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Identity 
Other names: ADAM-TS1; C3-C5; EC 3.4.24.-; 
KIAA1346; METH-1; METH1 

HGNC (Hugo): ADAMTS1 

Location: 21q21.3 

Note: Mouse: 16 region C3-C5. 

DNA/RNA 
Description 
Gene : 1 --> 4670. 
Exon : 1 --> 1185. 
CDS : 456 --> 3359. 
Signal peptide : 456 --> 602. 
Proprotein: 603 --> 3356. 
Mature peptide : 1212 --> 3356. 
Human ADAMTS1 DNA spans 4,649 bps. Its sequence 
is composed of 9 exons. 

Transcription 
The ADAMTS1 gene is composed of nine exons, all of 
which are present within the 9.2-kb genomic region. 
Sequence analysis shows that the open reading frame of 
ADAMTS1 codes for a protein of 950 amino acids 
(Vazquez et al., 1999). Among these exons, exons 2 to 
8 range from 133 to 347 bp in size. The first and the 
last exons are longer than the others. There are 4 
polyadenylation signals in the untranslated region of 
exon 9. Exons 1, 5, and 6 encode a proprotein domain, 
a disintegrin-like domain and a TSP type I motif, 
respectively, of the ADAMTS1 protein. The 
metalloproteinase domain is encoded by the 3 exons: 2, 

3 and 4. Exons 7 and 8 encode the spacer region (Kuno 
et al., 1997a). 
ADAMTS1 is an IL-1 inducible gene since ADAMTS1 
mRNA levels are enhanced 2 h after IL-1 stimulation 
(Kuno et al., 1997a). Moreover, ADAMTS1 mRNA 
expression is significantly enhanced in heart and 
kidney after lipopolysaccharide (LPS) treatment. These 
data indicate that the ADAMTS1 gene is an 
inflammation-associated gene. 

Pseudogene 
No pseudogenes reported. 

Protein 
Note 
ADAMTS1 precursor: 967 amino acids; 105358 Da. 

Description 
There are many cysteine residues, especially from 
residues 346 to 950, and four putative N-glycosylation 
sites in the ADAMTS1 protein. Comparison of the 
deduced amino acid sequence of ADAMTS1 protein 
with the data base (Human Genome Center, Institute of 
Medical Science, University of Tokyo) reveales that the 
middle part (519-615 amino acids) of the ADAMTS1 
gene product shows about 40% homology with 
thrombospondin-1 and thrombospondin-2 (Kuno et al., 
1997b).  
The TSP type I motifs present in the C-terminal half of 
ADAMTS1 are functional for binding to heparin. 
Moreover, analyses of deletion mutants have revealed 
that the carboxyl-terminal spacing region as well as 
three TSP type I motifs are responsible for the 
anchoring to the extracellular  
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Structure of ADAMTS1 proteinase. ADAMTS1 is composed of a propeptide (Pro), a metalloproteinase domain (Metallo), a disintegrin 
domain (Dis), a thrombospondin type 1-like motif (TSP1), a cystein-rich domain (Cysrich), a spacer domain (SP) followed by two 
additional thrombospondin type 1-like motifs (TSP1). ADAMTS1 proteinase contains in addition a sequence recognized by furin-like 
enzymes (FU) (Rocks et al., 2008a). 

 
matrix (Kuno and Matsushima, 1998). 
The proteinase domain of ADAMTS1 is capable of 
forming a covalent complex with alpha2-
macroglobulin, a plasma proteolytic enzyme inhibitor 
that binds various types of proteinases, revealing that 
ADAMTS1 is an active metalloproteinase. The finding 
that a mutation of the zinc-binding motif of ADAMTS1 
abrogates its capacity to bind to alpha2-macroglobulin 
confirmes the notion of an active proteinase (Kuno et 
al., 1999). However, in the potential zinc-binding motif 
of ADAMTS1, the Gly residue of the consensus 
sequence (HEXXHXXGXXH) is not conserved. Since 
ADAMTS1 is an active metalloproteinase, it is likely 
that the conserved Gly residue of the zinc-binding 
motif is functionally interchangeable with Asn (Kuno 
et al., 1999). 
Studies have demonstrated that ADAMTS1 and fibulin-
1 are colocalized in vivo. Interestingly, fibulin-1 has 
been found to enhance the capacity of ADAMTS1 to 
cleave aggrecan. Fibulin-1 seems therefore to be a new 
regulator of ADAMTS1-mediated proteoglycan 
proteolysis and may play an important role in 
proteoglycan turnover in tissues where there is 
overlapping expression (Lee et al., 2005). 

Expression 
To date, studies analyzing the expression of 
ADAMTS1 in normal tissues have leaded to 
controversial data. Tissue distribution of ADAMTS1 
mRNA has been examined by Northern blot analysis by 
several research groups. While some research groups 
describe a very weak signal for ADAMTS1 mRNA in 
the heart and kidney and no ADAMTS1 mRNA 
expression in other organs including lung, liver, brain, 
and muscle, other groups describe an ADAMTS1 
expression in every tissues analyzed, with abundant 
ADAMTS1 mRNA expression in adrenal, heart, and 
placenta, skeletal muscle, thyroid, and stomach. Of the 
embryonic tissues analyzed, kidney has showed the 
highest expression of ADAMTS1 mRNA. ADAMTS1 
mRNA has been detected in dermal fibroblasts and at 
lower levels in vascular smooth muscle cells, 
endometrial stromal cells and in some endothelial cells 
(Vazquez et al., 1999). 
Since the ADAMTS1 gene is activated by IL-1 
stimulation in vitro, LPS has been administered 
intravenously into mice for induction of systemic 
inflammation. ADAMTS1 mRNA levels are  

significantly enhanced in heart and kidney after LPS 
treatment, but not in other organs (evaluated by 
Northern blot analysis). This result indicates that the 
ADAMTS1 gene is an inflammation-associated gene 
(Kuno et al., 1997b). 
ADAMTS1 mRNA has been detected in the ischemic 
myocardium. Endothelial cells, which weakly express 
ADAMTS1 mRNA in the normal heart, have shown 
increased expression of ADAMTS1 mRNA 
immediately after myocardial infarction concomitant 
with VEGF expression (Nakamura et al., 2004). 
Increased ADAMTS1 mRNA expression has been 
observed in the kidney by in situ hybridization after 
induction of unilateral ureteral obstruction (Nakamura 
et al., 2007). 
In granulosa cells, progesterone receptor appears to 
play the role of an inducible coregulator of the 
ADAMTS1 gene (Doyle et al., 2004). 

Localisation 
Extracellular localization, anchored to the extracellular 
matrix through C-terminal spacing region and 
thrombospondin type I motifs. 

Function 
ADAMTS1 is a catalytic active protein and identified 
substrates of ADAMTS1 are principally proteoglycans 
such as aggrecan and versican (Kuno et al., 2000; 
Rodriguez-Manzaneque et al., 2002).  
ADAMTS1 is able to cleave ligands of the EGF 
(Epidermal Growth Factor) receptor such as pro-
HBEGF (Heparin-binding EGF-like Growth Factor) or 
pro-amphiregulin (Liu et al., 2006). 
Two new substrates of ADAMTS1 have been identified 
recently: thrombospondin-1 and thrombospondin-2 
(Lee et al., 2006).  
Like many members of the ADAM and ADAMTS 
subfamilies, ADAMTS1 shares many physiological and 
pathological functions. Studies using ADAMTS1-
knock-out mice showed that this proteinase is 
important for normal growth, organogenesis and 
fertility (Mittaz et al., 2004).  
ADAMTS1 is implicated in inflammatory processes 
since a treatment of mice with LPS enhances 
ADAMTS1 expression in tissues (Kuno et al., 1997b). 

Homology 
Comparison of the human and mouse sequences of 
ADAMTS1 reveals highly conservation (83.4% amino  
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acid identity). The overall amino acid sequence identity 
between ADAMTS1 and ADAMTS-8 is 51.7% 
(Vazquez et al., 1999). 

Mutations 
Note 
A down-regulation of ADAMTS1 has been observed in 
some non small cell lung cancer (NSCLC) cell lines 
and is concordant with an aberrant methylation of the 
gene. In NSCLC tumours, aberrant methylation of the 
gene has been observed in 31.6% of samples, while it 
was found in only 7.1% of nonmalignant tissues (Choi 
et al., 2008). 
In colorectal tumors, ADAMTS1 gene is associated to 
a cancer-specific hypermethylation. Among 20 colon 
cancer cell lines, hypermethylation of the ADAMTS1 
gene was identified in 85% of cell lines. The 
methylation status of ADAMTS1 has also been 
investigated in colorectal adenomas and carcinomas. 
37% of adenomas as well as 71% of carcinomas 
showed hypermethylation for the ADAMTS1 gene. 
However, ADAMTS1 is unmethylated in tumors from 
three other organs, prostate, testis, and kidney (Lind et 
al., 2006). 

Implicated in 
Lung cancer 
Note 
ADAMTS1 stable transfection in human epithelial lung 
cancer cells (BZR) accelerates the in vivo tumor 
growth after subcutaneous injection of cell transfectants 
into severe combined immunodeficient (SCID) mice 
(Rocks et al., 2008a). 
The proteolytic status of ADAMTS1 is determinant for 
its effects on tumor metastasis since the catalytically 
inactive ADAMTS1 and the ADAMTS1 fragments 
generated by auto-proteolytic cleavage inhibit tumor 
metastasis of cells subcutaneously injected into mice by 
negatively regulating the availability and activity of 
soluble heparin-binding EGF (HB-EGF) and 
amphiregulin (Liu et al., 2006). 

Prognosis 
Not determined. 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Oncogenesis 
Tumours derived from ADAMTS1 overexpressing 
cells display an enhanced stromal reaction 
characterized by a myofibroblast infiltration and 
excessive matrix deposition (Rocks et al., 2008b). 
These features are, however, not observed in tumors 

derived from cells overexpressing a catalytically 
inactive mutant of ADAMTS1. A Boyden Chamber 
assay has shown that conditioned media from 
ADAMTS1-overexpressing cells display a potent 
chemotactic activity towards fibroblasts. Moreover, 
ADAMTS1 overexpression in tumors is associated with 
increased production of matrix metalloproteinase-13, 
fibronectin, transforming growth factor (TGF) beta, and 
interleukin (IL)-1 beta. Neutralizing antibodies against 
TGF-beta and IL-1 beta block the chemotactic effect of 
medium conditioned by ADAMTS1-overexpressing 
cells on fibroblasts, showing the contribution of these 
factors in ADAMTS1-induced stromal reaction (Rocks 
et al., 2008b).  
Moreover, overexpression of ADAMTS1 in Lewis lung 
carcinoma cells promotes pulmonary metastasis of 
these cells. Interestingly, the proteinase-dead mutant of 
ADAMTS1 inhibits their metastasis, indicating again 
that the prometastatic activity of ADAMTS1 requires 
its metalloproteinase activity. Overexpression of 
ADAMTS1 in these cells promotes tumor angiogenesis 
and invasion, shedding of the transmembrane 
precursors of HB-EGF and amphiregulin. This study 
shows that ADAMTS1 undergoes auto-proteolytic 
cleavage to generate the NH2- and COOH-terminal 
cleavage fragments containing at least one 
thrombospondin-type-I-like motif. Overexpression of 
the NH2-terminal ADAMTS1 fragment and the 
COOH-terminal ADAMTS1 fragment inhibits 
pulmonary tumor metastasis (Liu et al., 2006). 

Breast cancer 
Note 
Real-Time PCR analysis of human breast tissues shows 
that ADAMTS1 is downregulated in breast carcinomas 
in respect to non neoplastic mammary tissue, 
irrespective of the heterogeneity of the samples and the 
tumor type or grade. ADAMTS1 is expressed 
predominantly in stromal fibroblasts (Porter et al., 
2004). 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Pancreatic cancer 
Note 
ADAMTS1 expression has been identified in 
pancreatic cancer cell lines and quantified by TaqMan 
reverse transcription-PCR in 18 paired samples of 
pancreatic cancer and surrounding noncancerous 
pancreas. ADAMTS1 expression in pancreatic cancer 
tissue is significantly lower than that in noncancerous 
pancreas (Masui et al., 2001). 

Prognosis 
Pancreatic cancer displaying higher ADAMTS1  
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expression show significantly severe lymph node 
metastasis or retroperitoneal invasion and worse 
prognosis. ADAMTS1 seems to be involved in 
progression of pancreatic cancer through local invasion 
and lymph node metastasis (Masui et al., 2001). 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Myocardial infarction 
Note 
Normal endothelium expresses little ADAMTS1 
mRNA, and normal myocardium expresses no 
detectable ADAMTS1 mRNA. In situ hybridization has 
revealed strong ADAMTS1 mRNA signals in the 
endothelium and myocardium in the infarcted heart, 
mainly in the infarct zone. The rapid and transient up-
regulation of the ADAMTS1 gene in the ischemic heart 
is distinct from the regulatory patterns of other MMPs 
(Nakamura et al., 2004). 

Prognosis 
Not determined. 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Normal growth, organogenesis, fertility 
Note 
ADAMTS1 is produced by the granulosa cells of 
ovarian follicles. Mice with ADAMTS1 gene 
disruption are subfertile due to a significant reduction 
in the number of healthy growing follicles. Follicle 
dysmorphogenesis starting at the stage of antrum 
formation was identified in ADAMTS1 -/- ovaries. 
ADAMTS1 is therefore necessary for structural 
remodelling during ovarian follicle growth (Brown et 
al., 2006). In addition, ovulation in ADAMTS1 null 
females was impaired because of mature oocytes 
remaining trapped in ovarian follicles. Moreover, forty-
five percent of newborn ADAMTS1 null mice die, with 
death most likely caused by a kidney malformation that 
becomes apparent at birth (Mittaz et al., 2004). These 
mice present enlarged renal calices with fibrotic 
changes from the ureteropelvic junction through the 
ureter, and abnormal adrenal medullary architecture 
without capillary formation (Shindo et al., 2000). 

Prognosis 
Not determined. 

Cytogenetics 
Not determined 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Angiogenesis inhibitor 
Note 
ADAMTS1 suppresses fibroblast growth factor-2 
(FGF2)-induced vascularization in the cornea pocket 
assay and inhibits VEGF-induced angiogenesis in the 
chorioallantoic membrane assay. ADAMTS1 binds to 
VEGF and therewith abrogates the phosphorylation of 
its receptor, VEGFR2 (Vazquez et al., 1999). 

Prognosis 
Not determined. 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Renal ischemia or obstruction 
Note 
Rats subjected to bilateral renal ischemia display an 
enhanced expression of ADAMTS1 in renal tissues. 
Immunofluorescence localized the ADAMTS1 
expression to proximal tubules following ischemia-
reperfusion injury. An inhibition of the VEGF pathway 
by ADAMTS1 during the early injury and repair phase 
of renal ischemia may therefore contribute to an overall 
reduction in renal microvascular density (Basile et al., 
2008).  
Increased ADAMTS1 mRNA expression (in situ 
hybridization) has also been observed in the kidney of 
rats after induction of unilateral ureteral obstruction. 
The mRNA is then localized in the renal tubular 
epithelial cells in the outer stripe of the outer medulla 
(Nakamura et al., 2007). 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Oncogenesis 
Not determined. 

Asthma 
Note 
Expression profile of several ADAM and ADAMTS 
proteinases has been measured in sputum cells from 
patients with asthma. The relationship between the 
expression of these proteinases and asthma-associated 
inflammation and airway obstruction has been 
assessed. Levels of ADAMTS1 mRNA are 
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significantly decreased in patients with asthma 
compared to control patients (Paulissen et al., 2006). 

Prognosis 
ADAMTS1 expression is positively correlated to 
Forced Expiratory Volume at the first second (FEV(1)) 
(r = 0.45, P < 0.05) (Paulissen et al., 2006). 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

New bone formation 
Note 
ADAMTS1 mRNA expression has been identified by 
RT-PCR in cultures of rat osteoblasts treated with 
molecules known to drive osteoblast differentiation 
(ascorbic acid, beta-glycerophosphate and 
dexamethasone). ADAMTS1 expression follows the 
expression of osteogenic marker osteocalcin during in 
vitro mineralization. ADAMTS1 production has been 
investigated by immunostaining during in vitro 
osteogenesis and in sections from 2- and 10-day-old rat 
femur. These results show a strong expression of 
ADAMTS1 around mineralized nodules and intense 
focal staining of putative new areas of nodule 
formation in vitro. In 2- and 10-days-old rat femurs, 
ADAMTS1 protein is localized in regions associated 
with osteogenesis. These data show that ADAMTS1 
protein accumulates in osteoblast extracellular matrix 
during differentiation (Lind et al., 2005). 

Prognosis 
Not determined. 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 

Neurodegenerative disorders 
Note 
Levels of ADAMTS1 have been assessed in extracted 
proteins from Down syndrome (DS) brain and brains of 
patients with Alzheimer's (AD) and Pick's disease (PD) 
used as controls. ADAMTS1 immunoreactivity is 
increased in brains with DS and neurodegeneration. 
Overexpression of this metalloproteinase might thus be 
involved in proteoglycan degradation and handling in 
brain of patients with neurodegenerative disease which 
in turn may lead to or reflect pathological lesions in 
DS, AD and PD brain (Miguel et al., 2005). 

Prognosis 
This overexpression of ADAMTS1 may be used as 
marker protein for neurodegeneration. 

Cytogenetics 
Not determined. 

Hybrid/Mutated gene 
Not determined. 

Abnormal protein 
Not determined. 
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Identity 
Other names: ANILLIN; Scraps; scra 

HGNC (Hugo): ANLN 

Location: 7p14.2 

Local order: The human ANLN gene maps on 7p15-
p14 between the KIAA0895 and the 
ENSG00000210490 loci. 

DNA/RNA 
Description 
The ANLN gene consists of 63,969 bases and at least 
23 exons. 

Transcription 
The transcribed mRNA is 4,786 bp. 

Protein 
Description 
The human ANLN cDNA encodes a protein (1124 
amino acids; 124199 Da) that includes an actin-binding 
domain and a C-terminal domain with pleckstrin 
homology (PH). It also contains several consensus 
nuclear localization sequences (NLS) and one 
consensus SH3-binding motif. 

Expression 
ANLN is mainly expressed in adult placenta, testis, and 
spinal cord, and in fetal organs (brain, heart, kidney, 
liver, lung, skeletal muscle, spleen and thymus). 

Localisation 
ANLN is mainly found in nucleus, cytoplasm, 
cytoskeleton, cleavage furrow, and cell cortex. 

Function 
Anillin (ANLN) was initially characterized as a human 
homologue of anillin, a Drosophila actin-binding 
protein. ANLN localizes not only to the cytoplasm but 
also to nuclei in some proportion of cancer cells; it is 
likely to present at the cortex following breakdown of 
the nuclear envelope, and in the cleavage furrow during 
cytokinesis. ANLN plays an important role in cell-
cycle progression. In late phases ANLN may assemble 
the actin and myosin contractile ring that separates 
daughter cells, through interaction with at least two 
other furrow proteins, actin and septins (SEPTs). 
ANLN is supposed to be a substrate of the anaphase-
promoting complex/cyclosome (APC/C), a ubiquitin 
ligase that controls mitotic progression. 

Implicated in 
Lung cancer 
Prognosis 
Nuclear ANLN (n-ANLN) was indicated to be an 
independent prognostic factor for patients with non-
small cell lung cancer. 

Oncogenesis 
ANLN interacts with and activates RHOA, and this 
complex is likely to be essential for the growth-
promoting pathway and aggressive features of lung 
cancers as well as for cell division. Moreover n-ANLN 
whose nuclear localization and stability are regulated 
by PI3K/AKT signaling, appears to regulate the 
malignant potential of cancer cells. 

Prostate cancer 
Note 
Overexpression of ANLN was observed in  
hormone-refractory prostate cancers (HRPCs). 
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Head and neck squamous cell 
carcinoma 
Note 
Overexpression of ANLN was observed in head and 
neck squamous cell carcinomas (HNSCCs). 
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Identity 
Other names: Bcl-10; CARMEN; CIPER; CLAP; 
Cellular-E10; c-E10; cCARMEN; hCLAP; mE10 

HGNC (Hugo): BCL10 

Location: 1p22.3 

DNA/RNA 
Description 
12,308 bases, 4 exons, Transcription: 4.2 kb. 

Transcription 
Transcription produces 4 alternatively spliced variants 
and 1 unspliced form with 2,974 bps or 2,819 bps. 

Protein 
Description 
233 amino acids with a molecular weight of 26252 Da. 

Expression 
BCL10 is expressed in all normal and malignant 
tissues. In the lymphoid tissue, it is highly expressed in 
the germinal center but low in the mantle zone, and 
intermediate in the marginal zone. BCL10 is likely to 
play a role in the normal development of the germinal 
center. 

Localisation 
BCL10 resides in the cytoplasm or perinuclear region 
of normal cells. 

Function 
BCL10 functions normally as a proapoptotic  

protein through caspase recruitment domain (CARD) at 
the animo terminal and activation of NF-kappaB 
pathway. This activity requires oligomerization via the 
CARD domain and interaction between BCL10 and 
other CARD domain containing proteins including 
CARD9, CARD10, CARD11 and CARD14. 

Homology 
Equine herpesvirus-2 E10 gene. 

Implicated in 
1p rearrangement/non-hodgkin 
lymphoma 
Disease 
Extranodal marginal zone B-cell lymphoma of mucosa-
associated lymphoid tissue (MALT lymphoma). 
Phenotype stem cell origin: Marginal zone B-cells. 
Epidemiology: Commonly seen in MALT lymphoma 
involving stomach (approximately 4%) and lung 
(approximately 9%). Uncommon in MALT lymphoma 
involving other sites. 
Evolution: MALT lymphoma may evolve to diffuse 
large B-cell lymphoma. 

Prognosis 
Generally indolent. 

Cytogenetics 
In t(1;14)(p22;q32). The gene on 14q32 is IgH. The 
breakpoint on 1p22 involves a recurrent breakpoint 
upstream of the promoter of BCL10. 

Hybrid/Mutated gene 
BCL10-IgH. 
The translocation t(1;14)(p22;q32) is associated  
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with frameshift mutation of BCL10 and truncation of 
BCL10 protein distal to CARD. The mutant type of 
BCL10 enhances cell survival and proliferation through 
activation of NF-kappaB pathway. MALT lymphomas 
without BCL10 rearrangement may also carry BCL10 
mutation however. 

Abnormal protein 
MALT lymphomas with t(1;14)(p22;q32) demonstrate 
strong nuclear BCL10 staining regardless of BCL10 
mutation status. MALT lymphoma without 
t(1;14)(p22;q32) may also show strong nuclear 
staining.So a strong nuclear BCL10 staining is not 
always a presumptive evidence of t(1;14)(p22;q32). 
This pattern is different from the weak cytoplasmic 
expression observed in normal germinal center B-cells. 

Oncogenesis 
Loss of CARD domain through translocation and 
mutations lead to loss of proapoptotic activity. In 
addition, MALT1 and BCL10 may synergize in the 
activation of NF-kappaB leading to enhanced cell 
survival and downstream activation of anti-
apoptotic/proliferative signals. 

Various cancers 
Disease 
BCL10 mutations have also been described in  

follicular lymphoma, Sezary syndrome, malignant 
mesothelioma, germ cell tumor, and colon cancer. 
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Identity 
Other names: CCNB 

HGNC (Hugo): CCNB1 

Location: 5q13.2 

DNA/RNA 
Description 
9 exons; 2,087 bp; 433 residues CCNB1 transcript 1. 
8 exons; 1,833 bp; 397 residues CCNB1 transcript 2. 

Transcription 
Two alternative transcripts resulting from distinct 
transcription initiation sites. One is constitutively 
expressed and the other is G2/M cell cycle-regulated. 

Pseudogene 
No verified pseudogenes. 

Protein 
Description 
Cyclin B1 (48.337 kDa) is a member of the cyclin 
family of proteins whose levels vary during the cell 
cycle in order to activate specific cyclin-dependent 
kinases (CDKs) required for the proper progression  

through the cell cycle. Cyclin B1 protein begins to 
increase during G2, peaks in mitosis, and is rapidly 
degraded before the cell cycle is completed. Cyclin B1 
interacts with CDK1 to form a complex known as the 
maturation-promoting factor (MPF), which is essential 
for cell cycle progression through mitosis. When 
chromosomes are properly aligned during anaphase, 
rapid degradation of cyclin B1 by anaphase-promoting 
complex/cyclosome (APC/C) is required for mitotic 
exit and completion of the cell cycle. 

Expression 
Cyclin B1 is overexpressed in a variety of cancers 
compared to normal cells and tissues. In normal tissues, 
low levels of cyclin B1 is detected in testis, thymus, 
bone marrow, and smooth muscle (CCNB1 
expression). In most primary tumors, the expression of 
cyclin B1 is "unscheduled" (unrestricted to particular 
phases of the cycle), whereas in normal lymphocytes, 
the expression of cyclin B1 is restricted to very late S 
and G2 + M phases of the cell cycle (Gorczyca et al., 
1997). 

Localisation 
During interphase, cyclin B1 is concentrated in the 
cytoplasm but can shuttle to the nucleus (Pines and 
Hunter, 1991).  
 

 
Diagram of sequence domains for cyclin B1. The destruction box (DB) is required for degradation of cyclin B1 at the metaphase-to-
anaphase transition. The cytoplasmic retention sequence (CRS) and the nuclear export signal (NES) are critical determinants of cyclin 
B1 localization during mitosis. The cyclin box is required for interaction with CDK1. 
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At prophase, cyclin B1 accumulates in the nucleus and 
then to condensed chromatin, spindle microtubules, 
centrosomes, and chromatin during prometaphase 
(Bentley et al., 2007; Chen et al., 2008). This 
corresponds to localization of known CDK1 substrates, 
including nuclear lamins, microtubule and chromatin-
associated proteins. Cyclin B1 is preferentially 
localized to unattached kinetochores and is involved in 
chromosome alignment in mitosis. In carcinomas, 
cytoplasmic expression of cyclin B1 is associated with 
a specific T-cell immune response (Egloff et al., 2006). 

Function 
At entry into mitosis, cyclin B1-CDK1 promotes 
chromosome condensation, nuclear lamina resolution, 
and mitotic spindle assembly. Knockout mice without 
cyclin B1 or CDK1 are embryonic lethal, suggesting a 
requirement for cell proliferation (Brandeis et al., 
1998). A long list of potential substrates for cyclin B1-
CDK1 suggests other functions not yet known (CDK1 
substrates). 

Homology 
Cyclin B1 is a member of the highly conserved cyclin 
family and cyclin AB subfamily. The cyclin box is a 
region of protein sequence homology that is common to 
all members of the cyclin family and is required for 
interaction with CDK partner. There are at least three 
G1 cyclins (cyclin C, cyclin D, cyclin E) and two G2/M 
cyclins (cyclin A, cyclin B). Cyclin B2 also interacts 
with CDK1 but is not required for cell proliferation 
(Brandeis et al., 1998). Cyclin B3 binds to CDK2 and 
appears to function in meiosis (Nguyen et al., 2002). 

Mutations 
Note 
There are no known germinal or somatic mutations for 
cyclin B1 (CCNB1 COSMIC). 

Implicated in 
Prostate carcinoma 
Disease 
One study shows that the most powerful predictor of 
time to relapse of prostate cancer is a high ratio of 
cyclin A and B to the proliferation marker Ki67, i.e., 
the higher the ratio the longer time to relapse (Marshal 
et al., 1996). Another study, however, shows that high 
cyclin B1 expression in prostate cancer correlates with 
tumor grade and DNA ploidy but does not correlate 
with disease recurrence (Kallakury et al., 1999). Lower 
level of endogenous cyclin B1 increases the sensitivity 
of DNA mismatch repair-deficient prostate cancer cells 
to alkylating agents (Rasmussen et al., 2000). 
Overexpression of the oncogenic serine/threonine 
kinase PIM1 in prostate cancer cells increases cyclin 
B1 protein expression, which contributes to the  

development of polyploidy by delaying cytokinesis 
(Roh et al., 2005). The levels of cyclin B1 protein 
correlate with the ability of chemotherapy drugs to 
induce apoptosis of prostate cancer cells in vitro 
(Gomez et al., 2007). 

