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Chapter 1




General Introduction

Glioblastoma, a deadly brain tumor

Glioblastoma (GBM) is the most common and lethal primary
malignant brain tumor. The clinical hallmarks of glioblastoma are its
aggressive growth and inexorable reccurence despite multimodal
therapy with surgery followed by radiation and temozolomide therapy.
Unfortunatly, current standard-of-care therapy results in a median
survival of about 15 months [1].

Glioblastoma is the most malignant variant of diffuse gliomas: its
precise histogenesis remains unclear despite considerable advances in
the understanding of its basic biology. Most gliomas diffusely
infiltrate surrounding brain tissue and together represent a broad
diagnostic group which the World Health Organization (WHO)
divides into astrocytic, oligodendroglial and mixed (oligoastrocytic)
categories [2]. The presence of histological features such as nuclear
atypia, increased proliferation, microvascular proliferation and
necrosis typically result in higher grade classification. Additionally,
although the WHO classification remains grounded in morphological
criteria, relevant molecular information regarding the different tumor

classes has been integrated over time.

GBM is typicaly characterized by complex chromosome abnormalities
and extensive cytogenetic and histological heterogeneity. Indeed,
cytogenetically related or unrelated clones coexist in different regions
within the same tumor thus increasing the difficulty in targeting and
possibly eradicating the tumor [3]. For example, amplification/over-
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expression of epidermal growth factor receptor (EGFR) and the
EGFRVIII variant can be found in scattered cell populations in the
same GBM specimen [4, 5]

GBMs have been subdivided into primary or secondary GBM
subtypes. Primary glioblastoma typically arises de novo as a
combination of genetic alterations that include epigenetic
modifications, point mutations, translocations, amplifications, or
deletions, and modify gene functions in ways that deregulate cellular
signalling pathways leading to the cancer phenotype [6]. These
alterations result in the activation of proto-oncogenes involved in pro-
growth pathways and in the inactivation or suppression of tumor
suppressors such as p53 and Rb. Secondary GBM both develop from
the progression of lower-grade tumors by the accumulation of

molecular alterations.

Molecular classification of glioblastoma

The slow development of an effective treatment for glioblastoma is
contrasted by the rapidly advancing research on the molecular
mechanisms underlying the disease. In previous years many groups
have attempted to derive a molecular subclassification of
glioblastomas exploiting its extensive genomic multiplatform
characterization. This is providing a high resolution picture of the
molecular alteration signature of glioblastoma.

Importantly, many efforts have been considerably aided by multi-
institutional cooperative projects such as The Cancer Genome Atlas

(TCGA). This effort, with GBM as the first characterized tumor type,
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has so far accumulated expression, CNA (Copy Number Alterations)

and sequencing data from hundreds of histologically confirmed

glioblastomas [7] (Figure 1).
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Figure 1: From Brennan et al., Curr Neurol Neurosci Rep. 2011

Based on global transcript profiling, glioblastoma can be divided into

three to four distinct subtypes (Figure 1). The recognition that
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glioblastoma consists of subtypes varying in molecular and biological
behaviour suggests that no therapy can be universally effective.

One model of molecular classification based on gene expression
analyses was proposed by Phillips et al. By selecting a set of genes
associated with survival in their patient cohort enriched for long-term
survivors (>2 years), they identified 3 glioblastoma subtypes with
distinct molecular signatures, which they termed proneural,
proliferative, and mesenchymal [8]. The proneural signature is
associated with oligodendroglial morphology, younger age, the lack of
phosphatase and tensin homolog on chromosome ten (PTEN),
epidermal growth factor receptor (EGFR) abnormalities, activation of
the Notch pathway, and better outcome. The proliferative and
mesenchymal signatures are more common in older patients and are
characterized by PTEN loss, Akt pathway activation and have a less
favorable prognosis. They are distinguished by a preponderance of
either proliferation or angiogenesis .

Verhaak et al took an unsupervised approach, extracting gene
expression patterns that yielded 4 molecular signatures for
glioblastoma. They were termed proneural, neural, classic, and
mesenchymal subtypes, showing with signatures proposed by Phillips
et al. These subtypes also segregate with characteristic mutations [9].
The proneural subtype comprises most isocitrate dehydrogenase
(IDH) 1 mutations and is enriched for p53 mutations, whereas the
classic subtype particularly enriches for EGFR-amplified tumors
expressing also the EGFRvVIII variant. The mesenchymal subtype

contains most neurofibromatosis (NF)-1-mutant tumors. Hence, the
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expression subtypes overlap with the major previously identified
pathogenetic pathways involved in tumorigenesis. Noteably, O°-
methylguanine methyltransferase (MGMT) promoter methylation is
not particularly enriched in any specific subtype. It seems that patients
with classic or mesenchymal glioblastoma derive more benefit from
an aggressive treatment, but this requires confirmation within a

prospective clinical trial.

Current and future therapies

The difficulty in treating this malignant disease lies both in its
inherent complexity and numerous mechanisms of drug resistance.
Furthermore, most drugs are unable to reach effective concentrations
within the tumor due to the prescence of blood—brain barrier (BBB),
as well as to elevated intratumoral pressure, restrictive vasculature and
other limiting factors.

In cancer drug development, surface molecules, such as receptors, are
relatively more accessible for drug targeting [10]. Protein kinases
inhibitors, including the intracellular kinase domains of growth
receptors, such as EGFR and platelet-derived growth factor receptor
(PDGFR) have been extensively tested in various clinical trials, in
both recurrent GBM and primary GBM in addition to the standard of
care providing surgical resection and radio-chemiotherapy with TMZ
[11] (Figure 2). Many therapeutic approaches are aimed at EGFR
which is overexpressed (in 60% of GBMs) or amplified (in 40% of
GBMs) as well as at its variant, EGFRVIII, a rearranged and
constitutively activated form of EGFR [12].
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Anti-angiogenic therapies have also been widely tested in clinical
trials and cancer therapies. Bevacizumab, a humanized monoclonal
antibody against VEGF, is approved as a second-line treatment for
recurrent GBM [13] (Figure 2). Its use for treatment for initial GBM 1is

currently undergoing Phase III trials.
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Figure 2: Schematic overview of current molecular targeted therapies of GBM.
Aberrant oncogenic RTK pathways are frequent therapeutic targets in GBM. The
PI3K-AKT (green) and RAS (pink) oncogenic pathways are often targeted
intracellularly with small molecule inhibitors. EGF, VEGF and PDGF, as well as
their receptors, can be blocked by small molecules and monoclonal antibodies. Items
in blue boxes include examples of drugs that target the respective pathways.
Abbreviations: ECM, extracellular matrix; MMP, matrix metalloproteinase; Topo I,
topoisomerase 1.

13



The major challenges of GBM are its intratumoral heterogeneity and
the invasive growth pattern. Due to these features a more personal
targeted therapy seems to be a promising method of treatment, for
example, determining the O-6-methylguanine methyltransferase
(MGMT) status to a predict response to TMZ [1, 14].

lavarone and Lasorella recently uncovered a reccurent oncogenic
fusion protein in a subset of GBMs (3.1%) that can directly interfere
with cell division causing aneuploidy. These tumors harbor oncogenic
chromosomal translocations that fuse in-frame the tyrosine kinase
coding domains of fibroblast growth factor receptor (FGFR) genes
(FGFR1 or FGFR3) to the transforming acidic coiled-coil (TACC)
coding domains of TACCI1 or TACC3, respectively. In vivo, FGFR
inhibition prolonged the survival of mice bearing intracranial
xenografts of FGFR3-TACC3-expressing astrocytes. Importantly, this
data indicates that patients with glioblastoma that express FGFR-
TACC fusions could benefit from targeted and personalized FGFR

kinase inhibition [15].



Transcription factors can also play an important role in glioblastoma
biology and be targeted therapeutically. The forkhead transcription
factor FOXP3 plays an essential role in the development and function
of regulatory T cells (Treg), defined as FOXP3+CD4+CD25+ T cells.
Its expression was first considered specific to this cell type, but it has
been observed that FOXP3 can also to be transiently expressed in T-
cell antigen receptor-activated human nonregulatory T cells. Notably,
recent reports demonstrate that FOXP3 is also expressed by non-
lymphocytic normal or cancer cells, suggesting that FOXP3 may have

a broader role in cancer than initially thought.

FOXP3, the marker of regulatory T cells

FOXP3 is considered the master regulator for the development and
function of regulatory T lymphocytes CD4+ CD25+ that control the
expression of multiple genes that mediate their regulatory activity
[16]. As dedicated suppressors of diverse immune responses and
inflammation, and important gatekeepers of immune homeostasis,
Tregs play a pivotal role in the maintenance of peripherical tolerance
[17]. Tregs were initially defined as immunosuppressive CD4+ T cells
expressing constitutively the a-subunit of the interleukin (IL)-2
receptor (CD25) on their surface [18]. The nuclear expression of
FOXP3 is now considered as the most specific marker for these cells
[18]. However, in human, FOXP3 can be expressed transiently on
nonregulatory CD4+ T cells upon T-cell antigen receptor (TCR)

activation.

