 3.1 ETV1 2.0 HTR 7 3.1
SPINT2 3.1 GATA6 2.0 LTBP3 2.9
ADAMTS3 2.9 NKX2-1 –2.2 DUSP4 2.7
NRP1 2.8 MYC –2.5 TGFb1 2.7
LAMA3 2.7 LMO7 –3.1 PTHLH 2.6
MMP 14 2.6 LMO3 –3.2 PTGER2 2.5
M-CAM 2.5 FGF2 2.5
CLDND1 2.5 ABC

transporter
PTPN6 2.5

JAM3 2.4 MAPK13 2.4
SEMA3C 2.4 ABCA1 3.1 BMP2 2.4
MMP13 2.4 ABCB1 2.7 CSF1 2.4
SPP1 2.3 ABCG2 2.4 IL17RD 2.4
MMP 2 2.3 EGF 2.3
ADAM 12 2.3 IL1b 2.3
SEMA7A 2.3 LIFRa 2.2
Serpin E 1 2.2 EPHRB1 2.1
VCAN 2.2 EFNB2 2.1
CTHRC1 2.1 NOS 2.0
F11R 2.1 IGFBP6 2.0
SEMA3B 2.1 TGFBR3 –2.0
ColV a1 2.0 PRKCg –2.3
KRT4 2.0 PEL1 –2.3
GJA1 –2.2 TLR 4 –3.4
CAV1 –2.2 FGF 1 –3.4
SEMA6D –2.4 NOG –3.5
MMP3 –2.6 IGFBP5 –4.3
EPB41L4A –3.1 HHIP –5.2
GPC 5 –3.6
EPB41L3 –4.7
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We noticed that the morphological changes (e.g. fibroblast-

like morphology) and the increased invasiveness, induced by

Id1 are characteristic features of the epithelial–mesenchymal

transition (EMT). The EMT is a complex process by which epi-

thelial cells lose their characteristics to acquire mesenchymal

properties. The acquisition of mesenchymal features is con-

sidered one of the leading mechanisms mediating invasion

and metastatic spreading of epithelial tumours.12 To test

whether Id1 overexpression induces a mesenchymal pheno-

type in thyroid tumour cells we analysed several mesenchy-

mal markers13 (Fig. 6). First we showed that Id1 induced a

profound rearrangement of the cytoskeleton. The mesenchy-

mal intermediate filament Vimentin was more abundant in
the Id1A and Id1B cells as compared to control cells (Fig. 6A

and B). In addition the organisation of the actin filaments

was completely different in Id1A cells as compared to ct3 cells

(Fig. 6C). In control cells a cortical organisation of the actin fil-

aments, characteristic of the epithelial cells, was visible (red

arrowhead). In contrast, in Id1A cells the actin filaments

had lost their polarity (yellow arrowheads) and formed large

aggregates in the cytoplasm, named stress fibres (white

arrowheads). In epithelial cells b-catenin is associated to the

membrane and is released in the cytoplasm following transi-

tion towards a mesenchymal condition. Fig. 6D shows the

immunofluorescent staining of b-catenin in Id1 overexpress-

ing and control cells. In ct3 cells b-catenin is detected



Fig. 5 – Validation of Id1 target genes identified in the microarray analysis. (A) Quantitative RT-PCR analysis of a

representative set of genes that were upregulated upon Id1 overexpression. (B) Quantitative RT-PCR analysis of a

representative set of genes that were downregulated upon Id1 overexpression. For each of the indicated genes the results

were normalised to the GAPDH levels. The bars represent the averaged fold change of the indicated gene relatively to the

value of the gene in the control. The control represents the average value of the gene in ct2, ct3 and ct4 clones.
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predominantly at the cell membrane, concentrated at the cel-