Breast carcinoma 
Disease 
Treatment of MCF7 breast cancer cells with cyclin B1-
specific antisense oligonucleotide blocks Taxol-
induced apoptosis, suggesting that cyclin B1-associated 
CDK1 activity plays an important role in the induction 
of apoptosis by Taxol (Shen et al., 1998). Memory T 
cells specific for cyclin B1 peptides were isolated from 
patients with breast cancer (Kao et al., 2001). Nuclear 
cyclin B1-positive breast carcinoma is resistant to 
adjuvant therapy, and nuclear cyclin B1 
immunoreactivity is a potent prognostic factor in breast 
carcinoma patients (Suzuki et al., 2007). However, 
another study did not find a correlation with cyclin B1 
overexpression and a worse outcome in breast cancer 
patients (Peters et al., 2004). Downregulation of cyclin 
B1 inhibits proliferation of breast cancer cell lines and 
sensitizes to Taxol (Yuan et al., 2004; Androic et al., 
2008). 

Non-small cell lung carcinoma (NSCLC) 
Disease 
Cyclin B1 is deregulated in NSCLC, particularly in the 
squamous cell carcinoma subtype (SCC), and a high 
level of cyclin B1 expression may be a prognostic 
marker for patients with early-stage SCC of the lung 
(Soria et al., 2000). Elevated levels of cyclin B1 
expression may be an indicator of poor prognosis in 
NSCLC, particularly in non-SCC (Arinaga et al., 2003; 
Yoshida et al., 2004; Singhal et al., 2005). One study, 
however, did not find a prognostic relevance for cyclin 
B1 in NSCLC (Yoo et al., 2007). 

Small cell lung carcinoma 
Disease 
Cyclin B1 expression closely correlates with the Ki-67 
labeling index in small cell lung carcinomas, 
suggesting that cyclin B1 is one of the key factors 
regulating cell proliferation in pulmonary 
neuroendocrine tumors. However, cyclin B1 did not 
correlate with patient survival (Igarashi et al., 2004). 

Esophageal squamous cell carcinoma 
(ESCC) 
Disease 
Cyclin B1 expression, especially nuclear, can be 
significant as a prognostic indicator in ESCC and may 
indicate a poor prognosis for patients (Murakami et al., 
1999; Nozoe et al., 2002; Takeno et al., 2002). Isogenic 
ESCC cells overexpressing cyclin B1 reveal strong 
invasive growth and high potential of metastasis to lung 
in xenograft mice (Song et al., 2008). 
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Head and neck squamous carcinoma 
(HNSCC) 
Disease 
HNSCC overexpressing cyclin B1 may be resistant to 
radiation therapy and cyclin B1 may be an indicator of 
the risk of recurrence and metastasis in patients having 
HNSCC receiving radiation therapy (Hassan et al., 
2002). 

Renal cell carcinoma (RCC) 
Disease 
Increased cyclin B1 in RCC and aberrant localization 
within the cytoplasm of tumor cells positively 
correlates with tumor progression, indicating the 
significant role of cyclin B1 in the development and 
pathogenesis of RCC. There may be prognostic value 
of cyclin B1 for RCC patients (Ikuerowo et al., 2006). 

Cervical carcinoma 
Disease 
The relationship between human papillomavirus virus 
(HPV) typing and cyclin B1 expression was not 
significant in cervical intraepithelial neoplasia and 
invasive cancer (Hashiguchi et al., 2004). HPV-16 E1 
E4 protein sequesters CDK1/cyclin B1 onto the 
cytokeratin network, prevents the accumulation of 
active CDK1/cyclin B1 complexes in the nucleus, and 
hence prevents mitosis. This may create an 
environment optimal for viral DNA replication (Davy 
et al., 2005). HPV-18 decreases the fidelity of mitotic 
checkpoints and increases CDK1-associated kinase 
activity relative to control populations. The G2 
checkpoint is aberrant by virtue of the stabilization of 
cyclin B1 mRNA through the upregulation of HuR 
protein (Cho et al., 2006). Up-regulation of cyclin B1 
expression occurs in cervical cancer and an aberrant 
expression of cyclin B1 might play an important role in 
cervical carcinogenesis (Zhao et al., 2006). Reduction 
of cyclin B1 in HeLa cervical carcinoma cell lines 
inhibits proliferation, induces apoptosis, and sensitizes 
to Taxol (Yuan et al., 2006). 

Ovarian carcinoma 
Disease 
There is a significant correlation between percentages 
of polo-like kinase (PLK)-positive cells and 
histological grade of ovarian cancer. However, the 
expression of proliferating cell nuclear antigen, Ki-67, 
and cyclin B1 is independent of PLK expression (Takai 
et al., 2001). 

Pancreatic cancer 
Disease 
Overexpression of CDK1, cyclin A, and cyclin B1 
occurs in 54.8, 54.9 and 56.4%, respectively, of the 
pancreatic adenocarcinomas. The findings suggest that 
CDK1 and cyclin A play a role in the progression of 
pancreatic adenocarcinoma, while the clinical  

significance of cyclin B1 remains to be clarified 
because of its more random expression (Ito et al., 
2002). 

Liver cancer 
Disease 
Fifteen of 100 patients with hepatocellular carcinoma 
(HCC) have autoantibodies reactive with cyclin B1 
(Covini et al., 1997). CDK1 overexpression is directly 
related to advanced stage, portal invasion, intrahepatic 
metastasis, poor differentiation, high alpha-fetoprotein 
level, large size, high Ki-67 labeling index, and poor 
prognosis. Cyclin A and B1 overexpression shows a 
similar tendency to that of CDK1, but they are not 
recognized as independent prognostic factors (Ito et al., 
2000). Hepatitis C virus (HCV) proteins increase the 
activity of the cyclin B1-CDK1 complex via the p38 
MAPK and JNK pathways and promotes nuclear 
import of cyclin B1 (Spaziani et al., 2006). TIS21 
negatively regulates hepatocarcinogenesis in part by 
disruption of the FoxM1-cyclin B1 regulatory loop, 
thereby inhibiting proliferation of transformed cells 
developed in mouse and human livers (Park et al., 
2008). 

Gastric cancer 
Disease 
Cyclin B1 overexpression does not correlate with 
survival of patients with gastric cancer (Brien et al., 
1998). Another study shows that cyclin B1 protein 
overexpression is closely associated with less 
aggressive gastric cancers (Yasuda et al., 2002). A third 
study shows that overexpression of cyclin B1 may play 
an important role in lymph node metastatic potential of 
gastric cancer (Kim, 2007). 

Colorectal adenocarcinoma 
Disease 
The majority of colorectal cancers express high levels 
of cyclin B1, consistent with a high rate of cell 
proliferation (Wang et al., 1997). Cyclin B1 expression 
does not change in recurrent colorectal adenocarcinoma 
compared to primary tumors (Seong et al., 1999). A 
study suggests a close correlation between a lack of 
cyclin B1 immunostaining and a stronger metastatic 
behavior in colorectal cancer (Korenaga et al., 2002). 
Cyclin B1, but not cyclin G1, may promote colorectal 
carcinogenesis and later metastasis to lymph nodes (Li 
et al., 2003). High expression of cyclin B1 is a frequent 
and early event in colorectal carcinomas. However, 
cyclin B1 expression is neither a predictor of prognosis 
or survival in patients with colorectal cancer nor a 
suitable tool for identifying subgroups of patients at 
higher risk for disease recurrence (Grabsch et al., 2004; 
Bondi et al., 2005). Adenomatous polyposis coli (APC) 
is a substrate for recombinant human CDK1-cyclin B1, 
implicating phosphorylation as a mechanism for 
regulating APC function via a link to the cell cycle 
(Trzepacz et al., 1997). 
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Thyroid carcinoma 
Disease 
Cyclin B1 is overexpressed in four undifferentiated 
thyroid carcinomas (19.0%), but not in thyroid 
carcinomas of other types. CDK1 overexpression is 
also related to carcinoma differentiation (p < 0.0001), 
and is directly linked to cyclin A overexpression (p < 
0.0001), but not to cyclin B1 overexpression (Ito et al., 
2002). Cyclin B1 expression does not have any 
prognostic significance for poorly differentiated 
follicular thyroid carcinoma (Pulcrano et al., 2007). 

Tongue carcinoma 
Disease 
Cyclin B1 is overexpressed in a subset of squamous 
cell carcinoma of the tongue and is associated with a 
more aggressive biological behavior of the disease 
(Hassan et al., 2001). 

Skin melanoma 
Disease 
The expression of cyclin B1 (P < 0.0001) is 
significantly higher in melanomas in comparison with 
Spitz nevi (Stefanaki et al., 2007). 

Glioma 
Disease 
Cyclin B1 is a gene identified to be increased in glioma 
cells invading brain slice cultures (Holtkamp et al., 
2005). Human glioma tissue microarrays indicate a 
positive expression rate of CDK1/cyclin B1 with a 
positive correlation with pathologic grades (Chen et al., 
2008). 

Astrocytoma 
Disease 
Nuclear and cytoplasmic cyclin B1 immunostaining 
correlates well with the tumor grade but shows poor 
correlation with Ki-67 in astrocytomas (Allan et al., 
2000). There is a significant increase in cyclin B1 (P = 
0.002) expression with increasing grade from diffuse 
astrocytoma through anaplastic astrocytoma to 
glioblastoma, suggesting a potential as a marker of 
tumor grade (Scott et al., 2005). 

Medulloblastoma 
Disease 
Cyclin B1 expression shows no statistical significant 
effect on survival in medulloblastoma (Neben et al., 
2004). Another study shows that the combined 
expression of MYC and the lactate dehydrogenase B 
(LDHB)/cyclin B1 gene signature is able to predict 
survival in medulloblastoma patients and are strong 
prognostic markers independent of the clinical 
parameters, metastasis, and residual disease (de Haas et 
al., 2008). 
 

Osteosarcoma 
Disease 
E2F-1 overexpression in the U2OS osteosarcoma cell 
line increases cyclin B1, CDK1 activity, sensitivity to 
paclitaxel, and the cellular growth rate. Knockdown of 
cyclin B1 using an RNA interference decreases cellular 
growth rate and an increases resistance to paclitaxel 
(Russo et al., 2006). 

Leukemia and lymphoma 
Disease 
Derangement of cyclin B1 and CDK1 kinetics and 
functions is more profound in Hodgkin's disease than in 
anaplastic large cell lymphomas (Leoncini et al., 1998). 
Cyclin B1 and CDK1 appears to be involved in the 
genesis or progression of malignant lymphoma but only 
CDK1 is a useful marker for response to chemotherapy 
(Jin and Park, 2002). Overexpression of cyclin B1 in 
follicular lymphomas correlates with better response to 
chemotherapy (Bjorck et al., 2005). Nuclear and/or 
cytoplasmic staining in > or = 1% of diffuse large B-
cell lymphoma cells is significantly associated with 
shorter overall survival (Obermann et al., 2005). Cyclin 
B1 protein accumulates in the nucleus of cells that are 
sensitive to gamma radiation-induced apoptosis 
(thymocytes, lymphoid cell lines), but remains 
cytoplasmic in apoptosis-resistant cells (primary and 
transformed fibroblasts) (Porter et al., 2003). 

Alzheimer's disease (AD) 
Disease 
Cyclin B1 and CDK1 are enriched in neurons with 
neurofibrillary tangles (NFT), characteristic of AD. 
This suggests that aberrantly reexpressed cyclin 
B1/CDK1 in NFT-bearing neurons in AD brain 
contributes to the generation of M-phase phospho-
epitopes in NFT (Vincent et al., 1997). Cyclin B1 is not 
detected in control subjects but is expressed in 
subiculum, dentate gyrus, and CA1 region of patients 
with AD pathology (Nagy et al., 1997). Aberrant 
expression of cyclin B1 is identified in the 
hippocampus, subiculum, locus coeruleus, and dorsal 
raphe nuclei, but not inferotemporal cortex or 
cerebellum of AD cases. Control subjects show no 
significant expression of cyclin B1 in any of the six 
regions. Disregulation of various components of the 
cell cycle may be a significant contributor to regionally 
specific neuronal death in AD (Busser et al., 1998). 
Direct interactions between cyclin B1 and Abeta may 
provide potential mechanisms for the cytotoxicity of 
the Abeta peptide (Milton, 2002). CIP-1-associated 
regulator of cyclin B (CARB), a protein that associates 
with cyclin B1, increases in intraneuronal NFT 
neurofibrillary tangles in susceptible hippocampal and 
cortical neurons in AD. By marked contrast, CARB is  
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found only at background levels in these neuronal 
populations in nondiseased age-matched controls (Zhu 
et al., 2004). Cdh1/Hct1, an activator of the E3-
ubiquitin ligase anaphase-promoting complex (APC) 
that promotes the ubiquitylation and degradation of  
mitotic cyclins, is required to prevent the accumulation 
of cyclin B1 in terminally differentiated neurons. By 
keeping cyclin B1 low, Cdh1 prevents these neurons 
from entering an aberrant S phase that leads to 
apoptotic cell death.  
These results provide an explanation for the mechanism 
of cyclin B1 reactivation that occurs in the brain of 
patients suffering from AD (Almeida et al., 2005). 

Neurodegenerative disease 
Disease 
Neurons containing characteristic neurodegenerative 
lesions in a subset of diseases including Down 
Syndrome, Frontotemporal Dementia linked to 
chromosome 17, Progressive Supranuclear Palsy, 
Corticobasal Degeneration, Parkinson-Amyotrophic 
Lateral Sclerosis of Guam, Niemann Pick disease type 
C, and Pick's disease also display mitotic indices 
including cyclin B1 expression (Husseman et al., 
2000). 

Cytogenetics 
Chromosome instability resulting from Tax-induced 
deficiency of cyclin B1 and securin may be the 
explanation for the highly aneuploid nature of adult T-
cell leukemia cells (Liu et al., 2003). 
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Identity 
Other names: CATL; CTSL; EC 3.4.22.15; FLJ31037; 
MEP 

HGNC (Hugo): CTSL1 

Location: 9q21.33 

Local order: DAPK1 CTSL1 CTSL3 

DNA/RNA 
Description 
The human Cathepsin L1 gene comprises eight exons 
and seven introns, and span 5411 bases. The first AUG 
translation initiation site is located within exon 2. Three 
spliced variants of hCATL-A have been identified; 
hCATL-AI, hCATL-AII, hCATL-AIII (Rescheleit et 
al., 1996; Bakhshi et al., 2001; Aurora et al., 2002; Jean 
et al., 2002). These spliced forms lack 27 nucleotide 
(nt), 90 nt and 144 nt from the 3' end of exon 1 
respectively and lead to mRNA species that differ in 
the 5' untranslated regions. However, they are 
translated into identical proteins. The shorter 5'UTR 
lack secondary loops and are translated more 
effectively than hCATL-A (Aurora et al., 2002). 

Transcription 
One major transcription initiation site is situated at -290 
from the starting AUG on the human cDNA  

sequence (Joseph et al., 1988; Chatham et al., 1993; 
Bakhshi et al., 2001; Aurora et al., 2002; Jean et al., 
2002). This mRNA of 1.7 Kb corresponds to hCATL-
A. Another mRNA, hCATL-B, is transcribed from 
another TATA-less promoter localized within the first 
intron of hCATL-A and encodes the same cathepsin L 
protein (Joseph et al., 1988; Bakhshi et al., 2001; Seth, 
gene 2003). The hCATL-B therefore differs from 
hCATL-A in the 5' untranslated region (Bakhshi et al., 
2001; Jean et al., 2002). The transcription factors NF-
Y, SP1 and SP3 have been shown to be responsible for 
more than 85% of Cathepsin L expression in melanoma 
cells (Jean et al., 2002). In melanoma and in lymphoma 
cells, Cathepsin L expression is also regulated by CpG 
methylation, and gene amplification has been observed 
in one melanoma cell line (Jean et al., 2006). In tissue 
culture models, phorbol esters, certain oncogenes such 
as ras, v-src, SV-40 Large T and raf, cytokines such as 
IL-1, IL-6 and TNF-alpha, and hypoxia have all been 
shown to induce cathepsin L expression (Troen et al., 
1991; Lemaire et al., 1994; Kakegawa et al., 1995; 
Lemaire et al., 1997; Heinrich et al., 2000; Gerber et 
al., 2001; Jean et al., 2008). 

Pseudogene 
Using the program TBLASTN three pseudogenes, 
closely related to cathepsin L were identified on 
chromosome 10 (Rossi et al., 2004). 
 

 
Shown are the eight exons and seven intron of the human Cathepsin L1 gene. The black boxes correspond to protein coding. 
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Protein 

 
Shown is a schematic representation of the various human 
cathepsin L isoforms. The full-length protein is composed of a 
signal peptide (pre), a pro-domain and the mature polypeptide. 
PF stands for proform, SC for single chain, HC for heavy chain 
and S correspond to the various short isoforms that are devoid 
of signal peptide and whose translation is initiated from internal, 
in-frame, AUGs located within the prodomain coding sequence. 

Description 
CSTL1 codes for a protein of 333 amino-acids. Like all 
lysosomal enzymes, cathepsin L is translated as an 
inactive pre-pro-enzyme. The pre-region, located at the 
amino terminus of the protein, is a 17 amino-acid signal 
peptide (or signal sequence). Human cathepsin L is N-
glycosylated at Asn 204. This glycosylation event is 
not required for proper folding of the protein or for its 
enzymatic activity or stability, but is important for 
lysosomal targeting (Smith et al., 1989; Kane, 1993). In 
certain cases, especially in transformed cells, secretion 
of procathepsin L (MEP) is observed (Gottesman, 
1978). The crystal structure of procathepsin L has been 
resolved (Coulombe et al., 1996). Structurally, like 
most enzymes from the papain family, the mature 
cathepsin L consists of two globular regions, the R-
domain (right) and L- domain (left) (Turk et al., 1997). 
These two domains are organized to form an open V-
shaped active site cleft. The propiece of cathepsin L 
can also be separated into two regions. The amino-
terminal part, which consists of the first 60 amino 
acids, is important for proper folding and glycosylation 
of procathepsin L (Chapman et al., 1997). Expression 
of the carboxy-terminal part of the prodomain is 
responsible for the inhibitory role of the propiece, by 
preventing the entry of the substrate into the active 
cleft. In order to do so, when the amino-terminus binds 
to the prodomain binding loop, the carboxy-terminus of 
the proregion bends over the groove of the active site in 
the opposite direction that the substrate would have 
been (Coulombe et al., 1996). The removal of the 
propiece occurs via an intra and/or inter molecular 
mechanism as the zymogen reaches the acidic 
environment of late endosomes or lysosomes 
(Nishimura et al., 1989; Salminen et al., 1990; Nomura 
et al., 1997; Ishidoh, et al., 2002). In order for the 
enzyme to become active, the proregion must be 

removed (Mason et al., 1992; Ishidoh et al., 1995). 
Studies have shown that other lysosomal enzymes, such 
as cathepsin D can also process procathepsin L and be 
involved in the initial steps of activation (Nishimura et 
al., 1989). In some cell types, the mature single chain 
form of cathepsin L is further processed into a two 
chains, heavy and light, by cleavage of the carboxy-
terminus (Mason et al., 1985; Gal et al., 1986; 
Erickson, 1989). The optimal activity of mature 
cathepsin L requires a slightly acidic pH and a reducing 
environment which permits the active cysteine to be 
oxidized. The maximal activity of cathepsin L, using 
small synthetic peptides as substrates is at pH 5.5. The 
enzyme is most stable between pH 4.5 and 5.5. Like all 
cysteine proteases, the active site of cathepsin L is 
composed of a reactive cysteine (Cys 25), and a 
histidine (His 159). In the active form, both residues 
are charged, forming a thiolate-imidazolium ion pair 
(McGrath, 1999). Cathepsin L prefers a hydrophobic 
residue (mainly L/I) in the P2 position (cleavage occurs 
between residues P1 and P1') (Chapman et al., 1997). 
In addition, a shorter isoform of Cathepsin L has been 
detected. Translation at downstream, in-frame, AUGs 
is responsible for generating a protein that is devoid of 
a signal peptide which cannot be routed to the 
endoplasmic reticulum (Goulet et al., 2004; Goulet et 
al., 2007). 

Localisation 
Cathepsin L is ubiquitously expressed. It is generally 
localized to the endosomes/lysosomes or secreted. 
Recently, various groups have reported the presence of 
Cathepsin L in the nucleus and the cytoplasm in 
various cell types (Goulet et al., 2004; Bulynko et al., 
2006; Varanou et al., 2006; Sever et al., 2007; Duncan 
et al., 2008). Moreover, in neuroendocrine chromaffin 
cell types, Cathepsin L is detected in regulatory 
secretory vesicules (Yasothornsrikul et al., 2003). 

Function 
Cathepsin L is a lysosomal enzyme originally thought 
to be involved in terminal protein degradation only. 
However, knockout mice showed that terminal protein 
degradation was not the work of a single cathepsin, as 
none of these mice had defects in protein degradation. 
The various phenotypes of these mice rather suggested 
that this protease has other specific biological roles. 
One knockout was generated, and two mice with 
natural mutations within the cathepsin L gene were also 
identified, Furless and Nackt. The furless mice possess 
a G-to-A mutation, which substitute an arginine for a 
glycine at position 149 of the cathepsin L protein 
sequence, resulting in an inactive enzyme (Roth et al., 
2000). The nackt mice display a deletion in the 
cathepsin L gene, preventing the generation of any 
functional protein (Benavides et al., 2002). These three 
animal phenotypes have revealed that Cathepsin L 
plays a role in various physiological events in different 
tissues.  
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For example, Cathepsin L is important for epidermal 
homeostasis, regulation of the hair cycle, control of 
keratinocyte proliferation, MHC class-II mediated 
antigen presentation and selection of CD4+ T cells in 
cortical epithelial cells of the thymus (Nakagawa et al., 
1998; Roth et al., 2000; Benavides et al., 2002; 
Reinheckel et al., 2005). Cathepsin L expression in 
thymocytes has been shown to be essential for natural 
killer cell development (Honey et al., 2002). Knockout 
mice models have demonstrated that Cathepsin L 
directly participates in atherosclerosis and in 
neovascularisation induced by endothelial progenitor 
cells (Maehr et al., 2005; Urbich et al., 2005; Kitamoto 
et al., 2007). These knockout mice have been observed 
to develop heart disease similar to human dilated 
cardiomyopathy (Stypmann et al., 2002). In general, 
pups lacking cathepsin L also have a slightly higher 
mortality upon weaning than their littermates 
(Reinheckel et al., 2001). Cathepsin L is responsible for 
the processing of viral proteins (Chandran et al., 2005; 
Pager et al., 2005; Kaletsky et al., 2007; Bosch et al., 
2008) and the generation of neuropeptides and thyroid 
hormone (Funkelstein et al., 2008; Funkelstein et al., 
2008). Cathepsin L activity is responsible for 
adipogenesis and glucose tolerance by degrading 
matrix fibronectin and processing the insulin receptor 
and IGF-1R beta (Yang et al., 2007). It is involved in 
intestinal epithelial cell polarization and differentiation 
(Boudreau et al., 2007) and in proteinuric kidney 
disease (Sever et al., 2007). Nuclear Cathepsin L was 
shown to proteolytically process a transcription factor 
during the G1/S progression of the cell cycle (Goulet et 
al., 2004) and histone H3 during mouse embryonic 
stem cell differentiation (Duncan et al., 2008). The 
landscape modifications of the histone on the Y 
chromosome and pericentromeric heterochromatine are 
stabilized by Cathepsin L (Bulynko et al., 2006). The 
role of Cathepsin L in cancer has been studied 
extensively. Secreted Cathepsin L degrades basal 
membrane and extracellular matrix therefore could 
increase the development of metastases. Intracellular 
cathepsin L activity can lead to activation of oncogenes 
or inactivation of tumor suppressors (Goulet et al., 
2007). A recent paper also indicate that Cathepsin L 
plays a role in drug resistance (Zheng et al., 2008). 

Homology 
Human Cathepsin L1 belongs to the papain 
superfamily. Cathepsin L2 (formerly called Cathepsin 
V) originated from ancestral Cathepsin L as they share 
77% amino-acids identity. Moreover, both are similar 
to mouse cathepsin L (72% and 75% respectively) and 
other mammals (Itoh et al., 1999). 

Mutations 
Note 
Not determined. 
 

Implicated in 
Various cancers 
Oncogenesis 
Cathepsin L was initially identified as the major 
excreted protein (MEP) secreted from transformed 
fibroblastic cells (Gottesman, 1978; Troen et al., 1987; 
Troen et al., 1988). Oncogenic signals such as Ras, Raf, 
v-Src, fos, SV40 Large T as well as tumor promoters 
like phorbol ester can induce MEP expression and 
secretion (Joseph et al., 1987; Taniguchi et al., 1990; 
Troen et al., 1991; Lemaire et al., 1994; Heinrich et al., 
2000). Moreover, cathepsin L secretion correlated with 
the metastatic potential of transformed cell lines 
(Denhardt et al., 1987; Chambers et al., 1992). 
Increased cathepsin L activity and secretion has been 
observed in many human cancers (Watanabe et al., 
1987; Sheahan et al., 1989; Chauhan et al., 1991; 
Heidtmann et al., 1993; Nishida et al., 1995; Plebani et 
al., 1995; Park et al., 1996; Shuja et al., 1996; 
Sivaparvathi et al., 1996; Leto et al., 1997; Kim et al., 
1998; Dohchin et al., 2000). Various reports also 
suggested that cathepsin L levels could be used as a 
potential indicator of tumor aggressiveness and 
metastasis (Thomssen et al., 1995; Park et al., 1996). 
Increased nuclear Cathepsin L expression and activity 
was recently found in various cancer cells, suggesting a 
different mechanism of cellular transformation (Goulet 
et al., 2007). 
Therefore, although the association of cathepsin L and 
cancer is well established, its specific roles have not yet 
been fully elucidated. 

Breast cancer 
Prognosis 
In breast cancer, numerous studies have indicated that 
secreted cathepsin L could be a strong and independent 
prognostic factor, with a strength similar to lymph node 
status and grading (Castiglioni et al., 1994; Thomssen 
et al., 1995; Duffy, 1996; Foekens et al., 1998; 
Thomssen et al., 1998; Harbeck et al., 2000; Harbeck et 
al., 2001; Levicar et al., 2002). Cathepsin L expression 
could also predict response to adjuvant chemotherapy 
(Jagodic et al., 2005). 

Gastric carcinoma 
Prognosis 
Cathepsin L expression correlates with an early event 
in gastric carcinogenesis and with depth of invasion in 
early stage of gastric carcinoma. Higher expression is 
associated with worst prognosis (Plebani et al., 1995; 
Farinati et al., 1996; Dohchin et al., 2000). 

Skin cancer 
Prognosis 
Higher concentration of Cathepsin L in early primary 
melanomas correlates with poor prognosis and indicate  
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possible early metastasis spread (Stabuc et al., 2006). 
In malignant cells of squamous cell carcinoma, 
Cathepsin L is mainly overexpressed at the periphery of 
the tumor. Cathepsin L is also overexpressed in various 
inflammatory skin diseases such as psoriasis and atopic 
eczema (Bylaite et al., 2006). 

Ovarian cancer 
Prognosis 
Cathepsin L expression is increased in ovarian cancer 
sample as well as in the serum of patients with ovarian 
cancer. Serum levels of Cathepsin L could be used in 
early detection of ovarian cancers (Nishida et al., 
1995). 

Bladder cancer 
Prognosis 
Urinary Cathepsin L is an independent predictor of 
bladder urothelial cell cancer and invasiveness (Svatek 
et al., 2008). 

Brain cancer (neuroblastoma) 
Prognosis 
Cathepsin L has no prognostic value in glioma, but its 
expression is increased in tumor cells (Strojnik et al., 
2005). In invasive benign meningioma and pituitary 
adenomas, Cathepesin L levels are also higher (Strojnik 
et al., 2001; Strojnik et al., 2005). 

Pancreatic adenocarcinoma 
Prognosis 
Cathepsin L is a strong independent prognostic marker 
in resectable cancers (Niedergethmann et al., 2004). 
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Identity 
Other names: BING2; DAP6; EAP1; MGC126245; 
MGC126246 

HGNC (Hugo): DAXX  

Location: 6p21.32 

DNA/RNA 
Description 
Daxx gene has 8 exons on chromosome 6. The sizes of 
the exons are 66, 256, 832, 212, 214, 475, 223 and 191 
bps. 

