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Identity formed by alternative splicing of the mRNA and
alternative translation initiation sites as shownthe
Other names:ERYF1; GF1; NFE1 figure. The shorter GATAL protein (GATALs) lacks

the first 83 aa. ("The N-terminal activation domain

HGNC (H : GATAL
(Hugo) AD"). GATAls is less active in activation of

Location: Xp11.23 megakaryocytic promoters. Both proteins contain two
Location (base pair):start at 48,401,210 bp from pter, Zinc finger domains mediating protein interactiamsl
ends at 48,408,967 bp from pter. DNA binding.
DNA/RNA Expression

o Bone-Marrow - Erythroid, Megakaryocytic, Mast and
Description Eosonophillic precursors.

Genomic sequence 7,757 bases, mRNA six exons (five | ocalisation
coding) 1497bp. Plus strand.

Nuclear
Protein Function
. Transcription Factor, essential for eryhtroid and
Description megakaryocytic development.
The full length GATA1 protein is 413 amino acids; Homology

42.7 KDa. However two major protein isoforms are ) )
A member of the family of GATA proteins.

GATA1 GATA1s
el 2 | s [& [51 6 |
GATA1
TRNA |1|'_::i 2 51 - |
i (oo [ _JcF] |
sl | [Nl JecF] |

Alternative models for generation of GATA1 isoforms. The full GATA1 protein can only be translated from the full GATAL mRNA,
whereas the GATALs protein can be translated either from the full gata-ImRNA or from the shorter splice variant in which exon 2 is
skipped.

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 119



GATAL1L (GATA binding protein 1 (globin transcription factorl))

Mutations

Germinal
Implicated in germline mutations in the N- Zincdar

domain that mediates the interaction with FOG1 and/
binding to DNA, cause X-linked Dyserythropoietic
anemia with thrombocytopenia. The syndrome can be

also be manifested
macrothrombocytopenia.

Somatic
See below.

Implicated in

only by

X-linked

Acquired somatic mutations in GATA1l occur in
virtually all children with Down Syndrome (DS) and

congenital transient myeloproliferative

syndrome

(TMD) or acute megakaryocytic leukemia (AMKL,
M7-ANLL). The mutations have also been detected in

umbilical cord blood of DS patients and in fetakli of

aborted DS embryos. The mutations occur in-utero

probably during fetal liver hematopoiesis. They sieh
of insertions, deletions and base substitutionxione2
and vicinity and all result in elimination of thellf

length GATAL1 protein with preservation of the
GATAls isoform. The presence of GATAls in the
absence of full length GATAL blocks megakaryocytic

differentiation and promote  proliferation

promote this abnormality are unknown.

of
megakaryoblasts. The genes on chromosome 21 that
GATAl

mutations are almost always associated with the M7
leukemia in DS although they were also describea in

pair of twins with acquired trisomy 21 and in orckuk

non DS patient with M7. The down-regulations of
genes regulated by GATA1 may explain the exquisite

sensitivity of DS leukemic blasts to ACA-C.

Exon3

fﬂ

Legend: Example to the distribution of the mutations in children
with M7 and DS described in Rainis et al.
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|dentity

Other names: TNFb Tumor Necrosis Factor-b;
TNFSF1 TNF Superfamily member 1

HGNC (Hugo): LTA

Location: 6p21.3

DNA/RNA

Description

The human TNFb gene is located next to HLA-C and
HLA-B loci in chromosome 6 (6p21.3). The gene spans
2005bp with 4 exons, which transcribes a TNFb mRNA
with size of 1386nt.

Protein

HLA-C HLA-B NFKBIL1
6p21.3 T +H—T1

TNFb TNFa TNFe
o—O—0O—

|
E

Description

The human TNFb protein contains 205 amino acids.
The soluble form of TNFb is usually a homotrimethwi

a relative molecular mass of 60 to 70 kDa, whetbhas
membrane form of TNFb is a heteromeric complex
with lymphotoxin b (TNFc, LTb, TNFSF3). The human
TNFb shares 35% identity and 50% homology in amino
acid sequence with the human TNFa. The biological
function of TNFb is mediated largely by TNFa reaept

1 and TNFa receptor 2. Recent studies suggested tha
TNFb can also recognize LIGHT (TNFSF14) receptor.

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 121

Expression

The main cellular source of TNFb is the activated
lymphocytes in immune response.

Localisation

Cell membrane, extracellular soluble form, blood
stream, and biological fluids.

Function

The human TNFb is an important cytokine involved in
the development of secondary lymphoid organs and
inflammatory responses.

Implicated in

Disease

The polymorphism of TNFb gene in either the coding
region or the promoter region has been associaitd w
Crohn disease and myocardial infarction.
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Mini Review

MLH1 (human mutL homolog 1)
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|dentity DNA/RNA
Other names:COCA2; FCC2; hMLH1; HNPCC2 Description
HGNC (Hugo): MLH1 The MLH1 gene is composed of 19 exons spanning in a
Location: 3p21.3 region of 57360 bp.
Local order: Between the KIAA0342 and LRRFIP2 Transcription
genes. The transcribed mRNA has 2524 bp.
stop
‘ 5 78 2 WM 1 12 I 17 18 19
&0 116 91 'I.t B2 43 B9 113 % 154 371 148 1m 165 93 168 193
i it
2055 448 T 25061750 2014 148 2333 2960 2710 5173 276 11253 1973 5187 B33 204 468

Diagram of the MLH1 gene. Exons are represented by boxes (in scale) transcribed and untranscribed sequences in blue and yellow, with
exon numbers on top and number of base pairs at the bottom. Introns are represented by black bars (not in scale) and the number of
base pairs indicated. The arrows show the ATG and the stop codons respectively.

uuuuuhuuu1 rdu..ur...ﬂ_.m“ il
' C
lm:u—ncﬂmdunnin yteraction dema .

Diagram of the MLH1 protein in scale. Numbers inside the blue boxes indicate the exon from which is translated each part of the protein.
The three boxes inside represent the ATPase domain, the MutS homologs interaction domain and the PMS2/MLH3/PMSL1 interaction
domain; C: Carboxyl-terminal; N: Amino-terminal

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 122



MLH1 (human mutL homolog 1)

Protein

Description

Aminoacids: 756. Molecular Weight: 84.6 kDa. MLH1

is a protein involved in the mismatch repair preces
after DNA replication. It contains an ATPase domain
and two interaction domains, one for MutS homologs
(MSH2, MSH3, MSH6) and the other for PMS2,

MLH3 or PMS1.

Localisation
Nuclear.

Function

MLH1 has no known enzymatic activity. MLH1 forms

a heterodimer with PMS2 known as MutlLa, although it
can also bind to PMS1 or MLH3. This heterodimeric
complex binds to the heteroduplexes MutSa (composed
of MSH2 and MSH®6) or MutSb (composed of MSH2
and MSHS3), which recognize DNA lesions. The
heterodimer formed by MLH1 is responsible for the
recruitment of the proteins needed for the excisind
repair synthesis.

Homology

MLH1 is homologue to the bacterial MutL gene,
specially in the N-terminal region, and MLH1
homologues are also present in eukaryotes (for pkeam
in  Mus musculus, Drosophila melanogaster,
Caenorhabditis elegans or Saccharomyces cerevisae).

Mutations

Germinal

There are over 300 MLH1 germline mutations
described all along the gene that cause heredikany
polyposis colorectal cancer (HNPCC, see below).
These mutations are not present in any particular
hotspot or zone of the gene and include either
nucleotide substitutions (missense, nonsense mirgpl
errors) or insertions/deletions (gross or smaf)most

of these mutations the resulting protein is truadat
There are also founding mutations which accountafor
high proportion of the HNPCC tumours in some
specific populations (for example there are twonish
mutations that delete the exons 16 or 6). Some lgerm
genetic changes have also been described in botisex
and introns as non pathogenic.

Somatic

There are described some sporadic mismatch repair
deficiency cases (sporadic MSI) with somatic MLH1
mutations, although most of them have MLH1
promoter hypermetilation.

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 123
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Implicated in

HNPCC (Hereditary Non Polyposis
Colorectal Cancer)

Disease

Predisposition to develop cancer, preferentially
colorectal, but also in endometrium, ovary, urinary
tract, stomach, small bowel, biliary tract and brai

Oncogenesis

MLH1 mutations in HNPCC account for about 25% of
the total cases approximately. These mutations are
inherited in one allele and later the other alisléost

by LOH. This leads to mismatch repair deficiency in
these patients, which is the cause of the accumunlat
of mutations along the genome, causing microstelli
instability (MSI) and promoting tumorigenesis. lash
been suggested that low levels of MSI characterize
MLH1 and MSH2 HNPCC carriers before tumor
diagnosis.

MSI (MicroSatellite Instability)

Note

Tumours in which the molecular feature that leaals t
cancer is the lost of the mismatch repair (MMR)
system.

Disease

This phenotype is present in 15% of colorectaltrgas
and endometrial cancer, and with lower incidence in
some other tissues.

Prognosis
MSI tumours have better
MicroSatellite Stable (MSS).

Oncogenesis

Sporadic MSI cases are mostly due to a biallelic
hypermetilation of the MLH1 promotor and therefore
lack of MLH1 protein expression. Few sporadic cases
and about 25% of the HNPCC are due to different
mutations in MLH1. These mutations are germline in
HNPCC.

Muir-Torre syndrome

Disease
Coincidence of at least one sebaceous adenoma,
epithelioma or carcinoma and one internal maligganc

Oncogenesis

Inherited MLH1 mutations can cause Muir-Torre
syndrome (although MSH2 mutations are more
present).
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Identity

Other names: SHP-2; SH-PTP2 (Src homology 2
domain-containing protein tyrosine phosphatase 2);
PTP2C (Protein tyrosine phosphatase 2C); BPTP3

HGNC (Hugo): PTPN11
Location: 12g24.1

Local order: centromere - FLJ34154 - RPL6 -
PTPN11 - RPH3A - OAS1 — telomere.
DNA/RNA

Description

The PTPN11 gene is divided in 16 exons. Exon 1
contains the 5' untranslated region and the trtiosla
initiation ATG, and a few additional codons. Exof 1
contains the stop codon and exon 16 contains armajo
portion of the 3' untranslated region. Other festunf

the PTPN11 gene, such as the promoter region and
enhancer elements have not been delineated.

Transcription

A 7.0-kb transcript is detected in several tiss{iesart,
brain, lung, liver, skeletal muscle, kidney, and
pancreas) with highest steady-state levels in headt
skeletal muscle. The predominant human PTPN11
MRNA contains an open reading frame of 1,779 bases,
resulting in a predicted protein of 593 amino acid
residues. A second mRNA containing 12 additional
base pairs (exon 11) has been identified. Little
additional information is available about this afigtive
transcript.

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 125

Pseudogene

A number of PTPN11-related processed pseudogenes,
i.e. with no apparent exon structure, have been
documented in the human genome. All the pseudogenes
share >92% nucleotide identity with the PTPN11
cDNA (including the 5'-UTR and 3'-UTR), but harbour
frameshift mutations and multiple stop codons. €hre
of the five pseudogenes appear to be expressed with
distinct tissue distributions and expression levels

Protein

Description

SHP-2 is a member of a small subfamily of
cytoplasmic Src homology 2 (SH2) domain-containing
protein tyrosine phosphatases. Both the N-SH2 and C
SH2 domains selectively bind to short amino acid
motifs containing a phosphotyrosyl residue and
promote SHP-2 association with activated receptors
and other signaling partners. Crystallographic data
indicate that the N-SH2 domain also interacts it
PTP domain using a separate site. As these subdsmai
show negative cooperativity, the N-SH2 domain
functions as an intramolecular switch controllingRs

2 catalytic activation. Specifically, the N-SH2 daim
interacts with the PTP domain basally, blocking the
catalytic site. Binding of the N-SH2 phosphopeptide
binding site to the phosphotyrosyl ligand promoges
conformational change of the domain that weakeas th
auto-inhibiting intramolecular interaction, makirlye
catalytic site available to substrate, therebyvatitig

the phosphatase.



PTPN11 (Protein tyrosine phosphatase, non-receptor type, 11)

Expression
Widely expressed in both embryonic and adult tissue
Localisation

Cytoplasmic. It binds to activated cell surface
receptors, cell adhesion molecules and scaffolding
adapters.

Function
SHP-2 functions as an intracellular signal transdult
positively modulates signal flow in  most

circumstances, but can also function as negative
regulator depending upon its binding partner and
interactions with downstream signaling networks PSH
2 positively controls the activation of the RAS/MKRP
cascade induced by several growth factors, and
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negatively regulates JAK/STAT signaling. In most
cases, SHP-2's function in intracellular signaling
appears to be immediately proximal to activated
receptors and upstream to RAS. The mechanisms of
SHP-2's action and its physiological substratesstlie
poorly defined. However, both membrane translocatio
and PTPase activity are required for SHP-2 function
SHP-2 is required during development. Embryos
nullizygous for Shp-2 have defects in gastrulatom
mesodermal  patterning  resulting in  severe
abnormalities in axial and paraxial mesodermal
structures. Shp-2 function is also required for
development of terminal structures,
semilunar  valvulogenesis in and
hematopoiesis.

and skeletal
the

heart,

w [(A) <37 2

Figure 2

PTPN11 genomic organization and SHP-2 domain structure:
Figure 1 : (A) The PTPN11 gene and SHP-2 domain characterization. The coding exons are shown as numbered filled boxes. The
functional domains of the protein, comprising two tandemly arranged SH2 domains at the N terminus (N-SH2 and C-SH2) followed by a
protein tyrosine phosphatase (PTP) domain, are shown below. Numbers below the domain structure indicate the amino-acid boundaries
of those domains. (B) Three-dimensional structure of SHP-2 in its catalytically inactive conformation, as determined by Hof et al. (1998).

Residues involved in catalysis are shown (space fill).

Figure 2 : Location of SHP-2 mutated residues in human disease. (A) Noonan syndrome and LEOPARD syndrome (germ-line origin;
N=224); (B) Noonan syndrome with juvenile myelomonocytic leukemia (germ-line origin; N=11); (C) hematologic malignancies, including
juvenile myelomonocytic leukemia, acute myeloid leukemia, acute lymphoblastic leukemia, myelodysplastic syndromes and chronic
myelomonocytic leukemia (somatic origin; N=97). The pictures show the C trace of SHP-2 in its catalytically inactive conformation.

Affected residues are indicated with their side chains as black sticks.

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 126



PTPN11 (Protein tyrosine phosphatase, non-receptor type, 11)

Homology

PTPNG6 (protein tyrosine phosphatase, non-receptor
type, 6) previously known as SHP1 or SHP-1 (Src
homology 2 domain-containing protein tyrosine

phosphatase, 1).

Mutations

Note

At least two distinct classes of PTPN11 mutatioageh
been identified in humans.

The first group, which has germ-line origin, causes
Noonan syndrome and closely related developmental
disorders.

The second group, acquired as a somatic event, has

been documented in a heterogeneous group of
hematologic malignancies and pre-leukemic disorders
and rarely in certain solid tumors.

The vast majority of mutations affect residuesdiegj

at or close to the interface between the N-SH2RiFE
domains. Increasing evidence supports that botim-ger
line and somatic mutations promote SHP-2 gain-of-
function by destabilizing the -catalytically inactiv
conformation of the protein, and prolong signalxflu
through the RAS/MAPK pathway in a ligand-
dependent manner.

A mouse model bearing the NS-causative D61G
mutation in the Ptpnll gene has been recently
generated and characterized. The PtBREPC
genotype is embryonic lethal. At day E13.5, these

embryos are grossly edematous and hemorrhagic, have

diffuse liver necrosis and severe cardiac defects.
Heterozygous embryos exhibit cardiac defects,
proportionate growth failure and perturbed crardh
development. Hematologic anomalies include a mild
myeloproliferative disease. PtpPfi®* embryonic
fibroblasts exhibit a three-fold increased Shp-fivitg

and increased association of Shp-2 with Gabl after
stimulation with EGF. Cell culture and whole embryo
studies reveal that increased RAS/MAPK signaling is
variably present, appearing to be cell-context igec

Germinal
Selection:  124A>G  (T42A), 179-181delGTG
(delGly60), 181-183delGAT (delAsp6l), 182A>G

(D61G), 184T>G (Y62D), 188A>G (Y63C), 214G>T
(A72S), 215C>G (A72G), 218C>T (T73l), 228G>T,C
(E76D), 236A>G (N79R), 317A>C (D106A), 836A>G
(Y279C), 922A>G (N308D), 1403C>T (T468M),
1510A>G (M504V).

Somatic

Selection: 181G>T (D61Y), 182A>T (D61V), 205G>A
(E69K), 211-213TTT>AAA (F71K), 214G>A (A72T),
215C>T (A72V), 226G>A (E76K), 226G>C (E76Q),
227A>T (E76V), 227A>G (E76G), 227A>C (E76A),

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2)
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1471C>T (P491S), 1472C>T (P491L), 1504T>C
(S502P), 1504T>G (S502A), 1520C>A (T507K),
1528C>A (Q510K).

Implicated in

Noonan syndrome, Noonan-like/multiple
giant cell lesion syndrome and

LEOPARD syndrome

Note

Germ-line  origin.  Gain-of-function  mutations.
Increased basal protein tyrosine phosphatase @ctivi
Prolonged ligand-dependent activation of the
RAS/MAPK cascade.

Disease

Noonan syndrome is a genetically heterogeneous and
clinically variable developmental disorder definby
short stature, facial dysmorphism and a wide spettr

of congenital heart defects. The distinctive facial
features consist of a broad forehead, hypertelgrism
down-slanting palpebral fissures, ptosis, high-adch
palate and low-set, posteriorly rotated ears.
Cardiovascular abnormalities, primarily pulmonic
stenosis and hypertrophic cardiomyopathy, are ptese
in up to 85% of affected individuals. Additional
relatively frequent features are multiple skeletal
defects, webbed neck, mental retardation,
cryptorchidism and bleeding diathesis. Childrenhwit
Noonan syndrome are predisposed to a spectrum of
hematologic  abnormalities, including transient
monocytosis, thrombocytopenia and rarely juvenile
myelomonocytic leukemia and acute leukemia.

Juvenile myelomonocytic leukemia,
acute myeloid leukemia, acute
lymphoblastic leukemia,
myelodysplastic syndromes, chronic
myelomonocytic leukemia, melanoma,
neuroblastoma, lung adenocarcinoma,
colon cancer

Note

Somatic origin.

Prognosis

No data are currently available.

Oncogenesis

Gain-of-function mutations. Increased basal protein
tyrosine phosphatase activity. Prolonged ligand-
dependent activation of the RAS/MAPK cascade.
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|dentity

Other names:Beta cytoskeletal actin; Beta actin
HGNC (Hugo): ACTB
Location: 7p22

Location (base pair): Position 5340026-5343462 on
the chromosome 7 genomic sequence.

Note

Six actin isoforms are known: two sarcomeric (a-
skeletal and a-cardiac), two smooth muscle actins (
and g), and two non-muscles, cytoskeletal actirengb

9)-

DNA/RNA

Cpen reading framse

s

i 23 4 5 &
Genomic organization of the ACTB gene.
Description

Six exons, spans approximately 3.4 kb of genomic
DNA in the centromere-to-telomere orientation. The
translation initiation codon ATG is located in ex@n
and the stop codon in exon 6.

Transcription

MRNA of approximately 1.8 kb.

Pseudogene

At least 19 processed, non-expressed, pseudogenes a
dispersed throughout the genome.

Cen — Tel
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Protein

Description

The open reading frame encodes a 374 amino acid
protein, with an estimated molecular weight of
approximately 41.7 kDa.

Expression

Abundantly expressed in all mammalian and avian non
muscle cells.

Localisation

Cytoplasm.

Function

Component (together with cytoplasmic g actin) of th
cytoskeletal microfilaments. Involved in the traodp

of chromosomes and organelles as well as in cell
motility.

Homology

The ACTB proteins are evolutionary conserved.
Mammalian cytoplasmic actins (actin g and b) are
remarkably similar to each other, but differ inledst

25 residues from the muscle actins.

Mutations

Somatic

ACTB is interrupted by the t(7;12)(p22;q13) detelcte
in pericytoma with t(7;12).

Implicated in
Disease

Pericytoma with t(7;12).
Prognosis

Benign or low-malignant.



ACTB (Actin, beta) Dahlén A, et al.

Cytogenetics PDGFB fusion gene detected in dermatofibrosarcoma
t(7;12)(p22;q13). protuberans.

