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Abstract

Papillary thyroid carcinoma (PTC) is the most common thyroid malignancy
and the biological behaviour of PTC varies widely from indolent
microcarcinomas, growing slowly with little or no invasion, to invasive
tumours that metastasize and can cause death.

Most human thyroid papillary carcinomas are characterized by rearrangements
of the RET protooncogene with a number of heterologous genes, which
generate the RET/papillary thyroid carcinoma (PTC) oncogenes.

In the various RET/PTC oncoproteins, little is known about the normal role of
the 5’ fusion partners. Some common features such as constitutive expression
and the presence of dimerization domains have been observed for all the RET-
fused genes. The ubiquitously expressed promoters of the 5’-fused sequences
are responsible for the ectopic expression of RET in epithelial thyroid follicular
cells, which do not normally express this protooncogene. Although this
indicates that disruption of the normal regulation of the RET kinase is critical
to the transforming properties, less is known about whether disruption of the
normal function of the 5° partner gene might also have an important role. To
address this point, the identification of the normal physiological function of the
heterologous RET fusion partners is required. Therefore, we have characterized
the product of the first and most frequently observed RET-fused gene,
H4(D10S170).

We conducted a study for functional characterization of H4 gene. Our results
demonstrated that H4 is responsible for the transcriptional repression of
CREBI target genes by a chromatin-dependent mechanism. We demonstrated
in this study that H4 requires histone deacetylase (HDAC) activity to repress
the transcription and the treatment with trichostatin A(TSA), an HDAC
inhibitor, is useful to block the repressor effect of H4. Moreover, H4 associates
with histone deacetylase 1 ( HDAC1) and recruits HDAC1 on CRE site of
CREB1 target genes, in particular AREG (amphiregulin) promoter gene.

The H4-mediated recruitment of HDAC1 increased deacetylation of histones
H3 and contributes to close chromatin structure and to repress promoter
activity.



1. BACKGROUND

1.1 The thyroid gland

The thyroid gland is the largest endocrine organ in humans (Kondo 2006). It is
located in the neck region, on the anterior surface of the trachea, and is formed
by two distinct cell types, the follicular cells (TFC) and the parafollicular or C
cells (De Felice and Di Lauro 2004). The TFC constitute the most numerous
cell population and form the thyroid follicles, spherical structures that store and
release the thyroid hormones (Mauchamp et al. 1998). The C cells are located
between follicles, mostly in a parafollicular position (Figure 1).
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Figure 1 The thyroid gland and the hypothalamic—pituitary axis

In the figure is shown the hypothalamic—pituitary axis with negative feedback by the thyroid
hormones and the general architecture of the thyroid gland with the parafollicular cells
interspersed in small groups among the follicles in the intermediate part of the thyroid lobes.



These two cell types take origine from two different embryological structures:
the thyroid anlage for the TFC and the ultimobranchial bodies for the C cells.
The thyroid anlage is an area enclosing a small group of endodermal cells, and
it is located on the midline of the embryonic mouth cavity in its posterior part.
The ultimobranchial bodies are a pair of transient embryonic structures derived
from the fourth pharyngeal pouch and located symmetrically on the sides of the
developing neck: C cell precursors migrate from the neural crest (Le Douarin
et al. 1974) in these structures (Fontaine J 1979). The cells of the thyroid
anlage and the ultimobranchial bodies migrate from their respective sites of
origin and ultimately merge in the definitive thyroid gland. Once merged, the
thyroid anlage and the ultimobranchial bodies disappear and their cells disperse
in the adult thyroid gland. At this point the cells from the anlage continue to
organize the thyroid follicles, whereas the C cells scatter within the
interfollicular space. Interestingly, in some animals, the ultimobranchial
structures remain distinct from the rest of the thyroid gland (Gorbman A 1986).
In the adult human, the gland has a butterfly shape and has a weight 15-25 g. It
is comprised of aggregates (lobules) of spherical follicles that are filled with
colloid. The follicles range in size from 50-500 um and are lined by cuboidal-
to-flat follicular epithelial cells. The main functions of the thyroid gland are
synthesis, storage and secretion of thyroid hormones, L-triiodothyronine (T3)
and L-thyroxine (T4) (Kondo et al. 2006). This mechanism is under the control
of the hypothalamic-pituitary axis with negative feedback by the thyroid
hormones: thyrotropin releasing hormone (TRH), secreted from the
hypothalamus, stimulates the release of thyroid-stimulating hormone (TSH)
from the anterior pituitary gland. TSH, then, stimulates the follicular cells to
synthesize and secrete thyroid hormones. Disruption of thyroid hormone
homeostasis results in hypothyroidism, goiter and in childhood cretinism
(Kondo et al. 2006).

The parafollicular C-cells secrete calcitonin, which is important for the bone
formation. Its secretion is stimulated by elevate calcium concentration in the
serum (Lin et al. 1991; Nicholson et al. 1986).

1.2 Thyroid follicular cell carcinomas

Malignant tumors of the thyroid gland comprise a heterogeneous group of
neoplasms with distinctive clinical and pathological characteristics.
Approximately 90% of these tumors are derived from follicular cells while the
remainders originate from the calcitonin-producing C-cells or from other cell
types.

Follicular-cell-derived carcinomas are broadly divided into well-differentiated,
poorly differentiated and undifferentiated types on the basis of histological and
clinical parameters (Table 1). Well-differentiated thyroid carcinoma includes
papillary and follicular types. Although initially defined by architectural
criteria, the histological diagnosis of papillary carcinoma rests on a number of
nuclear features that predict the propensity for metastasis to local lymph nodes.
The diagnosis of this most frequent type of thyroid malignancy (85-90% of
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thyroid malignancies) has been increasing, possibly owing to the changing
recognition of nuclear morphological criteria. On the other hand, follicular
thyroid carcinoma is characterized by haematogenous spread, and the
frequency of its diagnosis has been decreasing (LiVolsi 1994). Most well-
differentiated thyroid cancers behave in an indolent manner and have an
excellent prognosis.

By contrast, undifferentiated or anaplastic thyroid carcinoma is a highly
aggressive and lethal tumour (World Health Organization Classification of
Tumors, Kebebew 2005). The presentation is dramatic, with a rapidly
enlarging neck mass that invades adjacent tissues. There is currently no
effective treatment and death usually occurs within 1 year of diagnosis. Poorly
differentiated thyroid carcinomas are morphologically and behaviourally
intermediate between well-differentiated and undifferentiated thyroid
carcinomas (Carcangiu 1984, Rodriguez 1998) (Table 1) and pursue an
aggressive course with mean 5 year survivals in the range of 50%. Medullary
carcinomas, which originate from the intrathyroidal C-cells, comprise
approximately 10% of primary thyroid tumors and have 5 and 10-years
survivals of approximately 80% and 70%, respectively.

Tumour type Prevalence Sexratio Age Lymph- Distant Survival rate
(female: (years) nede metastasis (3 year)
male) metastasis

Papillarythyroid  85-90% 2:1-4:1 20-50  <50% 1% >00%

CaAlrCInXTic

Follicular thyrold — <10% 21-3:1 060  <5% 20% =00%

carcinpma

Poonly rare—% 04:1-2.1: 1 50-60  30-80% 30-80% 50%

differentiated

thyroid

carcinpma

Undiffereraiated % 15:1 60-80 40% 20-50% 1-17%

thyroid

carcinpma

Medullary thyroid 3% id-1.2:1 30-60 50% 5% &D%

carcinema

Mixsel medullary — rare
and follizular-cell
carcinpma

Table 1 | Clinico-pathological features of thyroid cancer
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The theory of sequential progression of well-differentiated thyroid carcinoma
through the spectrum of poorly differentiated to undifferentiated thyroid
carcinoma (Figure 2) is supported by the presence of pre- or co-existing well-
differentiated thyroid carcinoma with less differentiated types, and the
common core of genetic loci with identical allelic imbalances in co-existing
well-differentiated components (Van der Laan 1993, Hunt 2003).

Risk factors, such as exposure to radiation, induce genomic instability through
direct and indirect mechanisms, resulting in early genetic alterations that
involve the mitogen-activated protein kinase (MAPK) signalling pathway.
Oncogenic activation of MAPK signalling further increases genomic
instability, leading to later genetic alterations that involve other signalling
pathways, cell-cycle regulators and various adhesion molecules. Accelerating
the interactions between genomic instability and genetic alterations promotes
progression from well-differentiated to undifferentiated thyroid carcinoma. On
the basis of clinical, histological and molecular observations, three distinct
pathways are proposed for neoplastic proliferation of thyroid follicular cells,
including hyper-functioning follicular thyroid adenoma (tumours that are
almost always benign lesions without a propensity for progression), follicular
thyroid carcinoma and papillary thyroid carcinoma. In papillary thyroid
carcinoma (PTC), genetic events involve RET and TRK (rearrangements) (
Pierotti and Greco 2006) and BRAF(Xing 2005) and RAS (Suarez et al. 1990)
(mutations), although RAS mutations are uncommon except in the follicular
variant of PTC. These genetic alterations, which rarely overlap in the same
tumor, result in signalling abnormalities in the mitogen activated protein kinase
pathway. In contrast, genetic alterations in follicular carcinomas include
PAXS8-PPARYy translocations ( Kroll et al. 2000) and RAS mutations, while
mutations of PI3KCA and p53 have been implicated in the development and
progression of poorly differentiated and undifferentiated (anaplastic) thyroid
carcinomas ( Donghi et al. 1993, Fagin et al. 1993). Germline mutations of
RET are responsible for the development of heritable forms of medullary
thyroid carcinoma (MTC) while somatic mutations of this gene are found in a
significant proportion of sporadic MTCs ( Figure 2).
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Multi-step tumorigenesis in thyroid carcinomas of follicular origin
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Figure 2 Model of multi-step carcinogenesis of thyroid neoplasms.

On the basis of clinical, histological and molecular observations, three distinct pathways are
proposed for neoplastic proliferation of thyroid follicular cells, including hyper-functioning
follicular thyroid adenoma (tumours that are almost always benign lesions without a propensity
for progression), follicular thyroid carcinoma and papillary thyroid carcinoma. Genetic defects
that result in activation of RET or BRAF represent early, frequent initiating events that can be
associated with radiation exposure. Most poorly differentiated and undifferentiated thyroid
carcinomas are considered to derive from pre-existing well-differentiated thyroid carcinoma
through additional genetic events, including p53 inactivation, but de novo occurrence might
also occur.

1.3 Papillary thyroid carcinoma (PTC)

Papillary thyroid carcinoma (PTC) is currently defined as a malignant
epithelial tumor that shows evidence of follicular cell differentiation and that is
characterized by a set of distinctive nuclear features (LiVolsi 2004). In most
series, these tumors comprise approximately 90% of all thyroid cancers.
Although thyroid tumors are uncommon in childhood, PTCs represent the most
common pediatric thyroid malignancy.
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Incidence:

Most PTCs in adults occur in patients between 20 and 50 years of age with a
female to male ratio of 4-5:1. The incidence of thyroid cancer has increased
from 3.6 to 8.7 per 100,000 between 1973 and 2000 primarily due to the
increased detection of small (subclinical) papillary carcinomas (Davies 2006).