Transcription 
2,477 bp mRNA. 
Two alternative transcripts: 
1. Isoform 1 has been chosen as the canonical 
sequence. 
2. Isoform 2 differs from the canonical sequence as 
follows:  
696-740:SSLCIPSPARLSQTPHSQPPRPGTCKTS 
VATQCDPEEIIVLSDSDPAKNLGRRRSKQDQG 
 

Protein 
Description 
740 amino acids, 82.2 kDa; contains in 3 coiled coils 
(residues 180-217, 358-399 and 430-489), and 2 
nuclear localisation signals (residues 391-395 and 628-
634). 

Expression 
Ubiquitous. 

Localisation 
Nucleus and cytoplasm. 
Note: Dispersed throughout the nucleoplasm, in 
PML/POD/ND10 nuclear bodies, and in nucleoli. 
Colocalizes with a subset of interphase centromeres, 
but is absent from mitotic centromeres. Detected in the 
cytoplasmic punctate structures. Translocated from the 
nucleus to the cytoplasm upon glucose deprivation or 
ischemic stress. 

Function 
Interaction with Fas death domain and induces Fas-
mediated cell death. 
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Establishes Fas-Daxx-ASK1-JNK axis. 
Implicated in ischemic cell death. Daxx translocates 
from the nucleus to the cytoplasm upon ischemic stress. 
Cytoplasmic Daxx interacts with NHE1 and stimulates 
the NHE1 transporter activity and suppresses the 
NHE1-ezrin-AKT1 pathway. 
Associated with the PML body in the nucleus. 
Interacts with SUMO1 and UBC9 and is sumorylated at 
K630 and 631. However, the sumoylation status does 
not determine its localization onto the PML body. 
Mediates SUMO-dependent transcriptional control and 
subnuclear compartmentalization. 
Suppresses cell death in the early embryo. 
Daxx silencing sensitizes cells to Fas- and stress-
induced cell death through caspase activation, 
cytochrome C release and JNK activation. 

Homology 
Holomogy with Pan troglodytes (99%); Canis lupus 
familiaris (89%); Bos taurus (83%); Mus musculus 
(70%), Rattus norvegicus (73%). 

Mutations 
Note 
Substitutions (see the external links). 

Implicated in 
Promyelocytic leukemia 
Disease 
Daxx is a component of the promyelocytic leukemia 
protein (PML) nuclear bodies (NBs). 

Alpha-thalassemia 
Disease 
Daxx complex is a novel ATP-dependent chromatin-
remodeling complex, with alpha-thalassaemia 
syndrome protein (ATRX) being the core ATPase 
subunit and Daxx being the targeting subunit. 

Leukemia 
Disease 
Daxx protein was expressed in 38.0% of 50 children 
with acute leukemia, which was significantly higher 
than that of the control group (5.0%) (P < 0.05). Daxx 
expression is abnormal in children with acute leukemia 
and associated with some clinical features of acute 
leukemia, suggesting that it may play an important role 
in the genesis and development of acute leukemia. 

References 
Maruyama K, Sugano S. Oligo-capping: a simple method to 
replace the cap structure of eukaryotic mRNAs with 
oligoribonucleotides. Gene. 1994 Jan 28;138(1-2):171-4 

Kiriakidou M, Driscoll DA, Lopez-Guisa JM, Strauss JF 3rd. 
Cloning and expression of primate Daxx cDNAs and mapping 
of the human gene to chromosome 6p21.3 in the MHC region. 
DNA Cell Biol. 1997 Nov;16(11):1289-98 

Suzuki Y, Yoshitomo-Nakagawa K, Maruyama K, Suyama A, 
Sugano S. Construction and characterization of a full length-
enriched and a 5'-end-enriched cDNA library. Gene. 1997 Oct 
24;200(1-2):149-56 

Yang X, Khosravi-Far R, Chang HY, Baltimore D. Daxx, a 
novel Fas-binding protein that activates JNK and apoptosis. 
Cell. 1997 Jun 27;89(7):1067-76 

Chang HY, Nishitoh H, Yang X, Ichijo H, Baltimore D. 
Activation of apoptosis signal-regulating kinase 1 (ASK1) by 
the adapter protein Daxx. Science. 1998 Sep 
18;281(5384):1860-3 

Herberg JA, Beck S, Trowsdale J. TAPASIN, DAXX, RGL2, 
HKE2 and four new genes (BING 1, 3 to 5) form a dense 
cluster at the centromeric end of the MHC. J Mol Biol. 1998 
Apr 10;277(4):839-57 

Herberg JA, Sgouros J, Jones T, Copeman J, Humphray SJ, 
Sheer D, Cresswell P, Beck S, Trowsdale J. Genomic analysis 
of the Tapasin gene, located close to the TAP loci in the MHC. 
Eur J Immunol. 1998 Feb;28(2):459-67 

Juo P, Kuo CJ, Yuan J, Blenis J. Essential requirement for 
caspase-8/FLICE in the initiation of the Fas-induced apoptotic 
cascade. Curr Biol. 1998 Sep 10;8(18):1001-8 

Pluta AF, Earnshaw WC, Goldberg IG. Interphase-specific 
association of intrinsic centromere protein CENP-C with 
HDaxx, a death domain-binding protein implicated in Fas-
mediated cell death. J Cell Sci. 1998 Jul 30;111 ( Pt 14):2029-
41 

Chang HY, Yang X, Baltimore D. Dissecting Fas signaling with 
an altered-specificity death-domain mutant: requirement of 
FADD binding for apoptosis but not Jun N-terminal kinase 
activation. Proc Natl Acad Sci U S A. 1999 Feb 16;96(4):1252-
6 

Hollenbach AD, Sublett JE, McPherson CJ, Grosveld G. The 
Pax3-FKHR oncoprotein is unresponsive to the Pax3-
associated repressor hDaxx. EMBO J. 1999 Jul 1;18(13):3702-
11 

Ishov AM, Sotnikov AG, Negorev D, Vladimirova OV, Neff N, 
Kamitani T, Yeh ET, Strauss JF 3rd, Maul GG. PML is critical 
for ND10 formation and recruits the PML-interacting protein 
daxx to this nuclear structure when modified by SUMO-1. J 
Cell Biol. 1999 Oct 18;147(2):221-34 

Michaelson JS, Bader D, Kuo F, Kozak C, Leder P. Loss of 
Daxx, a promiscuously interacting protein, results in extensive 
apoptosis in early mouse development. Genes Dev. 1999 Aug 
1;13(15):1918-23 



DAXX (death-associated protein 6) Kim E 
 
 
 
 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  927 

Torii S, Egan DA, Evans RA, Reed JC. Human Daxx regulates 
Fas-induced apoptosis from nuclear PML oncogenic domains 
(PODs). EMBO J. 1999 Nov 1;18(21):6037-49 

Charette SJ, Landry J. The interaction of HSP27 with Daxx 
identifies a potential regulatory role of HSP27 in Fas-induced 
apoptosis. Ann N Y Acad Sci. 2000;926:126-31 

Charette SJ, Lavoie JN, Lambert H, Landry J. Inhibition of 
Daxx-mediated apoptosis by heat shock protein 27. Mol Cell 
Biol. 2000 Oct;20(20):7602-12 

Li H, Leo C, Zhu J, Wu X, O'Neil J, Park EJ, Chen JD. 
Sequestration and inhibition of Daxx-mediated transcriptional 
repression by PML. Mol Cell Biol. 2000 Mar;20(5):1784-96 

Li R, Pei H, Watson DK, Papas TS. EAP1/Daxx interacts with 
ETS1 and represses transcriptional activation of ETS1 target 
genes. Oncogene. 2000 Feb 10;19(6):745-53 

Rochat-Steiner V, Becker K, Micheau O, Schneider P, Burns 
K, Tschopp J. FIST/HIPK3: a Fas/FADD-interacting 
serine/threonine kinase that induces FADD phosphorylation 
and inhibits fas-mediated Jun NH(2)-terminal kinase activation. 
J Exp Med. 2000 Oct 16;192(8):1165-74 

Ryu SW, Chae SK, Kim E. Interaction of Daxx, a Fas binding 
protein, with sentrin and Ubc9. Biochem Biophys Res 
Commun. 2000 Dec 9;279(1):6-10 

Villunger A, Huang DC, Holler N, Tschopp J, Strasser A. Fas 
ligand-induced c-Jun kinase activation in lymphoid cells 
requires extensive receptor aggregation but is independent of 
DAXX, and Fas-mediated cell death does not involve DAXX, 
RIP, or RAIDD. J Immunol. 2000 Aug 1;165(3):1337-43 

Zhong S, Salomoni P, Ronchetti S, Guo A, Ruggero D, 
Pandolfi PP. Promyelocytic leukemia protein (PML) and Daxx 
participate in a novel nuclear pathway for apoptosis. J Exp 
Med. 2000 Feb 21;191(4):631-40 

Amin HM, Saeed S, Alkan S. Histone deacetylase inhibitors 
induce caspase-dependent apoptosis and downregulation of 
daxx in acute promyelocytic leukaemia with t(15;17). Br J 
Haematol. 2001 Nov;115(2):287-97 

Charette SJ, Lambert H, Landry J. A kinase-independent 
function of Ask1 in caspase-independent cell death. J Biol 
Chem. 2001 Sep 28;276(39):36071-4 

Engelhardt OG, Ullrich E, Kochs G, Haller O. Interferon-
induced antiviral Mx1 GTPase is associated with components 
of the SUMO-1 system and promyelocytic leukemia protein 
nuclear bodies. Exp Cell Res. 2001 Dec 10;271(2):286-95 

Genini D, Sheeter D, Rought S, Zaunders JJ, Susin SA, 
Kroemer G, Richman DD, Carson DA, Corbeil J, Leoni LM. HIV 
induces lymphocyte apoptosis by a p53-initiated, 
mitochondrial-mediated mechanism. FASEB J. 2001 
Jan;15(1):5-6 

Gongora R, Stephan RP, Zhang Z, Cooper MD. An essential 
role for Daxx in the inhibition of B lymphopoiesis by type I 
interferons. Immunity. 2001 Jun;14(6):727-37 

Ko YG, Kang YS, Park H, Seol W, Kim J, Kim T, Park HS, Choi 
EJ, Kim S. Apoptosis signal-regulating kinase 1 controls the 
proapoptotic function of death-associated protein (Daxx) in the 
cytoplasm. J Biol Chem. 2001 Oct 19;276(42):39103-6 

Lehembre F, Müller S, Pandolfi PP, Dejean A. Regulation of 
Pax3 transcriptional activity by SUMO-1-modified PML. 
Oncogene. 2001 Jan 4;20(1):1-9 

Perlman R, Schiemann WP, Brooks MW, Lodish HF, Weinberg 
RA. TGF-beta-induced apoptosis is mediated by the adapter 
protein Daxx that facilitates JNK activation. Nat Cell Biol. 2001 
Aug;3(8):708-14 

Sotnikov AG, Negorev D, Ishov AM, Maul GG. [Monoclonal  

antibodies against protein Daxx and its localization in nuclear 
domains 10]. Tsitologiia. 2001;43(12):1123-9 

Cermák L, Símová S, Pintzas A, Horejsí V, Andera L. 
Molecular mechanisms involved in CD43-mediated apoptosis 
of TF-1 cells. Roles of transcription Daxx expression, and 
adhesion molecules. J Biol Chem. 2002 Mar 8;277(10):7955-
61 

Emelyanov AV, Kovac CR, Sepulveda MA, Birshtein BK. The 
interaction of Pax5 (BSAP) with Daxx can result in 
transcriptional activation in B cells. J Biol Chem. 2002 Mar 
29;277(13):11156-64 

Florin L, Schäfer F, Sotlar K, Streeck RE, Sapp M. 
Reorganization of nuclear domain 10 induced by 
papillomavirus capsid protein l2. Virology. 2002 Mar 
30;295(1):97-107 

Hofmann H, Sindre H, Stamminger T. Functional interaction 
between the pp71 protein of human cytomegalovirus and the 
PML-interacting protein human Daxx. J Virol. 2002 
Jun;76(11):5769-83 

Hollenbach AD, McPherson CJ, Mientjes EJ, Iyengar R, 
Grosveld G. Daxx and histone deacetylase II associate with 
chromatin through an interaction with core histones and the 
chromatin-associated protein Dek. J Cell Sci. 2002 Aug 
15;115(Pt 16):3319-30 

Ishov AM, Vladimirova OV, Maul GG. Daxx-mediated 
accumulation of human cytomegalovirus tegument protein 
pp71 at ND10 facilitates initiation of viral infection at these 
nuclear domains. J Virol. 2002 Aug;76(15):7705-12 

Jang MS, Ryu SW, Kim E. Modification of Daxx by small 
ubiquitin-related modifier-1. Biochem Biophys Res Commun. 
2002 Jul 12;295(2):495-500 

Lalioti VS, Vergarajauregui S, Pulido D, Sandoval IV. The 
insulin-sensitive glucose transporter, GLUT4, interacts 
physically with Daxx. Two proteins with capacity to bind Ubc9 
and conjugated to SUMO1. J Biol Chem. 2002 May 
31;277(22):19783-91 

Li XD, Mäkelä TP, Guo D, Soliymani R, Koistinen V, Vapalahti 
O, Vaheri A, Lankinen H. Hantavirus nucleocapsid protein 
interacts with the Fas-mediated apoptosis enhancer Daxx. J 
Gen Virol. 2002 Apr;83(Pt 4):759-66 

Lin DY, Shih HM. Essential role of the 58-kDa microspherule 
protein in the modulation of Daxx-dependent transcriptional 
repression as revealed by nucleolar sequestration. J Biol 
Chem. 2002 Jul 12;277(28):25446-56 

Lopez P, Jacob RJ, Roizman B. Overexpression of 
promyelocytic leukemia protein precludes the dispersal of 
ND10 structures and has no effect on accumulation of 
infectious herpes simplex virus 1 or its proteins. J Virol. 2002 
Sep;76(18):9355-67 

Lopez P, Vidal F, Martin L, Lopez-Fernandez LA, Rual JF, 
Rosen BS, Cuzin F, Rassoulzadegan M. Gene control in 
germinal differentiation: RNF6, a transcription regulatory 
protein in the mouse sertoli cell. Mol Cell Biol. 2002 
May;22(10):3488-96 

Strausberg RL, Feingold EA, Grouse LH, Derge JG, Klausner 
RD, Collins FS, Wagner L, Shenmen CM, Schuler GD, Altschul 
SF, Zeeberg B, Buetow KH, Schaefer CF, Bhat NK, Hopkins 
RF, Jordan H, Moore T, Max SI, Wang J, Hsieh F, Diatchenko 
L, Marusina K, Farmer AA, Rubin GM, Hong L, Stapleton M, 
Soares MB, Bonaldo MF, Casavant TL, Scheetz TE, 
Brownstein MJ, Usdin TB, Toshiyuki S, Carninci P, Prange C, 
Raha SS, Loquellano NA, Peters GJ, Abramson RD, Mullahy  



DAXX (death-associated protein 6) Kim E 
 
 
 
 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  928 

SJ, Bosak SA, McEwan PJ, McKernan KJ, Malek JA, 
Gunaratne PH, Richards S, Worley KC, Hale S, Garcia AM, 
Gay LJ, Hulyk SW, Villalon DK, Muzny DM, Sodergren EJ, Lu 
X, Gibbs RA, Fahey J, Helton E, Ketteman M, Madan A, 
Rodrigues S, Sanchez A, Whiting M, Madan A, Young AC, 
Shevchenko Y, Bouffard GG, Blakesley RW, Touchman JW, 
Green ED, Dickson MC, Rodriguez AC, Grimwood J, Schmutz 
J, Myers RM, Butterfield YS, Krzywinski MI, Skalska U, 
Smailus DE, Schnerch A, Schein JE, Jones SJ, Marra MA. 
Generation and initial analysis of more than 15,000 full-length 
human and mouse cDNA sequences. Proc Natl Acad Sci U S 
A. 2002 Dec 24;99(26):16899-903 

Wu S, Loke HN, Rehemtulla A. Ultraviolet radiation-induced 
apoptosis is mediated by Daxx. Neoplasia. 2002 Nov-
Dec;4(6):486-92 

Yeoh EJ, Ross ME, Shurtleff SA, Williams WK, Patel D, 
Mahfouz R, Behm FG, Raimondi SC, Relling MV, Patel A, 
Cheng C, Campana D, Wilkins D, Zhou X, Li J, Liu H, Pui CH, 
Evans WE, Naeve C, Wong L, Downing JR. Classification, 
subtype discovery, and prediction of outcome in pediatric acute 
lymphoblastic leukemia by gene expression profiling. Cancer 
Cell. 2002 Mar;1(2):133-43 

Becker KA, Florin L, Sapp C, Sapp M. Dissection of human 
papillomavirus type 33 L2 domains involved in nuclear 
domains (ND) 10 homing and reorganization. Virology. 2003 
Sep 15;314(1):161-7 

Chen LY, Chen JD. Daxx silencing sensitizes cells to multiple 
apoptotic pathways. Mol Cell Biol. 2003 Oct;23(20):7108-21 

Chow KU, Nowak D, Boehrer S, Ruthardt M, Knau A, Hoelzer 
D, Mitrou PS, Weidmann E. Synergistic effects of 
chemotherapeutic drugs in lymphoma cells are associated with 
down-regulation of inhibitor of apoptosis proteins (IAPs), 
prostate-apoptosis-response-gene 4 (Par-4), death-associated 
protein (Daxx) and with enforced caspase activation. Biochem 
Pharmacol. 2003 Sep 1;66(5):711-24 

Ecsedy JA, Michaelson JS, Leder P. Homeodomain-interacting 
protein kinase 1 modulates Daxx localization, phosphorylation, 
and transcriptional activity. Mol Cell Biol. 2003 Feb;23(3):950-
60 

Hofmann TG, Stollberg N, Schmitz ML, Will H. HIPK2 
regulates transforming growth factor-beta-induced c-Jun 
NH(2)-terminal kinase activation and apoptosis in human 
hepatoma cells. Cancer Res. 2003 Dec 1;63(23):8271-7 

Kawai T, Akira S, Reed JC. ZIP kinase triggers apoptosis from 
nuclear PML oncogenic domains. Mol Cell Biol. 2003 
Sep;23(17):6174-86 

Kim EJ, Park JS, Um SJ. Identification of Daxx interacting with 
p73, one of the p53 family, and its regulation of p53 activity by 
competitive interaction with PML. Nucleic Acids Res. 2003 Sep 
15;31(18):5356-67 

Kim YY, Park BJ, Seo GJ, Lim JY, Lee SM, Kimm KC, Park C, 
Kim J, Park SI. Long form of cellular FLICE-inhibitory protein 
interacts with Daxx and prevents Fas-induced JNK activation. 
Biochem Biophys Res Commun. 2003 Dec 12;312(2):426-33 

Lin DY, Lai MZ, Ann DK, Shih HM. Promyelocytic leukemia 
protein (PML) functions as a glucocorticoid receptor co-
activator by sequestering Daxx to the PML oncogenic domains 
(PODs) to enhance its transactivation potential. J Biol Chem. 
2003 May 2;278(18):15958-65 

Michaelson JS, Leder P. RNAi reveals anti-apoptotic and 
transcriptionally repressive activities of DAXX. J Cell Sci. 2003 
Jan 15;116(Pt 2):345-52 

Mungall AJ, Palmer SA, Sims SK, Edwards CA, Ashurst JL, 
Wilming L, Jones MC, Horton R, Hunt SE, Scott CE, Gilbert 
JG, Clamp ME, Bethel G, Milne S, Ainscough R, Almeida JP, 

Ambrose KD, Andrews TD, Ashwell RI, Babbage AK, Bagguley 
CL, Bailey J, Banerjee R, Barker DJ, Barlow KF, Bates K, 
Beare DM, Beasley H, Beasley O, Bird CP, Blakey S, Bray-
Allen S, Brook J, Brown AJ, Brown JY, Burford DC, Burrill W, 
Burton J, Carder C, Carter NP, Chapman JC, Clark SY, Clark 
G, Clee CM, Clegg S, Cobley V, Collier RE, Collins JE, 
Colman LK, Corby NR, Coville GJ, Culley KM, Dhami P, 
Davies J, Dunn M, Earthrowl ME, Ellington AE, Evans KA, 
Faulkner L, Francis MD, Frankish A, Frankland J, French L, 
Garner P, Garnett J, Ghori MJ, Gilby LM, Gillson CJ, Glithero 
RJ, Grafham DV, Grant M, Gribble S, Griffiths C, Griffiths M, 
Hall R, Halls KS, Hammond S, Harley JL, Hart EA, Heath PD, 
Heathcott R, Holmes SJ, Howden PJ, Howe KL, Howell GR, 
Huckle E, Humphray SJ, Humphries MD, Hunt AR, Johnson 
CM, Joy AA, Kay M, Keenan SJ, Kimberley AM, King A, Laird 
GK, Langford C, Lawlor S, Leongamornlert DA, Leversha M, 
Lloyd CR, Lloyd DM, Loveland JE, Lovell J, Martin S, 
Mashreghi-Mohammadi M, Maslen GL, Matthews L, McCann 
OT, McLaren SJ, McLay K, McMurray A, Moore MJ, Mullikin 
JC, Niblett D, Nickerson T, Novik KL, Oliver K, Overton-Larty 
EK, Parker A, Patel R, Pearce AV, Peck AI, Phillimore B, 
Phillips S, Plumb RW, Porter KM, Ramsey Y, Ranby SA, Rice 
CM, Ross MT, Searle SM, Sehra HK, Sheridan E, Skuce CD, 
Smith S, Smith M, Spraggon L, Squares SL, Steward CA, 
Sycamore N, Tamlyn-Hall G, Tester J, Theaker AJ, Thomas 
DW, Thorpe A, Tracey A, Tromans A, Tubby B, Wall M, Wallis 
JM, West AP, White SS, Whitehead SL, Whittaker H, Wild A, 
Willey DJ, Wilmer TE, Wood JM, Wray PW, Wyatt JC, Young 
L, Younger RM, Bentley DR, Coulson A, Durbin R, Hubbard T, 
Sulston JE, Dunham I, Rogers J, Beck S. The DNA sequence 
and analysis of human chromosome 6. Nature. 2003 Oct 
23;425(6960):805-11 

Ohiro Y, Usheva A, Kobayashi S, Duffy SL, Nantz R, Gius D, 
Horikoshi N. Inhibition of stress-inducible kinase pathways by 
tumorigenic mutant p53. Mol Cell Biol. 2003 Jan;23(1):322-34 

Reuter TY, Medhurst AL, Waisfisz Q, Zhi Y, Herterich S, 
Hoehn H, Gross HJ, Joenje H, Hoatlin ME, Mathew CG, Huber 
PA. Yeast two-hybrid screens imply involvement of Fanconi 
anemia proteins in transcription regulation, cell signaling, 
oxidative metabolism, and cellular transport. Exp Cell Res. 
2003 Oct 1;289(2):211-21 

Song JJ, Lee YJ. Effect of glucose concentration on activation 
of the ASK1-SEK1-JNK1 signal transduction pathway. J Cell 
Biochem. 2003 Jul 1;89(4):653-62 

Song JJ, Lee YJ. Role of the ASK1-SEK1-JNK1-HIPK1 signal 
in Daxx trafficking and ASK1 oligomerization. J Biol Chem. 
2003 Nov 21;278(47):47245-52 

Song JJ, Lee YJ. Catalase, but not MnSOD, inhibits glucose 
deprivation-activated ASK1-MEK-MAPK signal transduction 
pathway and prevents relocalization of Daxx: hydrogen 
peroxide as a major second messenger of metabolic oxidative 
stress. J Cell Biochem. 2003 Oct 1;90(2):304-14 

Xue Y, Gibbons R, Yan Z, Yang D, McDowell TL, Sechi S, Qin 
J, Zhou S, Higgs D, Wang W. The ATRX syndrome protein 
forms a chromatin-remodeling complex with Daxx and localizes 
in promyelocytic leukemia nuclear bodies. Proc Natl Acad Sci 
U S A. 2003 Sep 16;100(19):10635-40 

Zhao LY, Colosimo AL, Liu Y, Wan Y, Liao D. Adenovirus E1B 
55-kilodalton oncoprotein binds to Daxx and eliminates 
enhancement of p53-dependent transcription by Daxx. J Virol. 
2003 Nov;77(21):11809-21 

Beausoleil SA, Jedrychowski M, Schwartz D, Elias JE, Villén J, 
Li J, Cohn MA, Cantley LC, Gygi SP. Large-scale 
characterization of HeLa cell nuclear phosphoproteins. Proc 
Natl Acad Sci U S A. 2004 Aug 17;101(33):12130-5 

Becker KA, Florin L, Sapp C, Maul GG, Sapp M. Nuclear 
localization but not PML protein is required for incorporation of 



DAXX (death-associated protein 6) Kim E 
 
 
 
 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  929 

the papillomavirus minor capsid protein L2 into virus-like 
particles. J Virol. 2004 Feb;78(3):1121-8 

Boehrer S, Brieger A, Schaaf S, Kukoc-Zivojnov N, Nowak D, 
Ruthardt M, Hoelzer D, Mitrou PS, Weidmann E, Chow KU. In 
the erythroleukemic cell line HEL Prostate-apoptosis-response-
gene-4 (par-4) fails to down-regulate Bcl-2 and to promote 
apoptosis. Leuk Lymphoma. 2004 Jul;45(7):1445-51 

Boehrer S, Nowak D, Schaaf S, Bergmann M, Brieger A, 
Hoelzer D, Mitrou PS, Weidmann E, Chow KU. In malignant 
myeloid cells expression of Daxx downregulates expression of 
p53 and of the inhibitors of apoptosis proteins. Hematol J. 
2004;5(6):513-8 

Brieger A, Boehrer S, Schaaf S, Nowak D, Ruthardt M, Kim 
SZ, Atadja P, Hoelzer D, Mitrou PS, Weidmann E, Chow KU. 
In bcr-abl-positive myeloid cells resistant to conventional 
chemotherapeutic agents, expression of Par-4 increases 
sensitivity to imatinib (STI571) and histone deacetylase-
inhibitors. Biochem Pharmacol. 2004 Jul 1;68(1):85-93 

Cho S, Ko HM, Kim JM, Lee JA, Park JE, Jang MS, Park SG, 
Lee DH, Ryu SE, Park BC. Positive regulation of apoptosis 
signal-regulating kinase 1 by hD53L1. J Biol Chem. 2004 Apr 
16;279(16):16050-6 

Gerhard DS, Wagner L, Feingold EA, Shenmen CM, Grouse 
LH, Schuler G, Klein SL, Old S, Rasooly R, Good P, Guyer M, 
Peck AM, Derge JG, Lipman D, Collins FS, Jang W, Sherry S, 
Feolo M, Misquitta L, Lee E, Rotmistrovsky K, Greenhut SF, 
Schaefer CF, Buetow K, Bonner TI, Haussler D, Kent J, 
Kiekhaus M, Furey T, Brent M, Prange C, Schreiber K, Shapiro 
N, Bhat NK, Hopkins RF, Hsie F, Driscoll T, Soares MB, 
Casavant TL, Scheetz TE, Brown-stein MJ, Usdin TB, 
Toshiyuki S, Carninci P, Piao Y, Dudekula DB, Ko MS, 
Kawakami K, Suzuki Y, Sugano S, Gruber CE, Smith MR, 
Simmons B, Moore T, Waterman R, Johnson SL, Ruan Y, Wei 
CL, Mathavan S, Gunaratne PH, Wu J, Garcia AM, Hulyk SW, 
Fuh E, Yuan Y, Sneed A, Kowis C, Hodgson A, Muzny DM, 
McPherson J, Gibbs RA, Fahey J, Helton E, Ketteman M, 
Madan A, Rodrigues S, Sanchez A, Whiting M, Madari A, 
Young AC, Wetherby KD, Granite SJ, Kwong PN, Brinkley CP, 
Pearson RL, Bouffard GG, Blakesly RW, Green ED, Dickson 
MC, Rodriguez AC, Grimwood J, Schmutz J, Myers RM, 
Butterfield YS, Griffith M, Griffith OL, Krzywinski MI, Liao N, 
Morin R, Palmquist D, Petrescu AS, Skalska U, Smailus DE, 
Stott JM, Schnerch A, Schein JE, Jones SJ, Holt RA, Baross 
A, Marra MA, Clifton S, Makowski KA, Bosak S, Malek J. The 
status, quality, and expansion of the NIH full-length cDNA 
project: the Mammalian Gene Collection (MGC). Genome Res. 
2004 Oct;14(10B):2121-7 