Hybrid/Mutated gene

ACTB-GLI1 fusion gene. The breakpoints reported so References

far have been located to introns 1, 2 or 3 withie t Vandekerckhove J, Weber K. Mammalian cytoplasmic actins
ACTB gene, and to introns 5 or 6 or to exon 7 wathi are the products of at least two genes and differ in primary

structure in at least 25 identified positions from skeletal muscle

the GLI1 gene. ReC|pr0caI GLI1-ACTB gene fusions actins. Proc Natl Acad Sci U S A. 1978 Mar;75(3):1106-10

have also been detected. The breakpoints have been
located to introns 5 or 7 within the GLI1 gene, dad Kedis Lﬁ Ng SYB'-'“ Cs, Gunfl““g P, 'ffdd31 R, Shows T, Leavitt
: J. The human beta-actin multigene family. Trans Assoc Am
intron 3 of the ACTB gene. Physicians. 1985;98:42-6

Nakajima-lijima S, Hamada H, Reddy P, Kakunaga T.
Molecular structure of the human cytoplasmic beta-actin gene:
interspecies homology of sequences in the introns. Proc Natl
Acad Sci U S A. 1985 Sep;82(18):6133-7

Ng SY, Gunning P, Eddy R, Ponte P, Leavitt J, Shows T,
Kedes L. Evolution of the functional human beta-actin gene
and its multi-pseudogene family: conservation of noncoding

‘ regions and chromosomal dispersion of pseudogenes. Mol Cell
» & I ’ Biol. 1985 Oct;5(10):2720-32
Ueyama H, Inazawa J, Nishino H, Ohkubo I, Miwa T. FISH

i L A = — ¢ localization of human cytoplasmic actin genes ACTB to 7p22
and ACTG1l to 17925 and characterization of related
pseudogenes. Cytogenet Cell Genet. 1996;74(3):221-4

‘ Simon MP, Pedeutour F, Sirvent N, Grosgeorge J, Minoletti F,
” Coindre JM, Terrier-Lacombe MJ, Mandahl N, Craver RD, Blin
' N, Sozzi G, Turc-Carel C, O'Brien KP, Kedra D, Fransson |,
' i ! Guilbaud C, Dumanski JP. Deregulation of the platelet-derived
' . growth factor B-chain gene via fusion with collagen gene
COL1A1l in dermatofibrosarcoma protuberans and giant-cell

fibroblastoma. Nat Genet. 1997 Jan;15(1):95-8

T derﬂ'] der“ 2] 12 Dahlén A, Fletcher CD, Mertens F, Fletcher JA, Perez-Atayde

AR, Hicks MJ, Debiec-Rychter M, Sciot R, Wejde J, Wedin R,

Representative ~ G-banded partial karyotype of the Mandahl N, Panagopoulos |. Activation of the GLI oncogene
t(7;12)(p22;q13). through fusion with the beta-actin gene (ACTB) in a group of

distinctive pericytic neoplasms: pericytoma with t(7;12). Am J

Abnormal protein Pathol. 2004 May:164(5):1645-53

The ACTB-GLI1 fusion protein contains the N-

terminal of ACTB and the C-terminal of GLI1 Dahlén A, Mertens F, Mandahl N, Panagopoulos I. Molecular
. . . . . . ! genetic characterization of the genomic ACTB-GLI fusion in
including the DNA-binding Z'_nk flnger mOt'fS (enced pericytoma with t(7;12). Biochem Biophys Res Commun. 2004
by exons 7-10) and transactivating motifs (exon 12) Dec 24;325(4):1318-23

Oncogenesis This article should be referenced as such:

It is suggested that the strong ACTB promoter cause Dahién A Mertens F. Mandahl N. P s | ACTB
H H anlen A, ertens , anaal , Panagopoulos |.

an Ovetre.XpreSSIOI.q O.f GLI1 sequences important for (Actin, beta). Atlas Genet Cytogenet Oncol Haematol. 2005;

transcriptional activation of downstream target egn 9(2):129-130.

akin to the oncogenic mechanisms of the COL1A1-
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|dentity

Other names: ADDL; Adducin-like; adducin 3
(gamma); gamma adducin (adducin-like protein 70)
HGNC (Hugo): ADD3

Location: 10925.1-g25.2

Local order: MXI1 (MAX-interacting protein 1) is
more telomeric. XPNPEP1 (X-prolylaminopeptidase 1)
is more telomeric.

Probe(s) - Courtesy Mariano Rocchi, Resources for Molecular
Cytogenetics.

cen transcription

DNA/RNA

Description

15 exons spanning 129.52 Kb on 10¢25.1-10¢25.2.
Transcription is from centromere to telomere.

Transcription

2 alternative transcripts:

Variant 1 includes an in-frame alternate codingrexo
and encodes a longer protein isoform (isoform a)
compared to transcript variant 2.

Variant 2 lacks an in-frame alternate coding exod a
exon 13 and encodes a shorter protein (isoform b)
compared to transcript variant 1.

3 alternative transcripts corresponding to vari@ind

2.

5'H

Genomic structure of ADD3. Black boxes indicate exons.
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ADD3 (adducin 3)

Protein
Note
Adducin 3 (adducin-like).

Aldolase TI-N ] )

Coils Bipartite NLS
\ Hk /
[ I I [ |
0 200 400 600 706

Schematic representation of ADD3. Aldolasell-N: domain
belonging to aldolase class | family, adducin subfamily N-
terminal, Coils: coiled-coil domain, Bipartite NLS: Bipartite
nuclear localization signal.

Description

is membrane-cytoskeleton-associated protein that
promotes the assembly of the spectrin-actin network
and binds to calmodulin.
Adducins are heteromeric proteins composed of
different subunits referred to as adducin alph&a bed
gamma encoded by distinct genes and belong to a
family of membrane skeletal proteins involved ir th
assembly of spectrin-actin network in erythrocyaesl

at sites of cell-cell contact in epithelial tissues
Structurally, each subunit is comprised of two idist
domains. The amino-terminal region is protease
resistant and globular in shape, while the carboxy-
terminal region is protease sensitive. The latbertains
multiple phosphorylation sites for protein kinaseti@
binding site for calmodulin, and is required for
association with spectrin and actin. Alternatively
spliced adducin gamma transcripts encoding difteren
isoforms have been described. The functions of the
different isoforms are not known.

Expression

Ubiquitous. Heart only expresses isoform 1 or a.
Localisation

Membrane skeleton.

Function

Adducins are membrane skeletal proteins involved in
the assembly of spectrin-actin network in erythtesy
and at sites of cell-cell contact in epithelialstiss.
Adducin is a heterodimeric cytoskeleton protein and
consists of an [alpha]-subunit (Mr 103 kDa) anthesit

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2)
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a [beta]- (Mr 97 kDa) or [gamma]-subunit (Mr 90kDa)
Three genes (ADD1, ADD2, and ADD3, respectively)
that map to different chromosomes encode these
subunits. Adducin promotes the organization of the
spectrin-actin lattice by favoring the spectriniact
binding and controlling the rate of actin polymatinn

as an end-capping actin protein. Its function isiaen-

and calmodulin-dependent. It is phosphorylated by
protein kinases A and C, tyrosine, and [rho]-kirsake

It is a member of the myristoylated alanine-rich C
kinase substrate protein family, which is involvied
signal transduction, cell-to-cell contact formati@nd
cell migration. Non-silent polymorphisms resultiirg
subunits alpha and beta have been associated heth t
regulation of blood pressure in an animal model of
hypertension.

Homology

It presents homology in various species. It aldorigs
to ADDUCIN protein family (3 members ADDI1,
ADD2 and ADD3).

Mutations

Germinal

It has been shown that the interaction of ADD1 and
ADD3 gene variants in humans is statistically
associated with variation in blood pressure, suiyggs
the presence of epistatic effects among these loci.

Somatic
t(10;11)(g25;p15) 5' NUP98-ADD3 3' fusion in a Tlice

acute lymphoblastic leukemia with biphenotipic
characteristics (T/myeloid).

Implicated in

t(10;11)(g25;p15)

Disease

T-cell acute lymphoblastic leukemia with biphendatip
characteristics (T/myeloid).

Prognosis

Bad.

Cytogenetics
t(10;11)(g25;p15) (cryptic).
Hybrid/Mutated gene
5'NUP98 - ADD3 3.

Abnormal protein
NUP98-ADD3.
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|dentity

HGNC (Hugo): APC
Location: 5921

bA3ZBE10

APC (5021) - Courtesy Mariano Rocchi,
Molecular Cytogenetics.

Resources for

DNA/RNA

Description
15 exons (with a particularly large 15th exon).

Transcription
9.0 kb mRNA,; 8538 bp open reading frame.

Protein

Description
2843 amino acids; 310 kDa.

Function
APC is a classical tumour suppressor protein.
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The APC gene product indirectly regulates
transcription of a number of critical cell proli&ion
genes, through its interaction with the transooipti
factor beta catenin. APC binding to beta catenau$e

to ubiquitin-mediated beta catenin destructionslo$
APC function increases transcription of beta cateni
targets. These targets include cyclin D, C-myc riegh
and caspases. APC also interacts with numerous acti
and microtubule associated proteins. APC itself
stabilizes microtubules.

Homozygous APC truncation has been shown to affect
chromosome attachment in cultured cells. Roles for
APC in cell migration have been demonstrated irovit
and in mouse models.

Homology

A second family member, APC2, is located on 19p13.3
(see non-annotated genes).

Mutations

Germinal

Germline mutations of APC
diseases under the broad
adenomatous polyposis (FAP).
Mutations typically cluster in or just distal toeth
armadillo repeat region and truncate the protear ite
middle. It is not known which is pathophysiologic -
absence of the full-length protein or presencehaf t
truncated version; evidence exists for both. Treosé

hit creates another truncation or gene deletioerd s
some evidence that the position of the first hithi@

gene determines the pattern of the second hit.

Rare hypomorphic mutations cause attenuated
polyposis.

cause a spectrum of
category of familial



APC (adenomatous polyposis coli)

Somatic

Both copies of the APC gene are mutated in 80% of
sporadic colorectal tumours.

Implicated in

Familial Adenomatous Polyposis (FAP)

Disease

Autosomal dominant disease in which patients develo
thousands of colonic polyps during childhood and
adolescence. Many of these will progress to cani€ers
not removed. FAP encompasses other disease
syndromes with extra-colonic manifestations.

In Gardner Syndrome, patients may develop the
following extra-intestinal manifestations:

- Gastric and duodenal malignancies.

- Cancer of the pancreas, biliary tree and galttéad

- Hepatoblastoma.

- Congenital hypertrophy of the retinal pigment
epithelium (CHRPE), a benign hyperpigmentation
beneath the retina that is typically asymptomatic.

- Desmoid tumors, a tumor of the connective tigbiae
can cause morbidity and mortality by impinging on
adjacent structures.

- Osteomas and dental abnormalities.

- Epidermoid cysts and other skin abnormalities.

In a subset of patients with Turcot's syndrome,
intestinal polyposis due to APC mutation is asseda
with brain tumors, especially meduloblastoma.

Prognosis

Without treatment, the life expectancy is in thelyea
40s due to colon cancer.

Treatment consists of regular screening, with
polypectomy of large lesions. Due to the large nemb
of polyps, eventual complete colectomy with or with
proctosigmoidectomy is needed.

Regular use of the cyclooxygenase inhibitor Sulinda
and possibly other member of this class of drugs
reduces the number of polyps. About ten percent of
patients also experience significant morbidity from
desmoid tumors.

Sporadic colorectal cancer

Disease
Somatic mutation of the APC gene is found in the
majority of colorectal adenocarcinomas. Sporadic
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colorectal cancer is the third most frequent carer
the world.

Prognosis

The prognosis depends on the stage of the disease.
Stage | lesions are usually cured by surgery. There
controversy about the use of chemotherapy in Stiage
disease. In Stage lll disease, chemotherapy improve
the five year survival from ~50% to ~60%.

Oncogenesis

Loss of normal APC function is known to be an early
event in both familial and sporadic colon cancer
pathogenesis, occurring at the pre-adenoma stage.
Current discussion is focused on whether loss of AP
function precedes, follows, or is entwined with
chromosomal instability. Later events include
abnormalities of K-ras and p53.

Generally colon cancers show either chromosomal
instability (CIN), which correlates with loss of &P
function, or microsatellite instability (MIN), whic
correlates with loss of mismatch repair functionf b
not both.
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|dentity

Other names: GLI; Zinc finger protein GLI1 (glioma-
associated oncogene); Oncogene GLI; Glioma-
associated oncogene homolog 1

HGNC (Hugo): GLI1

Location: 12913.2-q13.3

Location (base pair): Position 56140200-56152312 on
the chromosome 12 genomic sequence.

Local order: Telomeric to the ATF1 gene; centromeric
to the OS-9, SAS and CDK4 genes.

Note: GLI1 was the first human member of the
Kruppel zinc finger proteins to be identified, and
constitutes the archetype of this family of humanes.
Other members are GLI2 (2q14) and GLI3 (7p1l3).
GLI4/HKR4 (8g24) was misclassified as member of
the human GLI gene family.

DNA/RNA

Description

12 exons, spans approximately 12 kb of genomic DNA
in the centromere-to-telomere orientation. The
translation initiation codon is located to exorafid the
stop codon to exon 12.

Transcription
MRNA of 3.6 kb.

Protein

Description

The open reading frame encodes a 1106 amino acid
protein, with an estimated molecular weight of
approximately 118 kDa. The protein contains five
DNA-binding zinc fingers between amino acids 235
and 393 (encoded by exons 7-10), and a transadativat
domain constituted by amino acids 1020-1091
(encoded by exon 12).

Expression

GLI proteins function as direct effectors of sonic
hedgehog-signaling during embryogenesis. GLI1 (also
GLI2 and GLI3) are therefore likely to be involved

the tissue-specific proliferation of the centrakvous
system, the zones of polarizing activity in the
developing limb, and of the gut. In the adult human
GLI1 expression has been demonstrated in the testes
myometrium and Fallopian tubes.

Localisation

Nuclear. Might be fluctuating between the cytoplasm
and the nucleus.

Function
DNA-binding transcription factor.

(Cpen reading frame

Cen

— T e

HHH

23 488678

H

10 12

Genomic organization of the GLI1 gene.
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GLI1 (glioma-associated oncogene homolog 1)

Mutations

Germinal

An abnormal activity of GLI, caused by mutations
affecting upstream components of the sonic hedgehog
signaling pathway (sonic hedgehog, patched or
smoothened) are associated with developmental
disorders.

Somatic

Various tumors of mesenchymal and lymphocytic
origin.

Implicated in

Note
Rearrangement and fusion of the GLI1 gene.

Disease

Pericytoma with t(7;12)
Prognosis

Benign or low-malignant.

Cytogenetics

t(7;12)(p22;q13)

Hybrid/Mutated gene

ACTB-GLI1 fusion gene. The breakpoints reported so
far have been located to introns 1, 2 or 3 witlia t
ACTB gene, and to introns 5 or 6 or to exon 7 wathi
the GLI1 gene. Reciprocal GLI1-ACTB gene fusions
have also been detected. The breakpoints have been
located to introns 5 or 7 within the GLI1 gene, dad
intron 3 of the ACTB gene.

7 der(7) der(12) 12

Representative G-banded partial karyotype of the
(7;12)(p22;q13).
Abnormal protein
The ACTB-GLI1 fusion protein contains the N-
terminal of ACTB and the C-terminal of GLI1,
including the DNA-binding zinc finger motifs (encedi
by exons 7-10) and transactivating motifs (exon 12)

Oncogenesis
It is suggested that the strong ACTB promoter cause
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an overexpression of GLI1 sequences important for
transcriptional activation of downstream target egn
akin to the oncogenic mechanisms of the COL1A1-
PDGFB fusion gene detected in dermatofibrosarcoma
protuberans.

Note
Amplification of the GLI1 gene.

Disease
Glioma, B-cell lymphoma, sarcoma

Prognosis
Depends on tumor type.

Oncogenesis
Overexpression of GLI1 sequences. Might be of
prognostic importance.
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|dentity Pseudogene

Not known.
Other names: CSX; CSX1; NKX2E; Hs.54473;
NM_004387; cardiac-specific homeobox protein

HGNC (Hugo): NKX2-5

Location: 5g935.2 Descrlpt_lon _ _

Local order: cen--- BNIP1---NKX2-5--- STC2---tel. 324 amino acids; 35-38 kDa, depending on
phosphorylation status; contains one TN domain

DNA/RNA (residues 10-21), one homeodomain (residues 138-
197), and one NK2 domain (residues 212-234).

Description Expression

The gene has two exons and one intron. Expression is mainly restricted to the heart. Burirty

Transcription embryogenesis NKX2-5 expression has also been

Transcription takes place in a telomere --> centam detected in spleen-precursor cells.

orientation. The length of the processed mRNA is Localisation

about 1500 bp. Cytoplasmatic and nuclear, probably depending on
phosphorylation status.

1 510 Z050 3125
AT TAG

. |
V777777777777 |

ey 1 Intran exon 2

The gene for NKX2-5 comprizes two exons of 510 and 1075 bp, respectively. The length of the intron is 1540 bp. Positions of start and
stop codons are indicated. These data refer to ENSEMBL transcript.
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NKX2-5 (NK2 transcription factor related, locus 5 (Drosophila).

A 149170

T 1

g

Homeobaox

MacLeod RAF, Nagel S

198 2o

M2 2 ‘

Figure shows mutations causing various cardiac anomalies. NKX2-5 contains two exons encoding a 324-amino acid protein including a
tinman domain (TN), homeodomain (black) and an NK2 domain. Truncation mutations are shown above, missense mutations below.
indicates deletion of the intron 1 splice donor site. Note clustering of mutations within the homeobox itself.

Function

Involved in differentiation processes in heart
development and in homeostasis and survival of
cardiac myocytes.

Homology

Homeodomain protein with membership of the NK2 /
NKX family.

Mutations

Note

Among vertebrates, NKX2-5 is the most highly
conserved of the Drosophila tinman homologs and
subject to transcriptional control via complex eerof
cis-regulatory elements both proximal and distathef
transcription unit.

Germinal

Haploinsufficiency due to loss-of-function mutatsois
associated with atrioventricular conduction defeid
tetralogy of Fallot.

Somatic
Recently identified in cardiac disease.

Implicated in

t(5;14)(935;932) in acute lymphoblastic
leukaemia (ALL) and t(5;14)(q35;911) in
chronic lymphocytic leukaemia

Note

NKX2-5 lies circa 2 Mbp telomeric of TLX3 which is
recurrently targeted for juxtaposition with BCL11y
t(5;14)(q35;932) in a subset of patients (both e
and adult) in T-cell ALL. Studies performed on
pediatric T-ALL cell lines have shown that visually
identical t(5;14) rearrangements may target NKX@r5
TLX3 . Initial data suggest that the t(5;14) vatian
targeting NKX2-5 is clinically rare. The clinical
involvement t(5;14)/NKX2-5 has only been recently
identified but has yet to be published. In additiornT-
ALL, NKX2-5 rearrangement has been reported in a
case of chronic lymphocytic leukaemia (CLL) with
t(5;14)(q35;q11) where the activating partner a4

is TCRA/TCRD.
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Prognosis
Unknown.

Cytogenetics

The t(5;14) rearrangements respectively targeting
NKX2-5 and TLX3 which lies about 2Mbp centromeric
are cytogenetically indistinguishable in  both
conventionally banded and chromosome painting
preparations. In addition, both sets of rearranggsne
are cryptic as equal and similarly banded maténiah
chromosomes 5 and 14 are exchanged. Thus, analysis
using sets of BAC clones covering both TLX3 and

NKX2-5 loci is necessary to distinguish these
rearrangements.

Hybrid/Mutated gene

No.

466h21
45921

Figure shows FISH analysis of t(5;14) in the pediatric T-ALL cell
line PEER using three RP11 library clones located immediately
centromeric (779018, labelled red), spanning (466h21, green)
and telomeric (45921, yellow) of NKX2-5. (See below for map.)
The rearrangement may be a simple insertion or, a double
translocation whereby chromosome 14 material is first
translocated onto the der(5) and then returned by a non-
reciprocal copying process to the der(14) accompanied by
genomic material surrounding NKX2-5.



NKX2-5 (NK2 transcription factor related, locus 5 (Drosophila).

Abnormal protein
No

Oncogenesis

NKX2-5 is developmentally silenced in thymocytes.
Formation of t(5;14) juxtaposes NKX2-5 with enhance

elements probably cognate with T-cell specific D&as

hypersensitive sites present in the downstream

Breakpoints

MacLeod RAF, Nagel S

regulatory region of BCL11B which plays a centiaer

in thymic maturation. It is believed that both TL¥8d
NKX2-5 are reactivated by similar mechanisms
involving juxtaposition with T-cell specific regutay
regions. Structural similarities shared by NKX2-5,
TLX1 and TLX3 add weight to this hypothesis.

Figure shows breakpoints described in ALL cell lines with t(5;14)(q35.2;932) which juxtaposes NKX2-5 with the downstream region of
BCL11B - outer breakpoints; and in a case of CLL with t(5;14)(935.2;q11) where the activating locus was TRD - middle breakpoint.
Completion of sequencing data at the NKX2-5 locus has repositioned some of the BAC clones, allowing further refinement of the
breakpoint assignments. It is now clear that known breakpoints tightly flank NKX2-5 without disrupting the transcription unit itself. Thus,
NKX2-5 translocations may also involve disruption of cis-regulatory elements as has been shown for TLX1(HOX11) in t(10;14)(q24;911)

in T-ALL.
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Identity

Other names: CREST; KIAA0693; MGC26711; SYT
homolog 1

HGNC (Hugo): SS18L1
Location: 20g13.3

Local order: chr20:60,152,245-60,190,935 (UCSC
latest release: May 2004).

DNA/RNA

Note
Member of the SS18 family.

Description

11 exons with similar splice sites as SS18.The
promoter region lacks CAAT and TATA boxes but
contains CpG islands, suggesting that SS18L1 is a
housekeeping gene.

Pseudogene
SS18L2 (3p21).

Protein

Description

396 amino acids, 42990 Da. The SS18L1 protein,
similarly to the SS18 protein, exhibits two domaias
SYT N-terminal homology domain found in a wide
variety of species ranging from plants to humang an
the QPGY domain at the COOH-terminal part, rich in
glutamine, proline, glycine, and tyrosine. The QPGY
domain of the SS18 protein may activate transenipti
when coupled to a DNA-binding domain.
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Expression
Ubiquitous; with lowest levels in spleen.

Localisation
Nuclear?

Function

Calcium-responsive transactivator: CREST is a SYT -
related nuclear protein that interacts with CREB-
binding protein (CBP) and is expressed in the
developing brain.

Homology
SS18, SS18L2.

Implicated in

Disease
Synovial sarcoma.

Prognosis
Unknown.

Cytogenetics

t(X;20)(p11;913.3).

Hybrid/Mutated gene

In the SS18L1/ SSX1 transcript detected in the giato
sarcoma, the exon 10 of SS18L1, which correspamds t
exon 10 of SS18, was fused to exon 6 of SSX1.