The functional mechanisms used by Treg cells are complex and still
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not completly understood. There is increasing evidence that Treg cells
use multiple mechanisms to regulate immune response in lymphoid
and non-lymphoid tissues [19]. Treg cells have a widespread
distribution. They are constitutively present in secondary lymphoid
tissues but they can also be found in non-lymphoid tissues and within
tumors. Regulatory T cells in seconday lymphoid tissues use different
strategies to inhibit dendritic cell (DC) function and block initiation of
autoimmunity or prevent tumor clearence. The various potential
suppression mechanisms can be grouped into four basic modes of
action: suppression by inibitory cytokines, suppression by cytolysis,
suppression by metabolic disruption and suppression by modulation of

DC (Figure3).
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Figure 3: Differing immunosuppressive mechanisms used by TReg cells in
lymphoid and non-lymphoid tissues. Regulatory T (Treg) cells in secondary
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lymphoid tissues use multiple mechanisms to inhibit dendritic cell (DC) function
and block initiation of autoimmunity or prevent tumour clearance. TReg cell
production of interleukin-10 (IL-10) is essential for immunoregulation at mucosal
tissues, such as the intestines and the lungs, and in the skin. In tissue-draining lymph
nodes, TReg cells can inhibit the priming of effector T cells by preventing DC
maturation (through cytotoxic T Ilymphocyte antigen 4 (CTLA4)-dependent
mechanisms) or by killing mature DCs in a perforin- and granzyme-dependent
manner. The relative importance of other immunosuppressive mechanisms used by
TReg cells (central box) in lymphoid and non-lymphoid tissues remains to be
established. LAG3, lymphocyte activation gene 3; TCR, T cell receptor; TGFp,
transforming growth factor-p.

The production of IL-10 by Treg is essential for immunoregulation of
mucosal tissues, such as the intestines, the lungs and the skin. In
tissue-draining lymph nodes, Treg cells can inhibit the priming of
effector T cells by preventing DC maturation (through cytotoxic T
lymphocyte antigen 4 (CTLA4)-dependent mechanisms) or by killing
mature DCs in a perforin- and granzyme-dependent manner. The
relative importance of other immunosuppressive mechanisms used by
Treg cells in lymphoid and non-lymphoid tissues remains to be

established.

FOXP3: gene and protein structure

FOXP3 belongs to the family of forkhead box (FOX) transcription
factors which has at least four members, FOXP1-4. The forkhead
gene product was initially identified in the fruit fly Drosophila
melanogaster as factor required for the terminal pattern formation in
the terminal regions of the embryo [20]. Several members of the FOX
family have crucial roles in various aspects of immune regulation

[21]. Above all, FOXP3 is considered to be a master regulator in the
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development and function of regulatory T cells (Treg) [22—24]. The
role of FOXP3 was defined after positional cloning of Scurfin, as a
gene responsible for X-linked autoimmune diseases in mice and
humans (immune deregulation, polyendopathy, enterophathy, X-
linked, IPEX) [25]. Scurfy mice bearing this lethal X-linked recessive
immunodysregulation lack functional expression of Foxp3 caused by
an AA insertion in exon 8 [26]. Moreover, ectopic expression of
Foxp3 in conventional murine T cells endows them with the full
phenotype and function of Treg. In humans, there is also a strong
association between FOXP3 expression and the Treg phenotype,

although the relationship is more complex than in mice [27].

The FOXP3 gene is well conserved in mammalians [27]. The human
FOXP3 gene is located on the X chromosome at Xpl11.23 and is
submitted to X chr inactivation [28, 29]. The gene contains 11 coding
exons (exons 1-11) and 3 non-translated exons [28] encoding a protein
of 431 amino acids [30]. The FOXP family is characterized by highly
conserved C terminus tetramerization domains. FOXP3 contains a
proline-rich repressor domain required for repressing the expression of
target genes, a zinc-finger, a leucine zipper motif which allows
FOXP3 homo- or heterodimerization, and the conserved DNA-binding
forkhead domain (FKH) with two NLS targeting FOXP3 localization

to the nucleus at its C and N terminus [30].
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Figure 4: Structure of gene and protein, and principal functions of human FOXP3.
(a) Exon 3 is spliced out in the short isoform of human FOXP3 (Allan et al., 2005).
The N-terminal repression domain binds to and inhibits several transcription factors,
including (b) nuclear factor of activated T cells (NFAT), leading to repression of IL-
2 (Rudensky et al., 2006; Wu et al., 2006) and (c) retinoic acid receptor-related
orphan receptor (ROR)a, blocking transformation into Thl17. (d) (Lopes et al,
2006). (e) FOXP3 preferentially binds DNA as a dimer, when two paired FKH
domains recognize tandem copies of a core DNA element (Koh et al., 2009). (f)
NLS: nuclear localization signals, located at the N- and C-terminals of the FKH
domain (Lopes et al., 2006).

The FOXP3 promoter is conserved between humans and mice.
Located 6.5 kb upstream of the first exon, it contains six NFAT and
AP-1 binding sites and a TATA and CAAT box. In addition to the
promoter the FOXP3 locus contains three proximal intronic conserved
non-coding DNA sequence (CNS) elements [31]. CNSI, an intronic
enhancer with TGF-b-responsive element and binding site for
transcription factor such as NFAT and Smad, is involved in TGF-b-
induced FOXP3 expression in Tregi cells. CNS2, corresponding to the
TCR-responsive enhancer, contains a CpG island and binding site for
transcription factors such as CREB and STAT and it is required for
FOXP3 expression in mature nTreg cells [31]. CNS3 has a prominent
role in the generation of Treg cells in the thymus and the periphery
[31]. Epigenetic modifications of CNS, in particular CpG methylation,

regulate the transcription of FOXP3. Interestingly, the CpG island in
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CNS2 have been found hypo-methylated in nTreg, almost completly
methylated in T cells and only incompletly demethylated in iTreg cells
[32-34].

The FOXP3 protein is highly conserved [35]. FOXP3 can be part of a
large molecular complexes of 600kDa, together with histone
deacetylases, histone acetyltransferases and other trascriptions factors
such as Runx1 [36, 37].

In contrast with mouse Treg, in which Foxp3 is expessed as a full
length protein [16], in human Treg express two major isoforms of
FOXP3: a full-length transcript designated FOXP3a (molecular
weight: 58 kDa) that represents the ortholog of mouse Foxp3 and an
alternative-splicing product lacking exon 2 designated FOXP3b
(apparent molecular weight: 54 kDa) [38]. These isoforms can be
differentiated from one another by their intracellular distribution.
While the FOXP3a isoform appears to be distributed in equal amounts
in both cytoplasmic and nuclear fractions of human CD4+CD25+
cells, the splice variant FOXP3b isoform is primarily found within the
nucleus. This differential expression can be explained by the lack of

this NES in the FOXP3b isoform [39].
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The dual role of FOXP3 in human cancers

Due to the Treg lineage specification of FOXP3, its tissue expression,
primarily by lymphoid tissues such as thymus, spleen and lymph-
nodes, is expected and has been well documented [16]. However,
FOXP3 expression has been recently demonstrated in various non-
hematopoietic cells and in cancer cells of non-hematopoietic origin
(pancreatic carcinoma, breast cancer, melanoma, lung cancer, colon

cancer) [40]

FOXP3" Treg and cancer

It 1s well established that FOXP3-expressing Tregs are more abundant
in the peripherical blood of cancer-bearing patients compared to
healthy subjects [41, 42]. Most human tumors are infiltrated by Treg,
presenting as small and round cells with lymphocytic morphology and
high FOXP3 expression. FOXP3" cells can be localized in the
proximity of the tumor but predominantly in the peripherical

lymphoid-enriched areas [43—45].

As FOXP3 Treg are immunosupressive cells, their abundance in
tumor infiltrates is expected to be associated with an unfavorable
prognosis. However, there are discrepancies in the prognostic studies
relying on the presence of Treg in tumor infiltrates.

In breast carcinoma [45, 46] as well as in cervix [47], gastric [44],
hepatocellular [48], ovarian [43] and pancreatic [49] carcinoma, the
increased Treg infiltration in the tumor bed predicted reduced survival
in cancer-bearing patients. Paradoxically, a high density of FOXP3+
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T-cell infiltration was associated with improved overall survival in
patients with colorectal [50], head and neck carcinoma [51] and also
in patients with lymphoma [52, 53].

Experimental data demonstrate that Treg depletion with for example
ciclophosphamide can slow down tumor growth and increase the

efficacy of tumor immunotherapy [54].

FOXP3 expression in human cancer cells

FOXP3 is expressed not only in regulatory T cells but also in
epithelial cells from various organs such as the breast, thymus,
prostate and lung [55].

Foxp3 expression in noncancerous epithelial cells was investigated in
Rag2 /" mice, which are notably devoid of T lymphocytes, and in
mice with the Scurfy mutation that deletes Foxp3 expression [56].
This study revealed expression of Foxp3 mRNA and protein in the
nuclei of epithelial cells in the breast, lung and prostate, but not in the
liver, kidney and intestine.

The function of FOXP3 in cancer cells can be different and somehow
contradictory [40, 57]. Comparing FOXP3 expression in human
cancer cells and in their normal homologs, two opposite situations
have been found.