lular junctions. In contrast, a diffuse cytoplasmic b-catenin

staining is visible, in the Id1A cells. Finally, we noticed that

several of the Id1 target genes identified by the microarray

analysis in thyroid tumour cells are de-regulated or partake

to the EMT process (highlighted in bold in Table 2).12–15 Both

Id1A and Id1B cells show a significant upregulation of the

mesenchymal markers K-CDH and TNC as compared to con-

trol cells (Fig. 6E). These results, together with the increased

invasiveness and the fibroblast like morphology of the cells,

indicate that Id1 induces the acquisition of mesenchymal fea-

tures in thyroid tumour cells. Since TGFb is the major regula-

tor of EMT16 and since Id1 has been shown to be a TGFb target

in other cell types, we have investigated whether TGFb con-

trols Id1 expression in thyroid cells. Fig. 6F shows that TGFb

caused an early and strong induction of Id1 expression in nor-

mal thyroid cells, suggesting that the upregulation of Id1

could be a crucial event in the TGFb-induced mesenchymal

transformation in the thyroid. Overall, these experiments

demonstrate that Id1 is a mediator of thyroid cancer invasion

and malignancy and implicate that the pro-invasive function

of Id1 is mediated by the trans-differentiation of thyroid tu-

mour cells towards a mesenchymal status.

4. Discussion

The characterisation of molecular mechanisms that control

the invasiveness and the metastatic potential of a tumour is

a major effort of molecular oncology. In this work we propose

Id1 as a new factor controlling the invasive characteristics of

thyroid tumours. By combining in vitro and in vivo approaches

we demonstrate that Id1 promotes thyroid tumour cell inva-

sion and that its expression correlates with the development

of aggressive metastasis in non-anaplastic thyroid cancer. Id1

overexpressing cells show higher motility and invasive capac-

ity as compared to control cells (Figs. 2 and 3), in different

in vitro assays. Moreover, the overexpression of Id1 profoundly
alters the ability of the cells to interact with the surrounding

microenvironment, reducing the cell–cell interactions (Fig. 2A

and C) and conferring to the cells the ability to grow in the ab-

sence of physical anchorage (Fig. 3C). The analysis of Id1

expression in vivo strongly confirms the cytochemical experi-

ments (Fig. 4). It is interesting to notice that, so far, the use of

non-specific antibodies against Id1 has been misleading in

the investigation of Id1 expression in vivo. In 2004, Kebebew

and colleagues have shown that Id1 is expressed in all kinds

of thyroid conditions (from normal to very aggressive tu-

mours), with a higher intensity and frequency, in anaplastic

cancer.17 In contrast, our analysis was carried out using a

highly specific monoclonal antibody5, shows that Id1 is ex-

pressed only in malignant thyroid tumours and does not cor-

relate with tumour differentiation (Fig. 4). However, we have

found a high frequency of Id1 positive tumours in a group

of non-anaplastic tumours, which develop aggressive metas-

tasis. Moreover, we have shown that Id1 positive thyrocytes

are localised mainly at the invading regions of the tumour

and that Id1 is highly expressed in thyroid tumour cells that

have invaded the adjacent non-neoplatic tissues (Fig. 4B).

This observation is in agreement with Id1 promoting inva-

siveness and metastatic dissemination in thyroid cancer.

The microarray data strongly support this hypothesis, show-

ing that, in thyroid tumour cells, Id1 controls the expression

of a number of genes known to confer aggressiveness and

metastatic potential in other tumour types (Table 2). Several

of the identified Id1 target genes code for proteins that pro-

mote cell migration and infiltration.18–21 In particular,

metalloproteinases (MMP2, MMP13 and MMP14), ADAMs,

semaphorins (SEMA3C, SEMA7A and SEMA3B), NRP1, TNC,

ITGb8 and ITGa4 were significantly higher in Id1 overexpress-

ing cells as compared to the control cells. During migration

and invasion, tumour cells undergo profound morphological

changes that have to be sustained by cytoskeleton remodel-

ling. Accordingly several genes involved in the cytoskeleton

organisation are de-regulated in the Id1 overexpressing cells.



Fig. 6 – Analysis of mesenchymal markers in thyroid tumour cells upon Id1 overexpression. (A) Western blot analysis of

Vimentin (upper panel) and Actin (lower panel) proteins in the indicated clones. (B) Quantification of the Western blot signals.