Abnormal protein

In the putative SS18L1/SSX1 chimeric protein, thet |

8 amino acid residues of the SS18L1 protein are
replaced by 78 amino acids from the COOH-terminal
part of SSX1. By analogy with what is presumed ¢o b
the case for the SS18/SSX fusion protein,



SS18L1 (synovial sarcoma translocation gene on chromosome 18-like 1)

SS18L1/SSX1 is likely to show an

altered

transcriptional pattern with the COOH-terminal SSX
domain, redirecting the SS18L1 activation domain to

new target promoters.
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Identity

Other names: NSD3 (Nuclear
su(var), enhancer-of-zeste and
containing protein 3)

HGNC (Hugo): WHSC1L1
Location: 8p11.2

Local order: WHSCI1L1/NSD3
telomeric than FGFR1.

DNA/RNA

Description
The gene spans 127 kb on minus strand.

Transcription

2 major transcripts: a short transcript ending raéte
alternative exon 10b (3995 bp), and a long formmfro
exon 1 to 24 (5428 bp).

Protein

Description

The long transcript encodes a 1437 aminonacids
protein (162 kDa) containing from N-term to C-teran:
PWWP (proline-tryptophan-tryptophan-proline)
domain, 4 PHD (plant-home domain)- type zinc finger
motifs, a second PWWP domain, a SET associated
cystein rich domain (SAC), a SET domain, a fifth
PHD,and a Cys-His rich domain. The short transcript
encodes a 645 amino acids protein (73 kDa) comigini
only the N-term t PWWP domain.

receptor-binding,
trithorax domain-

is 30 kb more

Expression
Wide.
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Localisation
Putative nuclear location.

Function
May have a regulatory role.

Homology
NSD1, WHSC1/NSD2.

Mutations

Somatic

A hybrid gene involving WHSC1L1/NSD3 was found
in a rare leukemia subtype (see below); amplifaratf

a region containing WHSC1L1/NSD3 was found in a
subset of breast cancers (but it remains to be
determined which gene, within an amplicon, is the
critical gene).

Implicated in

t(8;11)(p11;p15) Acute non lymphocytic
leukemia with WHSC1L1/NSD3 - NUP98

Prognosis

Yet unknown: only 1 case with a proven hybrid géhe
NUP98 - 3' NSD3; 2 other possible cases, but other
genes may also be involved.

To be noted

Note

This region in 8pll.2 seems to be derived from a
duplication of 4p16.3 with similar genes WHSC1L1,

FGFR1, and TACC1 in 8p11 from pter, and TACC3,

FGFR3, and WHSCL1 in 4p16 from pter.
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References

Angrand PO, Apiou F, Stewart AF, Dutrillaux B, Losson R,
Chambon P. NSD3, a new SET domain-containing gene, maps
to 8pl2 and is amplified in human breast cancer cell lines.
Genomics. 2001 May 15;74(1):79-88

Stec |, van Ommen GJ, den Dunnen JT. WHSC1L1, on human
chromosome 8pl11.2, closely resembles WHSC1 and maps to
a duplicated region shared with 4p16.3. Genomics. 2001
Aug;76(1-3):5-8

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2)

146

Huret JL

Rosati R, La Starza R, Veronese A, Aventin A, Schwienbacher
C, Vallespi T, Negrini M, Martelli MF, Mecucci C. NUP98 is
fused to the NSD3 gene in acute myeloid leukemia associated
with t(8;11)(p11.2;p15). Blood. 2002 May 15;99(10):3857-60

This article should be referenced as such:

Huret JL. WHSC1L1 (Wolf-Hirschhorn syndrome candidate 1
like gene 1). Atlas Genet Cytogenet Oncol Haematol. 2005;
9(2):145-146.




Atlas of Genetics and Cytogenetics
in Oncology and Haematology
OPEN ACCESS JOURNAL AT INIST-CNRS

Gene Section

Mini Review

WISP3 (WNT-1 inducible signaling pathway protein
3)
Celina G Kleer, Lei Ding

Department of Pathology, 2G332 University Hospit&00 E. Medical Center Drive, Ann Arbor, Ml 48109-
0054, USA (CGK, LD)

Published in Atlas Database: March 2005

Online updated version: http://AtlasGeneticsOncology.org/Genes/WISP3ID469ch6g22.html
DOI: 10.4267/2042/38188

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 2.0 France Licence.
© 2005 Atlas of Genetics and Cytogenetics in Oncology and Haematology

Identity domains: insulin-like growth factor-binding domain,
von Willebrand factor type C module, thrombospondin
Other names: PPD: CCN6; LIBC: PPAC: Wntl domain and C-terminal cystine knot-like domainhas
signaling pathway protein 3 three isoforms: 1) variant 1, 354 aa, 39292 Da; 2)
g ap yp

HGNC (Hugo): WISP3 variant 2, 331 aa, This variant differs from vatidnin

. : two regions. It has an alternate 5' end which tesola
Location: 6¢22-923 different N-terminus.
DNA/RNA It also uses two alternative donor and acceptes sit

the middle coding region which result in a few med
aa differences between variant 1 and 2. 3) vargant

Description ) ) 372 aa, This variant differs in the 5 UTR and CDS,
5 exons spanning 967kb of genomic. compared to variant 1.
Transcription The resulting protein is longer and has a distiNet

Alternative splicing generates at least three waps terminus, compared to variant 1.

variants, their sizes are 1212bp, 1307 bp and bp68 Expression
=) . Predominant expression in adult kidney and tests a
rotein fetal kidney. Weaker expression found in placenta,
- ovary, prostate and small intestine. Also expresased
Description skeletally-derived cells such as synoviocytes and

WISP3 contains four conserved cysteine-rich articular cartilage chondrocytes.
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WISP3 (WNT-1 inducible signaling pathway protein 3)

Localisation
Secreted (Probable).

Function

It is a member of the WNT1 inducible signaling
pathway (WISP) protein subfamily, which belongs to
the connective tissue growth factor (CTGF) famihgda
may be downstream in the WNT1 signaling pathway
that is relevant to malignant transformation. lbiger-
expressed in colon tumors. It is essential for rarm
postnatal skeletal growth and cartilage homeost#sis
acts as a putative growth regulator contributingh®
inflammatory breast cancer by regulating tumor cell
growth, invasion and angiogenesis.

Homology

Whntl-inducible signaling proteins.

Mutations

Germinal

Various types of mutations have been described,
dispersed throughout the gene, including nucleotide
substitutions, small deletions and small insertions
There are patients who are compound heterozygous,
heterozygous or homozygous. The mutations cause
progressive pseudorheumatoid dysplasia.

Somatic

Somatic mutations that cause reading frameshifts at
polyadenosine tract within the WISP3 coding seqaenc
have been observed at higher-than-expected rates in
gastrointestinal tumors from patients with mutagiom

the mismatch repair pathway.

Implicated in

Arthropathy, progressive
pseudorheumatoid, of childhood

Disease

Mutations in the WISP3 gene result in an arthropath
of childhood beginning at about age 3-8. Usually
several joints were affected with pain and sofsues
swelling. The proximal interphalangeal joints ofeth
hand were most commonly affected and the hips and
elbows next most often involved.

Inflammatory breast cancer

Oncogenesis
Loss of WISP3 is one of the key genetic alterations
the development of IBC.

Rheumatoid arthritis
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Colon cancer

Oncogenesis
Frameshifts, non-sense mutations and non-synonymous
changes involving cysteines or affect a splice-dono
site.
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|dentity more than 80% of bone marrow cells being monoblasts
showing strong cytochemical reaction with nonspecif
Note esterase. Expression of CD33 and CD65.

The isochromosome of the short arm of chromosome 5 Treatment
- i(5)(p10) - has only been described in a few sase
myeloid leukemia. So far it has not been descriagd ]
the sole abnormality. In four cases the i(5)(pl@sw Prognosis

accompanied by trisomy 8, in three cases the ifB)(p Unclear due to low number of cases, seems to be poo
occurred in addition to two normal chromosomes 5. A

i(5)(p10) was also described in cases with a comple Cytogenetics
aberrant karyotype.

According to AML protocols.

Cytogenetics morphological
Isochromosome of the short arm of chromosome 5.

Additional anomalies
Trisomy 8, gain of chromosome 5.

Genes involved and proteins

Note
i(5)(p10) G-banding - Claudia Schoch. Gene dosage effect of genes located on the shorbfr

Clinics and pathology chromosome 52

- References
Phenotype/cell stem origin
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107. S, Squire JA. Lack of BCR/ABL reciprocal fusion in variant
Cyto|ogy Philadelphia chromosome translocations: a use of double
. . . fusion signal FISH and spectral karyotyping. Leukemia. 2000
Typical cytomorphological features of AML M5a with Jun:14(6):1157-60

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 150



i(5)(p10) in acute myeloid leukemia Schoch C

Schoch C, Bursch S, Kern W, Schnittger S, Hiddemann W,
Haferlach T. Gain of an isochromosome 5p: a new recurrent
chromosome abnormality in acute monoblastic leukemia. Schoch C. i(5)(p10) in acute myeloid leukemia. Atlas Genet
Cancer Genet Cytogenet. 2001 May;127(1):85-8 Cytogenet Oncol Haematol. 2005; 9(2):150-151.

This article should be referenced as such:

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 151



Atlas of Genetics and Cytogenetics
in Oncology and Haematology

OPEN ACCESS JOURNAL AT INIST-CNRS

Leukaemia Section

Mini Review

Splenic
(SLVL)

Xavier Troussard, Hossain Mossafa

lymphoma with villous

lymphocytes

Laboratoire d'Hématologie, CHU de Caen, 14 000 Creance (XT); Laboratoire Pasteur-Cerba, 95066,

Cergy-Pontoise, France (HM)

Published in Atlas Database: February 2005

Online updated version: http://AtlasGeneticsOncology.org/Anomalies/splenvillous|D2063.html

DOI: 10.4267/2042/38190

This article is an update of: Huret JL, Mossafa H. Splenic lymphoma with villous lymphocytes (SLVL). Atlas Genet Cytogenet Oncol

Haematol.1999;3(1):26-27.

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 2.0 France Licence.
© 2005 Atlas of Genetics and Cytogenetics in Oncology and Haematology

Clinics and pathology

Phenotype/cell stem origin

Light chain restriction surface immunoglobulin. Mos
cases express IgM and IgD. B-cells express CD19+,
CD20+, CD22+, CD24+, CD79b+, FMC7+ and
DBA44+. Lack expression of CD5 (85%), CD10,
CD23, CD103 and CD123.

Epidemiology
In 1987, the term SLVL was introduced; 1-2% of non-

Hodgkin lymphomas; occurs in the elderly (med 70
yrs); sex ratio 2M/1F.

Clinics
Splenomegaly without hepatomegaly nor enlarged

lymph nodes; monoclonal Ig in a third of cases,
autoimmune phenomena in 10% of patients,
transformation to high grade lymphoma in 10% of
cases.

Pathology

Spleen. Nodular replacement of the white pulp veith
central core of small lymphocytes and larger ceills
the peripheral marginal zone. Invasion of the splen
red pulp is inconstant. Bone marrow morphology
showing intrasinusoidal lymphoma cells.

Treatment

Only in symptomatic patients: splenectomy or
chemotherapy with purine analogues. Antiviral tipgra
(IFN) in patients with SLVL and hepatitis C.

Peripheral blood lymphocytosis in 75% of patients and villous lymphocytes on peripheral blood smears (Fig 1).
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1(11;14)(q13;932) R-Banding (top left); del(7qg) (top right); 13q14 allelic loss at the RB1 locus deletion detected by interphase FISH

(bottom).

Prognosis

Indolent B-cell malignancy with 5-yr survival: 80%0
consensus on adverse prognostic factors: WBC > 30 x
107, low lymphocyte count; cases treated with
chemotherapy have shorter survival.

Cytogenetics

Cytogenetics morphological

A low mitotic activity is present in SLVL and most
chromosomal banding analyses of SLVL have been
based on cell cultures stimulated with differentcds-
mitogens. The cytogenetic abnormalities are
heterogeneous and often complex, with several
recurrent abnormalities.

The most common abnormalities are those involving
structural abnormalities of chromosome 7g22-g32 [20
40% of cases] in the form of translocation, mainly
unbalanced, and 7q deletion (see Fig 2).

Some cases have been reported to
t(11;14)(913;932) [10-15%].

Structural abnormalities and microdeletion of 13ql14
were found in 50% of cases. The 13q14 allelic lssde
the RB1 locus deletion have been detected by
interphase FISH.

Other abnormalities, in particular trisomy 3 [10%45
i(17)(q10), t(6;14)(p21;932) and 2pll translocation
t(2;7)(p12;921) were also observed in a few cases.
Immunoglobulin gene sequencing 43% of patients have
an unmutated profile (>98% homology to the gem line

show
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sequence) and 57% of patients a mutated profile.
Overuse of the VH1-2 gene segment is present in
mutated and unmutaded cases.

Genes involved and proteins

Note

del(7q): gene unknown.

t(11;14)(gq13;932)BCL1 in 11913 and IgH in 14q32 are
involved in 20% of cases, with or without visible
(11;14); BCL1 encodes the cyclin D1; role in thdl ce
cycle control (G1 progression and G1/S transitidn);
BCL1 translocated on chromosome 14 near JH,
resulting in promoter exchange; the immunoglobulin
gene enhancer stimulates the expression of BCld, an
overexpression of BCL1 which accelerates passage
through the G1 phase.

Trisomy 3: gene unknown but region 3g13.932-q29
over-represented.

t(6;14)(p21;932) cyclin D3 is located on 6p21 aad,
CDKG, is implicated in the progression through e
phase of the cell cycle.

t(2;7)(p12;921). CDK6 is located on 7921 and
dysregulation of CDK6 gene expression could be
contribute to the pathogenesis of SLVL and SMZL.

References

Oscier DG, Matutes E, Gardiner A, Glide S, Mould S, Brito-
Babapulle V, Ellis J, Catovsky D. Cytogenetic studies in splenic
lymphoma with villous lymphocytes. Br J Haematol. 1993
Nov;85(3):487-91



Splenic lymphoma with villous lymphocytes (SLVL)

Troussard X, Valensi F, Duchayne E, Garand R, Felman P,
Tulliez M, Henry-Amar M, Bryon PA, Flandrin G. Splenic
lymphoma with villous lymphocytes: clinical presentation,
biology and prognostic factors in a series of 100 patients.
Groupe Francais d'Hématologie Cellulaire (GFHC). Br J
Haematol. 1996 Jun;93(3):731-6

Garcia-Marco JA, Nouel A, Navarro B, Matutes E, Oscier D,
Price CM, Catovsky D. Molecular cytogenetic analysis in
splenic lymphoma with villous lymphocytes: frequent allelic
imbalance of the RB1 gene but not the D13S25 locus on
chromosome 13g14. Cancer Res. 1998 Apr 15;58(8):1736-40

Algara P, Mateo MS, Sanchez-Beato M, Mollejo M, Navas IC,
Romero L, Solé F, Salido M, Florensa L, Martinez P, Campo E,
Piris MA. Analysis of the IgV(H) somatic mutations in splenic
marginal zone lymphoma defines a group of unmutated cases

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2)

154

Troussard X, Mossafa H

with frequent 7q deletion and adverse clinical course. Blood.
2002 Feb 15;99(4):1299-304

Hermine O, Lefrére F, Bronowicki JP, Mariette X, Jondeau K,
Eclache-Saudreau V, Delmas B, Valensi F, Cacoub P, Brechot
C, Varet B, Troussard X. Regression of splenic lymphoma with
villous lymphocytes after treatment of hepatitis C virus
infection. N Engl J Med. 2002 Jul 11;347(2):89-94

Oscier D, Owen R, Johnson S. Splenic marginal zone
lymphoma. Blood Rev. 2005 Jan;19(1):39-51

This article should be referenced as such:

Troussard X, Mossafa H. Splenic lymphoma with Vvillous
lymphocytes (SLVL). Atlas Genet Cytogenet Oncol Haematol.
2005; 9(2):152-154.




Atlas of Genetics and Cytogenetics
in Oncology and Haematology

OPEN ACCESS JOURNAL AT INIST-CNRS

Leukaemia Section

Short Communication

t(1;14)(921;932) FCGR2B/IGH

Jacques Boyer

Laboratoire d’hématologie, CH du MANS, France (JB)

Published in Atlas Database: February 2005

Online updated version: http://AtlasGeneticsOncology.org/Anomalies/t0114g21q321D1341.html

DOI: 10.4267/2042/38191

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 2.0 France Licence.
© 2005 Atlas of Genetics and Cytogenetics in Oncology and Haematology

Clinics and pathology

Disease

Follicular lymphoma in one CD10+ case, but withaut
t(14;18)(q32;921), bcl2 negative, and with a
t(1;14)(q21;q32); follicular lymphoma with FCGR2B
rearrangement and dup(1)(q21g25)in another case .
Epidemiology

These two cases with FCGR2B rearrangement were
found among a panel of 76 non Hodgkin's lymphomas.

Prognosis

May be associated with tumor progression.
Cytogenetics

Cytogenetics morphological

One case with 46, XX, 1(1;14)(q21;932),

t(8;9)(g24;q13); progression to a diffuse largelscel
lymphoma with a complexe caryotype. An another case
with FCGR2B rearrangement in a follicular lymphoma:
the karyotype was complexe with dup(1)(g21925),
t(14;18)(q32;921).

Genes involved and proteins
FCGR2B

Location
1922
IgH
Location
14932

Result of the chromosomal
anomaly

Hybrid gene
Description

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 155

The translocation juxtapose the 5' switch region og
IGHG2 to a region upstream of FCGR2B in the der(1)
chromosome.FCGR2B is deregulated by this
translocation and FCGR2B b2 mRNA isoform is
overexpressed.

Fusion protein

Note

No fusion protein.

Oncogenesis

It is possible that alteration in the b2/b1 mRNA
isoforms ratio in B-cells may promote B cell sualiv
This anomaly is bcl2 deregulation-independant beeau
FCGR2B has been shown to be a tumor-enhancing
factor in non lymphoid cells in murine in vivo aim
vitro models. Deregulation of FCGR2B expression can
be considered as a second event which may impart
additional growth advantage to the bcl2 deregul&ed
cells.
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|dentity

Note

Chromosome band 1g21-25 is one of the hotspots of
chromosomal abnormalities in  hematological
malignancy. LHX4 gene at 1925 is a novel gene apdin
for LIM proteins.

Clinics and pathology

Disease

Only two cases : Case 1: acute pre-B lymphoblastic
leukemia (ALL); case 2: biphenotypic blast crisfsao
chronic myelogenous leukemia(CML).

Epidemiology

Rare.

Clinics

Case 1: A 53-year-old woman with ALL; case 2: A 52-
year-old in CML blast crisis.

Cytogenetics

Cytogenetics morphological

dup(1)(q21-25) is frequently detected in ALL of BHc
lineage.

Additional anomalies

Case 1: associated with t(9;22)(q23 ?;q11) : the
breakpoint at 9923 reported in this paper needseto

confrmed; case 2: 46,XY,1(9;22)(q34;q11)/46,
XY,t(1;14(g25;932), del(20)(q11;913.3) / 46,XY,
t(1;14)(q25;932) , add(19)(p13).

Genes involved and proteins

LHX4

Location

1925.2

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 156

Note
Alias: Gsh-4. LHX4 gene is a member of the LIM-
homeobox gene.

DNA/RNA
DNA: 44,66 kb and 6 exons. RNA: 1913 bp.

Protein

LHX4 protein (40,8kDa, 390 aa) is very close to
LHX3.The human LHX4 includes one tandem pair of
zinc-finger LIM  motifs and one adjacent
homeodomain.

IgH
Location
14q32

Result of the chromosomal
anomaly

Hybrid gene

Description

Case 1: the enhancer region of the IgH gene igiftse
the 5’ regulatory region of the Lhx4 gene in a head
head configuration. LHX4 mRNA is expressed at high
levels; case 2: the breakpoint fuses the J4 segofent
IgH to sequences located

16kb from LHX4 Exon 1 in a head-to-head
configuration. LHX4 mRNA is expressed at high
levels.

Fusion protein

Note
No fusion protein.

Oncogenesis

LHX4 homeodomain could play an important role as
transcriptional regulators in cell regulation, liere is

no report about the impairment of hematopoiesis in
LHX4 deficient mice and human. There is no report
about the transformation activity in the LHX4 gene.



t(1;14)(g25;932)

Overexpression of LXH2 has been reported in chronic

myeloid leukemias and ALL.
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|dentity

G-band analysis. Partial karyotype showing the t(10;11)(g25;p15). Courtesy | Lahortiga, Maria J Calasanz and Maria D Odero.
Department of Genetics, University of Navarra, Spain.

ini Postremission therapy (two courses of Ida-Ara-C and
ClInICS and pathology mitoxantrone-Ara-C).  Autologous transplantation.
Disease Relapse and exitus.
T-cell acute lymphoblastic leukemia with biphendtip Evolution
characteristics (T/myeloid). Relapse and exitus.
Epidemiology Prognosis
Very rare, only one case described. Bad.
Clinics .
Adenopathies, moderate splenomegaly. Two different Cytogenetlcs
morphological populations detected by flow cytorpetr Additional anomalies
Treatment Sole anomaly.
Hematological and cytogenetic remission after  Variants
induction therapy (Ara-C, Idarubicin, VP-16). No variants described.
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FISH analyses. Left BAC RPCI-11 348A20 (red, covering NUP98) shows a split compatible with the molecular breakpoint found; RPCI-11
555F1 (green, 500 Kb telomeric to NUP98) labels normal chromosome 11 and der(10). Right BAC RPCI-11 25207 (green, covering
ADD3) shows a split compatible with the molecular breakpoint found; RPCI-11 348A20 shows the split in NUP98. Courtesy | Lahortiga,
Maria J Calasanz and Maria D Odero. Department of Genetics, University of Navarra, Spain.