The diagnostic features of PTC:

The diagnostic features of PTC include nuclear enlargement and irregularity,
overlapping, clearing (ground glass or Orphan Annie appearance), grooves,
and pseudoinclusions ( LiVolsi 2004). Conventional PTCs are characterized by
a complex branching architecture in which the surfaces of the papillary cores
are covered by neoplastic cells. Varying degrees of squamous metaplasia are
common and many tumours also contain follicular structures with nuclear
features that are identical to those present in the papillary components.
Psammoma bodies are present in approximately 50% of cases and occur
typically within the stroma or lymphatic channels. Intratumoural fibrosis and
lymphocytic infiltrates are also common features of these tumours.

Variants of PTC:

Numerous variants of PTC are recognized (De Lellis 2006). One of the most
common and most diagnostically challenging is the follicular variant. These
tumors may be encapsulated or non-encapsulated and are composed almost
exclusively of follicles having the characteristic nuclear features of PTC. Inter-
observation variation in the diagnosis of these tumors, particularly the
encapsulated type, is high since the nuclear features may be focal or poorly
developed (Lloyd 2004). Lymph node metastases are less common in the
follicular variant than in conventional PTCs. Microfollicular, oncocytic,
Warthin-like, and clear cell variants have a prognosis that is similar to
conventional PTCs (Table II).

The solid variant comprises approximately 8% of sporadic PTCs and is
relatively common in children following radiation exposure. This variant is
associated with a slightly higher frequency of distant metastases and a
somewhat less favorable prognosis than conventional PTC (Nikiforov Y 2002,
Nikiforov YE 2001). The diffuse sclerosing variant is more common in
children than adults with a higher frequency of pulmonary metastases than
conventional PTCs although overall survivals do not differ significantly. Both
tall cell and columnar cell variants are thought to have a worse prognosis than
conventional PTCs; however, stage and grade may be more important than
histological subtypes (Asklen 2000). The prognosis of PTCs with poorly
differentiated, undifferentiated, or squamous carcinoma components depends
on the proportion of the non-PTC component.

The term papillary ‘‘microcarcinoma’’ is reserved for those tumors measuring
less than 1 cm in diameter. Although most of these tumors have follicular or
papillary architectural features, any of the variants may measure less than 1
cm. Papillary microcarcinomas are extremely common, occurring in up to 30%
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of autopsies and in up to 24% of surgical thyroidectomies performed for
disorders unrelated to PTC (Fink1996

TABLE II. Papillary Thyroid Carcinoma (PTC) Variants
Follicular

Macrofollicular

Oncocytic

Warthin-like

Clear cell

Diffuse sclerosing

PTC with fasciitis-like stroma

Solid

Tall cell

Columnar cell

PTC with minor poorly differentiated component
PTC with undifferentiated carcinoma

PTC with squamous cell component

Combined PTC and medullary carcinoma
Cribriform carcinomaa

Risk factors
Radiation exposure, iodine intake, lymphocytic thyroiditis, hormonal factors
and family history are putative risk factors for thyroid carcinoma.

Radiation exposure as a consequence of nuclear fallout is associated with
papillary carcinoma. After the Chernobyl disaster, the effects of radiation
exposure were most pronounced in children. It is not clear if this is because the
thyroid is more susceptible to radiation damage in childhood, whether it is a
reflection of the fact that children drank more contaminated milk, increasing
their exposure to radioactive iodine, or both (Williams 2002). The predilection
to radiation-induced injury seems to be closely linked to chromosomal
rearrangement as opposed to intragenic point mutation as a mode of aberrant
gene activation (Ciampi 2005).

lIodine is required for thyroid hormone organification. Papillary carcinoma is
the most frequent type of thyroid cancer in iodine-sufficient regions (Delellis
2004, Harach 2002). Interestingly, in animal models, iodine supplementation
causes experimental thyroid cancers to change from follicular to papillary
morphology

Lymphocytic infiltration is frequently observed in papillary carcinoma,
indicating that immunological factors might be involved in tumour
progression. Recent molecular analyses indicate that chronic lymphocytic
thyroiditis harbours potential precursor lesions of malignancy (Gasbarri 2004,
Prased 2004).

Most well-differentiated thyroid carcinomas manifest in patients who are 20—
50 years of age, and the disease is 2-4 times more frequent in females than in
males
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(De Lellis 2004). These sex and age distributions of incidence indicate that
female hormones might regulate thyroid carcinogenesis..

There is also a genetic component to thyroid follicular-cell-derived carcinoma,
several susceptibility gene loci have been identified in other familial tumour
syndromes that predispose to papillary carcinoma associated with papillary
renal-cell carcinoma (1g21), clear-cell renal-cell carcinoma
(3:8)(p14.2;g24.1)), and multinodular goitre (19p13.2) (De Lellis 2004,Eng
2000).

A variety of different genetic alterations, including rearrangements and point
mutations have been implicated in the development of PTC. Targets of these
genetic events include RET and TRK (rearrangements) and BRAF and RAS
(point mutations). In general, rearrangements have been linked with radiation
exposure while the origin of point mutations has remained unknown.

Chromosomic Rearrangement in PTC

TRK

The neurotrophic receptor-tyrosine kinase (NTRK1) gene is located on
chromosome 1g22, and encodes the receptor for nerve growth factor. Similar to
RET, NTRK1 undergoes oncogenic activation by chromosomal rearrangement
(Greco 2004). NTRKI1 rearrangements are considerably less frequently found
in PTCs than are RET rearrangements (Bongarzone 1998).The prevalence of
NTRK rearrangements is approximately 3% in post-Chernobyl PTCs (Rabes
2000).

RET

The RET protooncogene, which is located on chromosome 10q11.2 was first
identified in 1985 (Takahashi 1985). It encodes a tyrosine receptor protein
consisting of an extracellular domain with a ligand binding site, a
transmembrane domain and an intracellular tyrosine kinase domain. RET is
activated by interaction with a multicomponent complex that includes a soluble
ligand family, the glial cell line-derived neurotrotrophic factors (GDNFs), and
also a family of cell surface bound co-receptors, the GDNF family receptors a
(GFR o) (Li Volsi 2004). Ligand binding results in receptor dimerization
leading to autophosphorylation of the protein on tyrosine residues and
initiation of the signaling cascade. RET plays a critical role in the development
and maturation of peripheral nerves, neuronal survival in the enteric plexus and
in renal morphogenesis. The PTC oncogene was discovered on the basis of its
ability to transform NIH3T3 cells (Fusco 1987, Grieco 1990). Subsequent
studies demonstrated that PTC was a novel form of RET (RET/PTC) resulting
from rearrangement of the 3” region of RET (which encodes the tyrosine
kinase domain) and the 5’ region of several genes that are expressed in normal
follicular cells (Fusco 1987, Nikiforov 2002). The most common rearranged
forms of RET are RET/PTC1 and RET/PTC3, resulting from paracentric
inversions of the long arm of chromosomel0, and RET/PTC2, resulting from a
10/17 reciprocal translocation involving R1a on17g23. More than 10 additional
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types of RET rearrangements, occurring primarily in radiation-induced tumors,
have been described but their frequencies are low (Nikiforov 2002). The role of
RET/PTC in the development of PTC has been demonstrated convincingly in
transgenic mice with targeted overexpression of RET/PTC1 and RET/PTC3.
These animals develop tumors that are similar in many aspects to human PTCs
(Santoro 1996). Additionally, Fischer and coworkers (Fischer 1998) have
duplicated many of the nuclear characteristics of PTC in cultured follicular
cells transfected with RET/PTC1. The frequency of RET rearrangements varies
widely according to the methods of detection and to geographic/environmental
factors (Nikiforov 2002, Tallini 2001). The frequency of rearrangements in the
adult population in the U.S. is approximately 30-40%. In recent studies, RET
rearrangements have emerged as the second most common genetic abnormality
found in PTCs. RET/PTC1 and RET/PTC3 account for 60-70% and 20-30%
of cases, respectively, while RET/PTC2 has been implicated in
approximately10% of cases. RET rearrangements are particularly common in
tumors from pediatric patients (50-60%) and in patients exposed to
accidental/therapeutic radiation during childhood (60-70%). Recent studies
have suggested that spatial contiguity of RET and H4 may provide a structural
basis for the generation of RET/PTC1 rearrangements by allowing a single
radiation tract to produce a double strand break in each gene at the same site in
the nucleus (Nikiforva 2000).

The RET/PTC1 rearrangement is more common in classic PTCs, papillary
microcarcinomas, and the diffuse sclerosing variant than in other subtypes.
RET/PTC3, on the other hand, has been associated with the solid variant. The
overall prevalence of RET/PTC rearrangements appears to be lower in the
follicular variant of PTC than in PTCs of classic type (Sobrinho-Simoes 2005,
Nikiforov 2002, Andeniran 2006).

Genetic alterations in PTC

BRAF

The RAF proteins are serine/threonine protein kinases that play critical roles in
cell proliferation, differentiation, and apoptosis by signaling along the mitogen-
activated protein kinase pathway (MAPK) (Davies 2002, Rajagopalan 2002).
Mammalian cells express three isoforms of RAF threonine kinase thathave
been designated ARAF, BRAF, and CRAF. BRAF is expressed at highest
levels in hematopoietic cells, neurons, and testis, and is the predominant
isoform in thyroid follicular cells. Among the isoforms of RAF kinase, BRAF
appears to be the most potent activator of the MAPK pathway. BRAF
mutations have been identified in approximately two-thirds of malignant
melanomas and in a smaller proportion of colorectal and ovarian carcinomas
(Davies 2002). The most common mutation results in a thymidine to adenine
transversion at nucleotide position 1799 (originally thought to be 1796) with a
valine to glutamate substitution at residue 600 (V600E). An identical mutation
was initially found in 29% of papillary carcinomas but subsequent studies have
demonstrated the mutation in 40-70% of the tumors (Kimura 2003,Cohen
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2003, Xu 2003, Soares 2004, Fukushima 2003, Trovisco 2004, Trovisco
2006,Ciampi 2005). There is no evidence of BRAF mutation in benign or
malignant follicular tumors, including oncocytic variants. BRAF mutations
have been associated with conventional PTC, tall cell subtypes, oncocytic PTC,
and microcarcinomas but only uncommonly with the follicular variant (Xing
2005). Trovisco reported BRAF (V600E) mutations in a series of uncommon
PTC variants, including the Warthin-like (75%) and oncocytic (54%) variants.
A different type of BRAF mutation (K601E) has been detected in a single case
of follicular adenoma and in 4 of 54 (7%) cases of the follicular variant of PTC
(Trovisco 2005).There is a substantial body of data to indicate that BRAF
mutational status is a significant predictor of poor clinical outcome. In the
study of Xing and coworkers involving 219 patients with PTC, there was a
significant association with extrathyroidal invasion (P<0.001), lymph node
metastasis (P<0.001), and advanced tumor stage III/IV (P<0.001) at initial
surgery (Xing 2005). BRAF mutations have also emerged as independent
predictors of recurrence in patients with stage I/II disease (P1/40.002).These
findings indicate that BRAF mutation may be a useful molecular marker to
assist in risk stratification for patients. Approximately 15% of poorly
differentiated thyroid carcinomas and a significantly higher proportion of
undifferentiated/anaplastic carcinomas harbor BRALI mutations (Nikiforova
2003, Soares 2004). Moreover, BRAF mutations occur more commonly in
undifferentiated or anaplastic carcinomas with a papillary component than in
those without a concurrent papillary component. These findings suggest that
undifferentiated or anaplastic thyroid carcinomas may progress from BRAF-
positive papillary tumors. This hypothesis is strengthened by observations that
targeted expression of BRAF60OE in thyroid cells of transgenic mice results in
the development of papillary carcinomas that undergo dedifferentiation (Knauf
2005). BRAF mutations are uncommon in radiation-induced PTCs; however,
Ciampi and coworkers have reported arcarrangement via paracentric inversion
of chromosome7q resulting in AKAP9-BRAF fusion (Ciampi 2005). The
AKAPY was found in 3 of 28 (11%) tumors that developed 5-6 years after
radiation exposure from the Chernobyl accident but in none of 64 that
developed 9-12 years after exposure.