Gostissa M, Morelli M, Mantovani F, Guida E, Piazza S, 
Collavin L, Brancolini C, Schneider C, Del Sal G. The 
transcriptional repressor hDaxx potentiates p53-dependent 
apoptosis. J Biol Chem. 2004 Nov 12;279(46):48013-23 

Ishov AM, Vladimirova OV, Maul GG. Heterochromatin and 
ND10 are cell-cycle regulated and phosphorylation-dependent 
alternate nuclear sites of the transcription repressor Daxx and 
SWI/SNF protein ATRX. J Cell Sci. 2004 Aug 1;117(Pt 
17):3807-20 

La M, Kim K, Park J, Won J, Lee JH, Fu YM, Meadows GG, 
Joe CO. Daxx-mediated transcriptional repression of MMP1 
gene is reversed by SPOP. Biochem Biophys Res Commun. 
2004 Jul 30;320(3):760-5 

Lin DY, Fang HI, Ma AH, Huang YS, Pu YS, Jenster G, Kung 
HJ, Shih HM. Negative modulation of androgen receptor 
transcriptional activity by Daxx. Mol Cell Biol. 2004 
Dec;24(24):10529-41 

Mo YY, Yu Y, Ee PL, Beck WT. Overexpression of a dominant-
negative mutant Ubc9 is associated with increased sensitivity 
to anticancer drugs. Cancer Res. 2004 Apr 15;64(8):2793-8 

Muromoto R, Sugiyama K, Takachi A, Imoto S, Sato N, 
Yamamoto T, Oritani K, Shimoda K, Matsuda T. Physical and 
functional interactions between Daxx and DNA 
methyltransferase 1-associated protein, DMAP1. J Immunol. 
2004 Mar 1;172(5):2985-93 

Muromoto R, Sugiyama K, Yamamoto T, Oritani K, Shimoda K, 
Matsuda T. Physical and functional interactions between Daxx 
and TSG101. Biochem Biophys Res Commun. 2004 Apr 
9;316(3):827-33 

Song JJ, Lee YJ. Tryptophan 621 and serine 667 residues of 
Daxx regulate its nuclear export during glucose deprivation. J 
Biol Chem. 2004 Jul 16;279(29):30573-8 

Song JJ, Lee YJ. Daxx deletion mutant (amino acids 501-625)-
induced apoptosis occurs through the JNK/p38-Bax-dependent 
mitochondrial pathway. J Cell Biochem. 2004 Aug 
15;92(6):1257-70 

Takahashi Y, Lallemand-Breitenbach V, Zhu J, de Thé H. PML 
nuclear bodies and apoptosis. Oncogene. 2004 Apr 
12;23(16):2819-24 

Tang J, Wu S, Liu H, Stratt R, Barak OG, Shiekhattar R, 
Picketts DJ, Yang X. A novel transcription regulatory complex 
containing death domain-associated protein and the ATR-X 
syndrome protein. J Biol Chem. 2004 May 7;279(19):20369-77 

Alkan S, Huang Q, Ergin M, Denning MF, Nand S, Maududi T, 
Paner GP, Ozpuyan F, Izban KF. Survival role of protein 
kinase C (PKC) in chronic lymphocytic leukemia and 
determination of isoform expression pattern and genes altered 
by PKC inhibition. Am J Hematol. 2005 Jun;79(2):97-106 

Boehrer S, Nowak D, Hochmuth S, Kim SZ, Trepohl B, Afkir A, 
Hoelzer D, Mitrou PS, Weidmann E, Chow KU. Daxx 
overexpression in T-lymphoblastic Jurkat cells enhances 
caspase-dependent death receptor- and drug-induced 
apoptosis in distinct ways. Cell Signal. 2005 May;17(5):581-95 

Boehrer S, Nowak D, Kukoc-Zivojnov N, Hochmuth S, Kim SZ, 
Hoelzer D, Mitrou PS, Weidmann E, Chow KU. Expression of 
Daxx sensitizes Jurkat T-cells to the apoptosis-inducing effect 
of chemotherapeutic agents. Pharmacol Res. 2005 
Apr;51(4):367-74 

Cantrell SR, Bresnahan WA. Interaction between the human 
cytomegalovirus UL82 gene product (pp71) and hDaxx 
regulates immediate-early gene expression and viral 
replication. J Virol. 2005 Jun;79(12):7792-802 

Chang CC, Lin DY, Fang HI, Chen RH, Shih HM. Daxx 
mediates the small ubiquitin-like modifier-dependent 
transcriptional repression of Smad4. J Biol Chem. 2005 Mar 
18;280(11):10164-73 

Greger JG, Katz RA, Ishov AM, Maul GG, Skalka AM. The 
cellular protein daxx interacts with avian sarcoma virus 
integrase and viral DNA to repress viral transcription. J Virol. 
2005 Apr;79(8):4610-8 

Hwang JR, Zhang C, Patterson C. C-terminus of heat shock 
protein 70-interacting protein facilitates degradation of 
apoptosis signal-regulating kinase 1 and inhibits apoptosis 
signal-regulating kinase 1-dependent apoptosis. Cell Stress 
Chaperones. 2005 Summer;10(2):147-56 

Ishida N, Oritani K, Shiraga M, Yoshida H, Kawamoto S, Ujiie 
H, Masaie H, Ichii M, Tomiyama Y, Kanakura Y. Differential 
effects of a novel IFN-zeta/limitin and IFN-alpha on signals for 
Daxx induction and Crk phosphorylation that couple with 
growth control of megakaryocytes. Exp Hematol. 2005 
Apr;33(4):495-503 

Junn E, Taniguchi H, Jeong BS, Zhao X, Ichijo H, Mouradian 
MM. Interaction of DJ-1 with Daxx inhibits apoptosis signal-



DAXX (death-associated protein 6) Kim E 
 
 
 
 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  930 

regulating kinase 1 activity and cell death. Proc Natl Acad Sci 
U S A. 2005 Jul 5;102(27):9691-6 

Khelifi AF, D'Alcontres MS, Salomoni P. Daxx is required for 
stress-induced cell death and JNK activation. Cell Death Differ. 
2005 Jul;12(7):724-33 

Kim KS, Hwang HA, Chae SK, Ha H, Kwon KS. Upregulation 
of Daxx mediates apoptosis in response to oxidative stress. J 
Cell Biochem. 2005 Oct 1;96(2):330-8 

Kuo HY, Chang CC, Jeng JC, Hu HM, Lin DY, Maul GG, Kwok 
RP, Shih HM. SUMO modification negatively modulates the 
transcriptional activity of CREB-binding protein via the 
recruitment of Daxx. Proc Natl Acad Sci U S A. 2005 Nov 
22;102(47):16973-8 

Song JJ, Lee YJ. Dissociation of Akt1 from its negative 
regulator JIP1 is mediated through the ASK1-MEK-JNK signal 
transduction pathway during metabolic oxidative stress: a 
negative feedback loop. J Cell Biol. 2005 Jul 4;170(1):61-72 

Tang J, Chang HY, Yang X. The death domain-associated 
protein modulates activity of the transcription co-factor 
Skip/NcoA62. FEBS Lett. 2005 May 23;579(13):2883-90 

Cantrell SR, Bresnahan WA. Human cytomegalovirus (HCMV) 
UL82 gene product (pp71) relieves hDaxx-mediated repression 
of HCMV replication. J Virol. 2006 Jun;80(12):6188-91 

Chen A, Wang PY, Yang YC, Huang YH, Yeh JJ, Chou YH, 
Cheng JT, Hong YR, Li SS. SUMO regulates the 
cytoplasmonuclear transport of its target protein Daxx. J Cell 
Biochem. 2006 Jul 1;98(4):895-911 

Chen JZ, Ji CN, Xu GL, Pang RY, Yao JH, Zhu HZ, Xue JL, Jia 
W. DAXX interacts with phage PhiC31 integrase and inhibits 
recombination. Nucleic Acids Res. 2006;34(21):6298-304 

Chen XH, Gao RL, Zhen ZY, Qian XD, Xu WH. [Expression of 
apoptosis-related proteins in the human bone marrow 
hematopoietic cells treated by Panax Notoginosides]. 
Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2006 Apr;14(2):343-6 

Croxton R, Puto LA, de Belle I, Thomas M, Torii S, Hanaii F, 
Cuddy M, Reed JC. Daxx represses expression of a subset of 
antiapoptotic genes regulated by nuclear factor-kappaB. 
Cancer Res. 2006 Sep 15;66(18):9026-35 

Ha WY, Li XJ, Yue PY, Wong DY, Yue KK, Chung WS, Zhao 
L, Leung PY, Liu L, Wong RN. Gene expression profiling of 
human synovial sarcoma cell line (Hs701.T) in response to IL-
1beta stimulation. Inflamm Res. 2006 Jul;55(7):293-9 

Kitagawa D, Kajiho H, Negishi T, Ura S, Watanabe T, Wada T, 
Ichijo H, Katada T, Nishina H. Release of RASSF1C from the 
nucleus by Daxx degradation links DNA damage and 
SAPK/JNK activation. EMBO J. 2006 Jul 26;25(14):3286-97 

Kwon JE, La M, Oh KH, Oh YM, Kim GR, Seol JH, Baek SH, 
Chiba T, Tanaka K, Bang OS, Joe CO, Chung CH. BTB 
domain-containing speckle-type POZ protein (SPOP) serves 
as an adaptor of Daxx for ubiquitination by Cul3-based 
ubiquitin ligase. J Biol Chem. 2006 May 5;281(18):12664-72 

Lemos TA, Kobarg J. CGI-55 interacts with nuclear proteins 
and co-localizes to p80-coilin positive-coiled bodies in the 
nucleus. Cell Biochem Biophys. 2006;44(3):463-74 

Leroy C, Deheuninck J, Reveneau S, Foveau B, Ji Z, Villenet 
C, Quief S, Tulasne D, Kerckaert JP, Fafeur V. HGF/SF 
regulates expression of apoptotic genes in MCF-10A human 
mammary epithelial cells. Ann N Y Acad Sci. 2006 
Dec;1090:188-202 

Li XJ, Yue PY, Ha WY, Wong DY, Tin MM, Wang PX, Wong 
RN, Liu L. Effect of sinomenine on gene expression of the IL-1 
beta-activated human synovial sarcoma. Life Sci. 2006 Jul 
10;79(7):665-73 

Lin DY, Huang YS, Jeng JC, Kuo HY, Chang CC, Chao TT, Ho 
CC, Chen YC, Lin TP, Fang HI, Hung CC, Suen CS, Hwang 
MJ, Chang KS, Maul GG, Shih HM. Role of SUMO-interacting 
motif in Daxx SUMO modification, subnuclear localization, and 
repression of sumoylated transcription factors. Mol Cell. 2006 
Nov 3;24(3):341-54 

Murakami Y, Yamagoe S, Noguchi K, Takebe Y, Takahashi N, 
Uehara Y, Fukazawa H. Ets-1-dependent expression of 
vascular endothelial growth factor receptors is activated by 
latency-associated nuclear antigen of Kaposi's sarcoma-
associated herpesvirus through interaction with Daxx. J Biol 
Chem. 2006 Sep 22;281(38):28113-21 

Muromoto R, Ishida M, Sugiyama K, Sekine Y, Oritani K, 
Shimoda K, Matsuda T. Sumoylation of Daxx regulates IFN-
induced growth suppression of B lymphocytes and the 
hormone receptor-mediated transactivation. J Immunol. 2006 
Jul 15;177(2):1160-70 

Muromoto R, Nakao K, Watanabe T, Sato N, Sekine Y, 
Sugiyama K, Oritani K, Shimoda K, Matsuda T. Physical and 
functional interactions between Daxx and STAT3. Oncogene. 
2006 Mar 30;25(14):2131-6 

Nery FC, Rui E, Kuniyoshi TM, Kobarg J. Evidence for the 
interaction of the regulatory protein Ki-1/57 with p53 and its 
interacting proteins. Biochem Biophys Res Commun. 2006 Mar 
17;341(3):847-55 

Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen 
P, Mann M. Global, in vivo, and site-specific phosphorylation 
dynamics in signaling networks. Cell. 2006 Nov 3;127(3):635-
48 

Preston CM, Nicholl MJ. Role of the cellular protein hDaxx in 
human cytomegalovirus immediate-early gene expression. J 
Gen Virol. 2006 May;87(Pt 5):1113-21 

Saffert RT, Kalejta RF. Inactivating a cellular intrinsic immune 
defense mediated by Daxx is the mechanism through which 
the human cytomegalovirus pp71 protein stimulates viral 
immediate-early gene expression. J Virol. 2006 
Apr;80(8):3863-71 

Salomoni P, Khelifi AF. Daxx: death or survival protein? Trends 
Cell Biol. 2006 Feb;16(2):97-104 

Tzeng SL, Cheng YW, Li CH, Lin YS, Hsu HC, Kang JJ. 
Physiological and functional interactions between Tcf4 and 
Daxx in colon cancer cells. J Biol Chem. 2006 Jun 
2;281(22):15405-11 

Woodhall DL, Groves IJ, Reeves MB, Wilkinson G, Sinclair JH. 
Human Daxx-mediated repression of human cytomegalovirus 
gene expression correlates with a repressive chromatin 
structure around the major immediate early promoter. J Biol 
Chem. 2006 Dec 8;281(49):37652-60 

Everett RD, Murray J, Orr A, Preston CM. Herpes simplex virus 
type 1 genomes are associated with ND10 nuclear 
substructures in quiescently infected human fibroblasts. J Virol. 
2007 Oct;81(20):10991-1004 

Groves IJ, Sinclair JH. Knockdown of hDaxx in normally non-
permissive undifferentiated cells does not permit human 
cytomegalovirus immediate-early gene expression. J Gen 
Virol. 2007 Nov;88(Pt 11):2935-40 

Hwang J, Kalejta RF. Proteasome-dependent, ubiquitin-
independent degradation of Daxx by the viral pp71 protein in 
human cytomegalovirus-infected cells. Virology. 2007 Oct 
25;367(2):334-8 

Jung YS, Kim HY, Lee YJ, Kim E. Subcellular localization of 
Daxx determines its opposing functions in ischemic cell death. 
FEBS Lett. 2007 Mar 6;581(5):843-52 



DAXX (death-associated protein 6) Kim E 
 
 
 
 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  931 

Limjindaporn T, Netsawang J, Noisakran S, Thiemmeca S, 
Wongwiwat W, Sudsaward S, Avirutnan P, Puttikhunt C, 
Kasinrerk W, Sriburi R, Sittisombut N, Yenchitsomanus PT, 
Malasit P. Sensitization to Fas-mediated apoptosis by dengue 
virus capsid protein. Biochem Biophys Res Commun. 2007 Oct 
19;362(2):334-9 

Lin SC, Li Q. Axin bridges Daxx to p53. Cell Res. 2007 
Apr;17(4):301-2 

Lindsay CR, Scholz A, Morozov VM, Ishov AM. Daxx shortens 
mitotic arrest caused by paclitaxel. Cell Cycle. 2007 May 
15;6(10):1200-4 

Liu J, Zhang LQ, Hu Q, Lin HH, Liu AG, Tao HF, Song YQ, 
Zhang XL. [Expression of Daxx in children with acute 
leukemia]. Zhongguo Dang Dai Er Ke Za Zhi. 2007 
Feb;9(1):33-6 

Meinecke I, Cinski A, Baier A, Peters MA, Dankbar B, Wille A, 
Drynda A, Mendoza H, Gay RE, Hay RT, Ink B, Gay S, Pap T. 
Modification of nuclear PML protein by SUMO-1 regulates Fas-
induced apoptosis in rheumatoid arthritis synovial fibroblasts. 
Proc Natl Acad Sci U S A. 2007 Mar 20;104(12):5073-8 

Park J, Lee JH, La M, Jang MJ, Chae GW, Kim SB, Tak H, 
Jung Y, Byun B, Ahn JK, Joe CO. Inhibition of NF-kappaB 
acetylation and its transcriptional activity by Daxx. J Mol Biol. 
2007 Apr 27;368(2):388-97 

Ryo A, Hirai A, Nishi M, Liou YC, Perrem K, Lin SC, Hirano H, 
Lee SW, Aoki I. A suppressive role of the prolyl isomerase 
Pin1 in cellular apoptosis mediated by the death-associated 
protein Daxx. J Biol Chem. 2007 Dec 14;282(50):36671-81 

Saffert RT, Kalejta RF. Human cytomegalovirus gene 
expression is silenced by Daxx-mediated intrinsic immune 
defense in model latent infections established in vitro. J Virol. 
2007 Sep;81(17):9109-20 

Shih HM, Chang CC, Kuo HY, Lin DY. Daxx mediates SUMO-
dependent transcriptional control and subnuclear 
compartmentalization. Biochem Soc Trans. 2007 Dec;35(Pt 
6):1397-400 

Su B, Yang YB, Tuo QH, Zhu BY, Lei XY, Yin W, Liao DF. 
Anti-apoptotic effects of probucol are associated with 
downregulation of Daxx expression in THP-1 macrophage. 
Cardiovasc Drugs Ther. 2007 Feb;21(1):37-45 

van der Slik AR, van den Eng I, Eerligh P, Doxiadis II, 
Koeleman BP, Roep BO, Giphart MJ. Sequence variation 
within the major histocompatibility complex subregion 
centromeric of HLA class II in type 1 diabetes. Tissue 
Antigens. 2007 Apr;69(4):348-53 

Awasthi YC, Sharma R, Sharma A, Yadav S, Singhal SS, 
Chaudhary P, Awasthi S. Self-regulatory role of 4- 

hydroxynonenal in signaling for stress-induced programmed 
cell death. Free Radic Biol Med. 2008 Jul 15;45(2):111-8 

Chen YC, Kappel C, Beaudouin J, Eils R, Spector DL. Live cell  

dynamics of promyelocytic leukemia nuclear bodies upon entry 
into and exit from mitosis. Mol Biol Cell. 2008 Jul;19(7):3147-
62 

Jia L, Yu W, Wang P, Li J, Sanders BG, Kline K. Critical roles 
for JNK, c-Jun, and Fas/FasL-Signaling in vitamin E analog-
induced apoptosis in human prostate cancer cells. Prostate. 
2008 Mar 1;68(4):427-41 

Jung YS, Kim HY, Kim J, Lee MG, Pouysségur J, Kim E. 
Physical interactions and functional coupling between Daxx 
and sodium hydrogen exchanger 1 in ischemic cell death. J 
Biol Chem. 2008 Jan 11;283(2):1018-25 

Kaspari M, Tavalai N, Stamminger T, Zimmermann A, Schilf R, 
Bogner E. Proteasome inhibitor MG132 blocks viral DNA 
replication and assembly of human cytomegalovirus. FEBS 
Lett. 2008 Mar 5;582(5):666-72 

Maul GG, Negorev D. Differences between mouse and human 
cytomegalovirus interactions with their respective hosts at 
immediate early times of the replication cycle. Med Microbiol 
Immunol. 2008 Jun;197(2):241-9 

Nieto-Miguel T, Gajate C, González-Camacho F, Mollinedo F. 
Proapoptotic role of Hsp90 by its interaction with c-Jun N-
terminal kinase in lipid rafts in edelfosine-mediated 
antileukemic therapy. Oncogene. 2008 Mar 13;27(12):1779-87 

Poleshko A, Palagin I, Zhang R, Boimel P, Castagna C, Adams 
PD, Skalka AM, Katz RA. Identification of cellular proteins that 
maintain retroviral epigenetic silencing: evidence for an 
antiviral response. J Virol. 2008 Mar;82(5):2313-23 

Puto LA, Reed JC. Daxx represses RelB target promoters via 
DNA methyltransferase recruitment and DNA 
hypermethylation. Genes Dev. 2008 Apr 15;22(8):998-1010 

Sharma R, Sharma A, Dwivedi S, Zimniak P, Awasthi S, 
Awasthi YC. 4-Hydroxynonenal self-limits fas-mediated DISC-
independent apoptosis by promoting export of Daxx from the 
nucleus to the cytosol and its binding to Fas. Biochemistry. 
2008 Jan 8;47(1):143-56 

Tavalai N, Papior P, Rechter S, Stamminger T. Nuclear 
domain 10 components promyelocytic leukemia protein and 
hDaxx independently contribute to an intrinsic antiviral defense 
against human cytomegalovirus infection. J Virol. 2008 
Jan;82(1):126-37 

Tuo QH, Liang L, Zhu BY, Cao X, Liao DF. Effect of Daxx on 
cholesterol accumulation in hepatic cells. World J 
Gastroenterol. 2008 Jan 21;14(3):435-40 

Yeung PL, Chen LY, Tsai SC, Zhang A, Chen JD. Daxx 
contains two nuclear localization signals and interacts with 
importin alpha3. J Cell Biochem. 2008 Feb 1;103(2):456-70 

This article should be referenced as such: 

Kim E. DAXX (death-associated protein 6). Atlas Genet 
Cytogenet Oncol Haematol. 2009; 13(12):925-931. 



   
 
 
 

 
 

Gene Section 
Mini Review 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  932 

Atlas of Genetics and Cytogenetics 
in Oncology and Haematology 

OPEN ACCESS JOURNAL AT INIST-CNRS 

FAM123B (family with sequence similarity 123B) 
E Cristy Ruteshouser 

University of Texas M D Anderson Cancer Center, Department of Genetics, 1515 Holcombe Blvd, Houston 
TX 77030, USA (ECR) 
 

Published in Atlas Database: January 2009 

Online updated version : http://AtlasGeneticsOncology.org/Genes/FAM123BID44119chXq11.html 
DOI: 10.4267/2042/44634 

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 2.0 France Licence. 
© 2009 Atlas of Genetics and Cytogenetics in Oncology and Haematology 
 

Identity 
Other names: WTX (Wilms Tumor on the X 
chromosome); AMER1 (APC MEmbrane Recruitment 
1); FLJ39827; RP11-403E24.2 

HGNC (Hugo): FAM123B 

Location: Xq11.1 

Local order: Cen-ARHGEF9-WTX-ASB12-Ter. 

DNA/RNA 
Description 
2 or 3 exons spanning 18-21kb genomic DNA. 

Transcription 
FAM123B is predicted to generate an mRNA of 8.4kb. 
The WTX/FAM123B gene is transcribed as a 7.5kb 
mRNA; an alternatively spliced transcript 831nt shorter 
has been observed in human primary cell lines, 
generated by use of a splice donor and splice acceptor 
site both located within exon 2. Exon 1 is noncoding. 
The entire ORF of the 7.5kb mRNA is contained within 
a single exon. 

Pseudogene 
No known pseudogenes. 

Protein 
Description 
Two isoforms (858-1135aa) due to alternative splicing. 
The 858aa WTX isoform 2 lacks amino acids 50-326 of 
the larger isoform. 

Expression 
Ubiquitous. 

Localisation 
Plasma membrane (1135aa isoform), nucleus (858aa 
isoform). 

Function 
The N-terminus of the WTX protein has a predicted 
nuclear localization signal (NLS; residues 166-182), 
and 2 phosphatidylinositol(4,5)-bisphosphate-binding 
domains (PtdIns(4,5)P2; residues 2-142 and 143-209) 
that are involved in its localization to the plasma 
membrane. The WTX protein also has 3 adenomatous 
polyposis coli (APC) binding domains (APCBD1, 
residues 280-368; APCBD2, 380-531; and APCBD3, 
717-834) that mediate its interaction with the armadillo 
(ARM) repeats of the tumor suppressor APC, as well as 
a beta-catenin binding site (located between residue 
367 and the C-terminus), an acidic domain (residues 
370-411), two coiled-coil domains (residues 374-403 
and 574-593) and a proline-rich region (residues 951-
1104). 
The 858aa isoform is missing both PtdIns(4,5)P2 
binding domains and localizes to the nucleus in a 
punctate pattern. Interestingly, this shorter isoform 
lacks the predicted NLS, and the longer isoform that 
includes the predicted NLS localizes to the plasma 
membrane.  
WTX forms a protein complex with beta-catenin, 
AXIN1, beta-transducin repeat-containing protein 2 
(beta-TrCP2) and APC and negatively regulates the 
WNT signaling pathway by promoting the 
ubiquitination and degradation of beta-catenin.  
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The 1135 amino acid WTX protein. Black box, the two phosphatidylinositol(4,5)-bisphosphate-binding domains (PtdIns(4,5)P2). Open 
boxes, the three APC binding domains (APCBD1, APCBD2, APCBD3). Acidic, the acidic domain. NLS, the predicted nuclear localization 
signal. CC, coiled-coil domain. PR, proline-rich region. Horizontal lines indicate the 277aa not present in the 858aa WTX isoform 2 and 
the beta-catenin binding region. 

 
WTX also plays a role in the recruitment of APC from 
microtubules to the plasma membrane and appears to 
be involved in the maintenance of intercellular 
junctions. 

Homology 
The amino terminus of WTX shows homology to 
FAM123A; 32% identical over 586aa. The regions with 
the highest percentage identity include the predicted 
NLS, the APCBD1 and APCBD2 binding domains, and 
the acidic domain. 

Mutations 
Note 
Mutational analysis of the WTX gene in gastric, 
colorectal, and hepatocellular carcinomas and in acute 
myelogenous leukemia (AML) and acute lymphoblastic 
leukemia (ALL) showed no deletion or truncating 
mutations of WTX. Missense mutations were found in 
1/47 colorectal carcinomas and 1/60 normal karyotype 
AML cases. Various missense mutations (D233Y, 
K292N, E395D, R584G, Y599C, P880L, P884L, and 
I1003M) found in Wilms tumors were also in most 
cases found in normal tissues from the same patient. 
The missense mutations seen in the one colorectal 
carcinoma and one AML were tumor-specific. 
Although these are not currently known to be SNPs 
(dbSNP, build 129), they may not constitute functional 
mutations in WTX. 
Inactivating mutations in WTX (deletions and 
truncating/frameshift mutations) appear to be 
negatively correlated in Wilms tumors with activating 
mutations in exon 3 of CTNNB1 (encoding beta-
catenin), implicating the activation of the WNT 
signaling pathway in the formation of Wilms tumors 
since both inactivating mutations of WTX and 
activating mutations of CTNNB1 function to activate 
this signaling pathway. 

Germinal 
In osteopathia striata congenita with cranial stenosis 
(OSCS), deletions of the entire WTX gene and 
truncation mutations (nonsense mutations and 
deletion/insertion + frameshift mutations) have been 
observed. In cases with truncation mutations in which 

the mutations affect nucleotides 285-1112 (encoding 
residues 50-326), the mutations reside within intron 2 
of the shorter alternatively spliced transcript and do not 
affect the 858aa isoform. However, such mutations are 
lethal in males and demonstrate a typical clinical 
phenotype in females, suggesting that retention of the 
wild-type 858aa isoform of WTX cannot compensate in 
terms of regulation of the WNT signaling pathway for 
loss or truncation of the 1135aa isoform. 

Somatic 
In Wilms tumors, the most commonly observed 
mutation is the deletion of the entire WTX gene. 
Truncation mutations and missense mutations have also 
been observed. 

Implicated in 
Wilms tumor (nephroblastoma) 
Prognosis 
The overall five-year survival is approximately 90%. 
Prognosis for Wilms tumor is excellent for favorable 
histology tumors with treatment according to Children's 
Oncology Group (COG) or Société Internationale 
d'Oncologie Pédiatrique (SIOP) protocols. The 
prognosis is less good for Wilms tumors with 
anaplastic histology, particularly those with diffuse 
anaplasia for which the overall four-year survival is 
approximately 65%. 

Cytogenetics 
Balanced translocation t(X;18)(q11;p11) with WTX 
deletion; Xq11.1 deletions. 

Oncogenesis 
7-29% of Wilms tumors show deletions or mutations of 
WTX. 