In some cancers, FOXP3 expression is restricted to the tumor cells.
Normal pancreatic duct cells don’t express FOXP3, but its expression
was detected in human pancreatic cancer cells [58]. FOXP3 was also
found to be expressed in human melanoma cells but was not detected

in normal melanocytes [40].
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In contrast, FOXP3 appears to be expressed in normal epithelial cells
of human breast and prostate, but downregulated in the corresponding
cancer cells [29, 59].

These data suggest a dual role of FOXP3, one linked to immune

escape and another to tumor suppression.

FOXP3 expression in cancer cells as a novel mechanism of immune

evasion

Normal pancreatic ducts cells were devoid of FOXP3 expression, but
FOXP3 was detected by immunohistochemistry in human pancreatic
cancer cells [58]. Cancer cell staining was cytoplasmic in most
patients, whereas in others, it was predominantly nuclear.
Interestingly, FOXP3-expressing pancreatic cell lines strongly
inhibited the proliferation of anti-CD3/anti-CD28-stimulated T cells
without impeding their activation, suggesting that FOXP3 expression
in cancer cells might trigger a mechanism of immune evasion. FOXP3
was also found to be expressed by human melanoma cells but was not
detected in normal melanocytes [40]. Reverse transcription-PCR
confirmed the presence of FOXP3 transcripts in melanoma cells that
expressed the two isoforms found in human Treg, including the full-
length variant. Immunohistochemistry with anti-FOXP3 on melanoma
tissue sections showed a nuclear labeling of melanoma cells. FOXP3

was widely expressed in human melanoma cells.

FOXP3 as an X-linked tumor suppressor gene

FOXP3 is a multifaceted factor. Beside its role as master regulator

gene of Treg, genetic analyses in both mice and humans revealed that
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FOXP3 is an important X-linked tumor suppressor in breast and in
prostate cancer [29, 56, 57, 59—71]. Since the FOXP3 gene is located
on the X chromosome, a genetic/epigenetic single-hit results in

inactivation of this gene in males, escaping the Knudson model [72].

The role of the FOXP3 gene in mammary carcinogenesis has been
supported by several lines of evidence. Importantly, mice that are
heterozygous for FOXP3 mutations spontaneously develop mammary
carcinomas at a high frequency [56]. Mice with germline FOXP3
mutations are substantially more prone to developing both
spontaneous and carcinogen-induced mammary carcinomas [71]. The
FOXP3 gene is expressed in normal breast epithelia but is down-
regulated in mammary cancer. Ectopic expression of FOXP3 in a
variety of breast cancer cell lines resulted in cell cycle arrest and
cessation of cell growth [59].

FOXP3 also plays an important role in prostate epithelia.
Immunohistochemistry  revealed that FOXP3 expression is
significantly down-regulated in cancer cells when compared to normal
prostate glands [68]. Moreover, mice with prostate-specific ablations
of FOXP3, (FOXP3ﬂ/ Y. PB-Cre") developed prostatic hyperplasia and
prostatic intraepithelial neoplasm (PIN) that are putative pre-
cancerous lesions of the prostate [29, 73]. In human samples, FOXP3
expression in PINs is down-regulated compared to adjacent normal
prostate glands, which suggests that the inactivation of the FOXP3
gene plays an important role in the initial stage of prostatic

carcinogenesis [73].
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The inactivation of FOXP3 in human breast (b.c.) and prostate (p.c.)
cancers, 1s explained by the frequent chromosomal deletions (12.6%
in b.c. and 13.9% in p.c.), somatic mutations (35.4% in b.c. and 20.0%
in p.c.) and epigenetic silencing found in the FOXP3 gene [29, 64, 69]
(Figure 5).
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Figure 5: A. Diagram of the human FOXP3 and its somatic mutations found among
human breast and prostate cancers. ZF: zing finger domain. LZ: leucine-zipper
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domain. FKH: forkhead domain. B. Splice variants of the FOXP3 that are
predominantly expressed in human cancers. “A” represents any exons that is/are
deleted in the variant forms of FOXP3. Breast Ca: Breast cancer. Sezary synd.:
Sezary syndrome. C. FOXP3 aberrations found in human breast and prostate
cancers. “Samples with nuclear FOXP3 staining were scored as positive. bSixty-five
breast cancer samples and 20 prostate cancer samples were sequenced. Four out of
five somatic mutations of prostate cancer were missense mutations, while the
remaining one was found in an intron. Ca: cancer tissue. Nor: normal tissue. FISH:
fluorescent in situ hybridization.

Also of interest is that some types of cancers such as cutaneous
melanomas, breast and ovarian cancers, and malignant T cells of
Sezary syndrome, predominantly express FOXP3 transcripts with
exon 3, exon 4 and/or exon 8 deletion (FOXP3AE3, FOXP3AE3A4,
FOXP3A8 and FOXP3AE3AS8) [74, 75] (Figure 5).

FOXP3 master regulator in cancer

FOXP3 acts as both a transcriptional activator and repressor. FOXP3
directly regulates the expression of both oncogenes and tumor
suppressor genes, including ERBB2, SKP2; two oncogenes involved
in mammary carcinogenesis [59, 71], c-MYC involved in prostate
carcinogenesis (Wang et al., 2009), p21 (CDKNI1A) tumor supressor
in prostate cancer and other important cancer-related genes [29, 61]

(Figure 6).
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Figure 6: A schematic view of the signalling networks of the FOXP3 in epithelial
cells.

The FKH DNA-binding domain of FOXP3 interacts with motifs in the
promoter of these oncogenes.

The c-MYC oncogene has been demonstrated to be directly repressed
by FOXP3 in prostate epithelia [29]. Overexpression of c-MYC
contributes to more aggressive and poorly differentiated cancer
phenotypes and has been involved in the biology of melanoma. c-
MYC is a sequence-specific transcription factor and an important
player in various cellular processes including cell cycle and apoptosis;
processes which are also dysregulated in cancer cells with high c-
MYC expression levels. C-MYC directly activates CDK4 and CCND2
expression, while indirectly repressing CDK inhibitors such as
CDKNIA (p21) and CDKN2B (p15) expression [76, 77]. C-MYC is
involved with ras in prostate carcinogenesis [78] and is overexpressed

in 80% of the prostate cancer samples.
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FOXP3 contributes to HER2 overexpression in breast cancer samples
[66, 79]. HER2 is a member of the transmembrane receptor tyrosine
kinases and is involved in the regulation of various cellular functions
such as cell growth and survival. Between 15 and 20% of invasive
breast cancers overexpress HER-2 and have a worse prognosis than
HER-2-negative tumors [80]. FOXP3 can repress transcription of
HER2 in human breast cancers by binding directly to the ERBB2 gene
promoter [71] [79].

High levels of expression of SKP2 (S-phase kinase-associated protein)
have been reported in a wide variety of cancers [81, 82]. SKP2 is an
important player in the ubiquitin-dependent degradation of p27*""', a
CDK inhibitor of Cyclin-E/CDK2 and Cyclin-A/CDK2 [81, 82].
SKP2 is strongly expressed during S and G2 phases of the cell cycle.
SKP2 is involved in the ubiquitination and degradation of the cdk-
inhibitor p27, thus facilitating progression of the cell cycle. SKP2 is
overexpressed in nearly 50% of breast carcinomas [83]. Interestingly,
FOXP3 directly represses SKP2 expression in human and mouse

mammary epithelial cells [59]. FOXP3 occupies the Skp2 promoter

and represses promoter activity of the locus [59].

p21, as universal CDK inhibitor, plays an important role in preventing
cell cycle progression by acting at the G1 checkpoint [84]. p21 is
down-regulated in many types of cancer including breast cancer [84].
Cancer cells with low levels of p21 can escape from G1 arrest, and
thus cells acquire a growth advantage in tumor development. Liu et

al., reported that FOXP3 occupies and activates the p21 promoter in
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normal breast epithelia [85]. FOXP3 specifically inhibits binding of
histone deacetylase (HDAC) 2 and 4 to the site and increases local
histone H3 acetylation. The lack of FOXP3 was associated with p21
down-regulation in breast cancer samples [85]. In various breast
cancer cell lines, p21 expression was significantly up-regulated after
FOXP3 induction [85]. IHC on human breast cancer tissue microarray
revealed a positive correlation (p=0.011) between FOXP3 and p21
proteins [85].

A significant correlation was observed between FOXP3
downregulation and HER-2 and SKP2 or cMYC overexpression in
breast and prostate cancer cells and downregulation of p21 in breast

cancer [29, 59, 71].

FOXP3 are often heterozygous in female cancer cells [71, 86]. Since
one allele of an X-linked tumor suppressor gene has not undergone
selection during carcinogenesis, it may be possible to reactivate the
wildtype allele for cancer therapy. Indeed, anisomycin treatment
induced FOXP3 expression in both mouse and human breast cancer
cell lines [87] Such induction resulted in increased apoptosis of cancer
cells and reduced growth of established mouse mammary tumors
[87].This observation raises the intriguing possibility that restoration

of FOXP3 may have a therapeutic function in cancer cells.
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Scope of the thesis

Despite advances in modern chemo- and radiotherapy, glioblastoma
remains a higly vascularized, aggressive and diffusely infiltrating
primary brain tumor that is rarely, if ever, cured. There is an urgent
need to find a long-term therapeutic strategies that specifically target
tumor cells while minimizing collateral damage to surrounding normal
brain tissue and killing all residual tumor cells that infiltrate in the

adjacent areas of the brain.