RAS

Members of the RAS family are signal-transducing proteins that share
properties with the G-proteins. While point mutations in H-RAS, K-RAS, and
N-RAS have been described in many tumor types, they are uncommon in
papillary carcinomas of conventional type with an overall frequency of less
than 10% (Namba 1990,Capella 1996). In contrast, the frequency of mutations
in the follicular variant of PTC is high. Adeniran and coworkers reported that
14 of 14 follicular variants of PTC (FVPTC) had RAS mutations with 10
involving N-ras (codon 61) and 4 involving H-ras (codon 61), (Andeniran
2006). In a comparison of FVPTC and conventional PTC, Di Cristofaro and
coworkers demonstrated RAS mutations in 6/24 (25%) of cases of FVPTC but
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in no cases of conventional PTC (Di Cristofaro 2006). BRAF mutations and
RET rearrangements were found in 1/13 (7.6%) and 5/12 (41.7%),
respectively, in FVPTC. Corresponding values for BRAF and RET
rearrangements were 3/10 (30%) and 5/11 (45%) in conventional PTCs. Based
on these findings, the authors concluded that RAS mutations correlated with
follicular differentiation while RET activation was associated with papillary
nuclei but not with papillary architecture. The genotype of FVPTC, therefore,
is closer to that of follicular adenomas and carcinomas than to conventional
PTC. These findings suggest that the FVPTC may occupy an intermediate
position between follicular tumors and classic PTC.

1.4 Transcription factor cAMP response element-binding protein CREB
The cAMP response element-binding protein (CREB) was identified almost 20
years ago. Since then, CREB has become one of the most extensively studied
transcription factors. This protein belongs to a class characterized by the ability
to bind to the consensus sequence TGACGTCA(CRE) (Josselyn SA 2005,
Carlezon WA 2005, Dolmetsch RE 2001) and contain a leucine zipper
responsible for DNA binding (basic region) and for dimerization (leucine
zipper region) of the proteins. CREB can form homodimers or heterodimers
with other members of the ATF family, including ATF1 and CREM. However,
heterodimerization of CREB with other members of the ATF family decreases
its stability and CRE (cAMP Responsive Element) binding affinity
(Johannessen M 2004). The cAMP/CREB signaling pathway has been strongly
implicated in the regulation of a wide range of biological functions such as
growth factor-dependent cell proliferation and survival, glucose homeostasis,
spermatogenesis, circadian rhythms and the synaptic plasticity. The richness of
CREB signaling is greatly increased by its responsiveness to multiple
intracellular signal transduction cascades and the potential for this family of
transcription factors to induce and suppress gene expression.

It is well known that numerous signals, not only the cAMP signal, but also
Ca2+, cellular stresses and cell cycle systems, regulate CREB activity in a
phosphorylation-dependent manner. The crucial event in the activation of
CREB is the phosphorylation of Ser133 in KID (Kinase-Inducible Domain).
This domain includes several consensus phosphorylation sites for a variety of
kinases like PKA (Protein Kinase-A), PKC (Protein Kinase-C), CSNK (Casein
Kinases), CaMKs (Calmodulin Kinases), GSK3 (Glycogen Synthase Kinase-3)
and p70S6K that can either increase or decrease the activity of CREB. Ser133
phosphorylation of CREB can be caused by electrical activity, growth factors,
Neurotransmitter or Hormone action on GPCR (G-Protein-Coupled Receptors),
or by Neurotrophin effects on RTKs (Receptor Tyrosine Kinases) (Mayr B
2001). Upon stimulation of cellular GPCR (G-Protein-Coupled Receptors) and
Growth Factor Receptors, AC (Adenylate Cyclase) is activated by G-proteins
leading to increases in CAMP. This in turn activates PKA by dissociating the
regulatory (PKAR) from the catalytic (PKAC) subunits. In the basal state, PKA
resides in the cytoplasm as an inactive heterotetramer of paired regulatory and
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catalytic subunits. Induction of cAMP liberates the catalytic subunits, this
translocate to the nucleus, where phosphorilates CREB at SER 133 and lead to
the recruits the transcriptional coactivators CBP (CREB Binding Protein) and
p300. CBP/p300 stimulates gene expression by interacting with components of
the general transcriptional machinery or by promoting the acetylation of
specific lysine residues in nucleosomes located near transcriptionally active
promoters thus creating access to the gene for the basal transcriptional
machinery. The basal transcriptional machinery includes TBP (TATA-binding
protein), TFIIB (Transcription Factor-1I-B),and RNA Pol II (RNA Polymerase-
I (Mayr 2001). The accumulation of CAMP in response to activation of
GPCR also induces PLC-Gamma (Phospholipase-C-Gamma) that catalyzes
the formation of DAG (Diacylglycerol), a PKC activator through PI
(Phosphatidylinositols). PI3K (Phosphoinositide-3kinase) is responsible for
activation of Akt/PKB (Protein Kinase-B) which directly or indirectly affects
CREB (Figure 3).
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Figure 3 CREB Pathway
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Regulated activation of CREB has a significant impact on cellular growth,
proliferation and survival. To overturn the cellular control of these processes,
tumor cells have developed various mechanisms to achieve constitutive
activation of CREB, including gene amplification, chromosome translocation,
interaction with viral oncoproteins, and inactivation of tumor suppressor genes.
These mechanisms converge on the phosphorylation of CREB at Ser 133
promoting its association with CREB-binding protein CBP or its paralogue
p300 and inducing trascriptional activation. The characterization of putative
cofactors that modulate complex formation in a stimulus-dependent manner
should provide new insights into cancer process.

1.5 H4

In the various RET/PTC oncoproteins, little is known about the normal role of
the 5’ fusion partners. Some common features such as constitutive expression
and the presence of dimerization domains have been observed for all the RET-
fused genes identified so far. The ubiquitously expressed promoters of the 50 -
fused sequences are responsible for the ectopic expression of RET in epithelial
thyroid follicular cells, which do not normally express this protooncogene.
Although this indicates that disruption of the normal regulation of the RET
kinase is critical to the transforming properties, less is known about whether
disruption of the normal function of the 5’ partner genes might also have an
important role. To address this point, the identification of the normal
physiological function of the heterologous RET fusion partners is required.
Therefore, we have characterized the product of the first and most frequently
observed RET-fused gene, H4(D10S170).

H4(D10S170) gene product is an ubiquitously expressed 55 kDa nuclear and
cytosolic protein, phosphorylated by extracellular signal-regulated protein
kinase following serum stimulation with no significant homology to known
genes (Grieco et al., 1994; Celetti et al., 2004).

The 60 amino acid fragment of the H4 coiled-coil domain included in the
RET/PTCT product has been shown to be necessary for homo-dimerization,
constitutive activation and transforming ability of the oncoprotein (Tong et al.,
1997; Jhiang, 2000). New rearrangements involving H4(D10S170) gene have
been reported (Kulkarni et al., 2000; Schwaller et al., 2001; Puxeddu et al.,
2005), suggesting that H4 gene has high susceptibility for recombination.

Even though the function of H4(D10S170) wild type (wt) has not been
clarified, Celetti et al. reported the involvement of this gene in apoptosis and
the ability of its truncated mutant H4(1-101), which corresponds to the portion
of H4 included in RET/PTCI1, to act as dominant negative on the wt
H4(D10S170)-induced apoptosis (Celetti et al., 2004). The 90% papillary
thyroid tumours, that harbours the RET/PTC1 rearrangement, has lost the
expression of the normal unrearranged H4(D10S170) allele. Thus, it is possible
that the transforming potential of RET/PTC1 is not limited to the RET tyrosine
kinase activation, but it may also involve the disruption of the H4 function.
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Merolla et al. demonstrated the potential role of H4 in DNA damage signalling
pathways ( Merolla 2007). The most important process for the survival of a cell
following ionizing radiations is the repair of DNA double-strand breaks
(DSBs) (Leskov et al., 2001). The product of the ataxia telangectasia mutated
(ATM) gene, a major regulator of cellular responses to DNA damage, plays an
essential role in maintaining genome stability (Kastan and Lim, 2000;
Bakkenist and Kastan, 2003; Shiloh, 2003; Lee and Paull, 2004).

Merolla et al. (2007) show that H4(D10S170) protein is phosphorylated by
ATM kinase after etoposide treatment or ionizing irradiation exposure and
provide the first evidence of a functional relationship between H4(D10S170)
gene product and ATM kinase. They suggest that H4 (D10S170) is involved in
cellular response to DNA damage ATM-mediated, and the impairment of H4
(D10S170) gene function might have a role in thyroid carcinogenesis.
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2. Aims of the study

Papillary thyroid carcinoma (PTC) is the most common thyroid malignancy
and the biological behaviour of PTC varies widely from indolent
microcarcinomas, growing slowly with little or no invasion, to invasive
tumours that metastasize and can cause death.

Most human thyroid papillary carcinomas are characterized by rearrangements
of the RET protooncogene with a number of heterologous genes, which
generate the RET/papillary thyroid carcinoma (PTC) oncogenes.

RET/PTC rearrangements are specific for thyroid carcinomas of papillary
histotype and are considered early events in the tumorigenesis process because
they are frequently found in clinically silent small PTCs (Viglietto et al.,
1995).