The histograms represent the averaged percentage of Vimentin upregulation ± SD relative to ct3 clone (n = 2). (C)

Immunofluorescence staining of the actin filaments in Id1A (upper panels) and ct3 (lower panels) cells, with Alexa 488-

conjugated phalloidin (green). Red arrowheads indicate the cortical localisation of the actin filaments, below the cell

membrane, in the ct3 cells. Yellow arrowheads indicate disorganised actin filaments that have lost their cortical localisation

in Id1A cells. White arrowheads indicate large stress fibres formed by the actin filaments in Id1A cells. On the left panels for

both Id1A and ct3 cells the nuclei position is shown (blue). Scale bar 50 lm. Magnification 1000·. (D) Immunofluorescence

analysis of b-Catenin localisation in Id1A and ct3 clones. Green b-Catenin, blue DAPI. Scale bar 50 lm. Magnification 1000·. (E)

Quantitative RT-PCR analysis of TNC and K-CDH in Id1A, Id1B and control clones. The results were normalised to the GAPDH

levels. The bars represent the averaged fold induction of the indicated gene relatively to the value of the gene in the control.

The control represents the average value of the gene in ct2, ct3 and ct4 clones. (F) Western blot analysis of Id1 expression in

NthyOri 3.1 cells at different time points after TGFb (5 ng/ml) exposure. The amount of loaded proteins is shown by the

Western blot with anti-Actin antibody. We also analysed the E-cadherin levels but we were not able to detect any E-cadherin

expression in either Id1 overexpressing or control clones.
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In accordance with these microarray data we have shown a

profound modification in the organisation of the actin fila-

ments and in the expression of the intermediate filaments

in Id1A cells as compared with control cells (Fig. 6A–C). We
think that the altered interaction with the microenvironment

and the rearrangement of the cytoskeleton mediates the mor-

phological and growth modifications found in Id1 over-

expressing cells. The gene expression analysis indicates that
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Id1 upregulates three different ABC transporters (ABCA1,

ABCB1 and ABCG2) described as responsible of the multidrug

resistance, causing relapse of tumour after chemotherapy.22,23

Further studies are required to define the molecular mecha-

nisms underlying Id1 control of this large set of genes. How-

ever, several transcription factors were found in the

microarray analysis as Id1 targets (RUNX2, MYB, LEF1, RARG,

ETV-1, GATA6, MYC, etc.). RUNX2 is a member of the runt-re-

lated family of transcription factors whose expression is reg-

ulated by a number signalling pathways.24–26 Several RUNX2

target genes are modified in the microarray list: MMP13,

SPOCK3, SPP1, VCAN and GPC527–30 (Fig. 5). Vasko and col-

leagues, in an attempt to define mechanisms that control

invasion of papillary thyroid carcinomas, have identified

RUNX2 and its target SPP1/osteopontin as genes that are

upregulated at the invading front of the tumours.15 This

observation is in agreement with Id1 controlling Runx2

expression, since we have observed that Id1 expression is en-

hanced at the invasive front of tumours.

We have also shown that upon Id1 overexpression thyroid

tumour cells acquire a mesenchymal phenotype. The elon-

gated-fibroblast morphology, the loss of cell–cell interaction

and the increased motility observed in Id1 overexpressing

cells, as compared to control cells, are all distinctive features

of mesenchymal cells. Moreover, we have demonstrated that,

five mesenchymal molecular markers were induced by Id1 in

thyroid tumour cells (Fig. 6) and that Id1 is an early target

gene of TGFb, the most powerful inducer of EMT, in thyroid

cells.

The major function of Id1 (which also means Inhibitor of

Differentiation) is to inhibit cell differentiation. This does

not seem the case in thyroid carcinomas. The overexpression

of Id1 in thyroid tumour cells does not make the cells less ma-

ture but induces a trans-differentiation toward a mesenchy-

mal phenotype. In vivo, we found that the undifferentiated

(anaplastic) lesions have the lowest levels of Id1. However,

Id1 expression is a common feature of all the non-anaplastic

highly aggressive tumours that we have analysed. In these tu-

mours Id1 positive cells tend to be localised predominantly at

the edge of invasive regions. In agreement with our observa-

tions and in a similar localisation, evidence for epithelial–

mesenchymal transition in thyroid tumours has been re-

ported.15,31 On the other hand, anaplastic tumours are char-

acterised by the presence of very immature cells that have

lost the epithelial characteristics, and it seems likely that this

type of cell does not require mesenchymal features and, thus,

Id1 function, to invade and metastasise other tissues.

Overall these experiments indicate that Id1 powers inva-

siveness of tumour cells by inducing their trans-differentia-

tion toward a mesenchymal condition and identifies Id1 as a

crucial mediator of thyroid tumour invasion and metastatic

dissemination.
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