Osteopathia striata congenita with 
cranial sclerosis (OSCS) (MIM300373) 
Note 
The severity of the OSCS phenotype appears to be 
correlated, in cases with truncating mutations in WTX, 
with the location of the truncating mutation, with 
truncations C-terminal to the acidic domain (residues 
370-411) associated with a less severe phenotype, at 
least in males. 
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Prognosis 
Most males with OSCS die at or before birth. Females 
with OSCS show multiple defects including sclerosis of 
the long bones and skull, longitudinal striations of 
osteosclerosis in the long bones, macrocephaly, and 
cleft palate. 

Cytogenetics 
X-linked dominant inheritance. 

Oncogenesis 
OSCS individuals with germline mutations in WTX do 
not appear to be predisposed to Wilms tumor or other 
malignancies. 

References 
Grohmann A, Tanneberger K, Alzner A, Schneikert J, Behrens 
J. AMER1 regulates the distribution of the tumor suppressor 
APC between microtubules and the plasma membrane. J Cell 
Sci. 2007 Nov 1;120(Pt 21):3738-47 

Han M, Rivera MN, Batten JM, Haber DA, Dal Cin P, Iafrate 
AJ. Wilms' tumor with an apparently balanced translocation 
t(X;18) resulting in deletion of the WTX gene. Genes 
Chromosomes Cancer. 2007 Oct;46(10):909-13 

Major MB, Camp ND, Berndt JD, Yi X, Goldenberg SJ, Hubbert 
C, Biechele TL, Gingras AC, Zheng N, Maccoss MJ, Angers S, 
Moon RT. Wilms tumor suppressor WTX negatively regulates 
WNT/beta-catenin signaling. Science. 2007 May 
18;316(5827):1043-6 

Rivera MN, Kim WJ, Wells J, Driscoll DR, Brannigan BW, Han 
M, Kim JC, Feinberg AP, Gerald WL, Vargas SO, Chin L, 
Iafrate AJ, Bell DW, Haber DA. An X chromosome gene, WTX, 
is commonly inactivated in Wilms tumor. Science. 2007 Feb 
2;315(5812):642-5 

Chung NG, Kim MS, Chung YJ, Yoo NJ, Lee SH. Tumor 
suppressor WTX gene mutation is rare in acute leukemias. 
Leuk Lymphoma. 2008 Aug;49(8):1616-7 

Owen C, Virappane P, Alikian M, Stasevich I, Summers K, 
Lillington D, Bonnet D, Burnett A, Mills K, Lister TA, Fitzgibbon 
J. WTX is rarely mutated in acute myeloid leukemia. 
Haematologica. 2008 Jun;93(6):947-8 

Perotti D, Gamba B, Sardella M, Spreafico F, Terenziani M, 
Collini P, Pession A, Nantron M, Fossati-Bellani F, Radice P. 
Functional inactivation of the WTX gene is not a frequent event 
in Wilms' tumors. Oncogene. 2008 Jul 31;27(33):4625-32 

Ruteshouser EC, Robinson SM, Huff V. Wilms tumor genetics: 
mutations in WT1, WTX, and CTNNB1 account for only about 
one-third of tumors. Genes Chromosomes Cancer. 2008 
Jun;47(6):461-70 

Fukuzawa R, Anaka MR, Weeks RJ, Morison IM, Reeve AE. 
Canonical WNT signalling determines lineage specificity in 
Wilms tumour. Oncogene. 2009 Feb 26;28(8):1063-75 

Jenkins ZA, van Kogelenberg M, Morgan T, Jeffs A, Fukuzawa 
R, Pearl E, Thaller C, Hing AV, Porteous ME, Garcia-Miñaur S, 
Bohring A, Lacombe D, Stewart F, Fiskerstrand T, Bindoff L, 
Berland S, Adès LC, Tchan M, David A, Wilson LC, Hennekam 
RC, Donnai D, Mansour S, Cormier-Daire V, Robertson SP. 
Germline mutations in WTX cause a sclerosing skeletal 
dysplasia but do not predispose to tumorigenesis. Nat Genet. 
2009 Jan;41(1):95-100 

Yoo NJ, Kim S, Lee SH. Mutational analysis of WTX gene in 
Wnt/ beta-catenin pathway in gastric, colorectal, and 
hepatocellular carcinomas. Dig Dis Sci. 2009 May;54(5):1011-
4 

This article should be referenced as such: 

Ruteshouser EC. FAM123B (family with sequence similarity 
123B). Atlas Genet Cytogenet Oncol Haematol. 2009; 
13(12):932-934. 



   
 
 
 

 
 

Gene Section 
Review 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  935 

Atlas of Genetics and Cytogenetics 
in Oncology and Haematology 

OPEN ACCESS JOURNAL AT INIST-CNRS 

FSTL3 (follistatin-like 3 (secreted glycoprotein)) 
Michael Grusch 

Medical University of Vienna, Department of Medicine I, Institute of Cancer Research, Borschkegasse 8a, 
A-1090 Vienna, Austria (MG) 
 

Published in Atlas Database: January 2009 

Online updated version : http://AtlasGeneticsOncology.org/Genes/FSTL3ID111ch19p13.html 
DOI: 10.4267/2042/44635 

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 2.0 France Licence. 
© 2009 Atlas of Genetics and Cytogenetics in Oncology and Haematology 
 

Identity 
Other names: FLRG; FSRP 

HGNC (Hugo): FSTL3 

Location: 19p13.3 

Local order: RNF126 (ring finger protein 126) - 
FSTL3 - PRSSL1 (protease, serine-like 1) 

Note: The term follistatin-related protein has been used 
to refer to either FSTL3 (FSRP) or FSTL1 (FRP), 
which may cause some confusion. A search in 
MEDLINE for FSTL3 will also retrieve several reports 
not mentioning FSTL3 but dealing with FRP/FSTL1 
instead. 

DNA/RNA 
Description 
The human FSTL3 gene is comprised of five exons 
spanning 7004 bp on chromosome 19p13 and gives rise 
to a main transcript of 2525 bp. The first exon encodes 
the signal peptide plus nine residues of the N-terminal 
domain, the second exon encodes the remainder of the 
N-terminal domain, the third and the fourth exon each 
code for a follistatin module and the fifth exon encodes 
the C-terminus rich in acidic amino acids (Schneyer et 
al., 2001; Sidis et al., 2002). 

Transcription 
Transcription of FSTL3 mRNA was shown to be 
stimulated by TGF beta and activin A via Smad 
proteins (Bartholin et al., 2001; Bartholin et al., 2002), 
which seems to be part of a negative feedback loop as 
FSTL3 can antagonize activin A (see below).  

In addition NF-kappaB responsive elements have been 
identified in the FSTL3 promoter and are involved in 
the cooperative stimulation of FSTL3 transcription by 
TNF alpha and TGF beta (Bartholin et al., 2007). 
Upregulation of FSTL3 mRNA was observed as a 
response to hypoxia in human trophoblasts and a role 
for hypoxia inducible factor (HIF1 alpha) was 
suggested. In another study a combination of 17 beta 
estradiol and progesterone, but not either factor alone, 
stimulated FSTL3 expression in cultured human 
endometrial stromal cells (Wang et al., 2003). An 
analysis of the murine FSTL3 promoter identified 
phorbol 12-myristate 13-acetate (PMA) but not cAMP 
as transcriptional activators. 

Protein 
Description 
The FSTL3 protein precursor consists of 263 amino 
acids. Amino acids 1-26 form the signal peptide, which 
is reponsible for directing the protein to the secretory 
pathway but not present in the mature secreted protein. 
FSTL3 has been described to contain 2 follistatin (FS) 
domains (aa 97-168 and 169-244) (Schneyer et al., 
2001) characterized by a conserved arrangement of 10 
cysteine residues. The FS domains also have similarity 
with the Kazal domains found in multiple serine 
protease inhibitors. The FSTL3 protein contains two 
potential N-glycosilation sites on asparagines 73 and 
215. Peptide N-glycosidase F digestion reduced the size 
of ectopically expressed FSTL3 from 33 to 27 kDA in 
Western analysis (Hayette et al., 1998). 
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Intron/exon structure of the FSTL3 gene and domain architecture of FSTL3 protein. 1,2,3,4,5 ...exon number; SP...signal peptide; 
NTD...N-terminal domain; FSD 1... follistatin domain 1; FSD 2...follistatin domain 2; AT...acidic tail. 
 

Expression 
FSTL3 is expressed in a wide variety of tissues and 
organs with the highest expression in placenta and 
testis and low to absent expression in the hematopoietic 
system (Hayette et al., 1998; Tortoriello et al., 2001). 

Localisation 
The signal peptide directs the nascent protein to the 
secretory pathway and FSTL3 has been detected in cell 
culture supernatants and in human serum (Hayette et 
al., 1998; Hill et al., 2002; Pryor-Koishi et al., 2007). In 
addition to its role as a secreted protein FSTL3 has also 
been found in the cell nucleus in a number of different 
cell lines, primary cells (Tortoriello et al., 2001) and 
tissue sections (Torres et al., 2007). Nuclear FSTL3 
was glycosilated, albeit to a lower degree than secreted 
FSTL3, suggesting that it enters the nucleus after 
partial processing in the ER (Saito et al., 2005). 

Function 
Similar to follistatin, secreted FSTL3 was shown to 
bind activin A and with lower affinity several other 
members of the TGF beta family including activin B, 
myostatin and BMP2, BMP6, and BMP7 (but 
excluding for instance TGF beta and BMP4) (Tsuchida 
et al., 2000; Tortoriello et al., 2001; Sidis et al., 2002; 
Hill et al., 2002; Schneyer et al., 2003). Affinity for 
BMPs, however, seems to be quite low and has been 
questioned by other studies (Sidis et al., 2006). FSTL3 
bound ligands are unable to activate their cognate 
receptors and thus FSTL3 blocks signal transduction. 
Structural and biochemical data have implicated the N-
terminal domain and the two FS domains in ligand 
binding and antagonism (Sidis et al., 2005; Stamler et 
al., 2008). 
In contrast to follistatin, FSTL3 does not contain a 
heparin binding motif and does not bind cell surface 
heparan-sulfate proteoglycans (Sidis et al., 2002). 
In addition to binding TGF beta family ligands, FSTL3 
was demonstrated to interact with ADAM12 (a 
disintegrin and metalloprotease 12), an extracellular 
protein that has been implicated in insulin-like growth 
factor (IGF) and epidermal growth factor (EGF) 
receptor signaling (Bartholin et al., 2005), as well as 

with fibronectin type 1, which could indicate a role of 
FSTL3 in cell adhesion (Maguer-Satta et al., 2006).  
Nuclear FSTL3 was shown to interact with AF10 
(ALL-1 fused gene from chromosome 10) enhancing 
its homo-oligomerization and transcriptional activity 
(Forissier et al., 2007). 
FSTL3 knock-out mice had increased pancreatic island 
number and size, enhanced insulin sensitivity and 
hepatic steatosis suggesting a role of FSTL3 in glucose 
and fat homeostasis (Mukherjee et al., 2007). 

Homology 
FSTL3 has a similar domain architecture as follistatin, 
but harbours only two instead of three follistatin 
modules (Tortoriello et al., 2001). Follistatin modules 
are found in varying numbers in a wider set of secreted 
proteins including FSTL1, SPARC/osteonectin, or 
agrin (Ullman and Perkins, 1997). With respect to 
activin binding ability, functional homology among 
follistatin domain-containing proteins has only been 
demonstrated for FSTL3 and follistatin (Tsuchida et al., 
2000). Between different species FSTL3 is clearly 
conserved (96% amino acid identity between mouse 
and rat and about 80% for either of these species 
compared to human), albeit to a lesser degree than 
follistatin, which has around 97% amino acid identity 
between human, mouse and rat. 

Mutations 
Somatic 
A t(11;19)(q13;p13) translocation has been described in 
a case of B-cell chronic lymphocytic leukemia.  
The chromosomal breakpoint occurred about 7 kbp 
upstream of FSTL3 leading to ectopic expression of the 
complete FSTL3 protein, likely as a consequence of 
altered upstream cis-regulatory sequences (Hayette et 
al., 1998). In the same study structural rearrangement 
of the FSTL3 locus has also been described in a case of 
non-Hodgkin lymphoma.  
A deletion of about 1.2 Mb on chromosome 19p13.3 
was identified in a patient with cleft palate, hearing 
impairment, congenital heart malformation, keloid 
scarring, immune dysregulation, and mild learning 



FSTL3 (follistatin-like 3 (secreted glycoprotein)) Grusch M 
 
 
 
 
 

Atlas Genet Cytogenet Oncol Haematol. 2009; 13(12)  937 

difficulties. The deleted area encompasses about 60 
genes including FSTL3 (Archer et al., 2005). 

Implicated in 
Malignant blood disorders 
Disease 
Structural rearrangement of the FSTL3 locus has been 
described in malignant blood disorders (see above) and 
it has been suggested that deregulated expression of 
FSTL3 could contribute to leukemogenesis (Hayette et 
al., 1998). 

Breast carcinoma 
Disease 
High expression of FSTL3 was observed in invasive 
breast carcinoma compared to normal luminal epithelial 
cells. SiRNA-mediated knock-down of FSTL3 
expression in breast cancer cell lines lead to growth 
inhibition, smad2 phosphorylation and increased 
transcription of activin target genes (Razanajaona et al., 
2007). These observations suggest that FSTL3 may 
contribute to tumorigenesis by antagonizing growth 
limiting activin effects. 

Hepatocellular carcinoma 
Disease 
FSTL3 expression levels were increased in hepatocytes 
in chemical hepatocarcinogenesis models in the rat but 
decreased in hepatocellular carcinoma (HCC) in 
humans (Grusch et al., 2006). 

Endometrial adenocarcinoma 
Disease 
Downregulation of FSTL3 expression was found in 
human endometrial adenocarcinoma (Ciarmela et al., 
2004). 

Endometriosis 
Disease 
Ovarian endometriotic lesions showed a deranged 
expression of FSTL3 as well as follistatin. While 
follistatin expression was increased, FSTL3 mRNA and 
protein expression were lower in ovarian endometriosis 
than in healthy eutopic endometrium (Torres et al., 
2007). 

Pre-eclampsia 
Disease 
The mRNA and protein levels of FSTL3 were 
compared in placentas and maternal sera of women 
with uncomplicated pregnancy and those with pre-
eclampsia. FSTL3 was upregulated in 
syncytiotrophoblast cells of pre-eclamptic placental 
tissue and in maternal serum. Its further evaluation as 
potential addition to existing diagnostic markers of pre-
eclampsia was suggested (Pryor-Koishi et al., 2007). 
 

Heart failure 
Disease 
FSTL3 (and FSTL1) were elevated in heart failure. 
FSTL3 expression correlated with markers of disease 
severity and returned to normal after recovery. The 
protein was localized to myocytes and endothelium and 
the expression profile of FSTL3 on microarrays 
revealed an association with the nuclear compartment 
and with genes involved in signal transduction and 
transcription (Lara-Pezzi et al., 2008). 
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Identity 
Other names: MGC2306; NFE1B 

HGNC (Hugo): GATA2 

Location: 3q21.3 

DNA/RNA 
Description 
Genomic DNA 13,759bp, 6 exons (one non coding). 

Transcription 
mRNA 3383bp, trancription is oriented from telomere 
to centromere. It contains 2 alternative first exons, one 
distal (IS) specifically transcribed in hematopoietic and 
neural cells, and a proximal one (IG) transcribed in 
other cell types. 

Protein 
Description 
Contains 2 zinc finger domains, ZF1 (aa294 to 344) 
and ZF2 (aa349 to 398). 

Expression 
Strictly regulated and tissue specific. Gene activity 
depends on several trans regulators and cis-acting 
regulatory elements located in the vicinity of the gene. 

Localisation 
Nuclear. 

Function 
Binds to the consensus sequence 5'-(A/T)GATA(A/G)-
3'. Transcriptional activator  
 
 
 

which is expressed very early in hematopoiesis and  
plays a role in development and regulation of every  
early pluripotent hematopoietic precursor, but also of 
non hematopoietic embryonic stem cells. Early stages 
of erythroid differentiation depends of GATA2, but 
during maturation GATA2 expression decreases 
progressively at the benefit of GATA1. 

Homology 
Member of the GATA family which contains 6 known 
members; only GATA1, GATA2 and GATA3 are 
involved in hematopoiesis. 

Mutations 
Germinal 
No known mutation. 

Somatic 
In CML acute myeloid transformation (see below). 

Implicated in 
Acute promyelocytic leukaemia 
Disease 
GATA2 may be involved in APL leukemogenesis by 
physical interaction with the PML component of PML-
RARa fusion or with the variant PLZF-RARa fusion, 
generated respectively by t(15;17) or t(11;17) 
translocation. 

Myelodysplasic syndrome 
Disease 
GATA2 is expressed in MDS, but not in normal 
controls; the frequency of expression increases with the 
severity of dysplasia (100% in RAEB/RAEB-T). 
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Myeloid transformation of chronic 
myeloid leukemia CML 
Disease 
Out of 85 unselected cases of CML blast 
transformation, 9 showed a GATA2 mutation: 8 with a 
T-->G substitution at aa359 in ZF2 (L359V) and 1 with 
a 6 aa deletion (aa 341 to 346) in ZF1. All 9 
transformations were myeloid, with a myeloblastic or 
monoblastic morphology. L359V leads to a gain of 
function of GATA2 protein. 

Aplastic anemia 
Disease 
Hypothetical. In knockout mice, GATA2 
haploinsufficiency leads to a decrease of hematopoietic 
stem cells number and efficiency. In human, GATA2 
mRNA expression is largely reduced in patients with 
AA. 
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Identity 
Other names: IRF-4; NF-EM5; LSIRF (lymphocyte-
specific interferon regulatory factor); MUM1 (multiple 
myeloma oncogene 1) 

HGNC (Hugo): IRF4 

Location: 6p25.3 

Local order: IRF4 is located on chromosome 6 at the 
telomeric extremity of the short arm, and lies between 
the DUSP22 (dual specificity phosphatase 22) and 
EXOC2 (exocyst complex component 2) genes. 

Note: IRF4 belongs to the IRF (interferon regulatory 
factors) family of genes, that are known to be active in 
the control of B-cell proliferation and differentiation. 

DNA/RNA 
Description 
Gene of 19.4 Kb with 9 exons and 8 introns.  
Exon 1, the 5' part of exon 2 and the 3' part of exon 9 
are non coding. 

Transcription 
Length of the transcript is 5314 bp.  
Coding sequence: CDS 114-1469. 
mRNA is expressed at high levels in lymphoid tissues, 
in skin and in tonsils. 

Protein 
Description 
Protein length: 451 amino acids.  
Calculated molecular weight of 51.8 kDa.  
There are 2 different isoforms produced by alternative 
splicing (Q15306-1/Q15306-2). 

Expression 
IRF4 protein is expressed in lymphoid cells and it is 
tissue specific. In normal lymphoid tissues, IRF4 
protein is detected mainly in plasma cells and in a small 
number of germinal-center B cells. In addition, IRF4 is 
expressed in a small percentage of T cells and in most 
perifollicular CD30-positive cells. 
Expression of IRF4 is not induced by interferons. 
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Localisation 
Nucleus. 

Function 
IRF4 is a lymphoid-specific transcription factor that 
plays crucial roles in the development and in the 
functions of immune cells. This gene controls B-cell 
proliferation and differentiation, and proliferation of 
mitogen-activated T cells. IRF4 is a transcriptional 
activator and binds to the interferon-stimulated 
response element (ISRE) of the MHC class I promoter. 
Also, IRF4 binds to the immunoglobulin lambda light 
chain enhancer, together with PU.1 and probably plays 
a role in ISRE-targeted signal transduction mechanisms 
specific of lymphoid cells. IRF4 negatively regulates 
Toll-like receptor (TLR) signaling by competing with 
IRF5, and inhibits proinflammatory cytokine 
production. Moreover, IRF4 positively regulates the 
biosynthetic processes of interleukin IL-2, IL-4, IL-10, 
and IL-13. 

Homology 
IRF4 shows homology to other members of the IRF 
family, in particular IRF1, IRF2, IRF3, IRF5, IRF6, 
IRF7, and IRF8. 
IRF4 contains one tryptophan pentad repeat DNA-
binding domain. 

Mutations 
Note 
Mutations in the distal and proximal sites of the GC-
rich sequence of the IRF4 promoter cause a reduction 
of 62 and 81%, activity in the IRF4 promoter, 
respectively. 

Implicated in 
Multiple myeloma (MM) 
Disease 
The proto-oncogene IRF4 is deregulated in MM with 
translocation t(6;14)(p25;q32). IRF4 is also deregulated 
in B-cell non Hodgkin lymphoma (NHL) and in 
particular in diffuse large B-cell lymphoma (DLBCL).  
MM is a malignant monoclonal plasma cell 
proliferation that has a complex molecular aetiology 
with several subgroups defined by gene expression 
profiling and recurrent chromosomal translocations.  
IRF4 inhibition is toxic to myeloma cell lines, 
regardless of the precise transforming oncogenic 
mechanism. MYC is a direct target of IRF4 gene in 
activated B-cells and in mMM. IRF4 is itself a direct 
target of MYC transactivation, generating an 
autoregulatory circuit in myeloma cells. 

Cytogenetics 
t(6;14)(p25;q32) --> IRF4 - IgH. 
Possibly other translocations of IRF4 with unidentified 
partner chromosomes have been identified. 

Translocations involving 14q32 are found in a 
significant fraction of patients, and include 
t(6;14)(p25;q32). 

Hybrid/Mutated gene 
The translocation juxtaposes the IgH locus to the IRF4 
gene. 

Oncogenesis 
The chromosomal translocation t(6;14)(p25;q32) in 
MM may cause transcriptional activation of the IRF4 
proto-oncogene. As a result of the translocation, IRF4 
is overexpressed, and this event may contribute to 
tumorigenesis in vitro. 

B-cell chronic lymphocytic leukemia (B-
CLL) 
Disease 
B-CLL is the most common form of leukemia in the 
Western world. The disease presents a heterogeneous 
clinical course, with some patients surviving for many 
years without requiring any specific therapy and others 
progressing rapidly despite aggressive treatment. 

Prognosis 
It is not yet clear if the presence of IRF4 expression in 
B-CLL represents a favourable or unfavourable 
prognostic marker. In fact, previous studies have 
demonstrated a variable expression of IRF4 in B-CLL 
patients and a conflicting prognostic significance. 

Adult T-cell leukemia (ATL) 
Disease 
ATL is an aggressive leukemia of CD4+ T 
lymphocytes and is also associated with a neurological 
demyelinating disease, tropical spastic paraparesis 
(TSP) or HTLV-1 Associated Myelopathies (HAM). 
The human T cell leukemia/lymphotrophic virus-1 
(HTLV-1) is the aetiologic agent of ATL, and the 
disease is geographically localized to regions of the 
world where HTLV infection is endemic. IRF4 was 
shown to be highly expressed in cells derived from 
patients with ATL and in HTLV-1 infected cell lines. 
IRF4 expression increases during the progression of 
ATL, with IRF4 expression levels highest during the 
late acute phase of ATL. 

Oncogenesis 
IRF4 is involved in the pathogenesis of ATL through 
its positive effect on the cell cycle. IRF4 transcriptional 
downregulation would lead to an overall decrease in 
DNA repair and a subsequent increase in cellular 
mutations, thus contributing to cellular transformation. 

Primary effusion lymphoma (PEL) 
Disease 
PEL is a clinico-pathological category of B-cell non-
Hodgkin's lymphoma (NHL) based on the infection of 
the tumour clone by human herpesvirus type-8/Kaposi's 
sarcoma-associated herpesvirus (HHV-8/KSHV). PEL 
preferentially develops in immunodeficient patients and 
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displays a marked preference for liquid growth in the 
serous body cavities in the absence of clinically 
identifiable tumour masses. Although PEL belongs to 
the B-cell lineage, the overwhelming majority of cases 
exhibit a non-B, non-T phenotype, lacking expression 
of surface immunoglobulins (Ig) and common B cell 
associated. 

Oncogenesis 
IRF4 expression in PEL is a result of the stage of 
differentiation of the tumour clone. At present, the role 
of IRF4 expression in PEL growth is yet unknown, 
although it has been documented that IRF4 is capable 
of inducing transformation in experimental cellular 
systems. 
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Identity 
Other names: ARM1; EMSP; EMSP1; KLK-L1; 
MGC116827; MGC116828; Prostase; PRSS17; PSTS 

HGNC (Hugo): KLK4 

Location: 19q13.33 

Local order: Telomere to centromere. 

DNA/RNA 
Description 
The gene encompasses 4.38 kb of gDNA. 

Transcription 
Three alternative transcription start sites (TSSs)  

have been predicted or identified experimentally for the 
KLK4 gene. TSS1 was identified using 5' RACE and is 
located 639 bp upstream of TSS2, which was predicted 
using in silico analysis. TSS3 was also identified using 
5' RACE and is located 1396 bp downstream of TSS1.  
Nine KLK4 variant transcripts have been identified. 
These variants include the TSS variants, variants with 
5' UTR deletion for TSS1 and TSS2 transcripts, exon 4 
deletion and partial intron II (12bp) insertion variants, 
intron 3 insertion variants, and variants with 
combinations thereof. 

Pseudogene 
Not identified. 
 
 

 
Genomic and protein structure of the KLK4 gene. The KLK4 gene is classically comprised of 5 exons (grey boxes, classic numerals) and 
4 introns (roman numerals), although extra 5' UTR sequences in exon 1a have also been described. Shown here are the three putative 
alternative transcription start sites (TSS1, TSS2 and TSS3). Also shown are the postions of ATG1 and ATG2 that would be utilised from 
these variant transcripts. The amino acid numbering for the residues of the catalytic triad (His71, Asp116, Ser207) are relative to the full-
length protein starting from ATG1. 
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Protein 
Description 
Two KLK4 protein isoforms, full-length KLK4 (254 
amino acids) and an N-terminal truncated KLK4 (205 
amino acids) have been described. Full-length KLK4 
has a secretion signal (pre-) peptide (26 amino acids), 
followed by an activation (pro-) peptide (4 amino 
acids) and the mature chain (224 amino acids) with 1 
potential N-linked glycosylation site. The catalytic triad 
of His71, Asp116, Ser207 (relative to Met = 1 and 
encoded by ATG1 in exon 1) is conserved and is 
essential for proteolytic activity. After synthesis as a 
KLK4 full-length protein, the signal peptide is then 
cleaved and pro-KLK4 (zymogen) is subsequently 
secreted from the cell. Upon activation, the propeptide 
is removed to generate the mature active enzyme. 
KLK4 complexes with alpha(1)-antitrypsin and 
alpha(2)-antiplasmin and alpha(2)-macroglobulin. 
The N-terminal truncated KLK4 isoform initiated from 
the ATG2 in exon 2, has the pre-pro-region and 9 
amino acids from the mature KLK4 omitted, although 
the catalytic triad remains. Further, the truncated KLK4 
isoform is not glycosylated despite retaining the 
potential N-linked glycosylation site. 

Expression 
The KLK4 gene was originally designated the PRSS17 
gene and was cloned from the cells of the enamel organ 
epithelia of developing teeth in pig using degenerate 
primers encoding the EMPS1 protein. Subsequent 
studies in human tissues using Northern blot analysis 
have shown that KLK4 mRNA expression is 
predominantly localised to the prostate, although more 
sensitive RT-PCR experiments have shown that the 
breast, ovary, endometrium, salivary gland, lung, 
adrenal gland, colon, trachea, brain, testis, spinal cord, 
thyroid, skin and kidney also express KLK4 mRNA at 
low to modest levels. KLK4 mRNA has also been 
detected in sebaceous glands, sweat glands, hair 
follicles, stratum basale, stratum spinosum and stratum 
granulosum by in situ hybridisation experiments. In 
pig, KLK4 mRNA is expressed in the endometrium in 
the early stages of the oestrous cycle. 
KLK4 protein has been detected in a wide range of 
tissues at low (adrenal, aorta, brain, breast, cervix, 
heart, kidney, liver, muscle, pancreas, pituitary, 
salivary gland, small intestine, spinal cord, spleen, 
testis, skin, thyroid, and uterus) to high (prostate) 
levels. Modest levels of KLK4 protein have also been 
detected in body fluid, such as seminal plasma and 
urine. High KLK4 levels have also been detected in the 
prostate, breast and ovarian cancer tissues from 
patients. 