In preliminary data, we found the presence of Foxp3 positive cells in
murine malignant gliomas derived from the GL261 cells. In particular,
the expression of Foxp3 was only detectable in early stages of tumor
development (10 days after the intracranial injection) and was lost

during tumor progression (20 days after the intracranial injection).

Based on these observations we decided to focus our attention on the
functional consequences and the signaling pathways triggered by

FOXP3 expression in human glioblastoma (GBM).

The first aim was to investigate the expression level of FOXP3 in a
cohort of human GBM specimens and in their corresponding glioma-
stem like cell lines both in vitro and in vivo; second to characterize for
the first time, the FOXP3 expression in the normal brain and finally to
identify potential downstream targets of FOXP3 involved in

tumorigenesis.
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Introduction

The forkhead transcription factor FOXP3 plays an essential
role in the development and function of regulatory T cells (Treg),
defined as FOXP3+CD4+CD25+ T cells [1]. In humans, FOXP3 is
present in two isoforms, referred to as a and b, but the functional
differences between the two isoforms are still unclear [2, 3]. A recent
report found that in melanomas, FOXP3 is also expressed by tumor-
reactive CD8" T cells. These lymphocytes do not express regulatory
markers and maintain early effector profiles (CD38", T-bet’,
perforin") [4]. The expression of FOXP3, however, is not restricted to
lymphoid tissues such as the thymus, spleen and lymph nodes. It was
recently reported that FOXP3 is expressed in tumor cells from
pancreatic carcinoma, breast cancer, melanoma, lung cancer and colon
cancer [5]

FOXP3 appears to be a multifaceted factor with seemingly opposite
functions in cancer biology. In pancreatic carcinoma and in
melanoma, FOXP3 has a tumor-enhancing role through Tregs and
their effect on tumor tolerance [6, 7]; in ovarian, breast and prostate
cancer, FOXP3 has a tumor-suppressing function [8, 9]. In breast and
prostate cancer, FOXP3 may modulate the expression of oncogenes or
tumor suppressor genes, including ERBB2, SKP2, c-Myc, p21 and
other important cancer-related genes [9-11]. Finally, adult T-cell
leukemia/lymphoma cells from blood and skin tumors express FOXP3
at high levels but lack suppressor activity, suggesting that in these
cells, despite their derivation from the immune system, the role of

FOXP3 is unrelated to immune escape [12].
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We investigated FOXP3 expression in normal brains and in gliomas,
the most frequent of primary brain tumors. We focused our studies on
glioblastoma (GB), the most malignant glioma, and GB stem-like
cells, the GB subpopulation relevant for tumor perpetuation [13]. A
growing number of data has been obtained in recent years,
contributing to an improved definition of the GB genome [14]. The
identification of mutations of isocytrate dehydrogenase 1 (IDH1) has
been particularly relevant [15], contributing to novel efforts aimed at
therapeutic targeting of the GB genome [16]. Another example is
provided by the identification of increased copy number of TACC3,
an Aurora-A kinase substrate [17]: we have recently collaborated to
the identification of a fusion protein of TACC3 with fibroblast growth
factor receptor with constitutive kinase activity, triggering aneuploidy
in GB cells [18]. Here we have found that FOXP3 is involved in
modulating the biological properties of GB stem-like cells, such as
proliferation and migration, by activation of p21 and repression of c-

MY C expression.
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Results

FOXP3 is strongly down-regulated or absent in glioblastoma

In the initial experiments shown in Figure S1, we found
Foxp3+ cells in murine malignant gliomas derived from the GL261
cells. Foxp3 expression was detectable in the early stages of tumor
development (10 days after the intracranial injection) but disappeared
with tumor progression (20 days after the intracranial injection)
(Figure S1A-B). An immunofluorescence analysis confirmed that the
Foxp3 + cells were not of immune origin (Figure S1C).
We then investigated the expression of FOXP3 in human GB
specimens. An immunohistochemistry analysis of 35 GB showed
variable expression of FOXP3 (Table S1), with most of the specimens
displaying complete absence or scarcity (less than 20%) of FOXP3+
cells: only 4 of 35 GB (11%) showed moderate or strong staining for
FOXP3 (Table S1 and Figure 1A and B). By histological analysis, we
detected positive nuclear staining for FOXP3 not only in small
lymphocytes but also in cells with neoplastic features, such as
irregular hyperchromatic nuclei (Figure 1B left panel). To ascertain
the identity of FOXP3+ cells, we performed combined
immunostaining for FOXP3, CD3 and GFAP. FOXP3+ tumor cells
were identified by GFAP expression and negativity for the CD3
marker (Figure 1B central and right panel).
We used real-time PCR to evaluate the mRNA expression of FOXP3
in 11 low-grade gliomas (LGG), 59 GB (55 primary and 4 recurrent)

and 20 GB primary cell lines growing in culture as neurospheres (NS)
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(Figure 1C). FOXP3 expression was significantly higher in LGG in
GB (mean + SD: 0.4 £ 0.4 fold, P <0.0001 vs. normal brain). GB may
or may not give rise to NS (GB-NS-Yes and GB-NS-No,
respectively): 58% of these tumors (34/59) were GB-NS-Yes and had
lower FOXP3 expression compared to GB-NS-No (mean + SD: 0.3 +
0.3 vs. 0.6 = 0.5, respectively, P = 0.03). The overall survival (OS) of
patients with GB-NS-Yes and lower FOXP3 expression was
significantly shorter than the OS of patients with GB-NS-No and
higher FOXP3 expression (P = 0.03 by Kaplan Meier analysis; Figure
1D). These patients (n = 36) had all been treated by surgery,
radiotherapy and chemotherapy with temozolomide [19]. In addition,
we analysed FOXP3 expression by real-time PCR in 20 GB-NS. The
mean expression compared to normal brain was 0.4 = 0.3 (P < 0.0001
vs. normal brain). Only BT165-NS and the corresponding specimen
expressed FOXP3 at higher levels than normal brain (1.8 and 1.5 fold
change vs. control, respectively; top dot in the plot showing NS,
Figure 1C).

These data were in agreement with a western blot analysis performed
on 14 NS primary cell lines, 11 cell lines derived from primary GB
and 3 cell lines from recurrent GB with normal brain lysate as a
control (Figure 1E). Six NS cell lines expressed higher levels of
FOXP3 than the others. Of these cell lines, BT165-NS grew faster
than the other five cell lines and was used for further experiments.
Isoform a was weakly present or absent, as also found in immortalized
and malignant mammary epithelial cell lines that preferentially

express the FOXP3 isoform b (Figure S2) [20].
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FOXP3 is differentially expressed in normal brain

FOXP3 expression has not been observed in normal brain to
date. We first used the public microarray dataset GSE4290
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE4290) to

compare FOXP3 expression in human normal brain and in GB. After a
quality control evaluation, we selected 88/105 samples; 17 outliers
were excluded. An analysis with the microarray GSE4290 dataset of
two probe sets corresponding to the FOXP3 gene (221334 s at and
224211 s at) confirmed that the expression of FOXP3 is significantly
down-regulated in 73 glioblastomas compared to 15 normal brains (P
=0.003 for 221334 s at; P =0.008 for 224211 s at; Figure 2A). We
then investigated FOXP3 expression by immunohistochemistry in
five-month-old human fetal brain. FOXP3+ cells were found in the
periventricular zone (Figure 2B, left) and the cortical area (Figure 2B,
right). Of note, in the periventricular zone, many cells co-expressed
FOXP3 and GFAP, while in the cortical layer, most cells were only
positive for FOXP3. In the adult brain, several FOXP3+ cells were
found in cortical areas (Figure 2C, lower right), while the white matter
was negative (Figure 2C, lower left).

We also analysed FOXP3 expression in the public GSE3526
microarray dataset

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3526).

After quality controls, 138/151 samples were selected. FOXP3 was
differentially expressed in the 18 brain areas represented in the data
set and significantly up-regulated in the cerebellum and the putamen

(Figure 2D).
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FOXP3 affects glioblastoma proliferation and migration both in
vitro and in vivo

To study the regulation of FOXP3 expression in GB, we first
tested the effects of TGF-f, because this factor is a major regulator of
FOXP3 expression in T lymphocytes [21, 22]. TGF-f1 and TGF-B2
did not influence FOXP3 mRNA and protein levels in three GB-NS
(Figure 3A and B). We then investigated the biological effects of the
modulation of FOXP3 expression by either over-expression by vector
transfection or silencing via a lentiviral vector.
To investigate their specific role, FOXP3 isoforms a and b were
separately over-expressed in GB-NS. The over-expression was
confirmed by real-time PCR and western blot analysis using the empty
vector as the internal control (Figure 3C and D). FOXP3-b was
significantly reduced 48 h after transfection (P < 0.001, Figure 3C); a
similar significant reduction was observed for FOXP3-a (Figure S3A).
We then verified the impact of FOXP3 up-regulation on proliferation
and migration by performing in vitro proliferation and migration
assays. Reduced proliferation was observed when the FOXP3 isoform
b (Figure 3E) or isoform a (Figure S3B) was over-expressed (P < 10’
from 6 to 24 h; P = 0.001 at 36 and 48 h). Differences in the
proliferation rates decreased after 24 h in parallel with FOXP3
expression. Over-expression of FOXP3 b but not a was associated
with a significant reduction of migration compared to the empty
vector (P = 0.003) (Figure 3F and Figure S3B, respectively). The GB-

NS in which isoforms a and b were overexpressed displayed
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phenotypic changes. In particular, we observed rare neurospheres and
single cells attached to the plate (data not shown).