In the various RET/PTC oncoproteins, little is known about the normal role of
the 5’ fusion partners. Some common features such as constitutive expression
and the presence of dimerization domains have been observed for all the RET-
fused genes identified so far. The ubiquitously expressed promoters of the 5’ -
fused sequences are responsible for the ectopic expression of RET in epithelial
thyroid follicular cells, which do not normally express this protooncogene.
Although this indicates that disruption of the normal regulation of the RET
kinase is critical to the transforming properties, less is known about whether
disruption of the normal function of the 5’ partner gene might also have an
important role. To address this point, the identification of the normal
physiological function of the heterologous RET fusion partners is required.
Therefore, we have characterized the product of the first and most frequently
observed RET-fused gene, H4(D10S170). The 90% papillary thyroid tumours,
that harbours the RET/PTC1 rearrangement, has lost the expression of the
normal unrearranged H4 (D10S170) allele. The loss of the normal allele of this
gene might result in growth advantage in tumour progression.

We used functional proteomics approach to elucidate biological function of
H4.

The association of an unknown protein with partners belonging to a specific
protein complex involved in a particular process would in fact be strongly
suggestive of its biological function (Gavin 2002, Ho 2002). The proteomics
approach showed some proteins interacting with H4.

Among them, we selected the CREB1 protein because of its relevance in
thyroid tumour biology; in fact thyroid cells are dependent on TSH for growth
and differentiation (Kimura 2001). TSH activates its specific receptor in
thyroid cells and induces cAMP pathway.

Regulated activation of CREB has a significant impact on cellular growth,
proliferation and survival. To overturn the cellular control of these processes,
tumor cells have developed various mechanisms to achieve constitutive
activation of CREB, including gene amplification, chromosome translocation,
interaction with viral oncoproteins, and inactivation of tumor suppressor genes.
These mechanisms converge on the phosphorylation of CREB at Ser 133
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promoting its association with CREB-binding protein CBP or its paralogue
p300 and inducing trascriptional activation. The characterization of putative
cofactors that modulate complex formation in a stimulus-dependent manner
should provide new insights into cancer process. Thus, once demonstrated the
interaction between H4 and CREB1, we proceeded in investigating the
functional consequences of this interaction,
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3. Materials and Methods

3.1 Cell cultures and treatments and trasfection.

Hela and TPC1 cells were maintained respectively in RPMI and in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% foetal calf serum
(GIBCO-BRL, Life Technologies, Gaithersburg, Maryland, United States of
America), 10 mM glutamine (Gibco BRL), 100 pg of ampicillin/ml, and 32 pg
of gentamicin/ml (Sigma Chemical Co). Cells were grown at 37°C in a
humidified CO2 atmosphere.

TSA (Sigma) was dissolved in ethanol and added to the culture medium at 300
nM. A corresponding volume of ethanol was added to control untreated cells.
TSA treatments were performed for 24 h after transfection.

Hela cells were transfected with plasmids by Fugene reagent (Roche).

TPC1 cells were transfected with plasmids by Arrestin (OpenBiosystem), as
suggested by the manufacturer.

3.2 Expression constructs

The expression plasmid H4W'T was constructed by inserting in the BamH]1-
Xhol sites of pcDNA4ToA/myc-his (Invitrogen) the PCR fragment
corresponding to the entire coding sequence ( nt1-1791).

The expression plasmid CREB1 is pPCMVSPORT6 CREB1 (Invitrogen).

The pGST-H4 wt costruct was obtained amplifying by polymerase chain
reaction (PCR) the entire coding sequence ( nt1-1791) and then subcloned in
the BamHI1-EcoR1 restriction sites of pGEX2TK (Amersham, Pharmacia
Biotech, Buckinghamshire,UK).

3.3 Transactivation assay.

In the luciferase transactivation assay Hel.a cells were transiently transfected
with the reporter construct in which the luciferase gene was driven by a
fragment containing three sites CRE and normalized with the use of a co-
transfected Renilla construct (kindly provided by Fanciulli). Cotransfections
were carried out in the presence of 200 ng of reporter CRE Luc construct and
500 ng of Renilla construct and of 2ug of pSPORT6CMV-CREBI,
pcDNA4ToA, pcDNAMyc-His-tagged-H4, or pPSPORT6CMV-CREB1 with or
without the indicated amounts of pcDNA4TOA-H4 constructs. Luciferase and
Renilla activities were measured with the dual-luciferase reporter assay kit
(Promega) and normalized to the wild-type promoter activity detected in mock-
transfected (pcDNA4ToA) or untreated cells.

3.4 In vitro proteins translation and pull down assay.

GST fusion proteins were produced in Escherichia coli BL21 cells. Stationary
phase cultures of E. coli cells transformed with the plasmid of interest were
diluted 5400 ml in LB with ampicillin (100 mg/ml), grown at 30°C to an OD
600 of 0.6 and induced with 0.1mM IPTG. After an additional 2 h at 30°C, the
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cultures were harvested and resuspended in 10 ml of cold PBS (140 mM Na(Cl,
20mM sodium phosphate (pH 7.4)), ImM phenylmethylsulfonyl fluoride
(PMSF) and protease inhibitors (Boehringer). The cells were broken by French
Press. For the GST proteins, the supernatant was then incubated at 4°C for 1 h
with 250 ml of glutathione-Sepharose beads (Amersham Pharmacia Biotech).
The resin was washed with PBS and protease inhibitors. The recombinant
proteins were eluted with a buffer containing PBS, 10mM reduced glutathione,
and 10% (v/v) glycerol. The recombinant proteins were subjected to in vitro
protein—protein binding. The proteins were incubated with total cellular
extracts (TCEs) in NETN buffer (20mM Tris-HCIL, pH 8.0, 100mM NaCl,
1mM EDTA, and 0.5% Nonidet P-40) for 1 h at 4°C. The resins were then
extensively washed in the same buffer. The bound proteins were separated by
SDS-PAGE, and analysed by Western blotting.

3.5 Total protein extracts , Western blotting, and immunoprecipitation
assay

Cells were washed twice in phosphate-buffered saline and lysed in lysis buffer
(50mM Tris Hcl pH 7.5, SmM EDTA, 300mM NaCl, 150mM KCI, 1mM
dithiothreitol, 1% Nonidet P40, and a mix of protease inhibitors) for 10
minutes in

ice Lysates from adherent cells were obtained by centrifuging cells at 12,000 g
for 15 min at 4°C. The supernatants were collected and protein concentration
in cell

lysates was determined by Bio-Rad Protein Assay (Bio-Rad, Richmond,CA)
Western blotting

Protein extracts and immunoprecipitated pellets were separated by SDS-
PAGE, and then transferred onto Immobilon-P Transfer membranes
(Millipore) Membranes were blocked with 5% non-fat milk proteins and
incubated with Abs at the appropriate dilutions. The filters were incubated with
horseradish peroxidase-conjugated secondary Abs and the signals were
detected with ECLWestern blotting procedure were carried out as reported
elsewhere (16). To ascertain that equal amounts of protein were loaded, the
western blots were incubated with antibodies against the «-tubulin protein
(Sigma). Membranes were then incubated with the horseradish peroxidase-
conjugated secondary antibody (1:3000) for 60 min (at room temperature) and
the reaction was detected with a western blotting detection system (ECL) (GE
Healthcare).

Immunoprecipitation assay

For co-immunoprecipitation experiments, TCE were incubated with protein A-
sepharose or G sepharose beads (Amersham) for 1 h at 4 C, then samples were
centrifugated to 2000 rpm to eliminate beads and incubated overnight with Abs
and then supplemented with protein A-sepharose or G sepharose beads
(Amersham). After 1 h, the beads were collecte and washed five times with
lysis buffer, and boiled in Laemmli sample buffer for immunoblotting analysis.
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Protein extracts and immunoprecipitated pellets were separated by SDS-PAGE,
and then transferred onto

Immobilon-P Transfer membranes (Millipore) Membranes were blocked with
5% non-fat milk proteins and incubated with Abs at the appropriate dilutions.
The filters were incubated with horseradish peroxidase-conjugated secondary
Abs, and

the signals were detected with ECL.. The Abs used for immunoprecipitation
and for western blot were:

home made anti-H4 are polyclonal Ab raised against a synthetic peptide
located in Proline-rich region; antiHDAC1(06720) (Upstate Biotecnology) ;
anti-cyclin D3 C-16, and anti-cyclin B1 GNS1, anti-cyclin E HE12, anti-cyclin
A sc751, anti-cdc2 M2, antiCrebl, anti-CDK4 C22, antiMyc(E910) , anti-
ATF1, anti-ATF2 , anti-ATF3, antiCREM, anti-CREB2 (Santa Cruz
Biotechnology Inc.); and anti-cdc2 Ab-1 (Calbiochem) anti pCREB ( Cell
Signaling). Anti tubulin (Santa Cruz Biotechnology) was used to equalize the
amount of proteins loaded. Bound antibodies were detected by the appropriate
secondary antibodies and revealed with the Amersham enhanced
chemiluminescence system.

3.6 Nuclear extracts preparation.

Cells were washed twice in phosphate-buffered saline and resuspended in 3
volumes of a solution containing 10 mM HEPES pH 7.9, 10 mM KCI, 1.5 mM
MgCl12, 0.1 mM EGTA, 0.5 mM DTT (homogenization solution). The cells
were disrupted by passage through a 26-gauge needle. Nuclei were collected
by centrifugation at 1500 r.p.m. and resuspended in a 1.2-volume of extraction
solution containing 10 mM HEPES pH 7.9, 0.4 M NaCl, 1.5 mM MgClI2, 0.1
mM EGTA, 0.5 mM DTT, 5% glycerol, to allow elution of nuclear proteins by
gentle shaking at 4°C. Nuclei were pelleted again by centrifugation at 12 000
r.p.m. and the supernatant was stored at -70°C until used. The protease
inhibitors leupeptin (5 mM), aprotinin (1.5 mM), phenylethylsulfunilfluoride (2
mM), peptastatin A (3 mM), and benzamidine (1 mM) were added to both
homogenization and extraction solutions. Protein concentration was
determined by the Bradford protein assay (BioRad).

3.7 Electrophoretic mobility shift assay (EMSA) and supershift assay.

For gel shift analysis, we prepared nuclear extracts following the method of
Dignam, et al (1).CREB Consensus oligonucleotide probe are *°P labeled
(TransCruz™ Gel Shift Oligonucleotides) with **P]-ATP to 50,000 cpm/ng by
using polynucleotide kinase. Binding reaction mixtures(20 ul) are incubate for
20 minutes at room temperature and contain 2,5fmol DNA probe(20000 cpm)
and 2,5 pg nuclear extract and 1 pg poly dI-dC to inhibit non specific binding
of the labeled probe to nuclear extract protein, in 10 mM Tris pH7.5, 50 mM
NaCl 1 mM dithiothreitol (DTT), 1 mM EDTA, 5% glycerol.The protein-DNA
complexes were resolved by native PAGE(8% gel) in 0,5xTris/borate/EDTA
and visualized by autoradiography.
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To supershift analysis, assays were performed as described above with the
expection that antibody(2 ug) is normally added 4 h prior to addition of labeled
oligonucleotide probe.

3. 8 RNA isolation

Total RNA was extracted by cell cultures using the RNAeasy mini kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. The integrity of
the RNA was assessed by denaturing agarose gel electrophoresis.