Localisation 
Full-length KLK4 encodes a secreted protein and is  

localised intracellularly to the cytoplasm, although GFP 
labelled N-terminal truncated isoforms have been found 
to be predominantly localised to the nucleus. 

Function 
To date, the major biological function of KLK4 has 
been derived from porcine studies which have shown 
that KLK4 is important in dental enamel mineralisation 
by degrading amelogenin, the major protein in the 
enamel matrix of developing teeth. More recently, 
KLK4 was also reported to degrade porcine enamelin 
which is another protein found in developing teeth. 
Further, in mice, KLK4 was only expressed by 
transition and maturation stage ameloblasts, which is 
consistent with KLK4 functioning primarily to degrade 
the enamel matrix in developing teeth.  
The role of KLK4 in the prostate, a tissue that highly 
expresses KLK4, is less clearly defined although it is 
thought to be important in prostate cancer progression 
given its role in degrading extracellular matrix (ECM) 
proteins in teeth, and potentially increasing IGF levels 
by degrading IGFBP3, IGFBP4, IGFBP5, IGFBP6. 
KLK4 is also reported to activate pro- HGFA and 
thereby potentially leading to tumour progression 
through activation of the MET receptor. A substrate 
specificity screening study has shown that full-length 
KLK4 has trypsin-like specificity and potentially 
activates proteins, such as, prostate specific antigen 
(PSA)/KLK3, bone morphogenetic protein (BMP) 
family and parathyroid hormone-related protein 
(PTHrP) that are involved in normal and neoplastic 
prostate (patho)-physiology. Recombinant KLK4 was 
also reported to be a better activator of PSA and single 
chain urokinase-type plasminogen activator than 
KLK2. More recently, KLK4 was shown to activate 
other members of the kallikrein-related peptidase 
family including KLK1, KLK2, KLK3, KLK5, KLK6, 
KLK9, KLK11, KLK12, KLK13, KLK14, KLK15. 
However, the precise physiological role for KLK4 in 
the prostate and other tissues remains to be identified. 
The function of the N-terminal truncated KLK4 
remains to be established. 

Homology 
At the protein level, KLK4 shares 25%, (KLK12), 29% 
(KLK10), 31% (KLK9), 34% (KLK1, 2, 3), 35% 
(KLK8, 13), 36% (KLK6), 37% (KLK15), 40% 
(KLK14), 43% (KLK7), 45% (KLK5) sequence 
homology with other members of the kallikrein-related 
peptidase family. Unlike KLK1, KLK2 and KLK3, 
KLK4 lacks the "kallikrein loop", a region of 11 amino 
acids encoded in exon 3 and thought to be important in 
the substrate  
specificity of these enzymes. KLK4 shares 72% 
sequence homology to the porcine EMPS1 protein. 
Bayesian phylogenetic analyses suggests that KLK4, 
KLK5 and KLK14 may form a sub-family within the 
kallikrein-related peptidase gene family. 
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Mutations 
Germinal 
A mutation in the KLK4 gene (G.2142>A) that encodes 
for a truncated KLK4 protein that lacks S207, which is 
necessary for catalytic activity, has been shown to 
associate with autosomal recessive hypomaturation 
amelogenesis imperfecta, which is a disorder affecting 
tooth enamel formation. Comparison of tooth enamel in 
patients with the G- and A-alleles suggest that wild-
type KLK4 (G allele) is important for the final removal 
of the extracellar enamel matrix proteins for normal 
enamel maturation. 

Implicated in 
Hormone dependent cancers 
Note 
It has been proposed that like PSA, encoded by the 
KLK3 gene, the KLK4 gene may play a role in 
hormone dependent cancers given its (a) higher 
expression in endocrine cells (b) regulation by 
hormones such as androgens, oestradiol and progestins 
(c) dysregulated expression in cancer cells and (d) 
potential role in extra-cellular matrix degradation and 
growth factor activation. 

Prostate cancer 
Note 
Hormone dependent cancer. 

Disease 
Kallikrein 4 has been reported to be more highly 
expressed in cancerous than benign prostate tissues at 
both the mRNA and protein levels. For example, a 
tissue microarray study carried out on 42 benign and 
207 malignant prostate tissues found that KLK4 was 
more highly expressed in prostate cancer cells when 
compared to benign cells, although one study using 
sandwich-type immunoassay on 16 malignant and 18 
benign prostate tissues found no difference in KLK4 
expression. It has also been shown that KLK4 specific 
antibodies can be detected in sera from prostate cancer 
patients. In prostate cancer cells, KLK4 has been 
shown to be up-regulated by androgens at both the 
mRNA and protein level. In two expression studies 
using Northern blot analysis, KLK4 mRNA expression 
was found to be up-regulated by 18- and 1.7 -fold after 
treatment of LNCaP cells with R1881 for 24 and 48 hr, 
respectively. Further, prostate cancer cells (PC-3 and 
DU145) transfected with KLK4 have also been shown 
to have increased cellular migration, proliferation and 
colony formation. Over-expression of KLK4 in prostate 
cancer cells has also been associated with increased 
migration of these cells to SaOs2 conditioned media 
and greater attachment to bone matrix proteins 
collagens I and IV. The role of KLK4 in prostate 
biology is thought to be mediated in part through 
activation of the PAR-1/F2R and PAR-2/F2RL1 

signalling pathways, although the precise mechanisms 
and importance in prostate cancer remain to be 
identified. 

Cytogenetics 
Comparison of two human prostate cell lines, 
P69SV40Tag (P69) and its tumorigenic subline, M12, 
and 11 prostate cancer cases showed LOH in M12 at 
19q13.42, which is proximal to the KLK4 locus. 

Hybrid/Mutated gene 
No KLK4 fusion transcript or protein has been reported 
thus far. 

Epithelial ovarian carcinoma 
Note 
Hormone dependent cancer. 

Disease 
Kallikrein 4 is more highly expressed in serous ovarian 
carcinomas at both the mRNA and protein levels, and 
high KLK4 mRNA expression is associated with 
poorly differentiated and late clinical stage ovarian 
carcinomas. KLK4 mRNA was also found to be 
expressed in tumour cells isolated from ascites fluid in 
60% (6/10) of ovarian cancer patients. KLK4 protein 
expression was also found to be more highly expressed 
in paclitaxel-resistant (79/93; 85%) than paclitaxel-
sensitive tumours (20/33; 61%), suggesting that KLK4 
may have utility as a predictive marker for 
chemoresistant ovarian cancers. Co-overexpression of 
KLK4, 5, 6 and 7 in ovarian cancer cells (OV-MZ-6) 
led to increased invasion in vitro and simultaneous 
expression of these KLKs in nude mice resulted in 
increased tumour burden. 

Prognosis 
KLK4 mRNA expression in tumour tissues indicates 
shorter overall and progression free survival time for 
epithelial ovarian carcinoma patients. It is also an 
independent indicator of poor prognosis in patients 
with grade 1 and 2 tumours. 

Breast cancer 
Note 
Hormone dependent cancer. 

Disease 
Comparison of RNA levels from normal and malignant 
breast tissue using real time RT-PCR showed that 
KLK4 expression was up-regulated in cancer cells. 
Further analysis using laser dissection of these tumours 
and immuno-histochemistry showed that the observed 
increase of KLK4 expression was due to increased 
expression in the surrounding stromal cells. 

Endometrial cancer 
Note 
Hormone dependent cancer. 

Disease 
KLK4 protein levels were shown by Western blot 
analysis to be up-regulated in endometrial KLE cells in 
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response to both oestradiol and progestin. This 
response was increased when cells were simultaneously 
treated with oestrogen and progesterone. 

Non-small cell lung cancer (NSCLC) 
Disease 
Using a KLK4 ELISA on 51 patients with NSCLC and 
50 normal controls, it was shown that KLK4 may have 
utility as a lung cancer biomarker when used in 
conjunction with KLK8, KLK10, KLK11, KLK12, 
KLK13, and KLK14. 
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Identity 
Other names: A-MYB; AMYB; A-myb; A-Myb; 
MGC120061; MGC120059 

HGNC (Hugo): MYBL1 

Location: 8q13.1 

DNA/RNA 
Description 
50,762 bases DNA with 15 exons. 

Transcription 
4,879 bases mRNA. 

Protein 
Description 
752 amino acids, 95 kDa protein. 

R1, R2, R3 - three repeats 50 amino acids long, R2 and 
R3 contain HTH (helix-turn-helix) motives with 
unconventional turns required for DNA-binding 
activity, R1 serves as a DNA/protein complex 
stabilizer; 
TA contains acidic amino acids and responsible for 
transcriptional activation;  
CR known as an inhibitor of specific DNA binding 
activity; 
RD is responsible for repression of transactivation 
function of A-MYB. 

Expression 
Mainly in spermatocytes, neuronal cells and B-
lymphoid cells. Also was reported to be expressed in 
uterine cells and B-cells germinal centres. 

Localisation 
Nucleus. 

 
Red boxes: untranslated regions; Black boxes: coding regions. 
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R1, R2 and R3 form DNA-binding domain, TA - transactivation domain, CR - conserved region, RD - negative regulatory domain. 

 

Function 
Transcription factor which play a role in the 
proliferation and differentiation of neurogenic, 
spermatogenic and B-lymphoid cells. A-MYB 
knockout mice demonstrated growth abnormalities, and 
defects in spermatogenesis and female breast 
development, whereas constantly high expression level 
of A-MYB in transgenic mice caused hyperplasia in the 
lymph nodes and spleen. 

Homology 
A-MYB is a member of MYB transcription factors 
family, which includes C-MYB and B-MYB, with high 
homology within TA and RD regions. DNA-binding 
domain is almost identical with that of B-MYB and C-
MYB and conserved between mouse, human, 
drosophila and chicken. 

Implicated in 
Uterine leiomyoma 
Disease 
Amplification of A-MYB was detected in uterine 
leiomyoma cells (UtLM) after estrogen stimulation. 

Oncogenesis 
A-MYB overexpression results in promotion of cells 
proliferation. 

B-cell haematological malignancies 
Disease 
High A-MYB mRNA and protein expression was 
described in Burkitt's Lymphoma and sIg+ B-Acute 
Lymphoblastic Leukemia cell lines and patient 
samples. A-MYB was also notably expressed in some 
Chronic Lymphocytic Leukemias (CLL). 

Oncogenesis 
Deregulation of B-cells differentiation that may be 
caused by A-MYB. 

Lymphoma 
Disease 
Expression of A-MYB was demonstrated in the DHL-4 
lymphoma cell line with t(14;18)(q32;q21) 
translocation. 

Oncogenesis 
A-MYB activates BCL2 P2 promoter through a  

Cdx binding site promoting resistance of these cells to 
apoptosis. 
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Identity 
Other names: AAC2; PNAT 

HGNC (Hugo): NAT2 

Location: 8p22 

Note 
In humans NAT2 is located in the NAT cluster that 
comprises 230 kb and includes two functional genes, 
NAT1 and NAT2.  
In other species the number of NAT genes range from 
0, for instance in dogs, to 4 for instance in chicken. 

 
Picture from Genetics Home Reference; January 2009. 

DNA/RNA 
Transcription 
The human NAT2 gene has two exons but the coding 
region, spanning 870 bp is located in exon 2. 
Functionally active NAT2 enzyme can be obtained 
after transient heterologous transfection of  
 
 

the open reading frame only, indicating that exon 1 is 
not necessary to obtain functional enzyme. 

Pseudogene 
In humans the NAT locus has a pseudogene designated 
as NATP. 

Protein 
Note 
NAT enzymes have been identified in several 
vertebrate and microorganism species. NAT2 proteins 
differ among species. However, common features 
include an 83 amino acid N-terminal domain 
containing five alpha-helices and a short beta-strand; a 
second domain consisting of nine beta-strands and two 
short helices; and a third alpha/beta lid domain with 
four beta-strands and an alpha-helix. 

Expression 
NAT2 has a restricted expression profile with the 
highest levels of protein and mRNA being detected in 
the liver, small intestine and colon. The transcription 
start site for human NAT2 has been recently localised 
between 30 and 101 bp upstream of the non-coding 
exon, with the most frequent TSS located at position -
64 relative to exon 1. The region containing the NAT2 
transcription start site shares an 85% sequence 
homology to the region of human NAT1 containing the 
major transcription start site for NAT1. The functional 
elements of the NAT2 promoter sequence have not 
been characterised to date. 
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Localisation 
Arylamine N-acetyltransferase 2 is a cytosolic enzyme. 

Function 
NAT2 is a phase II enzyme that participates in the 
metabolism of numerous primary arylamines and 
hydrazine drugs and carcinogens. In addition to their 
N-acetylation catalytic activity, NAT enzymes have 
also O-acetylation activity towards N-
hydroxyarylamines. 

Homology 
NAT1 and NAT2 share 87% nucleotide homology in 
the coding region, whereas NAT1 and NAT2 proteins 
share 81% amino-acid sequence identity. 

Mutations 
Note 
Seven major single nucleotide polymorphisms that 
occur isolated or combined have been described in the 
NAT2 gene. These affect the positions 191, 282, 341, 
481, 590, 803 and 857. In addition, rare SNPs affecting 
the positions 111, 190, 364, 411, 434, 499, 795, 845 
and 859 have been described although their frequencies 
are unknown. For details on NAT2 SNPs and 
haplotypes, see 
http://louisville.edu/medschool/pharmacology/Human.
NAT2.pdf. Critical gene variants leading to slow 
acetylation capacity contains mutations at positions 
191, 341, 590 or 857. Since some genotypes can be due 
to the presence of different combinations of haplotypes 
leading to ambiguous phenotype prediction, haplotype 
reconstruction is often necessary to clarify ambiguous 
genotype data. 

Implicated in 
Note 
Determination of the NAT2 genotype or phenotype has 
been proposed to predict adverse reactions in patients  
 
 

with tuberculosis receiving isoniazid, prior  
to the concomitant administration of drug combinations 
such as procainamide-phenytoin or doxiciline-rifampin. 
In addition, several human diseases have been related 
to NAT2 polymorphism. There are described below. 

Brain cancer 
Prognosis 
Preliminary findings argue for association of a trend 
towards higher risk in individuals classified as NAT2 
homozygous rapid acetylators in patients with 
astrocytoma or meningioma. 

Lung cancer 
Prognosis 
Several studies based on an initial hypothesis that slow 
acetylation may increase the risk of developing lung 
cancer have been conducted.  
This hypothesis has been reinforced by studies 
indicating that slow acetylation, especially if it is 
associated to defect genotypes for other phase II 
enzymes, may confer increased susceptibility to the 
formation of adducts. Several studies have concluded 
that the NAT2 slow acetylation genotype causes a 
marginally increased risk of developing lung cancer. In 
spite of these findings, present evidence suggests that 
the NAT2 polymorphism alone does not constitute a 
relevant risk factor for lung cancer. However this 
polymorphism may reinforce the effect of other genetic 
and/or environmental factors. 

Liver cancer 
Prognosis 
A role for xenobiotic-metabolising enzymes in liver 
carcinogenesis is to be expected among patients with 
environmentally-related liver cancer since, besides viral 
hepatitis, liver cancer may be related to environmental 
substances. The findings obtained in patients with 
primary liver cancer not related to viral hepatitis are 
consistent and indicate a minor, but relevant, 
association of the slow NAT2 acetylation status and 
predisposition to liver cancer. 
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Colorectal cancer 
Prognosis 
The hypothesis that acetylator status may predispose to 
a determined cancer risk is based on a differential 
effect of N-acetylation as a potential detoxification step 
and O-acetylation as a potential carcinogen-activation 
step. In the case of colorectal cancer it was 
hypothesized that O-acetylation is more relevant that 
N-acetylation, and therefore the rapid acetylation 
genotype is the putative risk status associated with 
colorectal cancer. Sufficient evidence is available to 
rule out a relevant association of NAT genotypes alone 
with colorectal cancer risk. However, the putative 
interaction of meat consumption and the NAT2 
genotype deserves particular attention. 

Bladder cancer 
Prognosis 
Despite the large number of studies and meta-analyses 
performed in several human populations, current 
evidence is not sufficient to confirm unambiguously an 
association of NAT2 polymorphism to overall bladder 
cancer risk. A general association of the slow 
acetylation status with bladder cancer risk has not been 
fully confirmed, although meta-analyses have obtained 
positive findings for a modest association of the slow 
NAT2 acetylation genotype with bladder cancer risk, 
with odds ratio values between 1.3 and 1.5. 
Furthermore, the biological basis for the putative 
association is uncertain. In diverse independent studies, 
mutagenicity in urine was tested in individuals exposed 
to urban pollution, smoking, red meat intake or textile 
dyes. In all cases, no higher mutagenicity in slow 
NAT2 acetylators could be established when compared 
to these or rapid acetylators, and in fact among 
individuals exposed to urban pollution, rapid 
acetylators showed a higher mutagenicity in urine than 
slow acetylators. In a study investigating the influence 
of NAT genotypes in the association between 
permanent hair dyes and bladder cancer, a significant 
association of the slow NAT2 acetylation genotype was 
identified. However these findings could not be 
replicated in other studies. 

Breast cancer 
Prognosis 
After dozens of studies involving several thousands of  

breast cancer patients, as well as meta-analyses, today 
it is obvious that no major association of NAT2 
polymorphism and breast cancer risk exists. 

Head and neck cancer 
Prognosis 
Since chemical compounds present in tobacco are 
inactivated by phase II enzymes, it has been proposed 
that head and neck cancer risk could be modified by 
NAT genotypes. However, overall findings indicate 
that no relevant association between NAT2 
polymorphism and head and neck cancer risk is to be 
expected. 

Other diseases 
Disease 
Although a relation of risk may be definitely discarded 
for systemic lupus erythematosus (SLE), inflammatory 
bowel disease and endometriosis, more research is 
needed for rheumatoid arthritis, Parkinson's, 
Alzheimer's, Behçet's and periodontal diseases, as 
current results are inconclusive but suggest a possible 
relation with NAT2 polymorphism. In diabetes mellitus 
the possible relation with the rapid phenotype may be 
due to acquired metabolic changes and more 
genotyping studies are needed. NAT2 slow 
metabolizers are more prone to the side effects of 
polymorphically acetylated drugs, as is the SLE-like 
syndrome induced by hydralazine and procainamide, 
the side effects due to sulphasalazine and the skin rash 
secondary to many sulphonamides. 

To be noted 
Note 
Large interethnic and intraethnic variability exists in 
the frequency for common SNPs at the NAT2 gene. 
Future association studies should take into 
consideration such differences and ambiguous NAT2 
genotypes. 
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Identity 
Other names: OBCAM; OPCM 

HGNC (Hugo): OPCML 

Location: 11q25 

Note: OPCML belongs to the IgLON family of 
immunoglobulin domain containing 
glycosylphosphatidylinositol (GPI)-anchored cell 
adhesion molecules, which includes OPCML, LSAMP, 
NEGR1 and HNT. The protein is localized in the 
plasma membrane and may have an accessory role in 
opioid receptor function. 

DNA/RNA 
Note 
OPCML comprises 7 exons, spans approximately 600 
kb and is transcribed from telomere to centromere. 
Sequence analysis of the OPCML promoter revealed a 
GC-rich region spanning 900 bp approximate 500 bp 
upstream of the translational start site. 

Protein 
Description 
OPCML consisted of one half beta-sheets and one 
fourth alpha-helices. Hydropathy analysis suggested 
that hydrophobic and hydrophilic regions were evenly 
distributed along the sequence, but the NH2- and 
COOH-termini were hydrophobic. Hydrophobic 
moments and Fourier-transform amphipathic analyses 
further suggest that residues 23-30 and 83-93 were 
amphipathic beta-sheets. Structural elements include 
three, with the first and  
third being full C2 domains and the middle domain  

being a truncated C2 domain, and a GPI anchor. 
Protein is extensively glycosylated with six potential 
N-linked sites. 

Expression 
OPCML is highly expressed in the nervous system and 
involved in cell adhesion and cell-cell recognition. 
During the first postnatal week, protein is prominent 
within cerebral cortex, developing hippocampus, 
pyriform cortex, and the mitral cell layer of the 
olfactory bulb. At later ages, OPCML is expressed 
prominently within all regions of Ammon's horn and in 
the mitral cell layer of the olfactory bulb and the 
pyriform cortex. OPCML is localized preferentially to 
dendrites compared with somata and terminals of 
hypothalamic vasopressin-secreting magnocellular 
neurons. This localization indicates that protein is one 
of the dendrite-associated cell adhesion molecules. It is 
synthesized within the somata, attached to vasopressin 
neurosecretory granules via the 
glycosylphosphatidylinositol anchor, and transported to 
the dendrites. Moreover, the subcellular localization of 
OPCML is changed in an activity-dependent manner. 
Recently published data suggested that OPCML-v1 was 
widely expressed in all normal adult and fetal tissues 
except for placenta and peripheral blood mononuclear 
cells, though at varying levels (highly expressed in 
brain, kidney, spleen, stomach, trachea, testis, cervix, 
ovary and prostate, and weakly in lung, breast, and 
bone marrow). Compared to v1, OPCML-v2 displayed 
a more tissue-specific expression pattern in adult 
tissues, with expression absent or barely detectable in 
kidney, spleen, pancreas, breast, testis, lung, colon, 
liver, testis and bone marrow. In contrast to its 
expression in adult tissues, OPCML-v2 was expressed 
at moderate to high levels in all fetal tissues except for 
placenta. 
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Function 
OPCML was originally isolated as a potential micro-
type opiate receptor. Subsequent studies have shown 
that the physiologic opiate receptors belong to the G-
protein-coupled receptor family, however, they do not 
promote direct binding of opioids when transfected into 
heterologous cells. IgLONs have been suggested to 
play an important role in cell adhesion and cell-cell 
recognition, through both homo- and heterophilic 
interactions within the family. Recently, it has been 
proposed that IgLONs function mainly as heterodimers 
called Diglons. OPCML may contribute to the diversity 
at the surface of different populations of neurons during 
development. Some latest evidences also suggest that 
OPCML is a synaptic cell adhesion molecule 
concerning synaptogenesis and its surface localization 
is dynamically regulated in response to neuronal 
activity. Recently, it has been shown that IgLONs are 
expressed outside the nervous system, and OPCML 
might act as a tumor suppressor. As a cell adhesion 
molecule, OPCML comprises several protein-protein 
interaction domains, commonly found in cell surface- 
adhesion and receptor molecules. Through these 
domains, OPCML may bind directly to growth 
promoting or inhibitory molecules and modulate their 
functions in tumor cells.  
New findings suggested that OPCML is an excellent 
candidate for tumor suppressor gene (TSG). OPCML is 
frequently somatically inactivated in cancer by allele 
loss and by CpG island methylation. OPCML has 
functional characteristics consistent with TSG 
properties both in vitro and in vivo. It has been found 
existence somatic missense mutation in individual with 
epithelial ovarian cancer and it shows clear evidence of 
loss of function. Another data showed that OPCML 
gene promoter methylation may play an important role 
in the carcinogenesis of cervical and lung carcinoma. 
OPCML probably functions as a tumor suppressor 
through interacting with other IgLONs to form 
heterodimeric complex involved in signal transduction. 
Among the IgLON family, OPCML was the first 
member reported to possess tumor suppressor functions 
in epithelial ovarian cancer, being frequently silenced 
genetically and epigenetically at the early step of 
ovarian carcinogenesis. This inactivation is due to its 
promoter methylation, which further impairs its 
response to environmental stresses. Loss of OPCML 
reduces the intercellular adhesion and heterodimeric 
complex formation and thus impairs the corresponding 
signaling pathways, thereby promoting the progress of 
carcinogenesis. Latest evidences of Cui et al (2008) 
suggested that OPCML is frequently inactivated 
epigenetically in multiple tumor cell line including 
nasopharyngeal, esophageal, lung, gastric, 
hepatocellular, colorectal, breast, cervical and prostate 
carcinomas. Authors showed that OPCML is a stress-
responsive and p53-regulated gene, with the response 
abrogated when the promoter becomes methylated. 

Ectopic expression of OPCML in tumor cell lines with 
endogenous silencing led to strong inhibition of cell 
colony formation, dramatic anchorage-dependent and - 
independent growth inhibition demonstrating that 
OPCML acts as a broad tumor suppressor. The role of 
OPCML in DNA damage repair, apoptosis and cell 
cycle arrest with respect to stress response remains to 
be further investigated. 

Homology 
Two alternative splice transcripts of OPCML, variant 1 
(v1) and variant 2 (v2), were previously identified in 
human, which differ only in their 59 exons but encode 
an identical mature protein. Among the four IgLON 
family members, OPCML shares the highest homology 
to HNT that lies approximately 80 kb centromeric to 
OPCML in the opposite orientation. Notably, the 
coding region in exon 1 of OPCML-v1 and HNT is 
identical, and so is the exon 2 except for only several 
bases. The first Ig domains of these two proteins share 
92% identity, while the second and third Ig domains 
share 70% and 66% identity, respectively. This raises 
the possibility that OPCML and HNT may originate 
from the same antecestor by gene conversion during 
evolution. 

Implicated in 
Epithelial ovarian cancer (EOC) 
Oncogenesis 
OPCML is frequently somatically inactivated in EOC 
by allele loss and by CpG island methylation (Sellar et 
al., 2003). 
Hypermethylation of OPCML was not correlated to 
FIGO stage, however, in 80% of cases with methylated 
OPCML early clinical stage was also present. Tumor 
grading and histological type had no significant 
influence on the presence of hypermethylation of 
OPCML gene. In a group of OPCMLmRNA-negative 
tumors there were 75% of cases with hypermethylated 
exon of OPCML and the correlation between these 
variables was statistically significant. No promoter 
hypermethylation of the studied gene was found in 
normal ovaries (Czekierdowski et al., 2006). 
Methylation-sensitive PCR analysis showed that the 
OPCML promoter was hypermethylated in RAS-
transformed human ovarian epithelial cells (T29H) and 
that treatment with the DNA methyltransferase 
inhibitor 5'-aza-2'-deoxycytidine promoted 
demethylation of the OPCML promoter and restored 
OPCML expression in T29H cells. Suppression of 
oncogenic RAS activity by stable siRNA specific for 
HRAS(V12) led to the demethylation and re-expression 
of OPCML in T29H cells, demonstrating that 
oncogenic RAS activity is directly responsible for the 
observed OPCML promoter hypermethylation and 
epigenetic gene silencing of OPCML. RAS signaling 
pathway may play an important role in epigenetic 
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inactivation of OPCML in human epithelial ovarian 
cancer (Mei et al., 2006).  
Expression of OPCML mRNA in ovarian epithelial 
carcinoma was significantly lower than those of normal 
and benign tumors. Methylations were detected in 
44.4% of cancer cells promoter, while 0% in normal 
ovarian tissue and benign ovarian tumors. The ratio of 
methylation of ovarian epithelial carcinoma was 
significantly higher than those of normal and benign 
tumors (Zhang et al., 2006).  
The relationship between gene expression and promoter 
methylation was significantly correlated (OPCML 
expression in ovarian serous carcinomas was 
significantly higher than in ovarian adenomas and 
normal tissues. CpG island methylation and LOH are 
probably two mechanisms of OPCML inactivation. 
LOH at D11S4085 was also correlated with loss of 
OPCML expression. The LOH rate at D11S4085 in 
carcinomas was significantly higher than that for 
adenomas and normal tissues. Abnormal methylation of 
OPCML was found in 53.4% of the carcinomas, while 
in none of the adenomas or normal tissues (Chen et al., 
2007). 

Invasive cervical carcinoma 
Oncogenesis 
OPCML gene promoter methylation may play an 
important role in the carcinogenesis of cervical 
carcinoma and OPCML gene may be a cervical 
carcinoma-associated candidate tumor suppressor gene 
(Ye et al., 2008). 

Squamous cell lung carcinoma 
Oncogenesis 
OPCML hypermethylation did not differ significantly 
based on gender, race, age or tumor stage, indicating 
their wide applicability as potential lung 
adenocarcinoma markers (Tsou et al., 2007). 

Gastric cancer 
Oncogenesis 
OPCML could play a key role in the tumorigenesis and 
metastasis of gastric cancer. The expression level of 
this gene was the highest in normal gastric epithelium, 
which was decreased in primary carcinoma, and further 
decreased in metastatic lymph nodes (Wang et al., 
2007). 