FOXP3 silencing was studied in BT165-NS cell line, which expresses
measurable levels of FOXP3 and has an adequate proliferation rate
that allows in vitro propagation. We obtained a 59% decrease of
FOXP3 protein as shown by immunoblotting (Figure 4A); decreased
FOXP3 expression was also confirmed by real time-PCR (not shown).
The effects of FOXP3 inhibition on proliferation and migration were
then evaluated in shFOXP3-NS and in scrambled-NS as the control
(Figure 4B, upper panel). Proliferation assays performed at 24 h, 48 h
and 72 h showed that shFOXP3-NS proliferate significantly more than
scrambled-NS (24 h P <0.01; 48 h P =0.02, 72 h P = 0.04). shFOXP3-
NS also had a significantly higher migration capacity compared to
scrambled cells (2.8 fold vs. scrambled cells, P = 0.003; Figure 4B,
lower panel). In vivo, we found that mice injected with shFOXP3-NS
survived significantly less than mice injected with scrambled-NS
(mean = SD: 41.6 = 1.1 vs. 65.6 £ 2.2 days, P = 0.002; Figure 4C).
Histology and immunohistochemistry of the tumors revealed an
absence of FOXP3+ cells in shFOXP3 tumors (P < 0.0001), higher
proliferation as measured by Ki67+ cells (P < 0.01), and higher
migration ability, as evaluated by the identification of cells positive
for doublecortin (DCX) in tumors originated by shFOXP3-NS
compared to scrambled tumors (P < 0.001; Figure 4D and E). Overall,
these data demonstrate that FOXP3 negatively affects proliferation

and migration.
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FOXP3 is a transcriptional regulator of p21 and c-myc in GB-NS
FOXP3 was shown to be involved in the induction of several
tumor suppressors, including p21, pl18, LAT2, and ARHGAPS in
breast cancer [11]. In addition, FOXP3 was reported as to be a
repressor of the oncogene c-MYC in prostate cancer [9]. We have
focused our validation on p21 as a negative regulator of cell growth
[23] and on c-MYC, involved in regulating proliferation and survival
of glioma cancer stem cells [24, 25].
In order to directly demonstrate the FOXP3-mediated induction of p21
and repression of c- MYC, we performed a ChIP assay on GB-NS. We
found that FOXP3 specifically binds the p21 transcription start site
(TSS). Interestingly, specific binding of FOXP3 was also
demonstrated for the TSS of c-MYC (Figure S4). We then evaluated
the expression levels of FOXP3, p21 and c- MYC in 7 GB-NS lines
and found that the expression of FOXP3 and p21 was weak or absent
in the presence of c-MYC up-regulation (Figure 5A). To investigate
further the relationship of p21, c- MYC and FOXP3 expression, we
analysed p21 and c-MYC levels in BT165-NS after FOXP3 silencing
or over-expression. We found a significant reduction of p21 and an
increase of c-MYC expression in shFOXP3 cells (P < 0.001 and P <
0.0001 compared to scrambled cells, respectively; Figure 5B). On the
contrary, over-expression of FOXP3 isoform b caused a significant
increase of p21 and a strong down-regulation of c-MYC expression
compared to empty cells (P < 0.0001; Figure 5C). We did not find
differences in p21 and c-MYC levels by over-expressing isoform a

(data not shown).
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These data support the evidence that FOXP3 is a direct transcriptional
regulator for p21 and c-MYC.
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Discussion

Recent reports demonstrate that FOXP3 is expressed in non-
lymphocytic cells, suggesting that its expression and function are not
restricted to the T-cell lineage. Normal pancreatic ducts cells are
devoid of FOXP3 expression, which has been detected in human
pancreatic cancer cells [6]. FOXP3 is also expressed in human
melanoma cells but not in normal melanocytes [7]. In contrast, in the
breast and prostate, FOXP3 is expressed in normal epithelial cells but
down-regulated in corresponding cancer cells [9, 10]. In the present
study, we provide evidence of down-regulation of FOXP3 expression
in both primary and recurrent GB specimens and in corresponding cell
lines growing as neurospheres.

We found that GB-NS express both isoforms, but isoform b is more
expressed than isoform a. Treg cells co-express equal amounts of the
two isoforms. Moreover, equal amounts of isoform a are localized in
the cytoplasm and the nucleus, while isoform b, lacking the nuclear
export signal, is primarily located within the nucleus. After specific
stimulation, isoform a preferentially locates into the cytoplasm of
activated T-cells [26], where it can bind NFkB and prevent its
localization to the nucleus following activation stimuli [27]. This is
relevant, given the important role that the NFkB signalling pathway
and its target genes play in GB progression [28].

The overexpression of isoform a and b separately resulted in a similar
strong suppression of proliferation, with a less potent reduction of

migration in the presence of isoform a.
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Notably, we show for the first time that FOXP3 is expressed in normal
brain, supporting further research on the potential role of FOXP3 in
brain development.

The major finding of this study, however, is the contribution of
FOXP3 down-regulation to GB biology. We first verified that FOXP3
expression in GB-NS is not modulated by TGF-b, a factor playing a
central role in the maintenance of FOXP3 expression in Treg cells [21,
29], suggesting that FOXP3 expression in GB-NS is not related to
immune escape. Instead, our data, obtained by modulating FOXP3
expression, establish a role for FOXP3 in modulating the biological
properties of GB stem-like cells, including proliferation, migration
and in vivo aggressiveness.

Downstream FOXP3, we found that down-regulation of p21, a protein
involved in stem cell differentiation and apoptosis [23], is associated
with FOXP3 down-regulation, as recently reported in breast cancer
samples [11]. We also confirmed that FOXP3 is a direct
transcriptional regulator of c-MYC, as described in prostate cancer
[9]. c-MYC plays a role in the survival and maintenance of GB stem-
like cells and is considered a central gene implicated in genetic
reprogramming [30, 31]. Moreover, c-MYC is one of seven genes
whose expression is associated with worse prognosis in GB [32]. In
one of the mouse models developed to study glioma origin [33], c-
myc expression under the GFAP promoter in developing astroglia
predisposes to malignant gliomas [34]. These tumors seem to originate
from GFAP expressing cells in the ventricular zone, indicating that

during astrocytic development, c-myc overexpression is sufficient to
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promote a neoplastic process by inducing the proliferation of early
astroglial cells. This scenario and our results, in particular the
presence of periventricular FOXP3/GFAP+ cells in normal fetal
brains, support the hypothesis that during astrocytic development, and
possibly during astrocytic proliferation in reactive gliosis [35],
FOXP3 orchestrates the induction of astroglial terminal differentiation
by preventing c-myc activation and proliferation in glial cell
precursors.

Further studies are required to investigate the molecular mechanisms
responsible for FOXP3 down-regulation in glioblastomas.
Phosphatidylinositol 3 kinase (PI3K) signalling, necessary to stimulate
glioma invasion and migration [36, 37] downregulates Foxp3
expression by sequestering FoxOl and FoxO3a factors in the
cytoplasm [38]. Thus, a thorough investigation of the role of this
pathway in down regulation of Foxp3 expression in GB is of interest,
also considering that FoxO3a is an important regulator of
differentiantion and tumorigenicity of GB-NS [39].

Dysregulation of the epigenetic control of Foxp3 expression can also
play a role in downregulation of Foxp3 expression [40]. Studies on
FOXP3 promoter and surrounding chromatin in Treg reveal that
histone H4 is hyperacetylated when the gene is activated suggesting
that FOXP3 expression may be sensitive to regulation by HDAC
inhibitors (HDAC1). Polycomb histone methyltransferease can silence
the Foxp3 promoter [41] through the action of its catalytic subunit
EZH2, that we and others have found upregulated in GB and
malignant gliomas [42], [43]. Besides it has been demonstrated that
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SAHA delays GBM growth in vitro through accumulation of cells in
G2-M and also in vivo by slowing development of intracranial GBM
thank to its capacity to cross the blood-brain-barrier (Yin D. et al.,
2007 Clin Cancer Research). Because histone deacetylation of tumor
suppressor genes occur in a variety of human tumor it is important to
investigate the effects of HDACi such as SAHA and Trichostatin on
FOXP3 expression and also on GBM growth. Furthermore, DNA
methyltransterase DNMT]1, involved in the maintenance and self-
renewal of progenitor cells in somatic tissues [44], and DNMT3B are
up-regulated in gliomas [45]. The inhibition of DNMTI1 and
DNMTS3B in T-cells leads to FOXP3 expression, suggesting another
pathway of FOXP3 regulation by epigenetic modification.