3.9 Reverse transcriptase and Real Time PCR analysis

Reverse transcription

1 pg of total RNA of each sample was reverse-transcribed with the
QuantiTect® Reverse Transcription (QIAGEN group) using an optimized blend
of oligo-dT and random primers according to the manufacturer’s instructions.
Selection of primers and probes for quantitative PCR

To design a qPCR assay we used the Human ProbeLibray™™ system (Exiqon,
Denmark). Briefly, using locked nucleic acid (LNA™) technology, Exiqon
provides 90 human prevalidate TagMan probes of only 8-9 nucleotids that
recognize 99% of human transcripts in the RefSeq database at NCBI. The free
ProbeFinder assay design software, which is an integrated part of the package,
is available on the web site www.probelybrary.com. All fluorigenic probes
were dual-labeled with FAM at 5° end and with a black quencher at the 3’ end.
I chose the best probe and primers pair, to amplify a fragment for real-time
PCR of AREG mRNA, entering its accession number (NM_AY442340.1) on
the assay design page of the ProbeFinder software. ProbeFinder generated an
intron-spanning assay identifying the exon-exon boundaries within submitted
transcript. Based on these data, the software provided us various solutions. We
chose an amplicon of 110 nucleotides. The number of probe was “human 54”
(according to the numbering of Exiquon’s Human ProbeLibry kit) and the
primer sequences were: AREG forward 5°-gtgggcagatcccttgag-3’; AREG
reverse 5’-ctgtcaccattgtactcagctaaac-3’.

The same procedure was used to choose both probe and primers for the
housekiping gene GOPD, accession number X03674. The ProbeFinder
provided us various solutions for G6PD, as well as AREG transcript. We opted
for an amplicon of 106 nucleotides scattered among 3th and 4th exons. The
number of probe was “human 05” (according to the numbering of Exiquon’s
Human ProbeLibry kit) and the primer sequences were: G6PD forward 5°-
acagagtgagcccttcttcaa-3’; G6PD reverse 5’-ggaggctgcatcatcgtact-3,

Real-time RT-PCR

Relative Quantitative TagMan PCR was performed in Chromo4 Detector, MJ
Research in 96-well plates using a final volume of 20 pl. For PCR we used 8 pl
of 2,5x RealMasterMix™™ Probe ROX (Eppendorf AG, Germany) 200 nM of
each primer, 100 nM probe and cDNA generated from 50 ng of total RNA. The
conditions used for PCR were 2 min at 95°C and then 45 cycles of 20 sec at
95°C and 1 min a 60°C. Each reaction was performed in duplicate.
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To calculate the relative expression levels we used the 2PPCT ethod (5).

3.10 HDAC activity.

Hela cells were transiently transfected with Myc-His-pcDNA4ToA or Myc-
His-H4 WT plasmids and were used to assay the HDAC activity. The total
protein extracts (30 ug) were incubated with 5 pl of [*H]acetate-labeled histone
H4 (1.8 nCi/pg) in 200 ul of activity buffer (25 mM Tris-HCI [pH 7.5], 10%
glycerol, 1 mM EDTA, 125 mM NaCl) ON at 37°C. The reaction was stopped
by the addition of 50 pl of

1 N HCI-0.4 M acetate and the released [H3]acetate was extracted with 600 pl
of ethyl acetate. After centrifugation, a 100 pl aliquot of the supernatant was
counted in 5 ml of scintillation cocktail. All experiments were carried out three
times, and samples were assayed in duplicate.

3.11 Chromatin immunoprecipitation (Chlp) and Re-Chlp assays
Chromatin immunoprecipitation

TPC1 cells were cultured in Dulbecco's modified FEagle's medium
supplemented with 10% fetal bovine serum (growth medium). Cells (5x105)
were plated in 10 mm plates 24 h before transfection and then transiently
tranfected with pcDNA4ToAMYC His-H4WT and pcDNA4ToAMYC His (5
pg of each plasmid) by Arrestin (OpenBiosystem), according to the
manufacturer's protocol. After transfection (48 h), transfected cells were fixed
by adding formaldehyde

directly to culture medium to a final concentration of 1%, and incubated for 10
min at 37 °C. The reaction was stopped with glicine 0.125M for 5 min. The
fixed cells were scraped with ice-cold PBS containing protease inhibitors (1
mM PMSF and 1 g/ml leupeptin), pelleted for 4 min at 700 g at 4 °C, and
resuspended in 300 pl of SDS lysis buffer (1% SDS, 10 mM EDTA and 50
mM Tris/HCL, pH 8.1) for 10 min on ice. The lysates were sonicated to reduce
DNA length between 200 and

1000 bp. Debris was removed by centrifugation for 10 min at 9800 g at 4 °C,
and the supernatant fraction diluted 10-fold in chromatin immunoprecipitation
dilution buffer (0.01% SDS, 1.1%Triton X-100, 1.2 mM EDTA, 167 mM
Tris/HCI, pH 8.1,

150 mM NaCl, T mM PMSF and 1 lg/ml leupeptin). A portion of this
chromatin solution was kept as a template for PCR positive control. To reduce
non-specific background, the chromatin solution was pre-cleared with 40 pl of
salmon sperm

DNAProtein A agarose slurry or salmon sperm DNA Protein G agarose slurry
for 3h at 4 °C with agitation. Beads were pelleted by brief centrifugation at
1800 g, and the supernatant fraction was collected. Immunoprecipitations were
performed with 2 ug of HDAC1 (Upstate Biotechnology) polyclonal antibody,
CREB1 (Santa Cruz) polyclonal antibody and anti-H4 (polyclonal antibody
raised against a synthetic peptide located in the proline rich region) incubated
overnight at 4 °C with rotation. Equal volumes of the supernatant fractions
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were saved for a no-antibodies control, and incubated with 3 ul of normal
rabbit or normal mouse serum. Immune complexes were collected with 40 ul of
salmon sperm DNA/Protein A agarose slurry or salmon sperm DNA/Protein G
agarose slurry, for 3 h at 4 °C with rotation. Beads

were pelleted by centrifugation and washed for 3 min on a rotating platform
with 1 ml of each of the listed buffers: low-salt immune complex wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris/HCL pH 8.1, and
150 mM NaCl),

high-salt immune complex wash buffer (as for the low-salt buffer but with 500
mM NaCl), LiCl immune complex wash buffer (0.25 M LiCl, 1% Nonidet P-
40, 1%deoxycholate, 1 mM EDTA and 10 mM Tris/HCL, pH 8.1) and
1"Tris/EDTA (two washes). Immune complexes were eluted by adding 200 ul
of elution buffer (1%SDS and 0.1 M NaHCO4) to pelleted beads, vortexing
briefly to mix and incubating at room temperature for 15 min with rotation.
Beads were pelleted, and the eluates carefully transferred to other tubes. This
step was repeated a second time and eluates were combined. I added 20 ul of 5
M Na(l to the combined eluates, and cross-links were reversed by incubating
at 65 °C for 4 h. After incubation, 10 ul of 0.5 M EDTA, 20 ul of 1 M
Tris/HCI, pH 6.5, and 20 ug of proteinase K were added to

the eluates, and incubated for 1 h at 45 °C. The DNA was recovered by
phenol/chloroform extraction and ethanol precipitation. Pellets were washed
with 1 ml of 70% ethanol, air dried and resuspended in 50ul of sterile double-
distilled water. I used 5 ul of the resuspended DNA as a template for the PCR.
PCR reactions were carried out by standard procedures, for a number of cycles
optimized to ensure product intensity within the linear phase of amplification.
The PCR products were separated on a 2% agarose gel, stained with ethidium
bromide, Primers sequence of AREG promoter including the CRE site are :

p AREGF 5- TCAGCGAA TCCTTACGCA -3' and

PAREG R 5'- TGC CGC TTT ATA GGC TCA -3'

and the primers sequence of GAPDH are;

h GAPDH pF 5’-GTATTCCCCCAGGTTTACATG-3’

h GAPDH pR 5’- TTCTCCATGGTGGTGAAGAC-3’

Re-Chip assay

For Re-ChlIP experiments, complexes were eluted by incubation for 30 min at
37°C

in 250 pl of Re-ChlP elution buffer (2 mM DTT, 1% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 20 mM Tris-HCIL, pH 8.1) and then diluted 4-fold in
Re-ChlIP dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM Na(Cl, 20
mM Tris-HCI, pH 8.1) and subject again to the ChIP procedure.

3.12 Mouse H4 Gene Targeting and Mating

H4 knockout mouse was performed by Murinus GmBH. Briefly, to clone the
mouse H4 genomic locus, a phage library of mouse 129/Sv genomic DNA
(Stratagene, La Jolla, California) was screened using a mouse H4 cDNA as a
probe, which was obtained by cross-hybridization experiment with human H4
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c¢DNA. A targeting vector was constructed from subcloned genomic fragments.
For the selection of targeted clones, a neomycin-resistance (neo) cassette was
placed in the opposite transcriptional orientation to the endogenous H4 gene.
The final product consists of a 5' genomic fragment (1,66kb) containing exon
1, the neo cassette (1.7 kb) and a downstream H4 genomic fragment (5,73kb).
Thus, a ~12 kb H4 genomic region containing exon 2 was replaced with the
neo cassette vector.

Linearized targeting vector DNA was introduced by electroporation into
129/Sv embryonic stem (ES) cells (incute Genomics). After G418 selection,
genomic DNA of resistant clones was analyzed by Southern blot analysis. To
generate chimeras, cells of targeted clones were injected into host blastocysts
of C57BL/6]J mice then transferred into uteri of pseudo-pregnant females. Male
chimeras were mated with C57BL/6J females and F1 heterozygous progeny
were intercrossed. Mice were genotyped for the 44 deletion by PCR . Primers
used for genotyping;:

H4 In3R1 5’-GGAGGCAGATGAGTTCCTAAGG-3’

NEO5’R 5-CTAAAGCGCATGCTCCAGACTGCC-3’

H4U2 5 -CAGTAACACTTTATTCAAGAAAATCCAG-3

3.13 Growth Rate
The cells (10°/dish) were plated in 60-mm plates and cultured in complete
medium. They were counted every day for 10 consecutive days to extrapolate
the growth curves.

3.14 Apoptosis detection

Apoptosis was evaluated by using annexin V-FITC staining technique. Briefly,
MEFs cells were collected and annexin V-FITC stained by using a detection kit
from Medical & Biological laboratories CO., LTD, Naka-ku Nagoya Japan
according to the manufacturer’s instructions. Fluorescence analysis was
performed by a flow cytometer apparatus (Becton & Dickinson, Mountain
View, CA) and the CELL QUEST analysis software. For each sample, at least
30,000 events were stored. Quadrant settings were based on the negative
control. Each experiment was repeated at least three times.

3.15 Cell cycle analysis.

MEFs cells were analyzed for DNA content as described previously (Krishan
1975). Cells were collected and washed in PBS. DNA was stained with
propidium iodide (50 pg/ml) and analyzed with a FACScan flow cytometer
(Becton Dickinson, San Jose, CA) that was interfaced with a Hewlett-Packard
computer (Palo Alto, CA). Cell cycle data were analyzed with the CELL-FIT
program (Becton Dickinson).