Hepatocellular carcinoma 
Oncogenesis 
Hypermethylation rates of OPCML was higher in HCC 
than in pericancer tissues (70.0% vs. 64.6%). Promoter 
methylation of OPCML gene may play an important 
role in hepatocarcinogenesis (Liu et al., 2006). 

Gliomas 
Oncogenesis 
OPCML was significantly reduced or absent in 83% of  
brain tumours and all cell lines compared with  

nonneoplastic whole brain. Two OPCML splice 
variants have been identified in humans, termed alpha1 
and alpha2, but the latter has not been demonstrated in 
human neural tissues. Hypermethylation of the alpha1 
OPCML promoter, associated did not correlate with 
expression levels in the subset of brain tumours tested, 
implying transcription of OPCML from an alternative 
promoter or a different mechanism of down-regulation 
(Reed et al., 2007). 

Phaeochromocytoma 
Oncogenesis 
OPCML was methylated in 12% of 
phaeochromocytomas (Margetts et al., 2008). 
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Identity 
Other names: PRO232 

HGNC (Hugo): PSCA 

Location: 8q24.3 

DNA/RNA 
Description 
The PSCA gene was originally identified by Reiter el 
al. (1998) through an analysis of genes up-regulated in 
the human prostate cancer LAPC-4 xenograft model. 
The PSCA gene is located on chromosome 8q24.2. 

Transcription 
In normal human tissues, PSCA mRNA expression is 
found in the prostate, with lower expression in placenta 
and very low expression in kidney and small intestine 
(Reiter et al., 1998; Cunha et al., 2006). Within normal 
human prostate sections, in situ hybridizations by 
Reiter el al. (1998) demonstrated PSCA mRNA 
expression in the subjacent basal cells, while Ross et al. 
(2002) demonstrated PSCA mRNA expression in the 
secretory luminal cells. These contrasting results may 
be due to sampling error from relatively small biopsies, 
since PSCA protein expression was seen in both cell 
types (see below). 

Protein 
Description 
The PSCA gene encodes a 123 amino acid cell surface 
protein with a molecular weight of 10-24  
kDa (Reiter et al., 1998). Inaccurately named for its 
30% homology to stem cell antigen type 2 (SCA-2), an 
immature lymphocyte cell surface marker, PSCA is 

neither a marker for a stem cell population nor is it 
exclusively expressed in the prostate. Like SCA-2 
however, PSCA is a member of the Thy-1/Ly-6 family 
of glycosylphosphatidylinositol (GPI) anchored surface 
proteins. 

Expression 
In the human prostate, PSCA protein expression is 
found in both the basal and secretory epithelial cell 
layers, along with the neuroendocrine cells. 
Additionally, PSCA protein expression was 
demonstrated in the placenta, the bladder, the 
neuroendocrine cells of the stomach and colon, and 
weakly in the kidneys excluding the glomeruli (Gu et 
al., 2000). 

Localisation 
PSCA is localized to the cell surface, anchored by a 
GPI linkage. 

Function 
Although the function of PSCA is currently unknown, 
PSCA homologues give some insight into possible 
functions. It has been previously shown that proteins in 
the Thy-1 family have been reported to function in T 
cell activation (Presky et al., 1990) and proliferation, 
stem cell survival, and cytokine and growth factor 
response (Rege et al., 2006), while the family of Ly-6 
genes has been associated with carcinogenesis (Treister 
et al., 1998; Witz et al., 2000), cellular activation 
(Malek et al., 1986) and cell adhesion of tumor cells 
(Eshel et al., 2000). PSCA does not seem to be critical 
for normal development or urogenital function since a 
PSCA knockout mouse created by Moore et al. (2008) 
was viable, grew to adulthood and had normal litters. 
Additionally, these PSCA knockout mice did not have 
an increased incidence of carcinogenesis. 
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Homology 
A murine PSCA (mPSCA) homologue was also 
identified by Reiter et al. (1998) and it is located on 
chromosome 15. mPSCA has 70% homology to human 
PSCA at the nucleotide and amino acid levels. 

Mutations 
Note 
While no mutation is known for PSCA, a recent study 
by the Study Group of Millennium Genome Project for 
Cancer (2008) found a significant association between 
two Single Nucleotide Polymorphisms (SNPs) in the 
PSCA gene and diffuse-type gastric cancer. 

Implicated in 
Prostate cancer 
Note 
In human prostate cancer, PSCA over-expression is 
present in primary human prostate tumors and residual 
tumors removed after androgen ablation therapy (Reiter 
et al., 1998; Gu et al., 2000). There is a significant 
correlation between PSCA expression and seminal 
vesicle invasion, capsular involvement (Han et al., 
2004), Gleason score, tumor stage and progression to 
androgen-independence (Gu et al., 2000). PSCA 
expression also correlates with metastasis, with a 
higher percentage of metastatic tumors expressing 
PSCA compared to non-metastatic tumors (Ross et al., 
2002). In particular, bone marrow metastases show 
relatively higher intensity of PSCA expression 
compared to lymph node and liver metastases (Gu et 
al., 2000; Lam et al., 2005). 

Prognosis 
PSCA has been tested as a prostate cancer biomarker, 
with limited but interesting results. One study by Hara 
et al. (2002) screened for the presence of PSCA mRNA 
in a milliliter of patient blood via reverse transcription-
polymerase chain reaction (RT-PCR) but found only 
13.8% of prostate cancer cases positive for PSCA 
mRNA. However, this study also found that stage IV, 
PSCA mRNA positive patients correlated with a lower 
disease-free survival compared to stage IV, PSCA 
mRNA negative patients. In a separate study by 
Zhigang et al. (2008), 23.7% of men with benign 
prostatic hyperplasia (BPH) treated with transurethral 
resection of the prostate (TURP) who were positive for 
PSCA mRNA expression went on to develop prostate 
cancer versus only 1.0% of patients who were negative. 

Oncogenesis 
PSCA's role in prostate carcinogenesis remains 
unknown. The location of the PSCA gene at 8q24.2 has 
some interesting correlations however. Chromosome 8q 
is commonly amplified in metastatic and recurrent 
prostate carcinoma, and this amplification is associated 
with a poor prognosis (Visakorpi et al., 1995; Sato et 
al., 1999). Additionally, PSCA expression may be a 

marker for MYC amplification, a common mutation in 
prostate cancer, since both genes are located close to 
one another (Qian et al., 1995; Jenkins et al., 1997; 
Jalkut et al., 2002). 

Additional cancers 
Note 
In addition to the identification of PSCA as a prostate 
tumor associated protein, several other tumors have 
shown associations with PSCA expression including 
pancreatic adenocarcinoma (Argani et al., 2001; 
Iacobuzio-Donahue et al., 2002; Wente et al., 2005), 
transitional cell carcinoma (Amara et al., 2001; 
Elsamman et al., 2006), renal cell carcinoma 
(Elsamman et al., 2006) and diffuse-type gastric cancer 
(The Study Group of Millennium Genome Project for 
Cancer, 2008). 

To be noted 
Note 
The current role of PSCA as a diagnostic, prognostic 
and therapeutic tool was recently reviewed by our 
laboratory (Raff et al., 2008). While the use of PSCA 
as a target in the treatment of human prostate cancer is 
not covered here, it represents an ideal choice for 
immunotherapy due to its overexpression in prostate 
tumors and limited expression in normal tissues. For 
example, our laboratory recently demonstrated that 
PSCA vaccination of TRAMP mice that spontaneously 
generate prostate cancer conferred a 90% survival rate 
at 12 months of age in contrast to control mice which 
had all succumbed to prostate cancer or had heavy 
tumor loads (Garcia-Hernandez et al., 2008). 
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Identity 
Other names: MGC104802; TMSA 

HGNC (Hugo): PTMA 

Location: 2q37.1 

Note: Initially, the rat PTMA was isolated from fresh 
rat thymus, which contains the thymosin-alpha-1 
sequence at its NH2 terminus (Haritos et al., 1984). A 
cDNA library from human spleen mRNA was 
constructed and screened for clones containing cDNAs 
coding for human PTMA (Goodall et al., 1986). A 
cDNA clones for human PTMA was also identified in 
cDNA libraries from staphylococcal endotoxin A-
stimulated normal human lymphocytes (Eschenfeldt et 
al., 1986). Szabo et al. isolated a genomic clone 
encoding human PTMA with the 5'-regulatory region 
(Szabo et al., 1993). They used this 5'-flanking cloned 
probe, and then confirmed that human genomic PTMA 
gene was localized to chromosome 2. 

DNA/RNA 
Description 
The human PTMA cDNA sequence has an open 
reading frame that was more than 90% identical to the 
rat PTMA gene, with significant homology extending 
into the 5' and 3' flanking regions (Frangou-Lazaridis et 
al., 1988).  
NM_001099285.1, NP_001092755.1 prothymosin, 
alpha isoform 1; NM_002823.4, NP_002814.3 
prothymosin, alpha isoform 2: Two named isoforms 
[FASTA] produced by alternative splicing. 
 

Pseudogene 
The six members of the human PTMA gene family 
have been cloned and sequenced. One gene (PTMA) 
was functional, and the remaining five genes are 
processed pseudogenes (Manrow et al., 1992). 

Protein 
Description 
PTMA is a small, 12.4 kDa protein. It is a 109-111 
amino acid long polypeptide as the precursor of 
thymosin alpha-1. The encoded human PTMA protein 
is a highly acidic (54 residues out of 111) and shared 
over 90% sequence homology with rat PTMA. The 
primary structure of PTMA is highly conserved and 
shows a number of important features. The first 28 
amino acids of its sequence correspond to those of 
thymosin-alpha-1. It has a central acidic region 
(residues 41-85) comprising of glutamic and aspartic 
residues. Neither type of secondary structure has been 
detected. Thymosin-alpha-1 appeared at positions 2-29 
of the PTMA. 

Localisation 
Subcellular location:  
Nucleus: Normally, PTMA protein can be seen in 
nuclei of normal cells in various mammalian tissues 
(Haritos et al., 1984; Clinton et al., 1991; Palvimo et 
al., 1990; Manrow et al., 1991; Watts et al., 1989). 
PTMA is an abundant mammalian acid nuclear protein. 
Most intracellular PTMA protein appears in the 
nucleus, which may correlated with increased 
proliferation as measured by expression  
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of Ki67 nuclear antigen. 
Cytoplasm: PTMA protein is also detected in the 
cytoplasm. PTMA transports between the nucleus and 
neighbouring cytoplasm. PTMA is a cytosol protein 
with functions such as anti-apoptosis (Jiang et al., 
2003). 

Function 
Summary 
PTMA has been shown to serve essential biological 
functions. However, its exact physiologic roles remain 
to be elucidated. In general, PTMA is associated with 
cellular proliferation and carcinogenesis (Eschenfeldt et 
al., 1986), cellular and viral transcription (Cotter et al., 
2000), protection against apoptosis and chromatin 
remodelling (Karetsou et al., 1998).  
PTMA may have a dual role both intracellulary and 
extracellulary.  
The intracellular roles of PTMA are 1) cell 
proliferation / differentiation, 2) chromatin 
remodelling, 3) antiapoptotic activity through inhibition 
of apoptosome formation, and so on.  
The extracellular roles of PTMA are 1) 
immunoenhancing activity by stimulating immune 
responses, and so forth.  
Intracellularly, PTMA acts both in the nucleus 
(Manrow et al., 1991) and in the cytoplasm. Both 
nuclear and cytoplasmic PTMA play central roles in 
cellular functions due to its subcellular localization.  
In the nucleus, PTMA affects the activity of several 
gene transcriptions. It plays an important role in 
transcription regulation. PTMA promote transcriptional 
activity of the estrogen receptor (ER) by sequestering a 
repressor of ER from the ER complex (Martini et al., 
2000). PTMA binds to histone H1 known as a major 
regulator of chromatin structure (Díaz-Jullien et al., 
1996) and cooperates in nucleosome assembly relating 
to chromatin remodelling (Gomez-Marquez et al., 
1998). The effect of PTMA on chromatin remodelling 
is mediated, at least partially, through histone 
acetyltransferases.  
In the cytoplasm, PTMA is involved in protection 
against apoptosis. It negatively regulates proapoptotic 
pathways (Jiang et al., 2003). PTMA has a significant 
antiapoptotic role in the cytoplasm by directly 
inhibiting the apoptosome, a complex in the execution 
of apoptosis. PTMA inhibits caspase 9 activation by 
blocking apoptosome formation.  
Extracellularly, PTMA induces T cell maturation, 
differentiation and in vitro proliferation in response to 
soluble and cellular antigens (Baxevanis et al., 1990). 
PTMA demonstrated to present distinct 
immunoenhancing activity, stimulating immune 
responses in vitro and in vivo. 
Cell proliferation / differentiation 
Many previous reports clearly show that PTMA 
participates in developmental processes like cell 
proliferation and/or differentiation (Dosil et al., 1990). 
PTMA is required for cell division, growth, and 

survival (Piñeiro et al., 2000). It is also up-regulated in 
proliferating, transcriptionally active cells. PTMA gene 
level is elevated in normal proliferating tissue, but 
repressed in quiescent cells.  
PTMA is correlated with increased proliferation as 
measured by expression of Ki67 nuclear antigen 
(Bianco et al., 2002) and proliferating cell nuclear 
antigen (PCNA) (Roson et al., 1993). PTMA is 
established as a proliferation marker.  
Chromatin remodelling 
PTMA interacts with histones and affects chromatin 
remodelling processes. PTMA binds to histone H1 
known as a major regulator of chromatin structure 
(Díaz-Jullien et al., 1996) and cooperates in 
nucleosome assembly relating to chromatin 
remodelling (Gomez-Marquez et al., 1998). PTMA is 
involved in transcriptional regulation of histone 
acetylation. The effect of PTMA on chromatin 
remodelling is mediated, at least partially, through 
histone acetyltransferases.  
Structurally, the interaction between PTMA and 
histones can be explained by the presence of its highly 
acidic domain (aspartate/glutamate between residues 41 
and 85). The first 28 amino acids in the PTMA 
sequence can also bind core histones with high affinity 
in vitro.  
Anti-apoptosis / Negative regulation of caspase activity 
The antiapoptotic activity of PTMA occurs through 
inhibition of apoptosome formation. PTMA negatively 
regulated caspase-9 activation by inhibiting 
apoptosome formation (Jiang et al., 2003). Elimination 
of PTMA expression by RNA interference sensitized 
cells to ultraviolet irradiation-induced apoptosis.  
Immunoregulatory role of PTMA 
PTMA has been reported to exert in vitro 
immunomodulatory effects on autoimmune diseases. 
PTMA demonstrated to present distinct 
immunoenhancing activity, stimulating immune 
responses in vitro and in vivo.  
PTMA induces T cell maturation, differentiation and in 
vitro proliferation in response to soluble and cellular 
antigens (Baxevanis et al., 1990). PTMA upregulates 
MHC class II gene expression in various cell types, 
including tumor cell lines (Baxevanis et al., 1992). 
PTMA may also mediate immune function by 
conferring resistance to certain opportunistic infections.  
Radiation resistance 
Recently, the association between PTMA expression 
and radiation resistance has been reported (Ojima et al., 
2007). PTMA was significantly up-regulated in 
radioresistant human colon cancer cell lines. Among 
rectal cancer patients who treated with preoperative 
chemoradiotherapy, PTMA expression was 
significantly higher in non-responders who didn't 
histologically respond to chemoradiotharapy.  
These lines of evidence indicate that PTMA may be a 
novel marker for predicting radiotherapy response.  
Regulation 
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E2F (Vareli et al., 1996) and c-myc (Eilers et al., 1991) 
are important transcription factors that positively 
regulate the PTMA gene promoter. 
E2F is one of the important transcription factors known 
to regulate cell cycle and cell proliferation (Vareli et 
al., 1996). E2F can activate the PTMA promoter and 
induces PTMA.  
C-myc is one of significant proto-oncogenes 
implicating in normal proliferation and cell 
transformation. The transcriptional activation of c-myc 
leads to an increase in the level of transcription of 
PTMA. PTMA is a transcriptional target of c-myc. C-
myc directly regulates the expression of PTMA gene by 
binding to the E-box of its promoter (Gaubatz et al., 
1994). PTMA mRNA levels vary with c-myc 
expression during tissue proliferation, viral infection, 
and heat shock (Vareli et al., 1995). PTMA is 
considered as a downstream effector of the c-myc 
signalling pathway.  
Oncogenic properties 
PTMA has a capability of transforming rodent 
fibroblast cells like in a manner similar to Ras (Orre et 
al., 2001). PTMA is capable of inducing significant 
feature of transformed cells. Increased PTMA 
expression accelerates cellular proliferation. Because of 
its proliferative activity and overexpression in human 
cancers, PTMA may function as a cellular oncogene. 
Overexpression of c-myc, proto-oncogene stimulates 
cell cycle progression, cell proliferation, and induces 
cell transformation. Increased c-myc mRNA leads to an 
increase in PTMA mRNA. PTMA expression 
correlated with c-myc expression in human colon 
(Shiwa et al., 2003; Mori et al., 1993) and 
hepatocellular carcinoma (Wu et al., 1997). In addition, 
PTMA inhibits apoptosis by preventing formation of 
the apoptosose (Jiang et al., 2003). The observation that 
PTMA is a negative regulator of apoptosis indicates 
that it is a transforming oncoprotein and that its 
overexpression is associated with human cancers. 
Although PTMA does not have sequence homology to 
any other known oncogenes such as ras, it is considered 
as a growth-promoting and anti-apoptotic oncoprotein. 

Homology 
PTMA is highly conserved and broadly distributed in 
mammalian tissues. 

Implicated in 
Note 
PTMA has been reported to present in various human 
malignancies. PTMA expression is higher in human 
cancer tissues than in adjacent normal tissues. 
Therefore, it may be considered as an oncoprotein or 
novel tumor marker. In several human cancers, PTMA 
expression has been related to cancer development, 
progression, and survival. 

Breast cancer 
Prognosis 
PTMA expression is higher in breast cancer tissue than 
in normal breast tissue (Tsitsilonis et al., 1998). It 
correlates with proliferation status and metastatic 
potential of breast cancer (Dominguez et al., 1993; 
Magdalena et al., 2000). PTMA levels correlated with 
the number of positive axillary lymph nodes, risk of 
tumor recurrence and survival. PTMA is considered as 
a prognostic factor in breast cancer (Traub et al., 2006). 

Bladder cancer 
Note 
Increased PTMA expression was found in human 
bladder cancers compared with the paired normal 
adjacent bladder tissue (Tsai et al., 2009). 

Lung cancer 
Prognosis 
PTMA mRNA levels in lung cancer tissues were higher 
than those in normal lung tissues. PTMA 
overexpression in lung cancer was correlated with a 
poor prognosis (Sasaki et al., 2001a). 

Gastric cancer 
Note 
PTMA is overexpressed in gastric adenocarcinoma 
(Wang et al., 2007; Leys et al., 2007). 

Thyroid cancer 
Note 
PTMA mRNA levels were found significantly elevated 
in well-differentiated carcinomas in relation to 
adenomas and goitres, an event possibly linked to the 
proliferation activity of thyroid follicular cells (Letsas 
et al., 2007). 

Neuroblastoma 
Prognosis 
PTMA mRNA levels were significantly correlated with 
proto-oncogene, N-myc, which is associated with more 
malignant behavior of neuroblastoma (Sasaki et al., 
2001b). 

Hepatocellular carcinoma 
Note 
PTMA mRNA levels were two- to 9.2-fold higher in 
tumoral tissues than in adjacent non-tumoral tissues in 
14 of 17 patients with HCC (Wu et al., 1997). PTMA 
mRNA levels were significantly correlated with c-myc 
mRNA levels suggesting that such correlation is 
possibly involved in the tumorigenic process. 

Prostate cancer 
Note 
PTMA expression is involved in the differentiation  
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and progression of human prostate cancers (Suzuki et 
al., 2006). 

Colorectal cancers 
Note 
PTMA was overexpressed in human colorectal cancers 
compared with adjacent normal tissues. There was a 
significant correlation between the PTMA expression 
and c-myc expression (Shiwa et al., 2003; Mori et al., 
1993). 
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Identity 
Other names: EC 3.1.3.48; HPTP; HPTP-DELTA; 
HPTPD; MGC119750; MGC119751; MGC119752; 
MGC119753; PTPD; R-PTP-DELTA; R-PTP-delta 

HGNC (Hugo): PTPRD 

Location: 9p23 

DNA/RNA 
Description 
The PTPRD gene is composed of 36 coding sequence 
exons and a 5' UTR spliced together from 11 non-
coding exons. 

Transcription 
There are five known transcript variants for PTPRD.  
Transcript Variant 1 : This variant encodes the longest 
isoform 1 and is 10078 bp in length (Figure A).  
Transcript Variant 2 : This variant lacks two separate 
internal segments within the coding region. It thus 
encodes a protein that lacks a 9 aa, and a 4 aa internal 
fragments, as compared to isoform 1 and is 10039 bp in 
length (Figure C).  
Transcript Variant 3 : This variant lacks an internal 
segment within the coding region. It thus encodes a 
protein that lacks a 9 aa internal fragment, as compared 
to isoform 1 and is 10051 bp in length (Figure D). 
Transcript Variant 4 : This variant lacks an internal 
segment within the coding region. It thus encodes a 
protein that lacks a 411 aa internal fragment, and has 
one amino acid change, as compared to isoform 1 and 
is 8845 bp in length (Figure B). 

Transcript Variant 5 : This variant omits several 
exons, and utilizes an alternate exon, in the coding 
region. The resulting protein (isoform 5) retains the 
same reading frame and has the same N- and C-
terminus as isoform 1. This variant is 8848 bp in length 
(Figure E). 

Pseudogene 
No pseudogenes have been reported. 

Protein 
Description 
Amino acids: 1912.  
Molecular Weight: 214760 Da.  
The PTPRD gene belongs to the receptor class 2A 
subfamily of the protein-tyrosine phosphatases. It 
contains an extracellular region composed of 8 
fibronectin type-III domains and 3 Ig-like C2-type 
(immunoglobulin-like) domains, a single 
transmembrane segment and two tandem 
intracytoplasmic tyrosine-protein phosphatase domains.  
Molecular Class: Receptor Tyrosine Phosphatase. 
Molecular Function: Receptor Signalling Protein 
Tyrosine Phosphatase Activity. 
Biological Process: Cell Communication; Signal 
Transduction. 

Expression 
Brain, Kidney. 
Multiple isoforms are generated by either alternate 
splicing or by alternate transcriptional start sites in  
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Figure A - E: Illustrates the differences between the known PTPRD isoforms, as described in the text. 

 
a tissue specific manner. The predominant isoform in 
brain has an extended 711 base pair 5' UTR (L 
isoform), while the isoform (S) expressed in kidney 
lacks the extended 5' UTR. In addition, the brain 
isoform is characterized by the absence of exons 14 to 
18 corresponding to amino acid residues 568 to 978 of 
the 4th through 7th fibronectin III-like domain and by 
the insertion of a 12 base pair mini-exon sequence 
between exons 23 and 24 (Nair et al., 2008). 
The full length PTPRD isoform has an extracellular 
region containing three Ig-like and eight FN-III like 
domains connected via a transmembrane peptide to an 
intracellular region with two PTPase domains (A), 
whereas another isoform lacks four of the eight FN-III 
like domains (B). Furthermore, other PTPRD isoforms 
exist that lack 9 AA within the second Ig-like domain 
and 4 AA at the junction of the 2nd and 3rd Ig-like 
domains (C) or 9 AAs within the 5th FN-III like domain 
(D). The fifth isoform lacks four of the eight FN-III 
like domains and has mutation in the second Ig-like 
domain (E). RT-PCR analysis demonstrated that 
PTPRD isoforms lacking these short peptides are 
expressed in kidney, whereas isoforms containing these 
peptides are expressed in the brain (Pulido et al., 1995). 

Localisation 
Membrane; Single-pass type I membrane protein. 

Function 
A cleavage occurs, separating the extracellular domain 
from the transmembrane segment. This  

process called 'ectodomain shedding' is thought to be 
involved in receptor desensitization, signal transduction 
and/or membrane localization. Plays key role in 
promoting neurite growth and regulating axon 
guidance. 

Homology 
PTPRD shares a PTP domain, involved in 
dephosphorylating phosphorylated tyrosine residues, 
with the other receptor-like protein tyrosine 
phosphatases. The human and mouse PTPRD 
sequences are 93% identical and 95% homologous. 

Implicated in 
Lung adenocarcinoma 
Disease 
Early evidence for the involvement of PTPRD in lung 
adenocarcinoma came from the detection of 
homozygous deletions in both primary tumours and cell 
lines representing both small cell lung carcinoma and 
non-small cell lung carcinoma (Cox et al., 2005; Zhao 
et al., 2005; Sato et al., 2005; Nagayama et al., 2007). 
In addition, somatically acquired PTPRD mutations 
were found in 11 out of 188 lung adenocarcinoma 
samples (Weir et al., 2007). Notably, three of the 
mutations encode predicated inactivating changes in the 
tyrosine phosphatase domain. Screening for somatic 
mutations in 623 candidate genes using 188 primary 
lung adenocarcinoma tissues also revealed sequence 
changes in PTPRD (Ding et al., 2008). 
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Neuroblastoma 
Disease 
High resolution a CGH analysis of neuroblastoma 
(NBL) tumours and cell lines identified homozygous 
and hemizygous intragenic deletions of the PTPRD 
gene, implicating the gene as a candidate tumor 
suppressor gene in this type of cancer (Stallings et al., 
2006). In addition, the 5' UTR of PTPRD, consisting of 
11 noncoding exons, was found to be aberrantly spliced 
in > 50% of NBL primary tumors and cell lines (Nair et 
al., 2008). mRNA levels were determined to be 
significantly reduced in unfavorable tumour subtypes 
relative to more favorable tumor subtypes. 

Squamous cell carcinoma 
Disease 
Both homozygous and hemizygous deletions affecting 
the PTPRD gene have been reported in squamous cell 
carcinoma (Purdie et al., 2007). 

Colorectal carcinoma 
Disease 
PTPRD was found to be somatically mutated in 
colorectal carcinoma with the sequence changes, R28Q, 
L276P, V901A (Sjoblom et al., 2006). 

Glioblastoma multiforme and malignant 
melanoma 
Disease 
A high frequency of deletions in the PTPRD gene were 
detected in glioblastoma multiforme (GBM) tumours 
using Affymetrix 250K single nucleotide 
polymorphism arrays (Solomon et al., 2008). Missense 
and nonsense mutations of PTPRD were also identified 
in a subset of the samples lacking deletions, including 
an inherited mutation with somatic loss of the wild-type 
allele. The same group also identified 10 somatically 
acquired mutations in PTPRD among 7 of 57 
melanoma tumors (12%). Ectopic reconstitution of 
wild-type PTPRD expression in GBM and melanoma 
cell lines harboring deletions or mutations of the 
endogenous PTPRD gene led to growth suppression 
and apoptosis, indicating that this gene functions as a 
tumour suppressor in multiple forms of cancer 
(Solomon et al., 2008). 

Restless leg syndrome (RLS) 
Disease 
Genome-wide association study of RLS identified three 
SNPs within the PTPRD gene in the chromosome 9 
linkage region (RLS3) as nominally significant 
(Winkelmann et al., 2007). PTPRD is identified as the 
fourth genome-wide significant locus for RLS from the 
genome wide association study in 2458 affected 
individuals and 4749 controls from Germany, Austria, 
Czech Republic and Canada (Schormair et al., 2008). 
 

Pediatric asthma 
Disease 
A whole-genome linkage disequilibrium mapping study 
for asthma on 190 allergic and nonallergic asthma 
children in Taiwan revealed that polymorphisms of 
PTPRD are strongly associated with pediatric bronchial 
asthma in the Taiwanese population (Shyur et al., 
2008). 
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Identity 
Other names: EVI16 

HGNC (Hugo): SOX4 

Location: 6p22.3 

DNA/RNA 
Description 
This intronless gene encompasses 4789 base pairs. 

Transcription 
The mRNA transcript is 4789 base pairs. 

Protein 
Description 
The mRNA encodes a 47.3 kDa protein consisting of 
474 amino acids. 