Genes involved and proteins

ADD3

Location
10g25.1-g25.2

Note
This gene is involved only in this translocation.

DNA/RNA

15 exons spanning 129.52 Kb on 10¢25.1-10925.2.
Transcription is from centromere to telomere. 2-3
alternative transcripts.

Protein

Is membrane-cytoskeleton-associated protein that
promotes the assembly of the spectrin-actin network
and binds to calmodulin. Adducins are heteromeric
proteins composed of different subunits referrecgo
adducin alpha, beta and gamma encoded by distinct
genes and belong to a family of membrane skeletal
proteins involved in the assembly of spectrin-actin
network in erythrocytes and at sites of cell-celhiact

in epithelial tissues. Structurally, each suburst i
comprised of two distinct domains. The amino-tesahin
region is protease resistant and globular in shapde

the carboxy-terminal region is protease sensitiiee
latter contains multiple phosphorylation sites for
protein kinase C, the binding site for calmoduéind is
required for
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association with spectrin and actin. Alternatively
spliced adducin gamma transcripts encoding difteren
isoforms have been described. The functions of the
different isoforms are not known.

NUP98

Location
11p15

DNA/RNA
33 exons spanning 122.54 Kb on 11p15. Transcription
is from centromere to telomere. 3-4 alternative
transcripts.

Protein

Nup98 and Nup96 play a role in the bidirectional
transport across the nucleoporin complex (NPC). The
repeat domain in Nup98 has a direct role in the
transport. Signal-mediated nuclear import and expor
proceed through the nuclear pore complex (NPC),
which is comprised of approximately 50 unique
proteins collectively known as nucleoporins. Thek88
nucleoporin is generated through a biogenesis mathw
that involves synthesis and proteolytic cleavagea of
186 kD precursor protein. This cleavage resulttha

98 kD nucleoporin as well as a 96 kD nucleoporothb

of which are localized to the nucleoplasmic sidehaf
NPC. The human gene has been shown to fuse to
several genes following chromosome translocatons in
acute myelogenous leukemia (AML) and T-cell acute



t(10;11)(q25;p15)

lymphocytic leukemia (T-ALL). This gene is one of
several genes located in the imprinted gene dowfin

11p15.5, an important tumor-suppressor gene region.

Alterations in this region have been associateti the
Beckwith-Wiedemann syndrome, Wilms tumor,
rhabdomyosarcoma, adrenocortical carcinoma, and
lung, ovarian, and breast cancer. Alternative spliof

this gene results in several transcript variantsydver,

not all variants have been fully described.

Result of the chromosomal
anomaly

Hybrid gene

Description

Fusion in-frame between NUP98 exon 10 and ADD3
exon 13 (transcript variant 1) and between NUP38ex
10 and ADD3 exon 14 (transcript variant 2)r.
Transcript

5'NUP98-ADD3 3'

Vizmanos JL

Detection
ADD3-NUP98 was also detected at a lower level.

Fusion protein

Description

The fusion gene is predicted to encode a NUP98-ADD3
protein of 566-598 aminoacids retaining the N-terahi
FG repeat motif of NUP98 and the C-terminal
phosphorilation sites and the calmodulin bindingjoa

of ADD3.

Oncogenesis

In all the NUP98 fusions reported the FG-repeats ar
retained. In the NUP98 rearrangements involving the
HOX family, the 3' region of these genes with the
homodomain are retained so the fusion protein could
act as an oncogenic transcription factor. In NUP98
fusions with non-HOX genes the partners have region
with a significant probability of adopting a coiledil
conformation. In all cases the coiled-coil domare a
retained in the chimeric protein. This domain could
promote the oligomerization of the fusion protein
activating its oncogenic potential.

Schematic representation of the fusion NUP98-ADD3 consecuence of the t(10;11)(g25;p15) in a T-cell acute lymphoblastic leukemia with
biphenotipic characteristics. From up to down: ADD3, NUP98 and the putative chimeric NUP98-ADD3 structure. FG-repeats,
phenilalanine-glycine repeats; bipartite NLS, bipartite nuclear localization signal. Coiled coil domains on ADD3 and NUP98-ADD3 are

indicated with asterisks.
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|dentity Clinics and pathology

Disease

Acute myelogenous leukemia, Therapy-related MDS
(RAEB, RAEB-t)

Phenotype/cell stem origin
Myeloid, positive for CD34, 33, 13, HLA-DR.

Etiology
t(11;20)(p15;q11) G-banding. Either therapy-related or de novo.

Table 1.
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Leukemic cells have characteristics of type 1l myeloblasts with numerous granules. Several large nucleoli are seen in nuclei.(Wright-

Giemmesa staining)(x 1,000).

Genes involved and proteins
NUP98

Location

11p15

Note

The NUP98 gene is fused to a number of genes throug
chromosomal translocation. The breakpoints in NUP98
gene span six introns (intron 9-14). Of particulatice,
one type of translocation occurs in a specificantrAs

for t(11;20), all four cases have the breakpoirihtron

13 of NUP98 gene.

TOP1

Location
20q11
Protein

Topoisomerase 1 is a ca.100 kDa protein with 765
amino acids; contains NLS in the N-term, a core

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2)
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domain which recognizes its binding sequencesjla li
domain which connects the core and catalytic dosain
and the catalytic domain in the C-term.

Result of the chromosomal
anomaly

Fusion protein

Oncogenesis
NUP98-TOP1 fusion protein has been proved to be
leukemogenic in mice.

To be noted

Note

Primer sets for RT-PCR and genomic PCR have been
published in References.

Case Report

Translocation t(11;20)(p15;911) detected in AML MO:
A case report.



t(11;20)(p15;q11) Sekikawa T, Horiguchi-Yamada J

Structural diagrams of NUP98, TOP1, and fused chimeras. Fused protein has N-terminal of NUP98, which contains two FG repeats, and
the core, link and catalytic domains of TOP1. Gene product of TOP1/NUP98 (150kD) has been demonstrated, but the fused protein of

TOP1/NUP98 has not been examined.
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Clinics and pathology

Disease
Acute non lymphocytic leukemia (ANLL)

Note
Possibly heterogenous (see data on genes).

Epidemiology
3 cases to date: 1 M1-ANLL, 1 M4-ANLL and 1 case

not otherwise specified; two male patients weredage
50 and 64 years.

Prognosis

One patient died during induction therapy, anothes
achieved complete remission and was alive at 19
months+.

Cytogenetics

Cytogenetics morphological

Sole anomaly in 1 case, accompanied with del(9q) in
another case.

Genes involved and proteins

Note

In 8pll: WHSCI1L1/NSD3 was proved to be
implicated in the translocation in one case, while
FGFR1 was (only) suspected to be involved in amsgco
case; this case was analysed with two probes fignki
FGFR1 over a distance of about 700 kb; the two @sob
were found to be split in FISH experiments, indiogt
that FGFR1 was possibly concerned by the break.
However, NDS3

is 107 kb long, is at a distance of only 30 kb from
FGFR1, and FGFR1 spans 56 kb; therefore, NDS3 is
also a candidate in this case.

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 164

In 11p15: NUP98 was found to be implicated in the
translocation in one case; in the second case,eprob
flanking NUP98 over a distance of about 1 Mb were
used; it is likely that NUP98 is also involved inist
case, although the involvement of CARS, 600 kb more
telomeric than NUP98, is not excluded.

WHSC1L1/NSD3

Location

8pll

Protein

Suggested role in chromatin remodeling.

NUP98

Location

11p15

Protein

Nuclear = membrane localisation;  nucleoporin:
associated with the nuclear pore complex; role in
nucleocytoplasmic transport processes.

Result of the chromosomal
anomaly

Hybrid gene

Transcript

A 5" NUP98 - 3' NSD3 fusion transcript was deterted
the reciprocal transcript was also expressed. The
breakpoints occurred between exons 11 and 12 of
NUP98 and betweeen exons 3 and 4 in
WHSC1L1/NSD3.
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|dentity

Note

Primary skeletal neoplasms account for 0,2% of huma

tumors, whereas involvement of skeletal tissue by
metastatic disease is much more common. Their soft
tissue-related counterparts outnumber bone tumpes b

margin of approximately 10:1. Because of theirtyari

not much is known about the etiology and risk fexto
of bone tumors, although a difference in ethnical

distribution has been observed.

Bone tumors are mostly of mesenchymal origin, thoug
for example Ewing sarcoma is thought to have

neuroectodermal precursor cells. Classificationthef

World Health Organization will be followed in this
overview. Grading of bone tumors is roughly based o

the cellularity of the lesion compared to the antain
extracellulair matrix, nuclear features, the preseof

mitotic figures and necrosis. Staging via the TNM

system is normally not used, because metastases in

lymph nodes are not frequent in these lesions.

Therefore staging is based on degree of differéotia
of the tumor tissue and local and distant spreathef
tumor. Genetic information and references are piexi
for tumors investigated in more than a single case.

Classification

Cartilage tumors
Osteochondroma
Chondromas
Enchondroma
Periosteal chondroma
Chondroblastoma
Chondromyxoid fibroma
Chondrosarcoma
Dedifferentiated
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Mesenchymal

Clear cell

Periosteal

Osteogenic tumors

Osteoid osteoma

Osteoblastoma

Osteosarcoma

Conventional

Teleangiectatic

Small cell

Low grade central

Secondary

Parosteal

Periosteal

High grade surface

Fibrogenic tumors

Desmoplastic fibroma of bone
Fibrosarcoma of bone

Fibrohistiocytic tumors

Histiocytoma of bone

Ewing sarcoma/Primitive neuroectodermal tumor
Giant cell tumors

Giant cell tumor

Notochordal tumors

Chordoma

Vascular tumors

Haemangioma and related lesions
Angiosarcoma

Myogenic, lipogenic, neural and epithelial tumors
Leiomyosarcoma of bone

Lipoma of bone

Adamantinoma and osteofibrous dysplasia
Tumors of undefined neoplastic nature
Aneurysmal bone cyst

Simple bone cyst

Fibrous dysplasia

Langerhans cell histiocytosis (LCH)



Bone tumors: an overview

Clinics and pathology

Cartilage tumors

Osteochondroma

Germ line mutations in the tumorsupressor genes
Exostosin-1 (EXT-1) located at 824 and Exostosin-2
(EXT-2) located at 11pll-pl2 have been found in
hereditary multiple osteochondromas (MO). Somatic
mutations are extremely rare in these tumors. U fo
tumors aberrations involving the region 1p13-p22ewe
shown.

Chondromas

- Enchondroma

By conventional cytogenetic analysis, abnormalities
involving chromosome 6 and the long arm of
chromosome 12 have been detected.

- Periosteal chondroma

This subtype has not been individually investigated

Chondroblastoma

Although a dozen of case reports have been publjshe
no specific alterations were found in these ranmeicre
tumors.

Chondromyxoid fibroma

Structural rearrangements of chromosome 6 are found
to be non-random, particularly involving the longna
(q13 and g25) and p25 on the short arm.

Chondrosarcoma

In most genetic studies no difference is made batwe
peripheral, central chondrosarcoma and other sabtyp
CGH revealed extensive genetic aberrations; gains o
whole chromosomes or chromosome arms at 20q (32-
38%), 20p (24-31%), and 14qg23-qter (24-28%).

In a comparative study, 19 of 20 peripheral
chondrosarcoma showed LOH at the loci for EXT,
EXTL, 13q14, 17pl4, 17pl3, 9p21 and chromosome
10, while only 3 of 12 central chondrosarcoma did.
addition the ploidy status in peripheral chondrosara
showed wide variation (0,56-2,01), whereas central
chondrosarcomas were predominantly periploid.

- Dedifferentiated

In the cartilaginous, as well as in the dediffeieet
part of the tumor an identical somatic 6 bp deteiio
exon 7 of p53 and loss of the same copy on
chromosome 13 had been found. These findings
provide evidence for a common origin of both parts.

- Mesenchymal

A Robertsonian (13; 21) translocation,
der(13;21)(q10;q10), was detected in two cases,
together with loss of material from chromosome 8 an
20 and gain of material from chromosome 8.

- Clear cell

No specific alterations have been reported.
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- Periosteal
No specific alterations have been reported.

Osteogenic tumors

Osteoid osteoma

Involvement of band 22q13 and loss of the distat pa
of arm 17q were detected in two out of three arexdyz
cases.

Osteoblastoma

No consistent aberrations have been detected in fou
cases, although clues are leading to deregulafidimeo
cell cycle. No telomerase activity could be found.

Osteosarcoma

- Conventional

Although most osteosarcomas reveal complex
chromosomal aberrations, no specific alterationgeha
been found. Amplification at 1g21-23 and 17p, tbget
with co-amplification of 12q13-15 are frequently
reported. In 14-27% of osteosarcomas, the MDM2 gene
is amplified and in 41% the PRIM1 gene.
Amplification of the CDK4 gene is found in aggressi
lesions. Chromosome 12p is differently amplified in
low- versus high-grade osteosarcomas. The MYC gene
has been shown to be amplified in 44% of
osteosarcoma (8g24).

- Teleangiectatic

In contrast to the conventional osteosarcomas, nho
amplifications were detected in four cases. Complex
chromosomal changes were found.

- Small cell

No genetic alterations have been reported on this
subtype of osteosarcoma.

- Low grade central

The complex aberrations found in high-grade
osteosarcomas could not be identified in these low-
grade variants. Recurrent gains have been repuaithd
minimal common regions at 12q13-14, 12p and 6p21.

- Secondary

In tumors developing in bone after radiation,
chromosomal losses are more frequently observed tha
gains. Especially 1p, which is lost in 3% of the
conventional type, is lost in 57% of the radiation-
associated type.

In osteosarcomas secondary to Paget Disease of Bone
(PDB) LOH is found at 18q, the locus for PDB.

- Parosteal

Ring chromosomes are reported as the sole altaritio
parosteal osteosarcoma. Using FISH techniques, the
SAS, CDK4 and MDM2 genes are shown to be co-
amplified with a minimal common region at 12q13-15
in the ring chromosomes.

- Periosteal

Complex chromosomal aberrations were reported.
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- High grade surface
These lesions have not been studied as a specific
subtype.

Fibrogenic tumors

Desmoplastic fibroma of bone
Like in desmoid tumors, trisomies 8 and 20 are
commonly found.

Fibrosarcoma of bone
No cytogenetic investigations on fibrosarcoma have
been published.

Fibrohistiocytic tumors

Histiocytoma of bone

Of the benign form of this tumor, no cytogenetic

information is available. Its malignant counterpart

shows LOH at chromosome 9p21-22, which has also
been shown by CGH before.

Ewing sarcoma/Primitive
neuroectodermal tumor

The most common rearrangement (85%) in this tumor
is translocation t(11;22)(q24;q12). Consequenthys t
leads to the fusion protein EWS/FLI1. Other
translocations found in the Ewing Sarcoma gene are
listed below:

Fusion of | to translocation %
EWS FLI1 t(11;22)(924;912) 85
EWS ERG t(21;22)(g22;q12) | 10-15
EWS ETV1 t(7;22)(p22;912) <1
EWS FEV t(2;22)(936;912) <1
EWS E1AF t(17;22)(921;912) <1

Giant cell tumors

Reduction in length of the telomeres, as well as
telomeric association, has been demonstrated sethe
tumors. Most commonly 11p, 13p, 14p, 15p, 199, 20q
and 21p are affected.

Notochordal tumors

Chordoma

Nine of sixteen investigated chordomas were
hypodiploid with a chromosome number ranging from
33 to 44. Chromosomes 3, 4, 10, and 13 are most
commonly lost, and in half of the cases the follagvi
segments are lost up to the telomere: 1p31, 3p#A1,3
9p24, 17g11. Because LOH is found at band 1p36, a
tumor suppressor gene is thought to exist on digtal

Vascular tumors

Haemangioma and related lesions
No cytogenetic investigations reported.
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Angiosarcoma

An identical translocation of chromosomes 1 and8 h
been reported in two epithelioid
haemangioendotheliomas.

Myogenic, lipogenic, neural and
epithelial tumors

Leiomyosarcoma of bone

5 Grade 1IB tumors demonstrated a rate of genomic
loss of 90%, whereas high micro satellite instapili
was not observed. Allelotyping revealed loss of piRb
the tumors. In addition, chromosomal loss was edtic
in human telomerase subunit-linked markers.

Lipoma of bone

Only one case study is published about the berign f
of this tumor. On its malignant counterpart,
liposarcoma of bone, no genetic information hasnbee
published.

Adamantinoma and osteofibrous dysplasia

Cumulating  evidence indicates that classic
adamantinomas derive from their osteofibrous
dysplasia (OFD)-like counterparts. OFD and
adamantinoma show common cytogenetic

abnormalities. In 15 cases of adamantinoma (n=td) a
OFD (n=4) trisomies of chromosomes 7, 8, 12, 19 and
21 were detected. These findings further subst&ntia
the clonal origin of OFD and the common histogemesi
of OFD and adamantinoma.

Tumors of undefined neoplastic nature

Aneurysmal bone cyst

Aneurysmal bone cysts can be primary or secondary t
other bone lesions. Chromosome bands 16922 and/or
17p13 (USP6 gene) are non-randomly rearranged in
ABC, regardless of tumor type (classic and solidd a

of location (osseous and extraosseous). However,
rearrangements are absent in secondary ABC. A
recurrent t(16;17)(q22;p13) has been identifiedt bu
other chromosomal segments as translocation partner
for each chromosome have been described.

Simple bone cyst
Only one case
rearrangements.

Fibrous dysplasia

Two fibrous dysplasia cases exhibited either a
completely normal karyotype or single cell abemasi.
Evidence that this lesion is neoplastic comes ftben
fact that clonal chromosomal aberrations have been
found. In monostotic as well as polyostotic lesions
activating GNAS1(20g13.2) mutations, known from
the  McCune-Albright syndrome, have been
demonstrated.

Langerhans cell histiocytosis (LCH)
Studies of X-chromosome inactivation demonstrated
that LCH is clonal.

report describes  structural
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Congenital and inherited syndromes

Beckwith-Wiedemann syndrome

This syndrome, which is caused by heterogenic genet
changes on 11915, is subject to genomic imprintthg.
Beckwith-Wiedemann syndrome chromosome regions
(BWSCR) have been identified: BWSC1 near
INS/IGF2, BWSC2 5 Mb proximal to BWSC1, and
BWSC3 2 Mb even more proximal.

Enchondromatosis: Ollier disease and Maffucci
syndrome

These syndromes are non-hereditary although aafase
familial clustering has been reported. Mutationdha
PTH receptor 1 have been found in two cases, leseth
results could not be confirmed in a larger serie81o
patients, suggesting that PTHR1 is not the culjorit
enchondromatosis.

McCune-Albright syndrome

Mutations in the GNAS1 gene, located on 20913,
change the structure of the G-protein a-stimulatory
subunit. Dysfunctions of the heterotrimeric G-piote
complexes lead to this non-familial occurring doben:

Multiple osteochondromatosis (MO)/Hereditary
Multiple Exostosis

Mutations in one of the two exostosin (EXT) genes a
responsible for this autosomal dominant syndrome.
EXT1 is located at 8g24 and EXT2 at 11p11-p12. Most
mutations are either nonsense, frame shift or edie
mutations, leading to premature termination ofExar
proteins. This causes alteration of the gene pitsduc
which are functioning in the endoplasmatic reticalu
as transmembrane glycoproteins, and will affect the
biosynthesis of heparan sulphate proteoglycandirga

to altered growth factor signaling.

Familial Paget Disease of Bone

Familial Paget Disease of Bone (PDB) demonstrates
linkage to chromosome 18q. Some cases (PDB type 2)
are caused by mutations in the TNFRSF11A gene on
chromosome 18¢22.1, which encodes RANK, a protein
essential in osteoclast formation. The phenotypleet

to chromosome 5q35 (PDB type 3) is caused by
mutations in the SQSTML1 gene, the product of wisch
associated with the RANK pathway.
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Identity

Alias
Adrenocortical Carcinoma; Adrenal Tumor

Note

Adrenocortical carcinoma is a rare malignant nesipla

of adrenal glands, which most often presents withou
any hormonal symptoms. The most common clinical
presentation of patients with hormone-secreting
adrenocortical carcinoma is that of Cushing’s
syndrome.

Other hormonal hypersecretion syndromes associated
with adrenocortical carcinoma include virilization
(from androgen-producing tumors), feminization
(estrogen-producing tumors), and hyperaldosteranism
Multiple hormones may be produced by a single tymor
causing a mixed clinical picture. In children,
virilization is more common because carcinomas have
a greater tendency to be presented with a hormonal
syndrome.

Clinics and pathology
Etiology

Adrenal cancer may present as part of rare hergdita
syndromes such as Wiedemann-Beckwith syndrome
(WBS) linked to 11p15.5 or the Li-Fraumeni syndrome
(LFS), associated with germline mutations of th&&3'P
gene, on 17p. Sometimes carcinomas develop in
children with congenital adrenal hyperplasia (CAH)
that is caused

most frequently by mutations in the CYP21B gene.
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Epidemiology

Adrenal cancer is a rare malignancy representirg on
0.05% and 0.2% of all cancers worldwide. Women tend
to develop functional adrenal cortical carcinomasen
commonly than men. Men develop non-functional
malignant adrenal tumors more often than women.
There is a bimodal distribution in terms of ageuyg
children less than 5 years old, and adults in tB6s
and 40s. In Brazil, the incidence of carcinomathiee
times more than the international rate.

Pathology

Grading and staging:

Stage |: disease confined to the adrenal glandowith
local invasion or distant metastases and the geate
tumor dimension less than 5cm.

Stage Il: same as stage | but the greatest tumor
dimension is greater than 5 cm.

Stage lllI: local invasion that does not involve aadint
organs or regional lymph nodes.