Although accumulating evidence indicates that FOXP3 activates and
inhibits a large group of genes by inducing histone modification, how

FOXP3 regulates the epigenetic machinery remains largely unknown.

Identification of FOXP3 as an X-linked tumor suppressor gene in both
males and females raised the intriguing question of whether FOXP3
polymorphism may contribute to cancer susceptibility in humans. This
issue can be tested in male cancer with evidence of non-male-to-male

transmission or in female heterozygous carriers of a FOXP3 mutation.
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Material and Methods

Tumor specimens and cell cultures

Primary glioblastoams (GB), recurrent glioblastoma (GBMR)
and grade II gliomas, including oligoastrocytomas, fibrillary and
gemistocytic astrocytomas (low-grade gliomas, LGG), were obtained
from the department of Neurosurgery of the “Istituto Neurologico
Carlo Besta” after the informed consent of the patients was obtained.
Glioma specimens were frozen and/or placed in a saline solution after
surgery. GB cell lines were obtained after dissociation in collagenase
type I (Invitrogen-Life Technologies, Carlsbad, California, USA) and
grown as neurospheres (GB-NS) in DMEM/F12 (GIBCO- Life
Technologies, Carlsbad, California, USA) containing penicillin-
streptomycin (1:100, EuroClone, Milan, Italy), B-27 (1:50, GIBCO-
Life Technologies), human recombinant fibroblast growth factor 2
(bFGF; 20 ng/mL; Tebu-bio, Milan, Italy), and epidermal growth
factor (EGF; 20 ng/mL; Tebu-bio).

RNA extraction and Real-Time PCR

Total RNA was extracted using Trizol (Life Technologies,
Rockville, Maryland, USA) from human snap frozen tissues and
human GB-NS. Total RNA was reverse-transcribed using a High
Capacity cDNA  Synthesis KIT (Applied Biosystems-Life
Technologies, Carlsbad, California, USA). The expression of FOXP3
was analysed by real-time PCR TagMan chemistry, performed on an

ABI PRISM 7900 real-time PCR system (Applied Biosystems, Foster
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City, CA, USA). The FOXP3 primer (FAM dye-labelled) was
provided by an on-demand TagMan Gene expression Assay
(Hs00203958 ml, Applied Biosystems). Beta-2-microglobulin
(Hs99999907 ml, Applied Biosystems) was chosen as the reference
gene, and commercial RNA from a normal human brain (Life
Technologies) was used as the calibrator for the calculation of fold
expression levels with the AACt method. The RNA inputs were

normalized against beta-2-microglobulin.

Western blot analysis and antibodies.

Membranes with transferred proteins were incubated with a
primary antibody; either anti-FOXP3 antibody (1:250; eBioscience,
Science Center Drive, San Diego, USA) or anti-alpha-tubulin antibody
(1:5000). The primary antibody interaction was followed by
incubation with peroxidase conjugated to the secondary antibody
[anti-rat (1:10000), anti-mouse (1:10000) or anti-rabbit (1:10000).
Chemoluminescence was detected using the ECL (enhanced
chemiluminescence) Plus kit (Amersham, GE Healthcare). Human
normal brain tissue lysate (GeneTex, Inc., Irvine CA) was used as the

control.

Silencing and overexpression of FOXP3

The cells were transduced with lentiviral particles (MISSION
shRNA Lentiviral Vectors, Sigma Aldrich, St. Louis, Missouri, USA)
containing FOXP3 specific shRNA sequences (shFOXP3) according

to the manufacturer’s recommendations. Five different FOXP3-
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specific sequences were screened, and the most efficient sequence was
chosen. As a negative control, we used shRNA Lentiviral Particles
encoding non-specific shRNA (scrambled cells). Four days after
infection, cells were selected for puromycin resistance (1.2 mg/ml) for
one week.

Two pCMV6-FOXP3 vectors (OriGene Technologies, Inc., Rockville,
MD) were used to transfect GB stem-like cells for FOXP3 over-
expression: variant 1 (isoform a) or variant 2 (isoform b). The

pCMV6-empty vector was used as the negative control.

In vivo experiments

Sixteen immune-deficient CD1-nude mice received a brain
injection of 10° “silenced” or “scrambled” cells (n = 5/group for
survival, n = 3/group for histological studies). The stereotactic
coordinates with respect to the bregma were 0.7 mm posterior, 3 mm
left lateral, and 3.5 mm deep into the nucleus caudatum. The animals
were monitored every day until they were euthanized, in accordance
with the current directives of the Campus animal IFOM-IEO house
facility, the Ethics Committee of the Institution and the Minister of
Health.

Proliferation and migration Assay

The Cell Proliferation Reagent WST-1 (Roche Applied Science,
Hague Road Indianapolis USA) was used to test for GB-NS
proliferation and was performed by plating 5000 cells/well, as

suggested by the manufacturer. Eight replicates per point were
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completed. In vitro migration was assayed using the Transwell-96
system (BD Bioscience,Qume Drive San Jose, CA, USA) as provided
by the manufacturer. After 24 h, migrated cells were stained with

crystal violet solubilised with 10% acetic acid.

Immunohistochemistry and immunofluorescence

Paraffin was removed with xylene and the sections were
rehydrated in graded alcohol. Antigen retrieval was carried out using
preheated target retrieval solution (pH 6.0), and the primary antibodies
were incubated overnight. The following antibodies were used:
FOXP3 (eBiosciences; 1:40), Ki67 (BD Bioscience; 1:50), and CD3
(1:100; Thermo Scientific, Wyman Street Waltham MA, USA). Single
immunostains were performed using a standard immunoperoxidase
protocol (Vectastain Elite ABC kit, PK-6100; Vector Laboratories,
Inc., Burlingame, CA, USA) followed by a diaminobenzidine
chromogen reaction (Peroxidase substrate kit, DAB, SK-4100; Vector
Lab). The tumor sections were also stained with hematoxylin and
eosin to assess the volume of tumor growth. Bright field combined
immunostains were performed using the rat-on-mouse HRP-Polymer
Kit (Biocare Medical, Pike Lane Concord, CA, USA) for the detection
of FOXP3 or the MACH4 Universal AP Polymer Kit (Bio care
Medical) for the detection of CD3 and GFAP. The chromogen
reaction was developed by DAB, Ferranti Blue or Alkaline
Phosphatase/RED, Rabbit/Mouse (DAKO), and the nuclei were
counterstained with methyl green. For the double immunofluorescence

analysis, tumor sections were incubated with Alexa Fluo-conjugated
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antibodies for 1 h, counterstained with DAPI (4',6-diamidino-2-
phenylindole, Sigma), and examined using a LEICA SP2 confocal

microscope.

Statistical analysis

Cumulative survival curves were constructed by Kaplan—-Meier
method (MedCalc 9.3). Statistical comparisons of data sets were
performed by Student’s two-tailed t-test, and the results were

considered significant at P < 0.05.
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Figure 1. FOXP3 is strongly down-regulated in GB specimens and
in corresponding GB-NS lines. A) Two representative GB specimens

labelled with anti-human FOXP3 antibody (magnification 20X). The
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section on the left shows one GB completely negative for FOXP3
reactivity. The section on the right shows one GB with FOXP3+ cells
mainly concentrated around blood vessels. B) Left panel. FOXP3
staining is detected in one cell with lymphocyte morphology (small
and round nucleus; arrow, brown) and in one cell with the
morphologic features of tumor cells (large, irregular nucleus, brown).
Central panel: Infiltrating lymphocytes identified using CD3 as the
marker are localized near blood vessels (thin arrow, blue). Right
panel: one FOXP3+ GFAP+ tumor cell (thick arrow, red) is located
around a blood vessel together with a CD3+ lymphocyte (thin arrow)
(magnification 40X). C) Real-time PCR analysis was performed on 11
LGG, 59 GB and 20 GB-NS. Normal brain was defined as 1.0. The
GB specimens were divided into GB-NS-Yes (34/59) and GB-NS-No
(25/59) based on their capacity to give rise to NS. GB-NS-Yes
expressed less FOXP3 compared to GB-NS-No (P = 0.03). GB-NS
shows FOXP3 down-regulation, with the exception of one line
(BT165-NS). D) NS formation is associated with shorter survival. A
Kaplan Meier survival analysis showed that the median survival of
patients with GB forming NS (GB-NS-Yes; n = 18) was lower than
that of other patients (GB-NS-No; n = 18) (9.2 months vs. 13.0
months; P = 0.03). E) A western blot shows FOXP3 in GB-NS lines
derived from primary (11 lines) or relapsing GB (3 lines) and in