Expression 
SOX4 appears to be fairly ubiquitously expressed at 
low levels in most adult tissues, with high levels found 
mostly in T lymphocytes. Its expression is up-regulated 
in many cancer types relative to benign tissue of origin 
(Rhodes et al., 2004). 

Localisation 
Nucleus. 

Function 
SOX4 is a member of the class I SRY-related HMG-
box family of transcription factors. It has been shown 
to be involved in determination of cell fate and the 
regulation of embryonic development of many organ 
systems including heart (Restivo et al., 2006; Schilham 
et al., 1996), pancreas  

(Lioubinski et al., 2003; Wilson et al., 2005) and brain 
(Cheung et al., 2000; Hong and Saint-Jeannet, 2005). 
SOX4 has been shown to be a transcriptional activator 
in lymphocytes (van de Wetering et al., 1993) and 
facilitates B and T cell differentiation (Schilham et al., 
1996; Schilham et al., 1997). SOX4 gene expression is 
up-regulated in many tumor types, with experimental 
evidence suggesting that this contributes to cellular 
transformation (Liu et al., 2006; Shin et al., 2004), 
control of apoptosis (Liu et al., 2006; Pramoonjago et 
al., 2006; Aaboe et al., 2006; Ahn et al., 2002) and/or a 
metastatic phenotype (Liao et al., 2008; Tavazoie et al., 
2008). 

Homology 
SOX4 is part of a family of Sox transcription factors 
that share significant homology. SOX4 is in the Group 
C Sox homology group that includes SOX11, SOX22 
and SOX24. SOX4 shares the highest degree of 
homology with SOX11 (Bowles et al., 2000). 

Implicated in 
Adenoid cystic carcinoma (ACC) 
Note 
Gene expression profiling using micro arrays has 
shown SOX4 is one of the most up-regulated genes in 
ACC, relative to non-neoplastic tissue of origin 
(Frierson et al., 2002). Immunohistochemistry analysis 
confirms the up-regulation of SOX4 in primary ACC 
tumors compared to normal tissue (Pramoonjago et al., 
2006). 

Disease 
ACC is the second most common malignant salivary 
gland tumor, representing 28% of  
malignant submandibular gland tumors. 
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Bladder cancer 
Note 
Whole genome expression profiling of 166 bladder 
tumors and 27 normal samples showed SOX4 up-
regulated 5 fold in the tumors. When over-expressed in 
the bladder cell line HU609, SOX4 strongly impaired 
cell viability and promoted apoptosis (Aaboe et al., 
2006). 

Prognosis 
A correlation was found between strong SOX4 
expression levels and increased patient survival. 

Breast cancer 
Note 
MicroRNA miR335 has been shown to regulate Sox4 
levels and is frequently found lost in primary tumors of 
breast cancer patients who relapse (Tavazoie et al., 
2008). In experimental model systems, it appears that 
SOX4 is a primary gene product associated with 
metastasis and migration. 

Leukemia 
Note 
SOX4 transcript is found in high levels in B-ALL and 
T-ALL, but not in AML, CML, CLL, Sezary 
syndrome, or T cell prolymphocytic leukemia 
(Mallampati et al., 2008). Retroviral tagging in mouse 
models suggests a functional role for SOX4 in 
hematologic malignancies (Shin et al., 2004; Suzuki et 
al., 2002; Lund et al., 2002). 

Lung cancer 
Note 
SOX4 is upregulated is a significant percentage of lung 
cancers (Bangur et al., 2002; Friedman et al., 2004) and 
antibodies to this protein can be found in the serum of 
lung cancer patients (Friedman et al., 2004). 

Hepatocellular carcinoma 
Note 
Experimental manipulation of SOX4 in hepatocellular 
carcinoma cell line models suggests that SOX4 is pro-
apoptotic in this tumor type (Ahn et al., 2002). 
Paradoxically, another group found that knocking down 
SOX4 expression in a hepatocellular carcinoma cell 
line decreased tumorigenicity (Liao et al., 2008). 

Medulloblastoma 
Note 
SOX4 is significantly overexpressed in 
medulloblastoma compared to normal cerebellum and 
ependymoma (de Bont et al., 2008; Yokota et al., 
2004). 

Prognosis 
A trend was found towards increased survival with 
increased levels of expression of SOX4. 
 

Prostate Cancer 
Note 
SOX4 has been shown to be over-expressed in prostate 
tumor samples by microarray analysis, real-time PCR 
and immunohistochemistry. Additionally, stable 
transfection of Sox4 into non-transformed prostate cells 
form colonies in soft agar, suggesting SOX4 can be a 
transforming oncogene. 
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Identity 
Other names: CD202B; CD202b; EC 2.7.10.1; TIE-2; 
TIE2; VMCM; VMCM1; hTIE2 

HGNC (Hugo): TEK 

Location: 9p21.2 

Note: Tyrosine kinase receptor, member of Tie family. 
Highly conserved sequence across vertebrate species, 
with greatest amino acid homology occurring in the 
kinase domain. Its natural ligands are Angiopoietins: 
ANG1 and ANG2, and the interspecies orthologs Ang3 
(mouse) and ANG4 (human). 

DNA/RNA 
Description 
DNA contains 120887 bp encoding 23 coding exons, in 
plus strand. 

Transcription 
mRNA contains 4619 bp transcribed in centromeric to 
telomeric orientation; 2 other transcripture structures by 
alternative splicing have been predicted. The mRNA 
contains a long (372 bp) 5'-UTR with 5 upstream ORFs 
and 1 IRES that allows the RNA to be translated under 
hypoxic conditions. 

Protein 
Description 
It contains 1124 aa. It belongs to the protein kinase 
superfamily, Tyr protein kinase family, Tie subfamily. 
It contains 3 EGF (epithelial growth factor)-like 
domains, 3 fibronectin type-III domains, 3 Ig-like 
(immunoglobulin-like) domains, 1 intracellular tyrosine 
kinase domain, and a single transmembrane domain. 

 
Schematic representation of TEK gene, coding region and protein. UTR, untranslated region; Ig, immunoglobulin; EGF, epithelial growth 
factor. 
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Expression 
High level of TEK is found in placenta, lung, spleen 
and heart tissues. TEK/Tie2 is expressed by endothelial 
cells. Hematopoietin stem cells, pericytes, monocytes, 
and certain tumor cells are also reported to express 
TEK. 

Localisation 
Cell membrane. 

Function 
It is involved in transmembrane receptor protein 
tyrosine kinase signaling pathway. It may play a role in 
regulation of angiogenesis, vessel remodeling, cell 
survival, cell migration, cell-to-matrix and cell-to-cell 
adhesion. 

Homology 
H. sapiens: TEK; P. troglodytes: TEK; M. musculus: 
Tek; D. rerio: Tie2; R. novergicus: Tek. 

Mutations 
Germinal 
Heterozygous TEK substitutions: R849W (10 of 17 
families with hereditary mucocutaneous venous 
malformation, VMCM), Y897S, Y897C, R915H, 
R918C, V1919L, A925C, K1100N. These mutations 
result in in vitro ligand-independent 
hyperphosphorylation. 

Somatic 
Identified in patients (28 of 57 individuals) with 
sporadic venous malformations: the most frequent are: 
1) Del-Tie2 mutant, consists in an in-frame deletion of 
129 bp, corresponding to a loss of exon 3 and part of 
exon 4 (amino acids 122-165 of extracellular Ig-like 
ligand-binding domain, 43 aa deletion in Ig-like 
domain);  
2) L914F. 
In patients with human intramuscular haemangioma 
Tie2 mutations the following mutations have been 
described: G833D, Q837H. 

Implicated in 
Cancer: acute myeloid leukemia and 
chronic myelogenous leukemia, and 
solid tumors, such as malignant 
gliomas, breast cancer, thyroid cancer, 
gastric cancer 
Note 
Present in both the vasculature and cancer cells of 
several solid tumors. 

Disease 
Overexpressed in the vasculature of several tumors, as 
breast cancer, non-small cell lung cancer, 

hepatocellular carcinoma, prostate cancer, Kaposi's 
sarcoma, and astrocytoma. 
Overexpressed in the cancer cells -outside of the 
vascular compartment- in Acute and Chronic Myeloid 
Leukemia, and solid tumors, such as Malignant 
Astrocytomas, Breast Cancer, Thyroid Cancer, Gastric 
Cancer. 

Prognosis 
Correlation of TEK/Tie2 expression and malignancy in 
Gliomas. 
High Ang2 mRNA expression in peripheral blasts 
might be an independent favorable prognostic factor for 
overall survival in AML. 

Sporadic and inherited forms of 
mucocutaneous venous malformations 
(VMCM) and intramuscular 
haemangioma 
Disease 
Venous malformations are vascular masses composed 
of dilated channels lined by endothelial cells, with a 
reduced coverage by pericytes, leading to functionally 
low resistance vessels. 
See Mutation section for description of TEK/Tie2 
mutations related with these diseases. Some of these 
mutations affect TEK/Tie2 activity and/or response to 
ligand. 

Prognosis 
Not determined. 

Wide range of diseases with a vascular 
and/or inflammatory component, such 
as psoriasis, pulmonary hypertension 
Disease 
Psoriatic lesions are characterized by elongation and 
dilatation of papillary dermis. Tie2 transgenic mice 
showed epidermal hyperproliferation, inflammatory 
cell accumulation, and altered dermal angiogenesis, 
mimicking the phenotype present in human psoriasis. 
Pulmonary hypertension is characterized by high 
pulmonary arterial pressure. Increased levels of 
activated TEK/Tie2 and ANG1 have been reported. 

Prognosis 
Not determined. 

Cytogenetics 
Not determined. 
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Clinics and pathology 
Disease 
Myeloid malignancies. 

Epidemiology 
Two cases available, a 62 year-old male patient with 
refractory anaemia with excess of blasts (RAEB), and a 
patient with a treatment related myelodysplastic 
syndrome (t-MDS) evolving towards acute myeloid 
leukaemia (AML). 

Prognosis 
The patient with RAEB died 1 month after diagnosis. 

Cytogenetics 
Additional anomalies 
The patient with RAEB also had a del(7q) and a 
del(20q). 

Genes involved and proteins 
Note 
The genes involved in this chromosome rearrangement 
are unknown. 
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Clinics and pathology 
Disease 
Acute myeloid leukaemia (AML) 

Phenotype/cell stem origin 
Myeloid leukaemias (Paietta et al., 1988; Scheurlen et 
al., 1999), if we exclude a case of lymphoplasmacytoid 
lymphoma (Offit el al., 1995). The translocation is 
found in M1-AML and M2-AML, with erythroid 
hyperplasia in the bone marrow and the presence of 
binucleated and trinucleated red cells in at least 3 of 4 
cases (Paietta et al., 1988). 

Epidemiology 
Four cases available, 2 male and 2 female patients, 
aged 26, 61, 63, and 63. 

Prognosis 
The clinical outcome is poor, with 2 cases not entering 
into remission and dead within 2 months after 
diagnosis, and a third patient with partial remission, 
relapse after 2 months, and death. The fourth patient's 
outcome is unknown. 
 
 
 
 
 
 

Cytogenetics 
Additional anomalies 
Major karyotypic abnormalities (MAKA) in four of  
four cases, with marker chromosomes in all cases, -3 in 
two cases, -5, -7, +8, t(10;11)(p13;q13), i(17q), +18 in 
one case each. 

Genes involved and proteins 
Note 
The genes involved in this translocation are unknown. 
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Clinics and pathology 
Disease 
Chronic myelogenous leukaemia in transformation. 

Epidemiology 
Two cases available, a male patient and a female 
patient aged 50 years, with a 14 months survival 
(Swolin et al., 1983; Mashal et al., 1990). 

Cytogenetics 
Cytogenetics morphological 
In each of the two cases, the t(8;17) accompanied the 
t(9;22)(q34;q11) translocation, or a variant. No other 
anomaly. 
 
 
 

Genes involved and proteins 
Note 
The genes involved in the t(8;17) are unknown. 
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Identity 
Note: Alveolar rhabdomyosarcoma (ARMS) refers to 
one subtype of the rhabdomyosarcoma family of soft 
tissue tumors. These are mesenchymal tumours related 
to the skeletal muscle lineage. 

Classification 
ARMS is one of two subtypes of rhabdomyosarcoma. 
The other major subype is embryonal rhabdosarcoma 
(ERMS). Within the ARMS subtype, there is no further 
histopathologic subtyping of clinical significance. 
Genetic  

subtyping has identified PAX3-FKHR, PAX7-FKHR, 
and fusion-negative subsets of ARMS; the clinical 
significance of these subsets is still being actively 
investigated. 

Clinics and pathology 
Embryonic origin 
ARMS tends to occur within skeletal muscle and is 
postulated to derive from precursor cells within the 
skeletal muscle. Therefore, the embryonic derivation of 
these tumors is presumed to be mesoderm, the same as 
that of skeletal muscle. 

 
Histopathology of alveolar rhabdomyosarcoma  

(hematoxylin-eosin, original magnification: 100X; courtesy of Dr. Linda Ernst). 
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Epidemiology 
ARMS accounts for 20-30% of all RMS tumors. 
Therefore ARMS represents ~1% of all malignancies 
among children and adolescents, and has an annual 
incidence of ~1 per million. Many ARMS tumors occur 
in older children and young adults - this age association 
characterizes the more prevalent PAX3-FKHR-positive 
subset of ARMS. In contrast, PAX7-FKHR-positive 
ARMS as well as fusion-negative tumors tend to occur 
in younger children. 

Clinics 
ARMS often occurs within skeletal muscle of the 
extremities but can also occur in other sites including 
the trunk and head and neck. This tumor often presents 
as a painless mass, but in other cases, may be 
discovered from symptoms produced by compression 
of structures at the primary site. A substantial fraction 
of patients with ARMS (25-30%) will have metastatic 
disease at the time of diagnosis. ARMS most frequently 
spreads to bone marrow, distal nodes, and bone. The 
standard treatment for ARMS is a combination of 
surgery, radiation, and intensive chemotherapy. 

Pathology 
Tumor cells in ARMS are relatively small with scant 
cytoplasm. They have round regular nuclei with a 
monotonous chromatin pattern. The cells form 
aggregates interrupted by fibrovascular septae, and 
within these aggregates, areas of discohesion often 
form, resulting in spaces that resemble alveoli of the 
lung. In some ARMS cases, there are few fibrovascular 
septae, no alveoli-like spaces, and a predominant 
cellular small round cell population; the term "solid 
variant" applies to this situation.  

In addition to general immunohistochemical markers to 
identify RMS, certain markers aid in the identification 
of ARMS. Immunostaining for myogenin and MyoD 
show different patterns between ARMS and ERMS, 
such that most cells within an ARMS tumor stain 
positive whereas fewer cells within an ERMS tumor 
stain positive. In addition, based on microarray studies 
that  
distinguish fusion-postive ARMS from fusion-negative 
ERMS, AP2�  and p-cadherin were found to be specific 
markers for the fusion-positive ARMS subtype. 

Prognosis 
Patients with ARMS tumors have a poorer outcome 
than patients with ERMS tumors. The 4-year failure 
free survival rates for patients with localized and 
metastastic ARMS are 65% and 15%, respectively. 
Other risk factors that influence outcome of ARMS 
include primary site, size of primary tumor, extent of 
local spread, and the presence of nodal and distal 
metastases.  
In an analysis of patients from the IRS-IV study, 
patients with localized PAX3-FKHR and PAX7-
FKHR-positive ARMS had comparable outcomes. In 
contrast, among patients presenting with metastatic 
disease, those with PAX3-FKHR-positive tumors had a 
significantly poorer outcome than those with PAX7-
FKHR-positive tumors (4-year overall survival rate of 
8% compared to 75%, p=0.0015). 

Genetics 
Note 
Most cases of ARMS occur sporadically without an 
apparent genetic predisposition. 
 

 
Examples of 2;13 translocation from ARMS tumors.  G-banding (above) - Courtesy G. Reza Hafez, Eric B.Johnson, and Sara 
Morrison-Delap, Cytogenetics at the Waisman Center ; R- banding (below) - Courtesy Jean-Luc Lai. 
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Diagram of t(2;13)(q35;q14) and t(1;13)(p36;q14) ch romosomal translocations. 

 

Cytogenetics 
Cytogenetics Morphological 
Most ARMS cases contain one of two recurrent 
chromosomal translocations: t(2;13)(q35;q14) or 
t(1;13)(p36;q14).  
Reciprocal balanced translocations are often present for 
the 2;13 translocation. The 1;13 is sometimes  
visible as a balanced translocation, and other times is 
associated with a subsequent amplification event. 
Additional cytogenetic changes in ARMS include: 
- Amplification events involving 12q13-15, 2p24, 
1p36, 13q14, 2q34-qter, 13q31 (as determined by 
comparative genomic hybridization studies). 
- Numerical chromosome gains, such as chromosomes 
2, 12, and 20. 

Genes involved and proteins 
FOXO1 
Location 
13q14 

Protein 
Transcription factor. 

PAX3 
Location 
2q35 

Protein 
Transcription factor. 

PAX7 
Location 
1p36 

Protein 
Transcription factor. 

Result of the chromosomal 
anomaly 
Hybrid Gene 
Description 
The 2;13 and 1;13 translocations rearrange the PAX3 
or PAX7 gene on chromosome 2 or 1 and the FOXO1 
gene on chromosome 13 to generate a PAX3-FOXO1 
or PAX7-FOXO1 fusion gene. 
Among ARMS tumors, ~60% are PAX3-FOXO1-
positive, ~20% are PAX7-FOXO1-positive, and ~20% 
are fusion-negative. 
The PAX7-FKHR fusion is often amplified in tumors 
(70% of PAX7-FKHR-positive cases) whereas the 
PAX3-FKHR gene fusion is much less frequently 
amplified in tumors (5% of PAX3-FKHR-positive 
cases). Gene amplification appears to be one 
mechanism to increase the expression level of the gene 
fusion in ARMS tumor cells. 

Fusion Protein 
Description 
These fusion genes encode fusion transcription factors 
with a PAX3 or PAX7 DNA binding domain and 
FOXO1 transactivation domain. 
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Comparison of wild-type and fusion products associa ted with the 2;13 and 1;13 translocations.  The paired box, octapeptide, 
homeobox and fork head domain are indicated as open boxes, and transcriptional domains (DNA binding domain, DBD; transcriptional 
activiation domain) are shown as solid bars. The vertical dash line indicates the translocation fusion point. 

 
Expression / Localisation 
Nuclear. 

Oncogenesis 
Transcription dysregulation. 
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Identity 
Note: Embryonal rhabdomyosarcoma (ERMS) refers to 
one subtype of the rhabdomyosarcoma family of soft 
tissue tumors. These are mesenchymal tumours related 
to the skeletal muscle lineage. 

Classification 
ERMS is one of two subtypes of rhabdomyosarcoma. 
The other major subtype is alveolar rhabdosarcoma 
(ARMS). Within the ERMS subtype, there are two 
histopathologic variants with superior outcome, 
botryoid and spindle cell. Another proposed histologic 
variant is anaplastic ERMS. There are no genetic 
subtypes of ERMS with clinical significance. 
 

Clinics and pathology 
Embryonic origin 
In many cases, ERMS occurs in regions without 
abundant or in some cases, regions without any 
detectable skeletal muscle. Therefore, the relationship 
of ERMS to skeletal muscle is not clear. However, it is 
postulated that ERMS is derived from mesenchymal 
precursors of mesodermal origin. 

Epidemiology 
ERMS accounts for 70-80% of all RMS tumors, and 
usually occurs in young children (median age of 6.5 
years). ERMS represents ~4% of all malignancies 
among children and adolescents, and has an annual 
incidence of ~4 per million. 

 
Histopathology of ERMS  (hematoxylin-eosin, original magnification: 100X; courtesy of Dr. Linda Ernst). 
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Clinics 
ERMS often occurs in the head and neck region, 
genitourinary tract, and retroperitoneum. This tumor 
often presents as a painless mass, but in other cases, 
may be discovered from symptoms produced by 
compression of structures at the primary site. A small 
fraction of ERMS (10%) will have metastatic disease at 
the time of diagnosis, with the most frequent site of 
metastasis being the lungs. The standard treatment for 
ERMS is a combination of surgery, radiation, and 
intensive chemotherapy. 

Pathology 
The term embryonal RMS was coined to indicate the 
microcopic similarity of the tumor cells to developing 
skeletal myocytes. The tumors cells show variable 
myogenic differentiation, from small round cells to 
larger oblong cells with eosinophilic cytoplasm. In the 
most differentiated cells, there is a "strap-like" 
appearance, occasionally with cross striations and 
multinucleation. From an architectural standpoint, these 
tumors classically have variable cellularity, with 
hypercellular areas alternating with hypocellular areas 
containing a loose myxoid stroma.  
Spindle cell RMS has dense whorls or bundles of 
spindle-shaped cells resembling smooth muscle. These 
tumors often occur in the paratesticular region of 
children and the head and neck region of adults. 
Botryoid RMS usually occurs in the lumen of a hollow 
internal organ, such as the urinary bladder or vagina. 
This form of RMS has the gross appearance of multiple 
polypoid nodules, and the microscopic appearance of a 
dense "cambium layer" of tumor cells under an intact 
epithelial surface. 
Anaplasia is recognized by the presence of large, 
lobated hyperchromatic nuclei and atypical mitoses. 
Anaplastic cells can be found in a focal or diffuse 
distribution. 

Prognosis 
Patients with ERMS tumors have a better outcome than 
patients with ARMS tumors. The 4-year failure free 
survival rates for patients with localized and 
metastastic ARMS are 85% and 35%, respectively.  
Other risk factors that influence outcome of ERMS 
include age, primary site, size of primary tumor, extent 
of local spread, and the presence of nodal and distal 
metastases. Based on these other factors, patients with 
ERMS tumors with limited extent of disease or in a 
favorable site (orbit, superficial head and neck, biliary 
tree, vagina, and paratestis) have a 85-95% probability 
of long-term survival. It should be also noted that 
though metastastic disease is a poor prognostic sign, 
patients with metastatic ERMS under 10 years of age 
have a survival rate of 40-50%, thus far exceeding the 
survival rate for metastatic ARMS. 

Genetics 
Though most cases of ERMS occur sporadically 
without an apparent genetic predisposition, a subset of 
ERMS occurs in association with the several genetic 
syndromes, including: 
Neurofibromatosis type I (NF1) 
Costello syndrome (HRAS) 

Cytogenetics 
Cytogenetics Morphological 
In contrast to the recurrent chromosomal translocations 
found in ARMS, ERMS does not have recurrent 
structural chromosome rearrangements, but rather has 
frequent chromosome gains. The most notable gains in 
ERMS were chromosomes 2, 8, 11, 12, 13, and 20. 
Comparative genomic hybridization studies indicated 
that usual ERMS tumors had a low frequency of 
amplification (6-10%) but anaplastic ERMS tumors had 
a higher frequency of amplification (67%). 

Cytogenetics Molecular 
There is frequently a loss of one of the two parental 
alleles at one or more contiguous chromosomal 11 loci 
in the tumor cells. The smallest chromosomal region of 
consistent allelic loss is 11p15.5. Multiple genes are 
present in this region and demonstrate expression that 
is epigenetically regulated in a parent-of-origin-specific 
fashion by genomic imprinting. It is postulated that one 
allele of a tumor suppressor gene in this region is 
physiologically inactivated by imprinting and the 
second allele is removed by the allelic loss event, and 
thus both alleles of the tumor suppressor are inactivated 
to promote an oncogenic effect. 

Genes involved and proteins 
IGF2 
Location 
11p15.5 

Protein 
Growth factor. 

H19 
Location 
11p15.5 

Protein 
Non-coding RNA. 

CDKN1C 
Location 
11p15.5 

Protein 
Kinase inhibitor. 
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Allelic loss of imprinted region at 11p15.5 in ERMS . In the 11p15.5 chromosomal region, there is parent-of-origin-specific expression 
(imprinting) of multiple genes, such that red indicates an expressed allele and blue indicates an unexpressed allele. In many cases of 
ERMS and other tumors, the maternal alleles in the 11p15.5 region (and variable amounts of contiguous regions) are lost by one of a 
variety of genomic mechanisms in a process termed allelic loss, loss of heterozygosity, or conversion to homozygosity. 
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Identity 
Note: Rhabdomyosarcoma (RMS) refers to a family of 
mesenchymal tumours related to the skeletal muscle 
lineage. 

Classification 
The two main histopathologic subtypes of 
rhabdomyosarcoma are: 
Embryonal rhabdomyosarcoma (ERMS) 
Alveolar rhabdomyosarcoma (ARMS) 

Clinics and pathology 
Embryonic origin 
RMS is postulated to be derived from mesodermal 
tissues. 

Epidemiology 
RMS is the most common pediatric soft tissue sarcoma, 
representing ~5% of all malignancies among children 
and adolescents. The annual incidence is 4-5 per 
million. ERMS accounts for 70-80% of all RMS, and 
usually occurs in young children (median age of 6.5 
years). ARMS accounts for the remaining 20-30% of 
RMS, and more often occurs in older children and 
young adults (median age of 12 years). 

Clinics 
RMS often presents as a painless mass. In other cases, 
the tumor may be discovered from symptoms produced 
by compression of structures at the primary site, such 
as diplopia (double vision)  
 

caused by RMS in the orbital region. The two 
histopathologic subtypes tend to occur at different sites. 
ERMS often occurs in the head and neck region, 
genitourinary tract, and retroperitoneum whereas 
ARMS often occurs in the extremities. All types of 
RMS are treated with a combination of surgery, 
radiation therapy, and intensive chemotherapy. 

Pathology 
In ERMS, the tumor cells range from small round cells 
to large elongated cells, and exhibit varying degrees of 
myogenic differentiation. There is often varying cell 
density with highly cellular areas alternating with low 
cellular areas in a loose myxoid stroma. 
In ARMS, tumor cells are small with a round nucleus 
and scant cytoplasm. Aggregates of these tumors cells 
often become discohesive and produce spaces, 
reminiscent of lung alveoli. 
An anaplastic RMS subset is recognized by large, 
lobated hyperchromatic nuclei and atypical mitoses. 
Anaplasia is more prevalent in ERMS and can be found 
as a focal or diffuse feature in the tumor. 
The tumor cells of both subtypes of RMS variably 
express muscle specific proteins (such as desmin, 
myoglobin, muscle-specific actin, or the myogenic 
transcription factors MyoD and myogenin) that can be 
detected by immunohistochemistry. 

Prognosis 
Factors that influence the selection of therapy and the 
outcome of patients include primary site (orbit, 
superficial head and neck, biliary tree, vagina, and 
paratestis are considered favorable), size of primary  
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Histopathology of rhabdomyosarcoma subtypes.  A. Embryonal subtype. B. Alveolar subtype. (hematoxylin-eosin, original 
magnification: 100X; courtesy of Dr. Linda Ernst). 

 
tumor, extent of local spread, presence of nodal and 
distal metastases, and histologic subtype. Of the two 
histologic subtypes, ARMS has a poorer prognosis than 
ERMS. 

Genetics 
Note 
Most cases of RMS occur sporadically without an 
apparent genetic predisposition. However, a small 
subset of RMS is associated with the following known 
genetic syndromes: 
- Hereditary retinoblastoma syndrome (RB1) 
- Li-Fraumeni syndrome (TP53) 
- Neurofibromatosis type I (NF1) 
- Costello syndrome (HRAS) 
- Beckwith-Wiedemann syndrome (11p15 genes) 
- Nevoid basal cell carcinoma syndrome (PTCH) 
- Rubinstein-Taybi syndrome (CREBBP). 

Cytogenetics 
Cytogenetics Morphological 
Studies of cytogenetics and other acquired genetic 
changes in ERMS and ARMS have revealed significant 
genetic differences between these two subtypes. 

Most ARMS cases are distinguished from ERMS and 
other solid tumors by the presence of one of two 
recurrent chromosomal translocations, which generate 
related fusion genes.  
- t(2;13)(q35;q14) generates PAX3 - FOXO1 in ~60% 
of ARMS cases  
- t(1;13)(p36;q14) generates PAX7 - FOXO1 in ~20% 
of ARMS cases 
ERMS does not have recurrent structural chromosome 
rearrangements, but rather has frequent chromosome 
gains and losses. In addition, ERMS has a much higher 
frequency of loss of one of the two alleles of many 
chromosome 11 loci, particularly in the 11p15.5 region. 
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