Stage IV: distant metastases or invasion into ahac
organs plus regional lymph nodes.

Treatment

Treatment for adrenocortical carcinomas is complete
surgical resection; these tumors do not responditeel
chemotherapy. Mitotane may be used as a chronic
treatment in non-cured cases or prophylacticalhe®
medications (e.g. ketoconazole, metyrapone,
aminoglutethimide) may be given to reduce produrctio
of cortisol and other adrenal steroids that is oesjble

for many of symptoms.
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Prognosis
Extremely poor prognosis, with a survival rate ¥
at five years for stage I-1l disease.Poor progeosti

indicators include:; age at diagnosis, tumor sizgtadt
metastases, invasion of vessels, capsule, or adjace
organs, and tumor necrosis. Pediatric patients with
hormonal syndrome are considered to have a better
prognosis because the associated signs and symptoms
can make the cancer diagnosis easier leading tierear
surgical intervention

Cytogenetics

Morphological Cytogenetics

Only a few karyotyping studies has been performed.
Chromosomal analysis revealed a modal number of 61
with consistent structural abnormalities of add§3)(),
add(9)(p11), and add(16)(gll) in one case of adult
carcinoma and the karyotype 46, XX, t(4;11)(q35)p13
in the another one. Karyotyping of short-term cudtl
cells from an 11-cm adrenocortical carcinoma in%& 3
year-old girl revealed the very complex karyotype
46,XX, inv(9)(p11912)c/[2]/56-57 XX, +2, +4, +5, +7
+8, inv(9)c, +10, +add (13)(pl11), +14, +15, +190+2
+20, +mar[cpl9].

Molecular Cytogenetics

Fluorescent in situ hybridization (FISH) studies of
carcinomas showed increasing genome instability in
carcinoma progression. Loss of heterozygosity (LOH)
studies identified allelic losses on chromosomep, 11
11q, 13g, and 17p. The LOH on 2p16 is strongly
associated with the malignant phenotype.

Several studies were reported in carcinomas with
comparative genomic hybridization (CGH). DNA
sequence copy number gains were identified on
chromosomes 4, 5, 9q, and 12q and losses on
chromosomes 17p, 1p, 29, 11qg, and 9p. All studies
showed that the number of genomic changes is glosel
correlated with tumor behavior. In adenomas, small
tumors contain a small or zero number of chromo$oma
imbalances, and a number of changes increases in
larger adenomas and then considerably increases in
carcinomas. Of adenomas, the most common
alterations were gains of 4q, 17p, 17q and 9q32-qte
Two CGH studies of childhood adrenal tumors showed
extensive genetic alterations both in benign and
malignant tumors. The copy number changes are
distinctly different to those seen in adult tumdhsis
possibly reflecting different genetic background fo
these tumors. High-level amplification of 934 was
very common.

Genes involved and proteins

Note
A number of genes are implicated in tumor progmessi
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from adrenal adenoma to carcinoma; they includé bot
oncogenes and tumor suppressor genes. Progression
from adenoma to carcinoma involves a monoclonal
proliferation of cells, which, together with other
defects, have undergone rearrangements of the
chromosomal locus 11p15.5 associated with IGF I
hyperexpression and abrogation of expression of the
CDKN1C and H19 genes. TP53 is involved in
progression to carcinoma in a subset of patiemts. |
childhood ADCC, 50% of children carried germline
mutations of TP53. Deletions of the ACTH receptor
gene have been recently found in undifferentiated
adenomas and in aggressive adrenocortical carceioma
although the frequency of ACTH receptor deletion
needs to be more fully examined. Other key oncogene
and tumor suppressor genes remain to be identified
although the chromosomal loci that harbor them were
identified at 17p, 1p, 2pl6, 11913, and 9p for tumo
suppressor genes and chromosomes 4, 5, 9q, art 12 f
oncogenes. The 1113 region harbors the MEN1 gene,
however mutations of the gene were not found in
adrenal tumors.
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Clinics and pathology

Disease
Pericytoma with t(7;12)
Phenotype / cell stem origin

Unknown.

Embryonic origin

The cellular origin is unknown, but it presumably
derives from the mesoderm. The tumor cells display
cytoarchitectural, immunohistochemical and
ultrastructural features highly suggestive of pgiac

differentiation, and it seems likely that thesedas fall
within the spectrum of myopericytic neoplasms.

Etiology

Unknown.

Epidemiology

Presumably rare, but differential diagnostic proise
may have hampered the distinction of these tummors i
the past. Tumors that fall within the differential
diagnosis include cellular examples of solitaryrdils
tumors (also known as hemangiopericytoma),
myofibroma (tosis), monophasic synovial sarcoma,
mesenchymal chondrosarcoma, and metastatic
endometrial stromal sarcoma. Affects both men and
woman of all ages. No familial cases are known.

Clinics
Seems to present as a solitary pain-less nodule. Th

locations reported so far have been the tongue (3
cases), the stomach (1 case) and the calf (1 case).
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Pathology

Pericytomas with t(7;12) display a multilobulated,
infiltrative growth pattern, and are composed of

uniform spindle-shaped pericytic cells that
consistently arranged around small, thin-walled

arborizing vessels. The spindle cells present small
amounts of eosinophilic cytoplasm, and ovoid-to-
tapered nuclei with vesicular chromatin and often a
single  nucleolus. No significant atypia or

pleomorphism is present, and mitotic figures are.ra

Treatment

Preoperative chemotherapy has not proven efficient.
Surgical excision seems to be the treatment ofcehoi
Prognosis

Based on a limited follow-up (22-120 months),
pericytomas with t(7;12) are seemingly benign av-lo
malignant tumors. No signs of recurrence or mesista
have been reported.

Cytogenetics

Morphological Cytogenetics

The recurrently observed t(7;12)(p22;913) is a jgec
translocation characteristic for the tumor type.

Molecular Cytogenetics

Metaphase FISH mapping analysis on one case
revealed that the breakpoints were located to BAC
probes RP11-1275H24, and RP11-93G19 on 7p22, and
to BAC probes 181L23, and 772E1 on 12g13. The
probes gave split signals on the respective dévamt

On the normal chromosomes, intact signals were.seen

are
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Representative  G-banded the

1(7;12)(p22;913).
Probes

BAC probes RP11-1275H24 (AC092171; substantially
larger than the 85 kb reported by the NCBI), and RP
93G19 (BAC ends: AQ321651, AQ321650) spanning
the ACTB locus, and BAC probes 181L23
(AC022506), and 772E1 (AC063917) spanning the
GLI1 locus.

Genes involved and proteins

Note
The t(7;12)(p22;913), fuses the ACTB gene in 7f@2,
the GLI1 gene in 12q13.

ACTB

Location

7p22

DNA / RNA

Six exons, spans approximately 3.4 kb of genomic
DNA in the centromere-to-teleomere orientation. The
translation initiation codon ATG is located to ex&n
and the stop codon to exon 6. The ACTB mRNA is
approximately 1.8 kb. ACTB is abundantly expressed
in all mammalian and avian non-muscle cells.

Protein

The open reading frame encodes a 374 amino acid
protein, with an estimated molecular weight of
approximately 41.7 kDa. The ACTB protein is located
in the cytoplasm where it is a component (togettitt
actin g) of the cytoskeleton.

GLI1

Location
12913

partial  karyotype  of
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DNA / RNA

Twelve exons, spans approximately 12 kb of genomic
DNA in the centromere-to-telomere orientation. The
translation initiation codon is located in exorad the
stop codon in exon 12. The GLI1 mRNA transcript is
3.6 kb.

GLI proteins function as direct effectors of sonic
hedgehog-signaling during embryogenesis. GLI1 (also
GLI2 and GLI3) are therefore likely to be involved

the tissue-specific proliferation of the centrakvous
system, the zones of polarizing activity in the
developing limb, and of the gut. In the adult human
GLI1 expression has been demonstrated in the testes
myometrium and Fallopian tubes.

Protein

The open reading frame encodes an 1106 amino acid
protein, with an estimated molecular weight of
approximately 118 kDa. The GLI protein is a DNA
binding transcription factor, also the last knowepsin

the sonic hedgehog-signaling pathway. The GLI1
protein contains five DNA-binding zinc fingers
between amino acids 235 and 393 (encoded by exons
7-10), and a transactivating domain constituted by
amino acids 1020-1091 (encoded by exon 12).

Result of the chromosomal
anomaly

Hybrid Gene

Note

To date, five cases of pericytoma with t(7;12) have
been reported. All of them expressed an ACTB-GLI1
transcript, and two of them also expressed a recgr
GLI1-ACTB  fusion transcript. The genomic
breakpoints of these fusions have been charactgrize
revealing that the respective breakpoints sharedt sh
common oligomers.

Detection

A detailed description of a protocol for the dei@ttof
ACTB-GLI1 and GLI1-ACTB chimeras has been
reported.

Fusion Protein

Note

The function of the ACTB-GLI1 chimera is unknown,

but it is suggested that the strong ACTB promoter
causes an over-expression of GLI1 sequences inmorta
for transcriptional activation of downstream target
genes.

Description

The ACTB-GLI1 fusion protein contains the N-
terminal of ACTB and the C-terminal of GLI1,
including the DNA-binding zinc finger motifs (encedi
by exons 7-10) and transactivating motifs (exon 12)
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Identity Clinics

Inheritance Note

Autosomal recessive; frequency is about 2/10 168 cases have been registered in the Bloom's

newborns in Ashkenazi Jews and in the Japanese syndrome Registry by James German; BS patients are

(founder effect: affected persons descent from a predisposed to all types of cancer observed in the

common ancestor); much rarer otherwise. general population; thus, BS is a model of initiatand
promotion of cancer, and highligths internal
causes/processes of cancers.

Micronuclei (left); sister chromatid exchange (right) in a normal subject (herein: 19 SCE, instead of the hundred found in Bloom, see
below) — Editor.
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Bloom syndrome

Phenotype and clinics

- Phenotypic spectrum variable.

- Growth: dwarfism: intrauterine growth retardation
birth weight: below 2.3 kg; mean length: 44 cm; ladu
length < 145 cm.

- Skin: hyperpigmented (café au lait) spots;
hypopigmented areas; sun sensitive telangiectatic
erythema; in butterfly configuration across theefac
resembles lupus erythematous.

- Head: microcephaly; dolichocephaly; narrow face;
prominent nose and/or ears; characteristic higthpi
voice.

- Normal intelligence.

- Immune deficiency --> frequent infections (may be
life-threatening).

- Other: myocardopathy; hypogonadism
patients; hypertriglyceridemia.

Neoplastic risk

Nearly half of patients have had at least one aance
(10% of whom having had more than one primary
cancer, which is quite characteristic of Bloomfagan
age at first cancer onset: 25 yrs (range: 2-49 yrs)
Acute leukaemias (ALL and ANLL) in 15 % of cases;
lymphomas in 15 % as well; these occur mainly kefor
the thirties.

Carcinomas (of a wide variety) occur in 30 % ofesas
mainly after the age of 20 yrs.

Benign tumours (10%).

Evolution

Major medical complications apart from cancers are:
chronic lung disease, and diabetes mellitus (ife).0

in male

Amor-Guéret M

Prognosis

1/3 of patients are dead at mean age 24 yrs (ottiedt
at 49 yrs, youngest died before 1 yr) and the naspgn
of the 2/3 remaining alive patients is 22 yrs (&ndr
46 yrs).

Cytogenetics
Inborn conditions
Chromatid/chromosome  breaks; triradial  and
qguadriradial ~ figures, in particular symetrical
guadriradial configuration involving homologous

chromosomes (Class | gr), which are pathognomonic
and which may be due to a mitotic crossing-over;
micronuclei.

Diagnosis is on the (pathognomonic) highly elevated
spontaneous sister chromatid exchange rate (90 SCE
per cell; more than 10 times what is normally foyrad
some persons a minor population of low SCE cells
exists, suggesting a recombination event between
maternal and paternal alleles (with different motag),
giving rise to a wild type functional gene; thisoated

to localize the gene in a very elegant strategy.
Heterozygotes are not detectable by cytogenetic
studies.

Other findings

Note

Slowing of the cell cycle (lenthening of the G1 a®&d
phases).

Spontaneous mutation rate 10 times higher than alorm
cells.

Sister chromatid exchange in a normal subject (left) and in a Bloom syndrome patient (right) (from: Mounira Amor-Guéret).
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Genes involved and proteins

Complemantation groups
No complementation group.

BLM

Location
15¢g26.1

Protein

Description: 1417 amino acids; contains one ATP
binding site, one DEAH box, and two putative nuclea
localization signals.

Expression: Accumulates to high levels in S phase o
the cell cycle, persists in G2/M and sharply dexgim
G1; hyperphoshorylated in mitosis.
Localisation: Nuclear (PML nuclear
nucleolus).

Function: 3-5 DNA helicase; probable role in DNA
replication and double-strand break repair.

Preferred substrates: G-quadruplex DNA, D-loops
structures and X-junctions. Recombinant protein
promotes ATP-dependent branch migration of
Hollyday junctions.

Participates in a supercomplex of BRCAl-associated
proteins named BASC (BRCALl-Associated genome
Surveillance Complex) and in a complex named
BRAFT (BLM, RPA, FA, Topoisomerase lllalpha)
containing five of the Fanconia Anemia (FA)
complementation group proteins (FANCA, FANCG,
FANCC, FANCE and FANCF).

Interacts physically and/or functionally with p53,
53BP1, WRN, MLH1, RAD51, TRF2, ligase IV, FEN1
Associated with telomeres and ribosomal DNA repeats
Phosphorylated in mitotic cells through the cdc2
pathway, and in response to DNA damaging agents.
Homology: With the RecQ helicases.

Mutations

Germinal: Five BLM mutations introducing amino acid
substitutions and four BLM mutations introducing
premature nonsense codons into the coding sequence
have been described to date; one BLM mutation
consisting in a 6 bp deletion accompanied by a 7 bp
insertion at nucleic acid position 2281 is comman i
patients from Ashkenazi Jewish ancestry, leading to
truncated protein of 739 amino acids in length; two
BLM mutations, 631delCAA and 1610insA were
detected in japanese patients.
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|dentity

Alias

Klein-Waardenburg syndrome (WS3)

Waardenburg syndrome with upper limb anomalies
(WS3)

White forelock with malformations (WS3)
Waardenburg-Hirschsprung disease (WS4)
Waardenburg syndrome variant (WS4)
Shan-Waardenburg syndrome (WS4)

Hirschsprung disease with pigmentary anomaly (WS4)

Note

Waardenburg syndrome (WS) is an auditory-

pigmentary syndrome caused by a deficiency of
melanocytes and other neural crest-derived cells.

The disease was named for Petrus Johannes
Waardenburg, a Dutch ophthalmologist (1886-1979)
who was the first to notice that people with two

different coloured eyes frequently had hearing

problems.

Inheritance

Inherited in an autosomal dominant manner with an
incidence of 1 in 40 000 newborns. Almost 90% of
patients have an affected parent but the symptoms i
the parent can be quite different from those inctiéd.

Clinics

Note

Waardenburg syndrome (WS) is a hereditary auditory-
pigmentary syndrome, the major symptoms being
congenital sensorineural hearing

loss and pigmentary disturbance of eyes, hair &md s
Depending in additional symptoms, WS can be
classified into four types: WS type | (WS1) is
associated with facial deformity such as dystopia
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canthorum (lateral displacement of the inner canthi
WS2 has no other symptoms; WS3 is associated with
upper limb deformity; and WS4, with megacolon.

Phenotype and clinics

Disease with variable penetrance and several know
clinical types. Characteristics may include
depigmentation of the hair and skin, congenital
deafness, heterochromia iridis, medial eyebrow
hyperplasia, hypertrophy of the nasal root, and
especially dystopia canthorum. The underlying cause
may be defective development of the neural crest
(neurocristopathy). Waardenburg's syndrome may be
closely related to piebaldism. Klein-Waardenburg
syndrome refers to a disorder that also includgseup
limb abnormalities.

Neoplastic risk
Slight increased risk for rhabdomyosarcoma.

Treatment

No specific treatment is available for Waardenburg
syndrome. Attention must be paid to any hearingcdef
and hearing aids and appropriate schooling may teeed
be provided. Type 4 patients with constipation fexju
special attention to their diet and medicationkeep
their bowels moving.

Prognosis

With correction of hearing deficits, affected pespl
should be able to lead a normal life.

Genes involved and proteins

Note

WS can be classified into for types. At least oreey
responsible for each type of WS has been cloned and
for these cloning procedures mice with pigmentation
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anomalies have contributed greatly. Six genes
contributing to this syndrome- PAX3, SOX10, MITF,
SLUG, EDN3 and EDNRB- have been cloned so far,
all of them necessary for normal development of
melanocytes.

PAX3

Location

2935-937

Note

PAX3 is an important gene in muscle development and

muscle-producing neoplasms such as
rhabdomyosarcomas.

DNA/RNA

Description: 10 exons.

Protein

Description: 206-215 residues.

Expression: is  expressed during embryonic

development. Skeletal muscle, esophagus, cerebellum
pancreas, liver and stomach.
Function: Transcription factor.

Mutations

Mutations in PAX3, which encodes a paired
homeodomain transcription factor, are responsibte f

Waardenburg syndrome 1 and 3.

PAX3 was shown to bind and transactivate the MITF
promoter, thereby demonstrating the role of PAX3 in
the regulation of MITF expression. This observation
supports an epistatic relationship between MITF and
PAX3 and can explain the pigmentary disorders
observed in WS1 and 3, because MITF controls
melanocyte development. PAX3 defects affect neural
crest cell derivatives, resulting in the presende o
craneofacial malformations.

Vicente-Duefias C et al.

SOX10

Location
2213

DNA/RNA
Description: 5 exons.

Protein

SOX10, a protein that modulates other transcription
factors (including PAX3) belongs to the high mdiili
group (HMG) box superfamily of DNA-binding
proteins. It is first expressed during developmant
cells of the neural crest that contributes to anfng
peripheral nervous system, and can be detecteldein t
sensory, sympathetic and enteric ganglia and along
nerves. SOX10 is also transiently expressed in
melanoblast.

Description: 466 residues.

Expression: During development in cells of the akur
crest.

Function: Transcription factor.

Mutations

Mutations in Sox10 also result in WS4.

How mutations in this gene lead to deafness and
pigmentary abnormalities, shared by all the WS
subtypes, was not elucidated. It was tempting to
propose that the WS4 genes are directly or indirect
involved in the regulation of MITF expression thsat
crucial for melanocyte development.

SOX10 binds and transactivates the MITF promoter,
whereas Sox10 mutants found in WS4 patients faded
stimulate the MITF promoter. Thus, there is an tais
relationship between SOX1 and MITF, thereby giving
molecular basis for the audio-pigmentary defect in
patients with WS4,

SOX10 joins Pax3, CREB and LEF1 in the list of
transcription factors that control MITF expression.

GENE Syndrome Specific symptoms

PAX3 WS1; WS3 Dysthopia canthorum, hypoplasia a@hbli muscle; contracture of elbows,
fingers.

MITF WS2 Main symptoms only (auditory-pigmentaryndyome)

SLUG WS2 Main symptoms only (auditory-pigmentarmadgome)

EDNRB | WS4 Hirschsprung'’s disease

EDN3 WS4 Hirschsprung'’s disease

SOX10 WS4 Hirschsprung’s disease

Table 1: Genes involved in Waardenburg syndrome (WS).
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MITF

Location
3p14.1-p12.3

DNA/RNA
Description: 9 exons.

Protein

Microphtalmia-associated transcription factor (M)TF
is a basic helix-loop-helix, leucin zipper tranption
factor that plays a pivotal role in survival and
differentiation of melanocytes, the cells that proel
melanin pigments. MITF has been demonstrated to up-
regulate the expression of the genes involved in
melanin synthesis, such as tyrosine, TRP1, and TRP2
Further MITF is thought to be a master gene in
melanocyte differentiation, because its forced
expression in fibroblast leads to the expression of
melanocytes-specific enzymes required for melanin
synthesis.

Description: 520 residues.

Expression: in melanocytes.

Function: Transcription factor.

Mutations

In humans, mutations, of MITF are responsible for
Waardenburg syndrome (WS) type 2, characterized by
pigmentation abnormalities and sensorineural deafne
due to the absence of melanocytes from the stria
vascularis of the inner ear.

In mice, mutations in the microphthalmia gene cause
pigmentation disorders because of the absence of
melanocytes, supporting the involvement of MITF in
melanocyte survival.

Over 20 different Mitf mutations have been desdibe
in mice. They all result in a deficiency in skin cvat
melanocytes ranging in severity from minor pigmenta
defects with normal eyes to total lack of coat ayd
pigmentation, small colobomatous eyes, deafness and
in some instances osteopetrosis.

SLUG

Location
8gll.21

DNA/RNA
Description: 3 exons.

Protein

SLUG a zinc finger transcription factor is a markér
neural crest cells in Xenopus, zebrafish and chick
embryos and probably has a functional role in
formation of premigratory neural crest. In the nm®us
the corresponding gene, Slugh, is expressed in
migratory but not premigratory neural crest cefisl &

not essential for neural crest development.

Description: 268 residues.
Expression: Placenta, adult heart,
kidney and skeletal muscle.

Function: Transcriptional repressor.

pancreas, liver,
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Mutations

Mice lacking Slugh have patchy deficiency of
melanocytes, a phenotype similar to human
Waardenburg syndrome. It has been shown that some
human patients with Waardenburg syndrome carry
homozygous deletions of SLUG as their only detected
genetic abnormality, thus defining a recesive faimn
type 2 WS. Preliminary investigations of the role o
SLUG in melanocyte development show that it is a
downstream target of MITF, which acts on an E-box
sequence in the SLUG promoter.

EDN3 (ENDOTHELIN 3)

Location
20913.2-q13.3

DNA/RNA
Description: 5 exons.