normal brain (NB). FOXP3 isoform a is weakly detected in all cases.
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Figure 2. FOXP3 is expressed in human fetal and adult normal
brain. A) Boxplots represent FOXP3 expression reported on the y-
axis as the log2-transformed probe set intensity in GB compared to
NB (GSE4290 dataset). The probe set intensity signal represents the
amount of FOXP3 mRNA. The boxes are drawn from the 25™ and 75"
percentiles in the distribution of FOXP3 intensity. The median FOXP3
expression is higher in NB than in GB (see also Methods in
Supplementary Data). B) FOXP3 expression in a normal fetal brain.
Combined FOXP3 and GFAP double staining was carried out on the
periventricular zone (left) and on the cortical layer (right). C) FOXP3
immunohistochemistry was performed on adult human brain obtained
by Biochain (Hayward, CA USA). The upper panel shows the brain
area investigated (2.5X); the lower panels show the white matter (i)

and the cortical area (ii) (20X). D) Boxplots represent the log2-
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transformed, probe set intensity of FOXP3 (221333 at probe set)
categorized for 18 brain areas. The probe set intensity signal is the
measure of FOXP3 mRNA. The probe set 221333 at that targets
FOXP3 was significantly up-regulated in the putamen compared to the
other 10 areas (* P < 0.05; ** P < 0.01; *** P <0.005). All P values
were calculated using a t-test, except for the P values of the occipital
lobe and the temporal lobe, which were obtained using a Wilcoxon

test (Method in Supplementary Data).
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Figure 3. Modulation of FOXP3 expression affects the
proliferation and migration of GB-NS. A and B) Three GB-NS lines
(BT150-NS, BT165-NS, BT168-NS) were treated with 5, 10, or 20
ng/ml of TGF-B1 or TGF-B2 for 24 h or 48 h. The FOXP3 transcript
was evaluated by real-time PCR. Histograms represent the mean + SD
of three different GB-NS lines. C) The relative expression of FOXP3-
b vs. empty after transfection with pCMV6 retroviral vector shows a
significant increase in FOXP3-b levels (2022.6 + 240.1 fold vs. empty
vector at 24 h), decreasing significantly at 48 h (804.2 + 56.9 48 h fold
vs. empty vector (P < 0.0005 vs. 24 h). D) A western blot displays a
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significant increase of FOXP3 in FOXP3-b pCMV6 cells compared to
empty cells. Alpha-tubulin was used as the control. The data for
FOXP3 over-expression are based on a representative cell line; this
experiment was performed using four GB-NS. E) The proliferation
analysis indicates that pPCMV6 FOXP3-b cells proliferate significantly
less than empty cells (* P < 0.01). F) The migration assay shows a
significant decrease in pCMV6 FOXP3-b cells vs. empty cells (** P <
0.001).
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Figure 4. FOXP3 silencing affects migration and proliferation in
vitro and in vivo. A) Western blot analysis of FOXP3 expression in
BT165-NS after infection with the shFOXP3 lentiviral vector reveals
a 59% reduction of FOXP3 vs. scrambled compared to scrambled; 1.e.,
containing casual non-specific shRNA. FOXP3 expression was
normalized with alpha-tubulin and measured with the ImagelJ setting
the scrambled FOXP3 level at 100%. Alpha-tubulin was used as the
control. B) Upper panel: proliferation analysis after FOXP3 silencing.
shFOXP3-NS proliferate significantly more than scrambled-NS (* P <
0.05). Lower panel: migration of shFOXP3 NS vs. scrambled NS.
Significantly increased migration was observed in shFOXP3 cells vs.
scrambled cells (** P < 0.01). C) Kaplan Meier survival analysis of
immunodeficient mice injected with 105 BT165-NS transduced with
shFoxp3 lentiviral vector or scrambled lentiviral vector (n = 5 per
group). D) Immunohistochemistry (evaluations on five 40X
independent fields) showed that gliomas from scrambled-NS contain
clusters of tumour cells with nuclear FOXP3 staining, while shFOXP3
gliomas were negative. The shFOXP3 tumors have a higher
proliferation index (Ki67) and a higher positivity for DCX compared
to scrambled tumors. E) Histograms represent the quantification of
immunohistochemical staining for FOXP3 (0.0 = 0.0 % cells in
shFOXP3 tumour vs. 21.8 = 5.9 % in scrambled tumors), Ki67, and
DCX positive cells in shFOXP3 and scrambled tumors (* P < 0.01;
k%P <0.0001, **** P <0.000001). Three mice for each group were

studied, and representative images for each tumor are displayed.
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Figure 5. FOXP3 is a transcriptional regulator of p21 and c-MYC.
A) RT-PCR showed that c-MYC expression is high in GB-NS
expressing low levels of FOXP3 and p21. B) A decrease in p21 and an
increase in c-MYC expression is observed when FOXP3 is silenced.
C) Induction of p21 and reduction of c-MYC expression are induced

by FOXP3 over-expression. (** P <0.005, *** P <0.0001).
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Figure S1. Foxp3 expression in murine GL261 glioma during

tumor development.
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A) GL261 glioma 10 days after tumor implantation: Foxp3 positive
cells present morphological features of tumor cells with large and
irregular nuclei (magnification 40X). B) GL261 glioma 20 days after
tumor implantation: Foxp3 positive cells are absent (magnification
40X).

C) Immunofluorescence of Foxp3 and CD4 staining of paraffin-
embedded GL261 glioma: Foxp3" cells (red) and CD4" cells (green).
We detected Foxp3 positive cells into the tumor mass while CD4
positive cells are mainly disseminated along a blood-vessel. DAPI
staining (blue) highlights the abnormal number of nuclei per cell, a

characteristic of tumor cells.
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Figure S2. Characterization of FOXP3 in primary NS cell lines
compared to Immortalized and Malignant Mammary Epithelia

Cells
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Western Blot shows FOXP3 protein level in BT165-NS compared to
immortalized (MCF10A) and malignant (BT474, MCF7 and SKBr3)
mammary epithelial cells. Vinculin has been used as a loading control.
These cell lines preferentially express the FOXP3 isoform b, as
reported by Zuo et al [1]. BT165 —NS cell line reported in Figure S2

expresses moderate levels of isoform a.
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Figure S3. Effects of FOXP3 a overexpression on proliferation,

migration and apoptosis.
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A) Relative expression of FOXP3 after transfection of the FOXP3-a
construct increased at 24h after transfection (P = 10°). B) Left panel.
Proliferation of BT165-NS cells transfected with pCMV6 FOXP3-a is
slower than that of empty cells (*** P < 0.0001, ** P < 0.005, * P <
0.01). Right panel. Migration assay shows that the decrease in cell
migration of pCMV6 FOXP3-a cells vs empty cells is not significant
(P =10.006).
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Figure S4. Binding of FOXP3 to p2land c-myc Transcription
Starting Sites (TSS) in GB-NS.
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A-B) Nuclear preparations from BTI165-NS were fixed with
paraformaldehyde. After sonication, genomic DNA associated with
FOXP3 was immune-precipitated and quantified by RT-PCR. The
quantity of precipitated DNA was compared with the total input of
genomic DNA, amplified by p21 and c-Myc specific primers. Primers
mapping on telomeric regions were used as negative control (N2
primers). Non specific binding from control IgG ChIPs was subtracted
and data were represented as percent input. Standard deviations from
two experimental replicates are shown.

NS were processed for qChIP as previously described [2], with few
modifications. Briefly, formaldehyde (37%) was added to the culture
medium to a final concentration of 1%. Cross-linking was stopped by
addition of glycine (0.125 M final concentration). Fixed cells were
washed twice with PBS and harvested in SDS buffer (50 mM Tris pH
8.1, 0.5% SDS, 100 mM NacCl, 5 mM EDTA, and protease inhibitors).
Cells were pelleted by centrifugation and resuspended in IP buffer

(100 mM Tris pH 8.6, 0.3% SDS, 1.7% Triton X-100, and 5 mM
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EDTA). DNA fragments with a bulk size of 300-500 bp were obtained
using a Branson digital sonifier 250 D. For each immune-
precipitation, 1 ml of diluted lysate (5x10° cells/ml) was pre-cleared
using protein A beads (50% slurry protein A-Sepharose, Amersham)
and immunoprecipitated overnight at 4°C with antibody specific for
FOXP3 (ChIP grade antibody from Abcam, UK), in presence of 20ul
of magnetic dynabeads. Beads were washed and crosslink was
reversed in 1ml of water with 10% Chelex 100 (Bio-Rad, cat. no. 142-
1253), and used directly for gPCR. PCR primer sequences:

p21 primers:
p21 Fw AGGCACTCAGAGGAGGTGAGA;
p21 Rv CAGAAACACCTGTGAACGCA.

N2 primers:
N2 Fw AGCTATCTGTCGAGCAGCCAAG;
N2 Rv CATTCCCCTCTGTTAGTGGAAGG.

c-Myc primers::

c-Myc Fw GAAATTGGGAACTCCGTGTG;
c-Myc Rv CTAGGGCGAGAGGGAGGTT
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Microarray Dataset analysis

Microarray data Selection and accession numbers. Two microarray
datasets were selected from microarray experiments performed with
GeneChips Affymetrix HGU133Aplus 2.0 arrays (Dataset GSE4290;
105 samples — 22 Normal Brain and 82 Glioblastomas) [3] and
HGU133Aplus 2.0 arrays (Dataset GSE3526; 151 samples — 18
regions of the central nervous system). All microarray data were
available from the ArrayExpress database

(http://www.ebi.ac.uk/arrayexpress).