3.16 MEFs culture

MEFs were derived from 12.5-day-old embryos as previously described
(McCurrach and Lowe, 2001). Briefly, after removal of the head and internal
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organs, embryos were rinsed with phosphate-buffered saline (PBS), minced,
and resuspended in DMEM containing 10% FBS and 2 mM glutamine, and

100 TU/ml penicillin and 100 pg/ml streptomycin. Cell media and reagents

were obtained from GIBCO-BRL, Cells from single embryos were plated into
one 100 mm culture dish (Falcon) and incubated at 37°C in a 5% CO2-
humidified chamber. Plating after disaggregation of embryos was considered
passage O, and the first replating 3 days later was considered passage 1.
Genotypes of MEFs were verified by PCR .
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4. Results and Discussion

4.1 H4 binds CREB1

In order to determine the function of H4(D10S170) and establish its role in the
pathogenesis of papillary thyroid tumour, it was decided to identify H4
interacting proteins using a proteomic assay. To this aim, the Hel.a cells were
transiently trasfected with a V5-tagged-H4wt expression vector or empty
vector and were immunoprecipitated the protein lysates with anti-V35 antibody.
After SDS-page, single components of the immunoprecipitated complexes
were analyzed by mass spectrometry. Among proteins interacting with H4 wit,
we selected the CREB1 protein because of its relevance in thyroid tumour
biology; in fact thyroid cells are dependent on TSH for growth and
differentiation (Kimura 2001). TSH activates its specific receptor in thyroid
cells and induces cAMP pathway.

The data of the proteomic assay were validated by binding study (pull down
assay).

To this purpose, the H4(D10S170) cDNA insert was cloned in frame into
bacterial expression GST plasmid (pGEX2T) to obtain GST- H4(D10S170)
fusion protein. Then, GST-H4 was tested for the ability to bind CREB family
proteins in vitro. Protein lysates from Hel.a cells were incubated with GST-H4
or GST beads for 2 hours, then the bound proteins were separated by SDSPage
and the gels were analyzed by Western Blot using the antibodies for the
different CREB family proteins. As shown in fig 4, when western blot was
performed for aATF1, aATF3, aCREM, aCREB2 no specific bands in the
lane for GST and GST-H4 were detected; the western blot for *ATEF2 shows
an aspecific band in GST lane and a specific band for GST-H4, while the
western blot for ¢CREB1 show a band in the lane for GST-H4 and no band in
the lane for GST. The data of pull down assay confirmed a specific, direct
physical interaction between H4(1D10S170) and CREB1 and between
H4(D10S170) and ATF2, but not with other CREB family proteins. My
interest is focalized on CREB1 protein and the relation with H4.
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o8| VWBaCREM1 Figure 4 In vitro interaction between H4 and CREBI1.
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GST pull-down assays were performed between total cell
extracts (TCEs) from Hela cells and the GST or GST-H4
fusion protein. The bound complexes and TCEs were separated
on SDS-PAGE and analysed by Western blotting with antibody
for different proteins of CREB family (¢ATF1,aATF2, a ATF3,
aCREMI, aCREB1, aCREB2)
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To verify the H4/CREB1 interaction in vivo, HELA cells were transiently
transfected with the Myc-His-tagged-H4 expression vector (pCMVH4). Protein
lysates were immunoprecipitated with anti-H4 antibody and immunoblotted
with anti-Myc and anti-CREB1 antibodies. As shown in Figure 5, I was able to
detect the association between H4 and the endogenous CREB1 protein,
demonstrating that H4 and CREB1 form complexes in vivo. The reciprocal
experiment was performed immunoprecipitating with anti-CREB1 and
revealing with anti-H4 antibody: it confirmed the interaction between the H4
and CREB1 proteins.

The negative control of immunoprecipitation was performed using an unrelated
antibody.

+IgG
+aMyc
+aCREB1

WBaCREB1

Figure 5 In vivo characterization of the H4/CREBI1 interaction.

Hela cells were transfected with pPCMVH4 vector. After 48 h, total cell extracts were prepared
and equal amounts of proteins were immunoprecipitated with anti-myc or anti-CREBI1
antibodies, the immunocomplexes analysed by Western blotting using the reciprocal antibodies
( antiH4 and antiCREB1). The relative inputs are total cell extracts derived from Hela-
transfected cells with the expression vector encoding H4. IgG indicates the negative control of
immunoprecipitation using an unrelated antibody.
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4.2 H4 inhibits the transcriptional activity of CREB1

Since H4(D10S170) interacts with CREB1, we investigated if the interaction
between H4(D10S170) and CREB1 can be directly involved in transactivating
activity of CREB1. To test this hypothesis, we studied the effect of
H4(D10S170) on a reporter gene system in which the tandem three CRE
universal sites are fused upstream to a luciferase cDNA in Hela cells. Hel.a
cells were cotrasfected with Luc reporter costruct and Renilla costruct and
PCDNA 4ToA, pSPORT 6 CREBI1, Myc-His-tagged-H4 or pSPORT 6
CREB1 and increasing amounts of Myc-His-tagged-H4. As shown in Figure 6,
the CRELuc reporter costruct basal activity is not modified by the expression
of H4 . The overexpression of CREBI activated the reporter more than 2-fold
whereas cotransfection of H4(ID10S170) resulted in a decrease of CREBI1
activation in a dose-dependent manner.

2,5 1

1,5

1,
| I I I l
0 - . ‘ ‘ ‘ ‘
3 4 5 6 7

CRE promoter activity (RLU)

1 2
CRE Luc + + + + + + +
Renilla + + + + + + +
CREB1 2yg - - + + + + +
H4 - 5ng - 0.5 ug 1ug 2ug 5pg

Empty vector + - - - - - -

Figure 6 H4 reduces CREBI1 transcriptional activity.

Luciferase assay performed using increasing amounts of H4 on CREBI activity on the
luciferase-reporter vector in Hela cells. Cotransfections were carried out in the presence of
200ng of reporter construct and 500 ng of Renilla construct and of Sug of H4 or 2ug of
pCMVSport6-CREB1 with or without the indicated amounts of pcDNA4TOA-H4 constructs.
All transfections were performed in duplicate and the data are means of five independent
experiments. Empty vectors were used as control.
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4.3 H4 reduces CREBI1 target genes trascription

In order to confirm the Luciferase assay data, we evaluated the expression of
CREB1 gene targets by Real Time PCR. We chose AREG gene, a CREBI1
target gene with an antiapoptotic role in lung cells. The analysis was done in
TPC1 cells, which harbours the RET/PTC1 rearrangement and have lost the
expression of the normal unrearranged H4 allele. The cells were transfected
with  the Myc-HisdToA (pCMV) or Myc-His-tagged-H4 (pCMVH4)
expression vector. After 24 hrs of starvation by serum the cells were treated
with serum for 2 hr to activate the transcription and RNA was extracted. As
reported in Figure 7, the expression of AREG increased in serum treated cells
than untreated cells due to the activation of the cAMP pathway. In the
TPC1H4 cells the expression was reduced compared to the control, with a fold
change ranging about 2 (log scale). These data correlate with the promoter
activity data, and suggest that AREG is controlled by H4 at transcriptional
level.

RQ (LOG)
N

Empty vector + - + -
H4 - + - +
serum - - + +

Figure 7 H4 reduces CREB1 target genes trascription

AREG expression in TPC1 cells transfected with pCMV and pCMV-H4. After 24 hrs of
starvation by serum the cells were treated with serum for 2 hr and RNA was extract and
analysed by qRT-PCR. The fold change indicates the relative value of the expression levels
between pCMV without serum, pCMV with serum, pCMVH4 without serum, pPCMVH4 with
serum and pCMV without serum sample.
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4.4 H4 reduces CREBI1 binding to CRE element

In the attempt to identify the biochemical mechanisms underlying the negative
effects of H4 in CREB1 target genes transcription, we performed experiment
designed to investigate if H4 could affect this promoter function by preventing
the interaction of Crebl to the promoter. We performed EMSA assay analyzing
the ability of nuclear extracts ( 2,5 ug ) from Hela cells transfected with
pCMYV or pCMV-H4 to bind CRE radiolabelled oligonucleotide . As shown in
figure 8 the CRE oligonucleotide specifically binds nuclear proteins, forming
complexes with various electrophoretic mobilities (A and B arrows)(lane 1).
The expression of H4(D10S170) reduced the binding nuclear extracts to CRE
element (lane 2). Binding specificity was demonstrated by competition
experiments showing loss of binding with the addition of a 200-fold molar
excess of unlabelled CRE oligonucleotide (lane 3 and 4).

Empty vector -+ -+ -+
H4 -+ -+ - + -+
aCREB1 - - - - s
aH4 - - - - - -+ o+
CRE 200 x -+ f

CcC —»

A —
B —

Figure 8 H4 binds the CRE element in vitro.

a)EMSA performed with a radiolabelled oligonucleotide cointaing the CRE element incubated
with nuclear extracts ( 2,5 ug ) from Hela cells transfected with pCMV or pCMV-H4 with or
without the antibody indicated. Arrows indicate specific DNA/proteins complexes.

To assess the specificity of the binding, nuclear extracts were incubated with a 200-fold excess
of unlabelled oligonucleotide used as competitor.
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In the attempt to determine the composition of these complexes, we have used
specific antibody directed against the CREB or H4 proteins in a supershift
analysis.

CRE oligonucleotide is able to form complexes with H4 and CREB. The
antibody against CREB1 significantly reduced the band corresponding to
complex A and

increased the band corresponding a faster-migrating complex B. Thefore, the
complex DNA-CREB1 corresponds to the band A.

The antibody against H4 reduced the band corresponding to complex A and
increased the band corresponding a slower-migrating complex C and a faster-
migrating complex B. In pCMV-H4 nuclear extracts the presence of
antibodies against H4 increased the binding of CREB to the CRE
oligonucleotide. Taken together, these results indicated that H4 and CREB1 are
in the same complex and that H4 reduces the binding of CREBI1 to CRE
element.

4.5 H4 requires Hdac activity to repress CREB1 target genes transcription

During the past 5 years, chromatin remodeling and histone modifications have
emerged as the main mechanisms of the control of gene expression. The
connection between DNA methylation and histone deacetylation in the
silencing of genes has been established, and the mechanisms involve the
participation of proteins belonging to the family of methyl-CpG binding
domain proteins and HDACs . HDACs catalyze the removal of acetyl groups
from core histones (Marks et al, 2001).

inducing local condensation of chromatin. Therefore, HDACs are generally
considered repressors of transcription (Marks et al, 2001).

Tenbrock et al.(2006) presented evidence that CREMalpha regulates
negatively gene transcription of CREB1 target genes and its binding to immune
response gene promoters results in active recruitment of HDACI, enhanced
deacetylation of histones and transcriptional repression.