Protein

Description: 230 residues.

Expression: Trophoblasts, placental stem villi eéss
Function: Peptide hormone.

EDNRB (ENDOTHELIN RECEPTOR,
TYPE B)

Location
13922

DNA/RNA
Description: 7 exons.

Protein

Description: 442 residues.

Expression: lung, placenta, kidney and skeletalateus
Function: G protein-coupled receptor.

Mutations

WS4 is also caused by mutations in endothelin B
receptor or in endothelin 3. How mutations in these
genes lead to deafness and pigmentary abnormalities
shared by all the WS subtypes, was not eluciddted.
was tempting to propose that the WS4 genes are
directly or indirectly involved in the regulationf o
MITF expression that is crucial for melanocyte
development.

To be noted

Mouse models

Mutant mice with coat color anomalies were helpiful
identifying these genes, although the phenotypes of
these mice did not necessarily perfectly matchahufs
the four types of WS. There are several mice with
mutations of murine homologs of WS genes and verify
their suitability as models for WS with specialarast

in the cochlear disorder. The mice include spld&),
microphthalmia (mi), Slugh -/-, WS4, JF1, lethal-
spotting (Is), and Dominant megacolon (Dom).
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splotch (Sp)mice as a model for WS1

The mouse Pax3 gene was identified as the gene
responsible for splotch (Sp) mice. Sp mice exhabit
number of characteristic developmental anomalies
which predominantly affect the neural tube and akur
crest. Severe alleles in six types of homozygous Sp
mice are fatal at the embryonic stage, and evestapl
retarded (Spd) mice, which have the least sevézkeal
encoding Pax3 with a substitution mutation at the
paired domain, die at birth. Heterozygous Sp (Sp/+)
mice survive after birth and have white belly spbist
curiously, showed no sign of auditory defects; WS1
patients are usually heterozygous at the PAX3 gee
yet many show auditory dysfunction. The phenotype o
Spd mice varies depending on their genetic
background, suggesting the existence of modifier
genes. It has been estimated that at least twosgene
interact with Spd to influence the craniofacialtteas.

microphthalmia (mi)mice as a model for WS2
Homozygous mi mice are microphthalmic due to the
loss of retinal pigmentary epithelial (RPE) celijite

in coat color due to the loss of melanocytes, araf.d

11 types of mi gene mutations, so far identifiedrin
mice, are transmitted in either a recesive or semi-
dominant manner. In contrast, in humans is trarischit

in a dominant manner.

Slugh-/- mice as a model for WS2

Slugh-/- mice have diluted coat color, a white ferad
blaze, and areas of depigmentation on the ventdy,b

tail and feet. Hearing function has not yet beesessed

in Slugh-/- mice, but hyperactivity and circling
behaviours observed in some Slugh-/- mice suggest a
vestibule-cochlear disorder.

WS4mice as a model for WS4

Homozygous WS4 mice showed pigmentation anomaly
(white coat color with black eye), aganglionic
megacolon and cochlear disorder. Exons 2 and 3;hwhi
encode transmembrane domains Ill and 1V of the Ednr
G-protein-coupled receptor protein, were deleted in
these mice. Cochlea of WS4 mice showed
endolymphatic collapse, due to the lack of melatexy
(intermediate cells) in the stria vascularis.

JF1 mice as a model for WS2

The JF1 mice are an inbred strain of mice derivethf
Japanese wild mice, which are often bred by Japganes
laymen as fancy ,panda¥% mice because of their cute
appearance with black eyes and white spotting on a
black coat. JF1 mice are not lethal even in the
homozygous state. This non-lethality of JF1 mice is
probably due to the fact that the mutation in mgan
insertional mutation in intron 1 that creates aptity
splicing acceptor site that results in decreased
expression of wild-type Ednrb but does not cause
aganglionic megacolon. As JF1 mice have
pigmentation anomalies and hearing impairment- but
not megacolon or dysmorphogenesis- they constgute
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mouse model of WS2. These notions are consistent
with the finding that WS2 is occasionally caused by
mutations in EDNRB.

lethal-spotted (Ismice as a model for WS4
Homozygous mutations of the endothelin 3 (EDN3)
gene cause coat spotting and aganglionic mega@olon
Is mice and gene targeted edn3 null mice. Some of
these mice can survive and mate; they are pothnéal
model for WS4, although cochlear disorders of these
mice remain to be examined.

Dominant megacolon (Dom)mice as a model for
WS4

The Sox10 gene is mutated in the dominant megacolon
(Dom) mouse, an animal model of neurocristopathy,
whose phenotype is reminiscent of Waardenburg-
Hirschsprung patients. The pigmentary phenotype als
suggests that Sox10 expression is essential for
melanocyte development.

Homozygous Dom mice are lethal and their embryos
lack neural crest-derived cells expressing the
melanocyte lineage markers. Heterozygous Dom mice
show white spotting and some of them show
megacolon. Dom mice not respond to sound. They did
not show endolymphatic collapse, suggesting theit th
stria vascularis had intermediate cells (melan®)yte
sufficient for normal production of endolymph.
However, their organ of Corti was missing.
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|dentity

Inheritance
Autosomal recessive inheritance. Male to femal® rat
1.7: 1.

Clinics
Note
Bone marrow failure syndrome with exocrine

pancreatic dysfunction and growth retardation, many
phenotypic features often present at birth.

Phenotype and clinics

Intermittent neutropenia is the most common
haematological finding (85-100%); in addition apilas
anemia (80%), increased hemoglobin F levels (80%),
thrombocytopenia (25-85%) and impaired neutrophil
chemotaxis, B- and T-cell defects can be found.
Fluctuating or persistent exocrine pancreatic
dysfunction (with low serum amylase in 50-75%, low
serum trypsinogen in 70-98% and abnormal pancreatic
stimulation test in nearly 100%).

Growth retardation (shortness 60%, weight 50%,
microcephalus <50%).

Other manifestations include delayed puberty, nd a
thoracic bone abnormalities 30-50%, metaphyseal
dysostosis 50-75%, dental dyplasia, hepatomegaly 10
60%, elevated liver transaminases 50-75%, Ichtyosis
severe and recurrent viral, bacterial and fungal
infections 50-75% and developmental delay.

Neoplastic risk

The risk for AML in SDS is estimated to be 15-25%.
MDS has been found in small cohorts of SDS

patients in 10-44%. The predilection to malignant
myeloid transformation is higher in SDS patientshwi
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evolving pancytopenia and can already occur during
infancy.

Treatment

Pancreatic insufficiency can be treated with paatice
enzyme replacement. Periodic monitoring for the
occurrence of haematological manifestations and
supportive care for pancytopenia are mandatory. CS
is used for individuals with severe neutropenia and
recurrent infections. Because of the possible uyither
liver abnormalities androgen-therapy is not
recommended. Bone marrow transplantation from a
family- or alternative donor is the only curativption

for severe bone marrow failure and is recommended i
SDS patients with severe pancytopenia and evolving
haematological malignancies.

Prognosis

Morbidity and mortality in infancy is related to
infections, maldigestion and malabsorbtion and
thoracic dystrophy. Pancreatic insufficiency tham de
severe in infancy improves with increasing ageprta
50% of patients. In older children and adults, Itiegin
cause for morbidity and mortality are haematologica
MDS and AML in patients with SDS has a poor
prognosis, with a survival rate of < 20%.

Cytogenetics

Inborn conditions

Rare reports of increase in spontaneous chromosomal
breakage.

Cancer cytogenetics

Clonal aberrations are common and frequently irvolv
chromosome 7, typically in form of i(7)(q10).
Del(20q) represents the second most common
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aberration, often occurring as secondary event to
i(7)(q10).

Clonal aberrations need not indicate imminent
transformation to MDS/AML and can be transient in
nature.

Over 60% of transformed cases will have an abnormal
clone that includes aberrations of either chromas@m
and/or del(20q).

Other findings

Note

Additional reported findings.

Over-expression of p53 protein.

Abnormal telomeric shortening.

Increased apoptosis mediated through the Fas pathwa

Genes involved and proteins

SBDS

Location

7911

DNA/RNA

Description: 5 exons spanning 7.9kb.

Protein

Description: Predicted protein is 28.8 kD.

Function: Member of highly conserved protein family
of unknown function.

Mutations

Germinal: Various mutations have been described,
including mutations resulting in stop codons amdpsée
amino acid substitution.
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By January 2005, clonal chromosomal aberrationstified by various banding techniques had beenntegdn

more than 47,000 human neoplasms (Mitelman et 20l05a). An increasing number of the acquired
abnormalities have now also been studied by varilasescence in situ hybridization techniques, ckhhave
provided a new and powerful tool to identify abnatfrohromosomes and to visualize very small reagarents

that escape detection by conventional chromosonnelibg. The new techniques have also added a further
sophistication to the analyses in that breakpomstructural aberrations can be delineated wisipiacific genes.
Furthermore, an ever increasing number of breakpahthe cancer-associated chromosome abnornsatitiee
been characterized at the molecular level, and:dimebined efforts of cytogeneticists and molecukemedicists

over the past two decades have led to the idestific of 275 genes rearranged as a consequence of

chromosome aberrations in

neoplasia

(Mitelman et ., al  2004).

Specific chromosomal rearrangements

The main conclusion from modern cancer cytogenetics
is the realization that every tumor type that hasrb
studied in a sufficient number to permit conclusion
may be subdivided on the basis of characteristic
chromosome abnormalities (Mitelman et al., 2005b).
Many of these, in particular balanced rearrangesent
most commonly translocations, are with remarkable
specificity associated with distinct tumor subtypas
present, almost 500 recurrent balanced neoplasia-
associated aberrations have been identified. Howeve
in spite of the very rapid, almost exponential r@ase

of information over the past decade, the availalaa
are, due to technical difficulties, still heavilyabed in
favor of the hematological malignancies. Solid tusno
constitute less than one-third of all cases with an
abnormal karyotype reported in the literature. Titief
course totally disproportionate in relation to thei
relative contribution to human cancer morbidity and
mortality. For example, the malignant epithelial
tumors, which cause 80% of human cancer deaths,
constitute only 10% of the database. Thus, for most
individual solid tumor types our knowledge is stifily
fragmentary.

In addition to the limited information on the
cytogenetics of solid tumors, there are a number of

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 188

analytical problems that diminish the value of the
existing data. First, the chromosome quality inidsol
tumors, in particular epithelial neoplasms, is wofte
suboptimal, and hence many of the published cases
have actually only been partially karyotyped. Sekton

in contrast to the hematological disorders, whittero
contain few cytogenetic changes, most solid tumors
have already at the time of diagnosis a multitufle o
aberrations acquired during tumor progression. This
karyotypic complexity may be truly massive, rendgri

the identification of the various abnormalities
practically impossible. So, even when the qualgy i
good and each abnormality can be characterized, the
distinction between primary, pathogenetically edagn
changes and secondary evolutionary aberrations & a
rule more difficult in solid tumors than in
hematological malignancies. Consequently, a large
number of cytogenetically well-analyzed tumors of
each entity is required in order to identify théevant
early abnormalities. Finally, clonal heterogenéityhe
form of cytogenetically unrelated clones introduees
further dimension of complexity in the analysissofid
tumors, in particular as regards epithelial tumadisis
phenomenon, seen in less than 5% of leukemias,
lymphomas, and mesenchymal tumors, has been
reported in up to 80% of various carcinomas. The
aberrations are usually simple and balanced, theesl
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are often small, but they may be numerous (Gorunova
et al., 1998) and hence pose important analytical
problems.

Obviously, more cytogenetic information is urgently
needed, especially for many solid tumor types,riteo

to establish whether or not there are any principal
tissue-specific differences in the mechanisms of
aberration formation. The fact that tumors of vasio
histologic derivations are characterized by, imgiple,
similar kinds of recurrent balanced abnormalities a
that the fractions of recurrent balanced rearramggm
are similar within different tumor classes (Mitelmat

al., 2004) suggest that there may be no fundamental
differences. There is one apparent quantitative
difference in that the balanced, simple, and diseas
specific changes are found in about one third ef th
acute leukemias and malignant lymphomas, 20% of the
mesenchymal tumors, but in less than 5% of the
epithelial tumors. What is the explanation for this
uneven distribution? Does it reflect a true biotogi
difference or could it be that as yet unidentified
primary balanced rearrangements are hidden in
complex karyotypes and unrelated clones? Such
aberrations may be individually very rare (Mitelmain

al., 2005b). It has been proposed that balanced and
unbalanced abnormalities most likely are functifgnal
distinct — primary, pathogenetically essential, ntfes

are cytogenetically balanced whereas the secondary,
progression-related, aberrations are unbalanced
(Johansson et al., 1996). This suggestion remains
hypothetical, but it has a number of conceptual
ramifications, in this context in particular thaimary
balanced rearrangements may be present when only
unbalanced changes are detected.

Molecular consequences of
chromosome rearrangements

All balanced structural abnormalities that have rbee
characterized at the molecular level have beenddan
exert their action through one of two alternative
mechanisms: deregulation, usually overexpressiba, o
gene in one breakpoint, or creation of a hybridegen
through fusion of parts of two genes, one in each
breakpoint (Mitelman et al., 1997; Rowley, 2001;
Helman & Meltzer, 2003). The first mechanism,
common in lymphoid malignancies but seemingly quite
rare in other tumor types, juxtaposes regulatory
alements of a constitutively active gene, typically
immunoglobulin and T-cell receptor genes, to the
coding sequences of a normally silent target gene.
More than 70 such gene rearrangements have now been
documented (Mitelman et al.,, 2005a). The second
mechanism, fusion of parts of various differentinti
and proliferation-regulating genes, often trans@ip
control genes and genes encoding tyrosine kinases,
been described in hematological disorders, malignan
lymphomas, and solid tumors. More than 200 differen
fusion genes are presently known (Mitelman et al.,
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2005a). It is of interest in this context that sogemes

are highly promiscuous in that they may recombine
with many different partners, usually within thersa
tumor entities, e.g., MLL in acute leukemias (Guli&
Rabbitts, 2002), EWSR1 in bone- and soft tissue
tumors (Helman & Meltzer, 2003), and RET in thyroid
carcinomas (Pierotti, 2001). However, the sameofusi
gene may also give rise to tumors of totally difer
derivations, and one particular fusion gene, ETV6-
NTRKS3, has been described in entities as diverse as
acute myeloid leukemia, infantile fibrosarcoma,
mesoblastic nephroma, and breast carcinoma (Tognhon
et al., 2002). There are now also several examples
where seemingly identical aberrations produce wdffe
fusion genes. One of the most common translocations
in pre-B acute lymphoblastic leukemia,
t(1;19)(q23;p13) leading to a TCF3/PBX1 fusion, may
result in a chimeric transcript consisting of twaieely
different genes, MEF2D in 1923 and DAZAPL1 in
19913 (Yuki et al., 2004). Finally, several cryptic
disease-specific rearrangements leading to fustmesg

in cases with either normal karyotypes or with
unbalanced changes have been reported (Romana et al
1995; Pierotti, 2001). It thus seems reasonable to
assume that the presently known gene rearrangements
only represent the tip of an iceberg.

Conclusions

It now seems convincingly clear that the neoplastic
phenotype is caused by a stepwise accumulation of
genetic and epigenetic alterations (Hanahan &
Weinberg, 2000; Vogelstein & Kinzler, 2004). Théero
played by genomic instability to initiate and pramo
the genetic variation is still controversial (Lenga et

al., 1998), but there is little doubt that the ditative

or qualitative gene changes caused by balanced
cytogenetic abnormalities represent an importa@p st

in the initiation of the carcinogenic process. The
identification of every recurrent cytogenetic charig
therefore of great importance because the breatgoin
point to the location of directly cancer-relevamngs.

The alternative initiating mechanism - inactivation
often through mutations and deletions, of tumor
suppressor genes - has been well documented inaseve
familial cancer forms, in particular childhood turep
e.g., retinoblastoma and Wilm's tumor (Knudson,1200
Vogelstein & Kinzler, 2004), and similar mechanisms
have also been implicated in, e.g., lung, breast, a
kidney carcinoma. In these and several other common
cancers of adult life, loss of tumor suppressoregen
may be suspected because chromosomal regions are
found to be consistently lost in the tumor cellsefiéns

et al.,, 1997), but it is unclear what role, if asych
genes play in the initiation process of most spierad
cancers. Since most recurrent balanced cytogenetic
abnormalities and genes rearranged as a consequence
of such aberrations have been found in hematologic
disorders and bone and soft tissue tumors, whereas
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numerous genomic imbalances, but seemingly few
balanced abnormalities, have been identified in
epithelial tumors (Albertson et al., 2003; Futrethl.,
2004), it has become generally accepted that
deregulation or fusion of genes as a consequence of
balanced cytogenetic aberrations is the preferred
initiating event in hematological disorders and
mesenchymal tumors, whereas functional abrogation o
tumor suppressor genes is of essence in epithelial
carcinogenesis. It was, however, shown recently
(Mitelman et al., 2004) that the ratios of the n@nshof
gene fusions and genes rearranged as a conseqfence
balanced rearrangements to the numbers of
cytogenetically investigated cases are similar amon
tumor entities, irrespective of their histogenetic
derivation. The obvious conclusion is hence thateh
may not be any fundamental tissue-specific diffeesn

in the genetic mechanisms by which neoplasia is
initiated.
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Abstract

In this review we summarize the structure and fiamcof the nuclear pore complex (NPC). Special emsfhis put on
recent findings which reveal the NPC as a dynarmiectire in the context of cellular events like leecytoplasmic
transport, cell division and differentiation, ssegesponse and apoptosis. Evidence for the invewef nucleoporins
in transcription and oncogenesis is discussed, emudutionary strategies developed by viruses ts<rie nuclear

envelope are presented.
Running title: NPC becomes alive

Keywords: nucleus; nuclear pore complex; nucleqagemic transport; nuclear assembly; apoptosisumadoid
arthritis; primary biliary cirrhosis (PBC); systerriupus erythematosus; cancer

1. Introduction

Eukaryotic cells in interphase are characterized by
distinct nuclear and cytoplasmic compartments
separated by the nuclear envelope (NE), a double
membrane that is continuous with the endoplasmic
reticulum (ER). Nuclear pore complexes (NPCs) are
large supramolecular assemblies embedded in the NE
and they provide the sole gateways for molecular
trafficking between the cytoplasm and nucleus of
interphase eukaryotic cells. They allow passive
diffusion of ions and small molecules, and faciéta

receptor-mediated transport of signal bearing cesgo

such as proteins, RNAs and ribonucleoprotein (RNP)
particles (Gorlich and Kutay, 1999; Conti and

Izaurralde, 2001; Macara, 2001; Fried and Kutay,
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2003). A consensus model of the 3D architecturinef
NPC has evolved from

extensive electron microscopy (EM) and tomography
studies in both yeast and higher eukaryotes (Uranih
Milligan, 1982; Hinshaw et al., 1992; Akey and
Radermacher, 1993; Yang et al., 1998; Stofflerlgt a
2003; Beck et al.,, 2004). Accordingly, the NPC
consists of an eightfold symmetric central frameuor
The cytoplasmic ring moiety of the central framekvor
is decorated with eight cytoplasmic filaments, vetaer
the nuclear ring moiety is topped with eight tersiou
filaments that join distally into a massive distalg
and thereby form a distinct nuclear baskag(1). The
overall 3D model of the NPC is conserved from yeast
to higher eukaryotes, except for variations in dine
dimensions among species (Fahrenkrog et al., 1998;
Cohen et al., 2002; Stoffler et al., 2003).
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Figure 1: 3D consensus model of the NPC.

Koser J et al.

The main structural components of the NPC include the central framework embedded in NE membrane, the cytoplasmic ring moiety and
cytoplasmic filaments, the nuclear ring moiety and the nuclear basket. Figure was modelled with a visual programming environment
(VIPEr) at the Scripps Research Institute (http://www.scripps.edu).

Reproduced, with permission (http://www.nature.com/nrm), from Fahrenkrog and Aebi (2003).

2. Nucleoporins: the Molecular

Components of the Nuclear Pore

Complex

Based on their molecular mass of ~125 MDa (Reichelt
et al., 1990) and the high degree of 822 symmetry o
is assumed that both

their central

framework, it

vertebrate and yeast NPCs are composed

of multiple copies of ~30 different proteins, cdlle
nucleoporins (Nups) (Panté and Aebi, 1996; Stofter
al., 1999; Fahrenkrog and Aebi, 2002). Up to dag8
yeast Table 1) and ~26 vertebrate Table 2)
nucleoporins have been identified and characterized
(Rout et al., 2000; Cronshaw et al., 2002).