Pre-processing microarray data. All arrays were tested for statistical
quality controls provided by the array Quality Metrics Bioconductor
package [4]: outlier samples were excluded from the analysis. This
package allows users to perform a wide variety of data quality
assessment approaches and to identify outlier arrays (i.e., arrays of
low quality or very different from the whole dataset), in such a way to
enhance statistical and biological significance of the analysis.

The Robust Multichip Average (RMA) [5] algorithm was applied to
normalize with quantile method and calculate probeset intensity.
Normality of the distribution and homogeneity of variance in our
datasets were tested using the Shapiro—Wilk and Bartlett's tests [6].
Differences of FOXP3 expression were studied with the t-test or
Wilcoxon together with a false discovery rate correction of the p-value
(Bonferroni correction). The corrected p-value threshold cut-off was

less or equal to 0.05.
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Table S1. FOXP3 staining in a cohort of 35 GB
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Summary

The transcription factor FOXP3, a master regulator of Treg cells
has been proposed to function as a tumor suppressor in breast and
prostate cancer. In the present study we provide evidence that
FOXP3 is expressed in normal brain but strongly down-regulated
in both primary and recurrent glioblastoma (GB) specimens and in
corresponding cell lines growing in culture in the presence of
mitogenic factors (mostly Epidermal Growth Factor - EGF and b-
Fibroblast Growth Factor — bFGF) as neurospheres (NS).

We also found that FOXP3 expression was higher in low-grade
gliomas than in GB. Neurosphere generation, a feature present in
58% of the GB that we examined, correlated with lower

expression of FOXP3 and shorter patient survival.

Our main result refers to the contribution of FOXP3 expression in
affecting proliferation and migration in vitro and in vivo. FOXP3
was silenced in one GB-NS expressing measurable levels of the
gene. Intracranial injection of these GB-NS cells in nude mouse
brains increased significantly tumor development and
aggressiveness. Deriving gliomas showed a total absence of
FOXP3 expression associated with a significant increase in
proliferation and migration. Conversely, FOXP3 over-expression
impaired GB-NS migration and proliferation in vitro. We also
demonstrated using ChIP that FOXP3 is a transcriptional regulator
of p21 and c-MYC supporting the idea that dysregulated

expression of these factors is a major mechanism of tumorigenesis
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driven by the loss of FOXP3 expression in gliomas. These
findings support the assertion that FOXP3 exhibits tumor

suppressor activity in glioblastomas.
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Conclusions

Glioblastoma is the most frequent of primary malignant brain
tumors [1]. In about 90% of cases GB appears de novo; in other
cases GB derives from lower grade gliomas. A number of reports
have shown that in GB and other cancers, a sub-population of
cells, defined as cancer stem cells (GSC) is responsible for tumor
perpetuation [2]. Recent data then demonstrated that tumor
microenvironment can favor the amplification of cancer cells
exploiting stem cell programs for survival: hypoxia now appears
as one major driver in these processes [3]. Remarkably the switch
to stem cell programs may rely on epigenetic rather than genetic
changes, allowing cells to adapt faster to environmental
challenges, without the need of numerous cell generations
required for advantageous mutations to prevail [4]. Thus, the
rigid, hierarchical model of CSC initially proposed for GB and
other cancers should probably be substituted by a more flexible
concept of cancer stem-like cells, a subpopulation of cells fitter
than others for tumor adaptation to environmental (and possibly
therapeutical) challenges thanks to the exploitation of stem cell
programs. In our laboratories we isolate and culture GSC from
fresh GB specimens growing in the absence of serum and in the
presence of EGF and bFGF as neurospheres. We appreciate that
NS may mirror much more closely than previous, serum-based
glioma cell lines, the actual biology of GB. Also, they are always
tumorigenic in immunodeficient hosts and the tumors they form in

these hosts are much more representative of the clinical
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presentation of human GB [5]. More important, the potential for
GB to form NS is associated to increased aggressiveness and
decreased survival in patients.

Recent progress has been made in unraveling the molecular
heterogeneity of GB, pointing to three subtypes characterized by
different molecular alterations: proneural, proliferative and
mesenchymal [6, 7]. Furthermore, more recent data we obtained
in collaboration with Carla Boccaccio and collegues suggest that
NS maintain in vitro many features of their original sub-
classification, defined in agreement to Phillips et al and Verhaak
et al [8]

In this scenario, an important goal of our studies was represented
by the identification of novel oncosuppressor critically involved in

the GB aggressiveness.

Gaining better insights of the genetics and of the molecular
regulation of FOXP3 is essential to design new therapeutic
strategies. Although molecular mechanisms down-regulating
FOXP3 have not been clarified yet, some agents have been
reported to increase FOXP3 expression in cancer cells.
Anisomycin induces FOXP3 expression in various breast cancer
cell lines, resulting in a significantly repressed cell growth in vitro
and in xenograft in vivo [9]. In breast and colon cancer cell lines,
FOXP3 expression is directly regulated by p53. Doxorubicin,
which activates p53, dramatically activates FOXP3 transcription

in vitro [10].
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One of the most difficult challenges in cancer therapy is to restore
the function of inactivated tumor suppressors. Conversly to
autosomal tumor suppressor genes often deleted and/or mutated in
both alleles, mutation of X-linked tumor suppressor genes, such as
FOXP3 are often heterozygous in female cancer cells [11, 12].
Since one allele of an X-linked tumor suppressor gene has not
undergone selection during carcinogenesis, it may be possible to
reactivate the wildtype allele for cancer therapy.

Most importantly, recent data described that FOXP3 expression in
glioma cells is induced by chemotherapeutics like Camptothecin
and Temozolomide and is correlated with increased apoptosis
[13].

These data support our evidence that the loss of FOXP3 drives
tumorigenesis by favoring proliferation and migration of glioma
cells.

Importantly, our study, although basic and fundamental, has a
great potential to make an impact in the treatment of brain

tumours.
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Future Perspectives

A wide screening on genomic DNA derived from patients
belonging to multi-centric and indipendent sets is required to
identify inactivating mutations and or deletions of FOXP3. Once
assessed that the majority of GBM tumors have at least one wt
allele of FOXP3 gene, and given the detrimental effect of FOXP3
expression on tumor cell growth, it would be of great value to
develop a drug or a treatment that can reactivate the FOXP3 gene
in cancer. Interestingly, preliminary data indicate that GBM
neurospheres up-regulate FOXP3 expression in response to
differentiation stimuli, DNA damage and cell stress induced by
retinoic acid, ionizing radiation and anisomycin respectively. In
order to steer this research toward clinical we propose to design an
in vivo and an in vitro model aimed to simulate the standard
radio-chemotherapy commonly used in patients affected by GBM.
We observed that the irradiation of GL261 neurosphere (murine
glioma model) as well as the irradiation of rat 9L gliomas on day
7 after injection of 9L cells, causes a significant increase of
FOXP3 expression with a concomitant strong reduction of nestin
and a relevant expression of differentiation marker as GFAP and
blll-tubulin. Based on these preliminary results the next step
would be to determine the X-ray lethal dose of human GSCs and
verify if radiations cause FOXP3 up-regulation and cell
differentiation. To mimic patient chemotherapy we will treat
GSCs with temozolomide and/or mitoxantrone both inducing
DNA damage or with radiotherapy to study FOXP3 expression
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changes. The use of Vorinostat (SAHA HDAC inhibitor), causing
cell growth arrest and differentiation of human breast and prostate
cancer cells, could be useful to find a relationship between tumor
cell-stress and FOXP3 involvement. Overall we believe that this
information provides an intriguing background for studies
investigating the effects of chemotherapeutic agents and their
relationship with FOXP3 induction.

Part of the contradictory functions of FOXP3 in cancer may also
depend on its subcellular localization that has been poorly
investigated. It is possible that malignant transformation is
associated with a cytoplasmic localization. Recently it has been
reported that apoptotic stimuli themselves induce translocation of
FOXP3 [13]. The shuttle from nucleus to cytosol depends from
complex factors [14]. However the molecular interactions
occuring in the cytoplasm between FOXP3 and others partners
involved in carcinogenesis are still unkown and need to be
investigated.

Therefore, better understanding of FOXP3 expression in normal
and cancer cells may provide new approaches for cancer therapy.
Another hypothesis that could explain FOXP3 downregulation in
GBM is a negative post-transcription regulation of FOXP3 by
MicroRNA. First of all we want to perform a large-scale
expression profiling of miRNAs in GSCs overexpressing FOXP3
to pinpoint new microRNA that could target and negatively
regulate FOXP3. In particular, it would be interesting to study the
role of Mirl55 in GSCs, as this is a known target of FOXP3 in

Treg and is overexpressed in GBM [15, 16]. A recent study in
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breast cancer indicates that FOXP3 induces two miRs, miR-7 and
miR-155, which specifically target the 3’-UTR of SATBI, a
chromatin organizer and transcription factor, also upregulated

during glioma progression [17, 18].

These observations stimulate to investigate FOXP3 down-
regulation as part of an epigenetic signature associated to the

acquisition of stem-like features in glioblastoma.
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