Therefore, we decided to investigate whether H4 could be mediating the
repression of CREB1 target genes trascription by the recruitment of HDACs.
First, we analyzed HDAC activity in Hel.a cells transfected with pCMV or
pCMV-H4. Nuclear extracts were incubated with “H-labeled histones and the
released [H] acetate was measured. H4 expression increased the HDAC
activity in Hel.a in a dose-dependent manner (the percentage of increase was
100% in Hel a cells, after the transfection of 8 pg of H4) (Figure 9).
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Figure 9 H4 stimulates HDAC activity.

Hela cells were transfected with empty vector or with increasing amounts of H4 expression
vector and nuclear extracts were assayed for HDAC activity after 48 h. Samples treated with
sodium butyrate (NaB) were used as assay control. Values represent the average of three
experiments +/- SD.

Then, we analyzed the effects of TSA, which specifically inhibits HDACs on
the ability of H4 to increase the HDAC activity.

We analyzed HDAC activity in Hel.a cells transfected with pCMV or pCMV-
H4 (5ug) in presence or absence of TSA (300nM for 24 hrs). Nuclear
extracts were incubated with *H-labeled histones and the released [*H] acetate
was measured. In absence of TSA, a significantly higher level of HDAC
activity in pCMV-H4 extracts compared to pCMV extracts was observed, as
previously observed. In presence of TSA, the HDAC activity was inhibited
and the inhibition was stronger in the pCMV-H4 extracts with respect to the
control (Figure 10). The data confirmed that H4 specifically increases Hdac
activity.
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Figure 10 TSA inhibits the H4-mediated activation of the Hdac.

Hel.a cells were transfected with empty vector or with H4 expression vector and nuclear
extracts were assayed for HDAC activity after 24 h TSA treatment (300nM). Values represent
the average of three experiments+/-SD

Finally, we, also, analyzed the effects of TSA in the H4-mediated repression of
CREBI1 target genes. To this end, I studied the repressor effect of H4 on the
reporter Luc costruct previously used in Hela cells. As shown in figure 11, the
Luc reporter costruct basal activity was increased by expressing of CREBI, the
expression of CREB1 activated the reporter whereas the cotransfection of
H4(D10S170) in hela cells reduced the activity of the CRE promoter to 50%,
as previously observed. The treatment with TSA (300nM for 24 hrs) increase
of 25% the activation of promoter in CREB1 trasfected cells and reduces the
repressive effect of H4 . (Fig. 9). Taken together, these results suggest that
HDAC activity is required for efficient H4 repression of the promoter CREB1
target genes. However, the inhibition of HDAC activity alone does not revert
the repressive effect of H4, probably because the concentration of TSA used is
not sufficient to completely inhibit the activity of HDACT or because the DNA
methylation and histone acetylation interplay in gene silencing.
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Figure 11 TSA inhibits the H4-mediated repression of the CRE promoter.

CRE promoter activity was analyzed in Hela cells in the presence of plasmids
pSPORT6CREB1 without or with pcDNA-H4.The cells were treated with TSA (300 nM;) or
with ethanol for 24 h after transfection. Luciferase and Renilla activities were determined 24 h
after treatment; Results represent the averages + standard deviations of at least two
independent experiments performed in duplicate.
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4.6 H4 associates with HDAC1

To get further insights into the model of H4-mediated repression, we decided
to analyze the possibility that the requirement of HDAC activity could be
mediated by interaction of H4 with the class I family of HDACs.

For this purpose, GST- H4 was tested for the ability to bind in vitro HDAC
family proteins. Protein lysates from Hela cells were incubated with GSTH4 or
GST beads for 2 hours, then the bound proteins were separated by SDSPage
and the gels were analyzed by Western Blot using the antibody for HDACI, 2
and 3.

As shown in fig 12A, no specific bands in the lane for GST and GST-H4 were
detected when western blot was performed for aHDAC2, ocHDAC3, the
western blot for tHDAC1 showed a band in the lane for GST-H4 and no band
in the lane for GST. The data confirmed a specific, direct physical interaction
between H4(D10S170) and HDACI, but not with other proteins of HDAC
family.

Next, we confirmed this interaction iz vivo. To this end, transient transfections
of the Myc-HIS -tagged-H4 expression vector were performed in HELA cells .
Protein lysates were immunoprecipitated with anti-H4 antibodies and
immunoblotted with anti-Myc and anti-HDACT1 antibodies. As shown in
Figure 12B, HDAC1 was coimmunoprecipitated by aH4 antibodies but not by
IgG control antibodies. The data confirmed the association between H4 and
the endogenous HDAC1 protein.
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Figurel2 H4 interacts with HDACI1.

A) In vitro interaction between H4 and CREBI1.

GST pull-down assays were performed between total cell extracts (TCEs) from Hela cells and
the GST or GST-H4 fusion protein. The bound complexes and TCEs were separated on SDS-
PAGE and analysed by Western blotting with antibody for different proteins of HDAC family
(aHDAC1, aHDAC2, aHDAC3 Upstate)

B) In vivo characterization of the H4/HDAC1 interaction.

Hela cells were transfected with pCMV/H4 vector. After 48 h, total cell extracts were prepared
and proteins were immunoprecipitated with anti-H4. The immunocomplexes analysed by
Western blotting using the reciprocal antibodies ( antiH4 and antiHDAC1). The relative inputs
are total cell extracts derived from Hela-transfected cells with the expression vector encoding
H4. TgG indicates the negative control of immunoprecipitation using an unrelated antibody.
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4.7 H4 interacts in vivo with the AREG promoter and recruits HDAC1
and reduces the binding of CREB1

Given that H4 has Proline rich domains which bind DNA, we asked whether
the physical interaction between H4 and HDAC1 takes place on the human
AREG promoter. Therefore, I first evaluated whether H4 protein binds the
AREG promoter in vivo by ChIP assays. The ChIP assays was performed in
H4-null papillary carcinoma cells (TPC1)

H4-null TPC1 cells were transfected with pCMV and pCMV-H4 and after 24
hrs of starvation, were treated with serum for 30 minutes, crosslinked, and
immunoprecipitated with anti-H4, anti-CREB1 or anti-IgG antibodies. The
precipitated DNA was subjected to PCR with specific primers for the
endogenous CRE element Areg promoter region (-274/-267). Anti-H4
antibodies precipitated this AREG promoter region from TPC1 cells
transfected with Myc-HIS-tagged-H4 protein ( Figure 13). No precipitation
was observed with anti-IgG precipitates, and when primers for the control
promoter GAPDH were used (Figure 13, lower panel), indicating that the
binding is specific for the AREG promoter. These results indicate that H4
protein binds the AREG promoter region in vivo .

To determine whether H4 occupies the Areg promoter together with HDACI,
the anti-H4 complexes were released, reimmunoprecipitated with anti-HDACT,
and then analysed by semiquantitative PCR (Re-ChIP). The results show that
the antibodies against HDAC1 precipitate the Areg promoter in TPC1-H4 cells
and not in the control after their release from anti-H4, indicating that H4
occupies this region with HDAC1 (Figure 13). The reciprocal experiment
provided comparable results (Figure 13). Taken together, these results indicate
that H4 binds the human Areg promoter in vivo and recruits HDACT.

The binding of CREB1 was used as a positive control. As expected, anti-
CREB1 precipitated this AREG region from TPC1 cells transfected with
pCMYV or with pPCMVH4 (Figure 13) and the binding of CREB1 at the AREG
promoter is reduced in TPC1-H4 cells.

Then I evaluated whether H4 can displace Crebl. In a combination of ChIP
and Re-ChIP analyses, the anti-CREB1 complexes were released,
reimmunoprecipitated with anti-H4.The results show that the antibodies against
CREB1 precipitate the Areg promoter in TPC1 cells but not in TPC1-H4 after
their release from anti-H4, indicating that H4 doesn’t occupy this region with
CREBI1. Taken together, these results indicate that H4 in vivo displaces
CREBI1 from AREG promoter, in agreement to what observed in vitro.
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Figurel3 H4 interacts with the endogenous AREG promoter and recruits
HDACT1 and reduces the binding of CREB1

TPC1 cells were transfected with pCMV and pCMV-H4 and after 24 hrs of starvation by
serum were treated with serum for 30 minutes, crosslinked, and immunoprecipitated with anti-
H4, anti-CREBI1. The precipitated DNA was subjected to PCR with specific primers that cover
a region of human AREG promoter which contains the CRE element or primers for the
GAPDH gene promoter as control . IgG were used as an immunoprecipitation control.

In Re-ChIP experiments, soluble chromatin from TPC1 cells transfected with pCMV or
pCMVH4 was immunoprecipitated with anti-H4 or anti HDAC1 or anti CREBI1 eluted, and

reimmunoprecipitated with anti-HDACI, or anti H4 respectively. The precipitated DNA was
subjected to PCR.
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4.8 H4 expression is correlated with AREG promoter deacetylation

These studies suggested that HDACs participate in the H4-mediated repression
of CREB1 target genes.If H4 expression affects AREG gene expression levels,
one would expect to observe changes in the histone acetylation status at its
promoter, Therefore, our next goal was to check whether H4 expression
correlated with histone deacetylation at the Areg promoter. To address this
point, we analyzed the acetylation status of histones H3 at the Areg promoter
by ChIP assays.

After the formaldehyde cross-linking of pCMV and pCMV-H4 cells, ChIP
assays were performed with antibody against acetylated histones H3 . The
precipitated DNA was subjected to PCR with specific primers for the
endogenous CRE element Areg promoter region (-274/-267). The analysis
revealed that H4 expression is associated with a strong decrease in the levels of
acetylated histones H3 at the AREG promoter. No precipitation was observed
with anti-IgG precipitates, and when primers for the control promoter GAPDH
were used (Figure 14, lower panel), indicating that the binding is specific for
the AREG promoter.

+aH3Ac

[
>
o
=

Empty vector

AREG
" -
Empty veeter -

GAPDH

Figure 14 H4 expression is correlated with AREG promoter deacetylation

Soluble chromatin from TPC1 cells transfected with pCMV and pCMV-H4 was
immunoprecipitated with anti-acetyl-histone H3 ({alpha}-Ac-H3). The DNAs were then
amplified by semiquantitative PCR using primers that cover a region of human AREG
promoter, which contains the CRE element. As an immunoprecipitation control, IgG was used.
The panel shows also PCR amplification of the immunoprecipitated DNA using primers for the
GAPDH gene promoter as control.
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4.9 H4 Knock-out mice

To better characterize the biologic function of H4, we generated H4 Knockout
mice. We used gene targeting techniques in embryonic stem (ES) cells to
generate a null mutation at the muring H4 genomic locus. We deleted exon 11,
which contains coiled-coil domain and replaced it with a neomycin-resistance
cassette(see Materials and Methods). Cell clones resistant to G418 have been
isolated and screened for H4 homologous recombination. The positive clones
were expanded and injected into blastocysts from the C57BL/6 mice strains.
The resulting chimaeric blastocysts were transferred to uteri of foster mothers
of the same strain. The chimaeric offspring was crossed with wild-type mice to
obtain germ line transmission with the generation of mice heterozygous for H4
gene disruption. The heterozygous mice were then crossed with each other to
generate homozygous mice. Chimeric males transmitted the mutated H4 allele
through the germline, as demonstrated by PCR analysis of tail DNA (Figure
15) and by reverse transcriptase-polymerase chain reaction (RT-PCR) of
H4+/+, H4+/-, and H4-/- mice spleen (Figure 13).