Table 1: Saccharomyces cerevisiae nucleoporins

Name Homologues Motifs Location Properties and function
Snllp (18 kDa) transmembrane NE and ER stabilizing role in NPC structure and
function
Secl3p (32 kDa) | Secl3 WD cytoplasmic and nuclear member of Nup84 complex; vesicular
periphery of the central transport from ER to Golgi
pore
YIr018p/Pom34p transmembrane cytoplasmic and nucleafr anchors NPC to the NE
face of the NPC core
Yrb2p/Nup36p h RanBP3 FXFG Ran| unknown Ran binding protein
binding
Sehlp (39kDa) Sehl WD cytoplasmic and nuclear member of Nup84 complex; vesicular
periphery of the central transport from ER to Golgi
pore
Gle2p (40 kDa) SpRaelp cytoplasmic and nucleafr role in mMRNA export
periphery of the central
pore
Riplp (42| hRipl/Rab FG cytoplasmic  filaments]| essential for export of heat shock
kDa)/  Nup42p nuclear basket; nucleus | RNA
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Nup2 p (78 kDa) Nup50 FXFG coiled| nuclear; NPC role in Srplp/Kap60p export pathway
coil Ran binding
Nup49p r GLFG coiled| cytoplasmic and nuclear role in protein import and RNA
Nup58/Nup45 coil periphery of the central export
SpNup49 pore
Nup53p X MP44 FG coiled| cytoplasmic and nuclear role in import of ribosomal proteinsg;
coil face of the NPC core phosphorylated during mitosis
Nup57p r Nup54 Sp| GLFG coiled| cytoplasmic and nuclear role in protein import and RNA
Nup57 coil periphery of the central export
pore
Nup59p X MP44 FG coiled| cytoplasmic and nuclear member of Nup170 complex;
coil face of the NPC core
Nup60p FXF Ran| nuclear basket tethering of Nup2 to the NPC
binding
Glelp (62 kDa) h Glel NES cytoplasmic  filaments] role in mMRNA export
cytoplasm
Npl4 (64 kDa) degenerated repeatunknown role in protein import, RNA expor
motifs: GSXS, and biogenesis
GSSX, GSXF,
GFXS
Ndc1 (74 kDa) SpCutllp transmembrane NPC; SPB required for proper SPB duplication;
NPC assembly?
Nup82p Nup88 coiled coil cytoplasmic periphery of docking site for Nspl-Nupl59
the central pore complex; role in RNA export
Nupg4pa r Nup107 cytoplasmic  filament§ member of Nup84 complex; role in
and nuclear periphery of RNA export
the NPC
Nup85p Nup85 cytoplasmic and nuclear member of Nup84 complex
periphery of the NPC
Nsp1p® (86 kDa) r, h, X Nup62 FXFG coiled| cytoplasmic and nuclear member of Nsp1 complex; C-terminal
coil periphery of the centra] domain essential; role in protein
pore; nuclear basket import in complex with Nup82
Nic96, Nup159
Nic96p r, h, X Nup93 Sp | coiled coil cytoplasmic and nucleafr anchors Nsplcomplex into the NPC;
Nppl06 periphery of the central N-terminal domain essential; role in
pore; nuclear basket NPC assembly; role in mRNA expor
Nup100p r, h, X Nup98 GLFG biased towardg role in nuclear protein import and
cytoplasmic face of the mRNA export; interaction with
NPC Kap95p and Mex67p
Nupl16p r, h, X Nup98 GLFG biased towardg C-terminus necessary for targeting
cytoplasmic face of the and association with the NPC; role |n
NPC mRNA export; recycling of Kap95p
Nup120p Nupl160 cytoplasmic and nuclear member of Nup84 complex; role in
face of the NPC core mRNA export
Nuplp (133 kDa) | C-terminus of| FXFG nuclear basket role in nuclear protein import, MRNA
Nup153 export and NPC morphology
Nup133p Nup133 cytoplasmic and nucleaf role in mRNA export, and NP(
face of the NPC core morphology
Nupl145p r, h, X Nup98 GLFG C-terminus at the In vivo cleavage; C-terminal domain
cytoplasmic  filaments] is part of Nup84 complex angd
N-terminus at the nuclear essential for mRNA export and NPC
basket morphology
POM152 transmembrane cytoplasmic and nuclear anchors NPC to the NE
face of the NPC core
Nup157p r Nupl55, D cytoplasmic and nuclear member of Nupl70 complex; NPC
Nup154 face of the NPC core core protein
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Nup159p Nup214 FG coiled| cytoplasmic periphery of in complex with Nsplp-Nup82p; C-
coil the central pore terminus essential; N-terminy
involved in mMRNA export

n

Nup170[§ r Nup155 cytoplasmic and nuclear member of Nupl70 complex; NPC
face of the NPC core core protein

Nup188p Nup188 cytoplasmic and nuclear member of Nupl70 complex; NPC
face of the NPC core core protein

Nup192p r, h Nup205 cytoplasmic and nuclear Necessary for assembly of Nup49
face of the NPC core; Nup57p, Nup82p, and Nic96 into th
nuclear basket filaments| NPC

5

Mlp1p/Mip2p D, X,r,h, Tpr coiled coil P/F-| nuclear  basket ang C-terminal of Miplp responsible for
rich region intranuclear filaments nuclear localization; Mlplp prevents

export of unspliced mRNAs protein

import; tethering of telomers to the

NPC

Nup84 complex: C-Nup145, Nup120, Nup85, Nup84, Sec13p, Sehlp

®Nsp1 complex: Nsp1, Nup49, Nup57, Nic96

“Nup170 complex: Nup188, Nup170, Nup157, Nup59

Abbreviations: D, Drosophila melanogaster; h, human; r, rat; Sp, Saccharomyces pombe; SPB, spindle pole body; X, Xenopus
For more details see references: Stoffler et al. (1999); Rout et al. (2000); Fahrenkrog et al. (2001).

Table 2: Vertebrate nucleoporins

Name Homologues Motifs Location Properties and function
Nup37 WD member of Nup107-160 complex
Sehl ScSehl WD cytoplasmic and nuclear member of Nup107-160 complex
periphery of the central pore
Sec13 Sc Sec13 WD cytoplasmic and nuclear member of Nupl07-160 complex;
periphery of the central pore interacts with Nup96
RAE1 ScGle2p WD nucleoplasmic face of NPC | in complex with Nup98 contributes tp
nuclear export of MRNAs
Nup45 ScNup49p FG coiled cytoplasmic and nuclear generated by alternative splicing of
coil periphery of the central pore Nup58; member of Nup62 complex;
role in nuclear protein import
Nup50 ScNup2 FG, Ran binding nucleoplasmic face of the in complex with Nup153
NPC
Nup54 ScNup57p FG, PA coiled| cytoplasmic and nuclear member of Nup62 complex; role in
coil periphery of the central pore nuclear protein import
ALADIN WD cytoplasmic side of the NE triple A syndrome
(immunofluorescence data)
Nup58 ScNup49p FG, PA coiled| cytoplasmic and nuclear member of Nup62 complex; role in
coil periphery of the central pore nuclear protein import
Nup6Z2 Sc  Nsplp, FXFG coiled| cytoplasmic and nuclear member of Nup62 complex; role in
Hv coil periphery of the central nuclear protein  import; PB(Q
Nup62 pore; nuclear basket autoantibodies, in complex with
CAN/Nup214
PBC68 nucleoplasmic face of NPC| colocalizes to mitotic spindle}
involved in PBC
Nup85 ScNup85 central pore member of Nup107-160 complex;
Nup88 r Nup84 coiled coil cytoplasmic face of the NPG C-terminal domain containg

CAN/Nup214 binding site;
upregulated in some tumors; In
complex with CAN/Nup214

Nup93 Sc coiled coil nuclear periphery of the role in NPC assembly; in complex
Nic96p, central pore; nuclear baskef with Nup205/Nup188 and Nup62
SpNpp106 complex

Nup96 ScC-Nup145p nucleoplasmic face of the member of Nupl07-160 deryp

generated by autoproteolytic in viu

[]
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NPC cleavage of a  Nup98-Nup9pb
precursor; in complex with Nup98
and Nup153
Nup98 Sc Nup100p,| FXFG, GLFG, FG cytoplasmic periphery of the role in export of SnRNAs, 5S RNA,
Nup116p, and N-| central pore; nuclear basketrRNA, and mRNA, but not tRNA|
Nup145p and nucleus role in import and export of HI
proteins; role im AMLs; in complex
with RAE1 and Nup7 complex
Nup10? ScNup84p leucine zipper cytoplasmic and nuclear member of Nup107-160 complex; in
periphery of the central pore complex with Nup98 and Nup153
POM121 FXFG, NPC core anchors NPC to the NE; N-terminal
transmembrane domain required for nuclear targeting,
N-terminal and  transmembrarje
domain required for NPC targeting;
in complex with gp210
Nup133 ScNup133 cytoplasmic and nuclear member of Nup107-160 complex; in
periphery of the central pore complex with Nup98 and Nup153
Nup153 ScNuplp FXFG, 4 (inXenopus| nuclear basket termination site for nuclear protein
5) Zn-fingers import; N-terminus contains targeting
and assembly information; Q-
terminus highly mobile; in comple
with Nup107-160 complex
Nup155 D Nupl54p, Sc cytoplasmic and nuclear faderole in mRNA export (interaction
Nup157p, and of the NPC with Glelp)
Nup170p
Nup160 ScNup120 cytoplasmic and nuclear member of Nup107-160 complex; in
periphery of the central pore complex with Nup98 and Nup153
Nup188 ScNup188 in complex with Nup205/Nup93
gp210 transmembrane lumen of the NE anchors NPC to the NE; related o
autoimmune diseases; PCB
autoantibodies; in complex with
POM121
Nup205 ScNup192 leucine zipper in complex with Nup188/Nup93
CAN/Nup214 Nup159 FXFG, FG leucing| cytoplasmic periphery of the role in nuclear protein import, mMRNA
zipper central pore export and cell cycle; involved in
AMLs; in complex with Nup88 and
Nup62
Tpr (265 kDa) | Sc MIplp, Sc| coiled coil, leucine| nuclear basket C-terminus essential for nuclear
Mlp2p zipper import; N-terminus required for NPC
association; possible role in mRNA
export or recycling of transpornt
factors; appears in oncogenic fusions
with the oncogeneset trk, andraf
RanBP2/Nup358 Ran binding, FXFG,| cytoplasmic filaments nucleocytoplsmic transport
FG, 8 Zn-
fingers

Nup62 complex: Nup62, Nup58, Nup54, Nup45
®Nup107-160 complex: Nup160, Nup133, Nup107, Nup96, Nup85, Nup43, Nup37, Sec13, Sehl

Abbreviations: D, Drosophila melanogaster; Hv, Hydra vulgaris; r, rat; Sc, Saccharomyces cerevisiae; Sp, Saccaromyces pombe; AMLS,

acute myeloid leukemias; PBC, primary biliary cirrhosis
For more details se references: Stoffler et al. (1999); Fahrenkrog and Aebi (2002); Cronshaw et al. (2002).

Many nucleoporins contain characteristic distinct
domains of phenylalanine-glycine (FG) containing
repeats. These repeat motifs are not required for
targeting nucleoporins to the NPC but they play an

important role in interactions between nucleoposnd
soluble transport receptordgble 1 and 2) (Rexach

and Blobel, 1995). Recent experiments analyzing the

role of FG repeats for nucleocytoplasmic transpaxte
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crucial for

shown that the asymmetric localized FG repeats are
dispensable, whereas certain symmetric ones are
nucleocytoplasmic transport and cell
viability (Strawn et al., 2004; Zeitler and Weig)(2).

In vitro pulldown assays employingenopus egg
extracts, isolated rat liver nuclei or lysates frgeast
interactions between
nucleoporins and the transport factors importin

nuclei

195

demonstrate specific
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importin  and RanGTP (lovine and Wente, 1997; Shah
et al., 1998; Shah and Forbes, 1998; Marelli et al.
1998; Stochaj et al., 1998; Seedorf et al., 1999).
repeats might function as docking sites for transpo
receptor molecules which in turn, interact withgmar
Additionally, the FG repeats might not only functias
docking sites but also as parking sites to keepptec-
cargo complexes in a waiting position at the NPC fo
later subsequent passage through the central pore.
Precise localization of the nucleoporins in the NBC
essential for understanding their functions in
nucleocytoplasmic transport and in NPC assembly at
the  molecular level. Immunolocalization of
nucleoporins using immunogold EM has shown that
most nucleoporins are symmetrically localized athbo
the cytoplasmic and nuclear periphery of the NP& an
only few of them being located asymmetrically to
either the cytoplasmic or nuclear periphery in both
yeast and vertebrate NPC (Panté et al., 1994;
Fahrenkrog et al., 1998; Rout et al., 2000; Fatmamnk
and Aebi, 2002; Cronshaw et al., 2002). Interes$ting
many nucleoporins are organized into distinct
subcomplexes within the NPC structure (Finlay et al
1991; Panté et al., 1994; Belgareh et al., 2001lfhsfa

et al., 2003). Some of these subcomplexes like the
Nup107-160 complex and the Nup62 complex even
stay intact during mitosis and might represent
elementar building blocks of the NPC.

Despite the conserved structural features of NPCs
among different species as yeast and vertebragge th
have been some reports about cell-type specific
expression of certain nucleoporins (Wang et al9419
Hu and Gerace, 1998; Nothwang et al., 1998; Cal.gt
2002; Coy et al.,, 2002; Olsson et al., 2004). For
example, RanBP2L1, and POMFIL1 represent cell-type
specific expressed proteins with homology to the
nucleoporins RanBP2/Nup358 and POM121 which are
coded by different genes (Wang et al., 1994; Notigva
et al.,, 1998; Cai et al.,, 2002; Coy et al., 2008).
contrast, the differentially expressed nucleoporins
Nup45 and Nup58, both constituents of the Nup62
NPC subcomplex, seem to be generated by alternative
splicing from the same gene (Hu and Gerace, 1998).
The most recent report concerns the restricted
expression of the transmembrane nucleoporin gp210:
the mMRNA as well as the expressed protein seene to b
specific for cultured embryonic stem cells and @ert
polarized epithelial cells, whereas no expressiould

be detected in several cultured cell lines of filbastic

and epithelial origin (Olsson et al., 2004). Thasult is

of special importance since there seem to be amty t
transmembrane nucleoporins, gp210 and POM121, to
anchor the entire 125 MDa NPC to the nuclear
envelope, pointing towards a crucial role for POMI12
in the architectural design of this multiprotein
assembly.
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3. Nuclear pore complex: static versus
dynamic structure

3.1. Nucleoporin domain flexibility and nucleoporin
turnover at the NPC

Contrary to the assumption that the NPC is a rather
static structure, a number of recent studies have
provided evidence that some of the nucleoporins are
mobile within the NPC. For example, it has been
shown that the vertebrate nucleoporin Nup98,
originally localized to the nuclear basket (Radwalet
1995), can also be found on the cytoplasmic facghef
NPC (Griffis et al., 2003). Nup98 can dynamically
associate with the nuclear pore and shuitisveen the
NPC and intranuclear bodies and additionally betwee
the nucleus and the cytoplasm in a transcription-
dependent manner (Zolotukhin and Felber, 1999;
Griffis et al., 2002 and 2004). Because Nup98 pkys
role in RNA export (Powers et al., 1997), its mitil
proposes that Nup98 might associate with RNA close
to its transcription site and then further acconypte
processed RNA through the NPC into the cytoplasm.
Nup153 plays a role in the import of proteins ithe
nucleus as well as in the export of RNAs and pnatei
into the cytoplasm (Bastos et al., 1996; Shah and
Forbes, 1998). Nup153 associated with export cargo
shuttles between the nuclear and cytoplasmic fates
the NPC (Nakielny et al., 1999). Initially the wsrtate
Nup153 had been localized to the distal ring of the
nuclear basket (Panté et al., 1994) and close &b the
nuclear ring of the NPC (Walther et al., 2001).
Immunogold EM with domain-specific antibodies
against Nupl153, in combination with recombinantly
expressed epitope-tagged Nupl53 in tKenopus
oocytes, has revealed a domain-specific topology
within the NPC (Fahrenkrog et al., 2002). Nup153
seems to be anchored through its N-terminal dottaain
the nuclear ring moiety and its central Zn-finger
domain to the distal ring of the NPC. By contrdakg
C-terminal domain which harbors ~40 FG repeats
(about 700 amino acids), appears to be highly reobil
as it has been localized throughout the nucleaketas
and even at the cytoplasmic periphery of the céntra
pore of the NPCKig. 2, Fahrenkrog et al. (2002 and
2004); Fahrenkrog and Aebi (2003)). In their native
state FG-repeats are unfolded and highly unstredtur
(Bayliss et al., 2000; Allen et al., 2002; Dennitgal.,
2002 and 2003) so that the C-terminal domain of
Nup153 could extend up to ~200 nm if completely
stretched out, meaning that the C-terminal domaim ¢
reach all the way from the distal ring of the nacle
basket through the central pore into the cytoplasmi
periphery of the NPC. This high mobility and sturet
flexibility of the FG repeats which act as
binding/docking sites for cargo complexes might
significantly increase the efficiency of cargo
translocation through the NPC.
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Figure 2: Localization of the N-terminal, Zn-finger, and C-terminal domain of Nup153 in the 3D architecture of the NPC.

Isolated Xenopus nuclei were preimmunolabeled with the respective anti-Nup153-domain antibody directly conjugated to 8-nm colloidal
gold and prepared for EM by Epon embedding and thin-sectioning (a) and by quick-freeze/freeze-drying/rotary metal-shadowing (b).

(a) Shown are a crosssectioned NE stretch with labeled NPCs, together with a gallery of selected examples of gold-labeled NPC in cross
sections. ¢, cytoplasm; n, nucleus. Scale bars: 100 nm

(b) Stereo images of selected examples of the nuclear face of Xenopus oocyte NPCs labeled with colloidal gold-tagged domain-specific
anti-Nup153 antibodies. Scale bars: 50 nm.

(c) Schematic representation of the epitope distribution using domain-specific antibodies against Nup153 and epitope-tagged His—
Nup153-myc that had been incorporated into Xenopus NPCs. The N-terminal (red) and Zn-finger (blue) domains of Nup153 have a
stationary location at the nuclear ring moiety and the distal ring, respectively. The C-terminal, FG-repeat domain (yellow) of Nup153 is
highly flexible and mobile and can be mapped to the nuclear ring moiety (left), the distal ring (middle) and even the cytoplasmic periphery
(right) of the central pore.

“Part a and b was modified and reprinted from J. Struct. Biol. 140, Fahrenkrog et al.: Domain-specific antibodies reveal multiple-site

topology of Nup153 within the nuclear pore complex, 254-267, © (2002), with permission from Elsevier” and part ¢ reproduced, with
permission (http://www.nature.com/nrm), from Fahrenkrog and Aebi (2003).
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In addition to this structural flexibility, the amsation

of Nupl53 with the NPC exhibits remarkable
dynamics: fluorescence recovery after photobleachin
(FRAP) experiments have demonstrated that on
average Nupl53 stays associated with the NPC for no
longer than about 40 seconds (Daigle et al., 2001;
Griffis et al., 2004; for an overview of the turwves
times of individual Nups at the NPC see Rabut gt al
2004a). This is interesting since Nupl53 has been
documented to be crucial for the formation of
structurally intact NPCs. If nuclear envelopes are
assembledn vitro from meiotic Xenopus laevisgg
extracts depletion of Nupl53 from this extract
abolishes the incorporation of Tpr, Nup93 and Nup98
into the NPCs (Walther et al., 2001). In an attetopt
combine these two findings into a model, two didtin
Nup153 pools have been proposed to co-exist at the
NPC: a stably associated one which has an architdct
function, and a dynamic one exhibiting a high twero
rate (Griffis et al., 2004).Further investigations
revealed that similar to Nup98, the mobility of N3

is also governed by transcriptional activity, invay
that transcription decreases the dissociation frate

the NPC by a factor of 10 so that a considerable
amount of either protein does not exchange any more
i.e. stably associated with the NPC (Griffis et, al.
2004). Dissection of Nup98 and Nup153 demonstrated
that RNA polymerase | and RNA polymerase Il exert
distinct effects on the mobility of these two
nucleoporins via distinct domains within the two
proteins. As might be expected, these domainshere t
respective NPC interacting domains that have been
described previously (Griffis et al., 2004). Howevas

yet nothing is known about the mediators of this
transcription-dependent mobility nor about the éxac
molecular modifications of Nup98 and Nup153 that ar
responsible for their mobile behaviour.

3.2. Mitosis, cellular stress and apoptosis
Another aspect of NPC dynamics is revealed by the

fact that the NE of higher eukaryotes disintegrated
NPCs disassemble into distinct subcomplexes

Koser J et al.

during mitosis. Although the functional significanof

this mitotic disassembly of NPCs is not known, the
molecular mechanism leading to this phenomenon
appears to be governed by the
phosphorylation/dephosphorylation of nucleoporiss a
has been shown for the transmembrane nucleoporin
gp210, as well as for Nup62, Nup153, CAN/Nup214
and RanBP2/Nup358 (Macaulay et al., 1995; Favreau
et al., 1996). Examples of nucleoporin subcomplexes
that stay intact during mitosis are the Nupl07-160
subcomplex, the Nup62 complex, and the CAN/Nup88
subcomplex (Macaulay et al., 1995; Bodoor et al.,
1999; Matsuoka et al., 1999; Belgareh et al., 2001)
Towards the end of anaphase, NPCs sequentially
reassemble around chromatin, and while one would
expect this process to be initiated by transmengran
nucleoporins, there are also indications that the
association of the Nup107-160 complex with chromati
might be the first step in the reassembly of theCNP
after mitosis(Fig. 3; Walther et al. (2003); see also
Bodoor et al. (1999)). In the near future the u$e o
defined biochemical fractions or even recombinantly
expressed nucleoporins in combination with vitro
assembly reactions and ultrastructural analysi§blyl

and SEM will yield further insights into the distin
assembly steps that eventually yield functional SPC
(Finlay et al., 1991; Walther et al., 2001, 2002 an
2003; Liu et al., 2003).

In addition to this reassembly after mitosis, aosec
mechanism for thele novoformation of NPCs in pre-
existing nuclear membranes must take place in lower
eukaryotes that go through closed mitosis and there
never disassemble their NEs. Furthermore,
morphometric analysis and FRAP experiments on cells
cultured from higher eukaryotes demonstrate that P
can also assemble into preformed NEs (Maul et al.,
1972; Winey et al., 1997; Daigle et al., 2001). en
here we have the interesting situation that twairdis
molecular events lead to the formation the samgelar
supramolecular assembly (see also Rabut et al400

Late Anaphase Telophase Telo/G1
Nup153 Nup62 complex | CAN/Nup214 gp210
Nup107-160 complex Nup84 Tpr

Pomi121

Figure 3: Schematic representation of the appearance of nucleoporins at the nuclear periphery towards the end of mitosis.

The diagram summarizes results from immunofluorescence staining and GFP-labeling experiments. (accoding to Bodoor et al., 1999;
Daigle et al., 2001; Walther et al., 2003). The Nup62 complex consists of the nucleoporins Nup62, Nup58, Nup54 and Nup45 with cell
type specific variations (Hu et al., 1996). The Nup107-160 complex is a huge NPC subcomplex which accounts for nearly one third of the
NPCs total mass and is assembled from at least nine different proteins Nup160 (hNup120), Nup133, Nup107, Nup96, Nup85 (Nup75),

Nup43, Nup37, Sehl and Sec13 (Loiodice et al., 2004).
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Finally, it should be mentioned that NPCs and
nucleoporins might play a more active role in the
progression of mitosis than believed earlier. T th
end, it has been shown that the giant nucleoporin
RanBP2/Nup358 plays an important role in mitotic
progression and that the RanGAP1-RanBP2 complex is
essential for microtubule-kinetochore interactions
during mitosis (Salina et al., 2003; Joseph et28104).
Moreover, the Nup107-160 complex localizes in part
kinetochores during mitosis, and depletion of some
members of the homologous complexes in yeastGand
elegansleads to defects in cell division (Galy et al.,
2003; Bai et al., 2004; Loiodice et al., 2004).

As mentioned above, yeasts and other lower eukasyot
undergo a closed mitosis so that their NEs and NPCs
stay intact during this process. Recently howevter,
could be shown that even in these cells NPCs exhibi
cell cycle-dependent dynamics. For example, thetyea
nucleoporin Nup53p is associated with Nup170p durin
interphase but following changes at the onset odsis

it becomes associated with another nucleoporin,
Nic96p (Makhnevych et al.,, 2003). This change
presumably leads to the exposure of a bindingfeite
the transport factor Kap121p, which after assommati
with Nic96p, prematurely releases its cargo andetine
prevents efficient nuclear import. Hence, this igoad
example how physiological changes in nuclear
transport activity can be regulated at the leveN&C
architecture. Stress-induced structural reorgaioizaif
NPCs in yeast cells and the proteolytic breakdofvn o
certain nucleoporins during apoptosis in higher
eukaryotes are further examples of dynamic NPC
modifications (Ferrando-May et al., 2001; Shulga an
Goldfarb, 2003; Kihimark et al., 2004; Loiodiceadt,
2004). In yeast, for example, an increase in NPC
permeability is observed under certain stress tiitus:
such as high concentrations of aliphatic alcohttis,
presence of deoxyglucose, or during chilling of the
yeast cultures (Shulga and Goldfarb, 2003). If yeas
cells depleted of the nucleoporin Nupl170p are éckat
with increasing concentrations of certain alcohols,
dissociation of several other nucleoporins, both
centrally and peripherally located ones, is obs&rve
Whilst no dissociation of any nucleoporin was
observed in wild-type cells, the above mentioned
results still may be taken as an indicator for
rearrangements occurring in  NPC architecture
following stress treatment of the yeast cells (§auwnd
Goldfarb, 2003).

One hallmark of apoptotic cells is the condensatibn
their chromatin followed by the fragmentation oéith
DNA. Recent studies investigated the question of a
possible link between these apoptotic features and
changes in the structure and function of NPCs
(Ferrando-May et al.,, 2001; Kihlmark et al., 2004;
Loiodice et al., 2004).
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During apoptosis nucleoporins are sequentiallyvada
amongst the first ones being the transmembrane
nucleoporin POM121 and RanBP2/Nup358, followed
by Nupl53, Nup62 and the NE-associated lamins.
Concomitant with these later steps clustering & th
NPCs is observed, while an increased permeabifity o
the nucleus, the redistribution of nuclear transpor
factors and the nuclear accumulation of mRNAs are
hallmarks of earlier stages of apoptosis (Ferravidg-

et al.,, 2001; Kihimark et al., 2004; Loiodice et, al
2004). To date, the debate is still on whether g¢hes
observed changes in NPC architecture and nuclear
transport are causally linked to the later apoptoti
program occurring in the nucleus.

4. Nucleocytoplasmic transport

Whereas ions and small molecules move in and out of
the nucleus by passive diffusion, transport of qire,
RNAs, ribonucleoprotein  particles (RNPs), and
ribosomal subunits is an energy-dependent and
receptor-mediated process. Because many excellent
reviews about nucleocytoplasmic transport have been
published in the last few years (c.f. Corbett aildef
1997; Mattaj and Englmeier, 1998; Gdrlich and Kutay
1999; Kaffman and O'Shea, 1999; Conti and Izauerald
2001; Komeili and O'Shea, 2001; Macara, 2001; Weis,
2002; Quimby and Dasso, 2003; Fried and Kutay,
2003; Johnson et al., 2004; Xu and Massagué, 2004),
we describe here only the best characterized chlssi
receptor-mediated nucleocytoplasmic transpdig.(
4a). Accordingly, cargo to be transported in or ofit o
the nucleus harbors a nuclear localization sigNalS)

for nuclear import or a nuclear export signal (NES)
nuclear export. NLS and NES are recognized by
soluble transport receptors known as importins and
exportins, also called karyopherins. These receptor
facilitate transport through the NPC by interactigith

FG repeats that many nucleoporins harbor. kag
regulator of the directionality of nucleocytoplasmi
transportis Ran,a member of the Ras-related GTPase
superfamily, by switching between its GDP- and GTP-
bound form. The nucleotide exchange factor, RanGEF
(or RCCI) is bound to DNA and facilitates RanGTP
formation in the nucleus, whereas the GTPase
activating protein, RanGAP, that is excluded frdre t
nucleus, assures depletion of the cytoplasm of R&#G

in combination with Ran binding protein RanBP1 and
RanBP2. Hence, interaction of Ran with its
compartmentalized regulatory proteins RanGEF and
RanGAP generates a gradient across the NE with a
high RanGTP concentration in the nucleus and a low
level in the cytoplasm, and vice versa for RanGDP
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(Fig. 4b).

Figure 4: Scheme of import (left) and export (right) of proteins (a) and control of the nucleocytoplasmic transport by Ran (b).

(a) In the cytoplasm an importin binds to cargo molecules containing a nuclear localization signal and mediate interactions with the NPC
to translocate the complex into the nucleus. Nuclear RanGTP binds to the importin and induces cargo release from the complex. The
importin—-RanGTP complex is then recycled to the cytoplasm, where RanGTP is displaced from the importin by RanBP1 and/or RanBP2
and subsequently hydrolyzed by RanGAP. In the case of export, cargo with a nuclear export signal binds to an exportin induced by
RanGTP in the nucleus and the trimeric complex is then translocated through the NPC to the cytoplasm, where RanGTP is removed from
the complex by GTP hydrolysis and the exportin dissociates from the cargo. The exportin recycles back to the nucleus and is ready for
the next round of the export cycle.

(b) Directionality of the nucleocytoplasmic transport by the RanGTPase system. Chromatin-bound RCC1 is the nucleotide exchange
factor for Ran (RanGEF) and promotes exchange from RanGDP to RanGTP. This results in a high concentration of RanGTP in the
nucleus. After translocation of importin-RanGTP complex back to the cytoplasm, RanGTP becomes hydrolyzed by cooperation of
RanGTP-binding proteins (RanBP1 and RanBP2) and Ran GTPase-activating protein (RanGAP). This prevents the accumulation of
RanGTP and results in its low concentration in the cytoplasm.
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5. NPCs and diseases

NPCs via the nucleoporins have been implicated in
several malignancies such as leukemias and others
cancers, as well as in certain autoimmune diseases.
Furthermore, as gateways between the cytoplasm and
the nucleus they also play a pivotal role in viral
infections.

Several autoimmune diseases are caused by
autoantibodies recognizing nuclear antigens regylt

such divers illnesses as systemic lupus erythemsitos
rheumatoid arthritis and primary biliary cirrhosis
(PBC). Anti-NPC autoantibodies identified so faacke
with the nucleoporins Nup62, Nupl53, Tpr,
Nup358/RanBP2 and the transmembrane nucleoporin
gp210 (reviewed in Nesher et al., 2001; Enarscal.et
2004). The epitopes of several of these antibduies
been mapped but the exact mode of action is unknown
Often, these anti-nucleoporin antibodies co-exighw
other autoantibodies so that their relevance feeale
progression is unclear. Interestingly, anti-gp210
autoantibodies are often found in PBC which are
negative for anti-mitochondrial antibodies whiclves
them a potential diagnostic relevance. In additthase
antibodies are often associated with more severasfo

of the disease thus also being a possible prognosti
marker.

Nucleoporins are involved in several cases of acute
myeloid leukemia and a few other hematological
malignancies as well as rare cases of other tumors
(Table 3) (Cronshaw and Matunis, 2004). For Nup88,
its overexpression is associated with malignantoitsm
(Gould et al., 2000 and 2002; Emterling et al., 200
Agudo et al., 2004), whereas in most other cases th
role of Nups in tumorigenesis stems from chromodoma
rearrangements that result in oncogenic fusiongpmst
With the exception of the RanBP2/Nup358-ALK fusion
protein which localizes to the NPC, in all otheiolum
examples the oncogenic fusion protein does nothevo
the NPC-interacting domain(s) of the nucleoporid an
thus is no longer associated with the NPC. The most
common oncogenic fusions involve a segment of the
gene encoding the FG-repeat domain of the
nucleoporin Nup98 which, in turn, becomes linked to
genes of the homeobox family of transcription fasto

It was found that the Nup98 derived FG-repeat
segments of the resulting oncogene interact with th
transcriptional coactivators CBP (CREB binding
protein) and p300 thereby leading to increased gene
transcription (Kasper et al., 1999).

Interestingly, FG-repeat segments of two other
nucleoporins, Nupl53 and CAN/Nup214, could
substitute for the Nup98 segment in the oncogenic
fusion protein (Kasper et al., 1999). It will be
interesting to see if there is a link between this
observed transactivation activity and the previpusl
mentioned transcription-dependent mobility of Nup98
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within the nucleus and at the NPC. Similarly,
leukemias involving CAN/Nup214 chromosomal
translocations, the FG-repeat domain of this
nucleoporin gets fused to the DNA-binding proteins
SET and DEK (von Lindern et al., 1992a and 1992b).
In the case of chromosomal rearrangements involving
the nucleoporin Tpr, the N-terminal coiled-coil daim

of this protein is fused to the protein kinases MET
RAF and TRK and thereby yielding oncogenic
dimerization of these kinases (Hays and Watowich,
2003).

Significant progress has been achieved in receatsye
in the elucidation of the mechanisms that virusssto
deliver their genetic material to the nucleus for
replication Fig. 5; reviewed in Greber and Fassati
(2003) and Gustin (2003)). After fusion at the pias
membrane or endocytotic uptake the virus partiakes

in the cytoplasm where they encounter differen¢dat
The problem for entry of the genetic material ithe
nuclear compartment is the limited diameter of the
NPC. Recent experiments employing protein covered
colloidal gold particles showed that objects u%nm
diameter are able to travers the NPC (Panté and,Kan
2002). Thus smaller viruses like the parvovirus MVM
(minute virus of mouse, 25 nm capsid diameter) or
HBV (hepatitis B virus, 32-36 nm capsid diameteg a
able to cross the NPC without the need for capsid
disassembly.In vivo in the case of HBV, however,
passage through the NPC is facilitated by the
phosphorylation of HBV capsids during maturation
which makes nuclear localization signals accesdiile
the nuclear transport receptors importiand - (Rabe

et al., 2003). After passage through the centrad pd

the NPC virus particles then reach the nuclear détask
where immature capsids are apparently trapped,
whereas capsid protein and DNA from matured viruses
are released into the nucleopladfig( 5a and6; Rabe

et al. (2003)).

In contrast to the situation for HBV, herpes simple
virus (HSV, 125 nm capsid diameter) or adenovirus
particles (90 nm diameter) in the cytoplasm are too
large to travers the NPC. In a first step theseisvir
particles dock at the cytoplasmic side of the NPkis
docking of HSV particles at the NPC is dependent on
the presence of importin-whereas adenovirus capsids
directly associate with the cytoplasmically locatiz
nucleoporin CAN/Nup214 (Wisnivesky et al., 1999;
Ojala et al., 2000; Trotman et al., 2001). HSV then
releases its DNA through the NPC into the
nucleoplasm, whereas adenovirus particles firgp tra
cytosolic factors like Hsc70, together with histad#
and transport factors which are necessary for the
subsequent capsid disassembly prior to viral DNA-
translocation into the nucleufki¢. 5b andc; Trotman

et al. (2001)).
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Table 3: Oncogenic nucleoporin chromosal rearrangements
Rearrangement | Nucleoporin/partner gene | Partner gene features | Disease
t(7;11)(p15;p15) | NUP98/HOXA9 Homeodomain 'I?\/Il\lglglAML CML, MDS,
t(2;11)(q31;p15) | NUP98/HOXD13 Homeodomain AML, MDS/AML
t(1;11)(g23;p15) | NUP98/PMX1 Homeodomain MDS/AML
t(7;11)(p15;p15) | NUP98/HOXA11l Homeodomain CML, AML
t(11;12)(p15;q13) | NUP98/HOXC11 Homeodomain AML
t(7;11)(p15;p15) | NUP98/HOXA13 Homeodomain AML
t(2;11)(q31;p15) | NUP98/HOXD11 Homeodomain AML
t(11;12)(p15;q13) | NUP98/HOXC13 Homeodomain AML
inv11(p15;q22) | NUP98/DDX10 RNA helicase AML, MDS/AML
t(11;20)(p15;q11)| NUP98/TOP1 DNA topoisomerase AML, MDS/AML
t(4;11)(q21;p15) | NUP98/RAP1GDS1 Nucleotide  exchange T-ALL

factor
t(9;11)(p22;p15) | NUP98/LEDGF Transcription factors AML
t(5;11)(q35;p15) | NUP98/NSD1 SET domain AML
t(8;11)(p11.2;p15) NUP98/NSD3 SET domain AML
1(6;9)(p23;q34) NUP214/DEK DNA binding AML, MDS
1(9;9)(q34;q34) NUP214/SET Nuclear, DNA| AML
associated (?)
t(1;7)(925;921- TPR/MET Protein kinase Osteosarcoma
31)
Tpr/RAF TPR/RAF Protein kinase Adenocarcinoma,
fibroblastoma

Inv(1q) TPR/TRK Protein kinase Papillary thyroid carcinoma
t(2;2)(p23;q13) NUP358/ALK Protein kinase IMT

Summary of oncogenic chromosomal rearrangements involving nucleoporin genes. Given are the involved nucleoporin genes and the
fusion partner as well as its function and the resulting disease. Most known examples of chromosomal rearrangements involve the
nucleoporin Nup98, others the nucleoporins CAN/Nup214, Tpr and RanBP2/Nup358. For references on the individual oncogenes see
Cronshaw and Matunis (2004).
Abbreviations: AML, acute myeloid leukemia; CML, chronic myeloid leukemia; IMT, inflammatory myofibroblastic tumor; MDS,

myelodysplastic syndrome; SET,Su(var)3-9, enhancer-of-zeste, trithorax; T-ALL, T-cell acute lymphoblastic leukemia.

“Reprinted from Trends Endocrinol. Metab. 15, Cronshaw and Matunis: The nuclear pore complex: disease associations and functional
correlations, 34-39, © (2004), with permission from Elsevier”.
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Figure 5: Schematic representation of different strategies for nuclear import of viral genomes.

Cytosolic capsids mediate the nuclear import of the viral genomes by at least three different mechanisms: (a) importin - and -mediated
nuclear import of whole capsids; (b) importin - mediated docking at the NPC and DNA injection into the nucleus, and (c) direct docking
and disassembly at the NPC.

(a) Parvoviruses and HBV have a diameter close to the physical opening of the central pore of the NPC. In the cytoplasm, capsids
undergo conformational changes leading to exposure of the NLSs and subsequent interaction with importins. The small capsid size
allows the translocation of whole viral capsids through the NPC into the nucleus where the capsids are disassembled by a still unknown
mechanism.

(b) Tegument-free capsid of the HSV docks at cytoplasmic filaments of the NPC via importin . Capsids are not completely
disassembled, but partially opened and the linear double-strand DNA genome is injected to the nucleus.

(c) Partially uncoated and fiberless capsids of adenoviruses are delivered to the NPC where they directly dock to the FG repeats of
Nup214/CAN at the cytoplasmic filaments of the NPC. Subsequently series of disassembly factors are activated which facilitate capsid
disassembly and are required for import of the viral DNA-protein core.

Atlas Genet Cytogenet Oncol Haematol. 2005; 9(2) 203
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Figure 6: Maturation-dependent nuclear entry of HBV capsids.

Koser J et al.

(a) Localization of hepatitis B capsids in digitonin-permeabilized HuH-7cells by confocal laser scanning microscopy after
immunofluorescence labeling. Capsids (green, Left) and NPCs (red, Center) were stained by indirect immunofluorescence. Merged
images are shown in the last column (Right). Recombinant capsids, devoid of viral polymerase (P-C) do not bind to cellular structures,
immature capsids (ImmatC) show nuclear binding, whereas mature capsids (MatC) generate intranuclear capsids. Scale bar: 10 pm.

(b) Views of nuclear envelope cross sections with adjacent cytoplasm (c) and nucleoplasm (n) from a Xenopus laevis oocyte that has
been microinjected with ImmatC. Arrowheads point to capsids associated with the nuclear face of the NPC. Scale bar: 100 nm.

“Fig was modified and reprinted from Proc. Natl. Acad. Sci. U.S.A. 100, Rabe et al.: Nuclear import of hepatitis B virus capsids and
release of the viral genome, 9849-9854, © (2003), with permission from National Academy of Sciences, U.S.A."

Certain RNA viruses like picornaviruses (e.qg.
poliovirus or rhinovirus) and rhabdoviruses repica
the cytoplasm of host cells and thus do not have to
cross the NE. However also in cells infected witbse
viruses, NPC structure and nucleocytplasmic trarispo
are often severely disturbed (Gustin, 2003). It lesn
shown that the infection of cells with polioviruses
rhinoviruses results in the cytoplasmic accumuiatd
certain nuclear proteins like La, Sam68 or nucteoli
which then interact with the viral RNA and mighdt an
their replication. This is achieved by inhibitingtiae
nucleocytoplasmic transport via the proteolytic
degradation of nucleoporins like Nup62 and
CAN/Nup214 (and possibly others as well) (Gustid an
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Sarnow, 2001 and 2002). Another strategy is used by
the vesicular stomatitis virus (VSV). Its most abant
virion component, the M protein, causes cell rongdi
inhibits transcription and also blocks nuclear exmud

U snRNAs, rRNAs and mRNAs as well as snRNP and
classical nuclear import. As one cellular protein
interacting with M protein the nucleoporin Nup98
could be identified which binds transport receptamd

has been shown to be crucial for nuclear export of
MRNAs (von Kobbe et al., 2000). Interestingly dgrin
antiviral response via interferon signaling NupS3ssg
upregulated and this upregulation releases the M
protein induced mRNA export block (Enninga et al.,
2002).
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6. Nucleoporins and transcriptional
control

Already by 1985 a “gene-gating” hypothesis was
proposed (Blobel, 1985) suggesting an interactibn o
the NPC with genes as a means of transcriptional
regulation. In recent years experimental eviderare f
such interactions arised from studies in yeastthla
context, the interaction of telomeric chromatinhiiihe
NPC, especially Nup145C, Nup60p, Miplp and Mip2p
result in transcriptional silencing (Feuerbach &t a
2002), whereas tethering of chromosomes to the
nucleoporin Nup2p lead to a block in heterochromati
spreading, i.e. Nup2p exhibits chromatin boundary
activity, thus leading to gene activation (Ishii at,
2002). In the most recent report genes interactiit
several nucleoporins and transport factors were
identified (Casolari et al., 2004). This was ackiby
chromatin  immunoprecipitation  using  certain
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nucleoporins and transport factors as baits antysisa

of the precipitated gene sequences by microarray
hybridization analysis (Casolari et al., 2004)tuitned

out that more frequently transcribed genes werarlgle
associated with certain nucleoporins (amongst ether
Miplp, Mip2p, Nup2p and Nup60p) and transport
factors, whereas the RanGEF Prp20p was found to
interact mainly with infrequently transcribed genes
(Fig. 7). Futurein vivo chromosomal painting and
nucleoporin labeling studies together with high
resolution light microscopy under gene inducing
conditions will clarify the significance of these
observations.

In this review we have described the involvement of
the NPC in various physiological events and hope to
leave the reader with a dynamic impression of that
complex and fascinating structure.
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Figure 7: Correlation between genome occupancy and transcriptional frequency.

The interaction of several nucleoporins and transport factors with genomic sequences was analyzed by chromatin immunoprecipitation
followed by microarray-anlysis of the bound sequences in comparison to whole-cell extract signals. Each blue diamond indicates an
individual spot on the microarray (i.e. an individual gene) where the position on the x-axis is determined by the ratio (bound copies of a
gene):(copies of a gene in the whole cell culture extract) and the position on the y-axis gives the experimentally determined
transcriptional frequency for that gene (see Damelin and Silver (2002), Casolari et al. (2004) and references therein). (a) diamonds
represent individual genes interacting with Nic96p whereas the the coloured curves give the overall binding trends for the indicated
nucleoporins and transport factors. (b) diamonds represent individual genes interacting with Nup100p whereas the the coloured curves
give the overall trends for the indicated nucleoporins. (c) diamonds represent individual genes interacting with the RanGDP exchange
factor Prp20, the general trend is represented by the purple curve.

“Fig was modified and reprinted from Cell 117, Casolari et al.: Genome-wide localization of the nuclear transport machinery couples

transcriptional status and nuclear organization, 427-439, © (2004), with permission from Elsevier”.
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