DNA from mice tails RNA from mice spleen
+/+ +/- -/- /v +/- /-
PCR | — | H4 wt RT-PCR | ’ Ha
I — | H4 ko | R —— | b-Actina

Figure 15. H4 Knockout Mice

A)PCR analysis of mouse genomic DNA from mice tails.

B) RT-PCR analysis showing H4 gene expression in H4+/+, H4+4/-, and H4-/- mice spleen as
indicated. Actin mRNA expression was used as a loading control.
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4.10 H4 KO affects cell proliferation.

In order to evaluate the effect of H4 null mutation on cell growth, we analyzed
the growth potential of MEFs ( mouse embryonic fibroblast) derived from WT
or KO embryos by growth-curve experiments. The cells were plated and
cultured in complete medium, and counted every day for eleven consecutive
days. As shown in Figure 16 , the growth rate of H4-/- MEFs was reduced
compared with H4+/+ MEFs. In fact H4-/- MEFs cultured in complete medium
grew more slowly when compared to H4 +/+ MELs and did not reach the log

phase.
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Fig. 16 Growth of H4 MEFs cells.

Growth curves of MEFs derived from WT or KO embryos. Cells were plated as described in

"Materials and Methods" and counted daily for 11 days.
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4.11 Cell cycle distribution

In order to individuate the cell cycle phase in which H4-/- MEFs are blocked,
we analyzed the cell cycle distribution of MEFs derived from WT or KO
embryos cultured in complete medium. Facs analysis results showed an
accumulation in the G2/M phases in H4 -/- MEFs compared to H4+/+ MEFs .
(Fig17).
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Figure 17 Cell cycle distribution of H4 MEFs.
MEFs derived from WT or KO embryos cultured in complete medium and analysed by Facs.
Cell cycle analyses as described in "Materials and Methods."”

4.12 Cyclin and CDK Expression pattern is altered in H4 -/- MEFs.

Since the progression through the cell cycle requires the coordinated activation
of a family of protein kinases called CDKs ( Reed 1994), we investigated the
expression of cycling and CDK proteins in MEFs derived from WT or KO
embryos. Activation of each kinase is a highly regulated process beginning
with: (a) the association of a CDK with a positive regulatory subunit called
"cyclin”; (b) phosphorylation of a conserved threonine residue by a CDK-
activating kinase; and/or (c) binding of inhibitory molecules, CDK inhibitors
(Koff 1992, Matsushine 1994, Sherr 1995) . G1 progression is controlled by
sequential activation of cyclin D/CDK4-6 and cyclin E/CDK2 complexes,
whereas entry into S-phase is mainly regulated by cyclin A/cdk2. Progression
of cells through G2 into mitosis is controlled by sequential activation of cyclin
A/Cdk2 and cyclin B/cdc2 complexes.

To analyze the expression of cyclins and CDK, the cells were synchronized by

48



starvation of serum and stimulated to reenter the cycle after 3 days, and then
Iysed at 6, 12, 18, 24, and 36 h. Subsequently, the expression of cyclins and
CDK proteins were detected by Western blot. Cyclin D3 in H4+/+ MEFs was
induced after 6 h of stimulation, (Figure 18) . Conversely, cyclin D3 was
expressed in starved in H4-/- cells and increased at 6h. These data could
indicate that H4 -/- MEFs enter the cell cycle earlier than H4 +/+ MEFs .The
basal level of cyclin E protein was induced after 12 h of stimulation, with a
peak at 18 and 36 h in H4 +/+ MEFs whereas increased at 6 h and decreased at
12 h in H4 -/- MEFs, CDK4 and cdc2 expression was not modified in H4
MEFs. Cyclin A was increased after 18 h of treatment in H4 +/+ MEF and
decreased at 36h, whereas in H4 -/- MEFs its expression remained elevated
since 6 to 36 hrs. The higher level of cyclin A in H4 -/- MEFs could be
responsible of the accumulation of H4 -/- MEFs in G2/M phase.

MEFs
++ -/-
12 18 24 36 O 12 18 24 36
a CDK4

-—-—-—-_ — — o i a tubulin

Figure 18 Expression of cell-cycle regulators in MEFSs starved (0) and stimulated with
serum for 6, 12, 18, 24, and 36 h. The expression of each cell-cycle regulator was determined
by Western blot analyzes as described in "Materials and Methods."”
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4.13 H4 -/- MEFs induce apoptosis

In parallel with the cell cycle analysis, we investigated whether the block in
G2/M phase induced cell death. We performed FACS analysis of MEFs
derived from WT or KO embryos grown in complete medium or starved for 24
or 48h after annexin staining. As shown in figure 19 a consistent fraction of
H4-/- MEFs (30%) were Annexin positive, 8-fold more than H4 +/+ MEFs,
Then we confirmed the data at Facs analysis through expression of caspase 3,
an interleukin 1b converting enzyme-like cysteine protease that is central to
many apoptotic systems. Total cell extracts from WT or KO embryos grown in
complete medium or starved for 48 h were blotted with an antibody raised
against caspase 3. H4-/- MEFs showed level higher of caspase 3 compared to
the H4 +/+ MEFs. The membrane was probed with antibodies raised versus
tubulin to normalize.
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Figure 19 Apoptosis analysis in H4 knockout MEFs

A) Apoptosis analysis in WT or KO embryos grown in complete medium or starved for 24h or
48 h. Apoptosis was calculated as the percentage of cells positive at annexin V-FITC as
described in Materials and Methods.

B) Western blot analysis of caspase3 expression in total cell extracts from WT or KO embryos
grown in complete medium or starved for 48 h. Tubulin expression was used to normalize the
amount of loaded proteins.

4.14 Activation of CREBI1 in H4 -/- MEFs

Taken together the data on the proliferation rate, block in G2/M and apoptosis
performed on the H4 MEFs indicate that H4 is implicated in the control of cell
cycle and its role is probably related to its capacity to inhibit the trascription of
gene target of CREBI1. In fact, the letterature is rich of studies showing that
CREB1 inhibits proliferation in fibroblasts.(Porcellini 2003 ) Moreover, its
costitutive activation induces meiotic arrest at the G2/M transition in
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mammalian oocytes (Conti 2002). Mehlmann(2002) says that this block is
dependent on the presence of an active Gs protein. In fact, the inhibition of Gs
by injection of a Gso inhibitory antibody in the Pde3a-deficient oocytes
induces a prompt reentry into the cell cycle. Similarly, the inhibition of steps
downstream of cAMP, such as PKA catalytic activity, restores meiotic
maturation in these oocytes (Masciarelli et al. 2004). We analysed the level of
phosphorylation of CREB1 in MEFs. Total cell extracts from WT or KO
embryos grown in complete medium were blotted with an antibodies raised
versus PCREB ser 133. The membrane was probed with antibody raised
versus CREBI1 to normalize. As shown in figure 20 the H4-/- MEFs have level
higher of PCREB than the H4 +/+ MEFs (figure 20). Therefore, the H4-/-
MEFs could show G2/M block and inhibition of proliferation for costitutive
activation of CREBI trascription in absence of H4. These data in vivo are in
agreement to what observed in vitro. H4, in fact, represses the activity of
CREB1 reducing its phosphorylation .

MEFs

W opCREB

Figure 20 Expression of PCREB1/CREB in MEFs

Western blot analysis of PCREB ser 133 expression in total cell extracts from WT or KO
embryos grown in complete medium. CREB expression was used to normalize the amount of
loaded proteins.
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5.Conclusions

Most human thyroid papillary carcinomas are characterized by rearrangements
of the RET protooncogene with a number of heterologous genes, which
generate the RET/papillary thyroid carcinoma (PTC) oncogenes.

RET/PTC rearrangements are considered early events in the tumorigenesis
process because they are frequently found in clinically silent small PTCs
(Viglietto et al., 1995). The gene H4 is one of heterologous genes that most
frequently is fused to the intracellular kinase-encoding domain of RET in
papillary thyroid tumours.This rearrangement generates the RET/PTCI1
oncogene that display constitutive Kinase activity. The 90% papillary thyroid
tumours, that harbours the RET/PTC1 rearrangement, has lost the expression
of the normal unrearranged H4(D10S170) allele. The loss of the normal allele
of this gene might result in growth advantage in tumour progression,

Here, we conducted a study for functional characterization of H4 gene. Our
results demonstrated that H4 is responsible for transcriptional repression of
CREB1 target genes by a chromatin-dependent mechanism. We demonstrated
that H4 requires histone deacetylase (HDAC) activity to repress the
transcription and the treatment with trichostatin A (TSA), an HDAC inhibitor,
is useful to block the repressor effect of H4. Moreover, H4 associates with
histone deacetylase 1 ( HDACT) and recruits HDAC1 on CRE site of CREB1
target genes, in particular AREG (amphiregulin) promoter gene.

The H4-mediated recruitment of HDAC1 increased deacetylation of histones
H3 and contributes to close chromatin structure and to repress promoter
activity.

The involvment of H4 in the transcriptional regulation of CREB1 target genes
is important in thyroid cells since thyroid cells are dependent on TSH for
growth and differentiation. TSH activates its specific receptor in thyroid cells
and induces cAMP pathway. In fact, TSH binds a seven-loop transmembrane
receptor and activates a Gs protein which induces adenylyl cyclase. cAMP
binds the regulatory subunits of PKA which releases the free catalytic subunit
that phosphorylates CREB in SER133. CREB binds to target promoter and
recruits the transcriptional apparatus.

So the loss of the normal allele of H4 in the 90% papillary thyroid tumours,
that harbours the RET/PTC1, might result in growth advantage in tumour
progression since the CREB pathway is not negatively regulated.

Taken together, the data presented here,contain general implication that can be
extended also to other cell types and other tumor types, since the c-AMP
responsive factor CREB have been shown to function in a broad array of
biologic processes such as glucose metabolism and in complex neuronal
functions like learning and memory (Lonze and Ginty 2002, Mayr and
Montminy 2001) and in a broad array of tumorigenic processes such as cell
survival and cell proliferation through binding of this protein to the promoter
target and recruitment of transcriptional apparatus.

To efforce this hypothesis, the H4(D10S170) gene product is a ubiquitously
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expressed protein and this could be explained by role of H4 in the regulation of
CREBI transcription,

Moreover, the data presented here, demonstrate that H4 inhibits the
transcription of AREG, that has an antiapoptotic function in non small cell lung
cancer cell lines, so H4 could exercite its proapoptotic function also reducing
the expression of AREG.

Our results, therefore, strongly suggest that H4 could have a tumour suppressor
role in thyroid carcinogenesis, by inhibiting the expression of proteins induced
by CREBI.
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