
Several regions on chromosome 3 including 3p12,

3p14, 3p21, and 3p24�25, frequently undergo loss of het�

erozygosity in human solid tumors [1]. Potential tumor

suppressor genes in these chromosomal segments include

the van Hippel–Lindau disease (VHL) gene at 3p25 [2],

the gene FHIT at 3p14.2 [3], and the DUTT1/ROBO1

gene at 3p12 [4]. At 3p21.3, heterozygous and homozy�

gous deletions have been observed in several cancer cell

lines and in primary lung tumors [1, 5�8]. A region of

minimum homozygous deletion at 3p21.3 spans approxi�

mately 120 kb [9] and eight genes are located in this region

[10]. However, mutations in these eight genes are rarely

detected in tumors. Recently, we and others have cloned

and characterized the RASSF1 gene, which is one of the

eight genes residing in the common deletion area at

3p21.3 [10�12]. The C�terminus of RASSF1 is homolo�

gous to the mammalian Ras�effector protein NORE1 [13]

and encodes a Ras�association domain. Thus, the gene

has been named Ras�association domain family 1 gene

[11]. The three major splice variants RASSF1A, RASSF1C,

and RASSF1F are transcribed from two different CpG

islands, which are separated by approximately 3.5 kb (Fig.

1). RASSF1A and RASSF1C have the four C�terminal

exons in common (Fig. 1). The N�terminus of RASSF1A

has high homology to the protein kinase C conserved

region 1 (C1), which contains a zinc finger motif [14]. The

RASSF1F transcript skips exon 2αβ and encodes a trun�

cated polypeptide [12]. RASSF1A transcripts are frequent�

ly missing in several cancer cell lines and in primary tis�

sues [11, 15, 16]. Silencing of RASSF1A is due to de novo

methylation of its CpG island promoter. RASSF1A expres�

sion can be reactivated by treating cells with inhibitors of

DNA methyltransferase such as 5�aza�2′�deoxycytidine

[11]. In this review, we summarize published work on the

epigenetic inactivation and presumed biochemical func�

tion of RASSF1A in normal and malignant cells.

FREQUENT METHYLATION

OF THE RASSF1A GENE IN HUMAN TUMORS

Silencing of genes by DNA methylation is a common

phenomenon occurring in human cancer cells [17]. It has

been reported that promoter hypermethylation plays an
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tion sequence. De novo methylation of the RASSF1A promoter is one of the most frequent epigenetic inactivation events
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a useful marker for early cancer detection. The functional analysis of RASSF1A reveals a potential involvement of this protein

in apoptotic signaling, microtubule stabilization, and cell cycle progression.
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essential role in loss of function of certain tumor suppres�

sor genes [18]. Aberrant promoter methylation of

RASSF1A has been frequently detected in several tumor

types (see Fig. 2 for examples). Alphabetically, in bladder

cancer, a high frequency of RASSF1A methylation was

observed and was correlated with advanced tumor stage

and poor prognosis [19�22]. In brain cancer, RASSF1A

methylation is common in neuroblastoma, glioblastoma,

and medulloblastoma [23�30]. Methylation of RASSF1A

was frequently found in breast cancer and was detected

even in serum of breast cancer patients [12, 31�39]. In

cervical cancer, Kuzmin et al. have reported an inverse

correlation between methylation of RASSF1A and human

papilloma virus infection [40]. In cholangiocarcinoma,

69% of the cases had RASSF1A promoter hypermethyla�

tion [41]. In colon cancer, RASSF1A methylation is less

frequent [42�45]. In 52% of esophageal squamous cell

carcinoma, RASSF1A methylation was reported [46]. In

gastric cancers, RASSF1A hypermethylation was more

frequently found in tumors of advanced stage and

RASSF1A methylation was rarely detected in non�carci�

noma tumor samples [47�52]. In head and neck cancer,

RASSF1A methylation frequency is less than 20% [53�

56]. There is an inverse correlation between RASSF1A

methylation and human papilloma virus (HPV) infection

in these tumors [55]. In hepatocellular carcinoma,

RASSF1A methylation frequencies are very high, some�

times occurring in up to 100% of the cases [57�60]. In

Hodgkin’s lymphoma, 65% of the tumors showed

RASSF1A methylation [61]. Several reports have demon�

strated a high frequency of RASSF1A methylation in kid�

ney tumors [42, 62�65]. Intensive methylation (>70%) of

RASSF1A was reported in small cell lung cancer (SCLC).

In about 40% of non�small cell lung cancers (NSCLCs),

RASSF1A hypermethylation is found [11, 12, 30, 32, 35,

66�77]. In malignant mesothelioma, 32% of RASSF1A

inactivation was found and this event correlated with the

presence of SV40 DNA in these tumors [78, 79]. For

melanoma, frequent RASSF1A methylation has been

reported [80�82]. In nasopharyngeal carcinoma, aberrant

RASSF1A methylation was frequently (>60%) observed

[83�88]. In 40% of osteosarcomas, hypermethylation of

RASSF1A occurred [89]. In ovarian cancer, frequent

RASSF1A methylation was reported in several studies [32,

42, 90�92]. In endocrine tumors of the pancreas, the fre�

quency of RASSF1A inactivation was higher compared to

pancreatic adenocarcinoma [93, 94]. In childhood

tumors, RASSF1A methylation was found in Wilms’

tumor, medulloblastoma, retinoblastoma, rhabdomyosar�

coma, neuroblastoma, hepatoblastoma, leukemia, pan�

creatoblastoma, adrenocortical carcinoma, and lym�

phoma [44, 95�97]. In prostate cancer, a high frequency

(>70%) of RASSF1A methylation was reported in several

studies. In testicular germ cell tumors, studies have shown

that RASSF1A methylation occurs frequently [98�101]. In

thyroid cancers, RASSF1A hypermethylation was also fre�

quently found [102, 103].

Fig. 1. Map of the RASSF1 locus. The two major promoters of

RASSF1 (arrows) are located in two separate CpG islands (open

squares). Three major isoforms (RASSF1A, RASSF1C, and

RASSF1F) are made by alternative promoter usage and alternative

splicing of the exons (black boxes). The cDNA of RASSF1A codes

for a protein of 340 amino acids with a calculated molecular mass

of 38.8 kD. Transcript RASSF1C initiates in exon 2γ located at

CpG island C. The cDNA encodes a 270 amino acid protein with

a molecular mass of 31.2 kD. The RASSF1F transcript skips exon

2αβ and encodes a truncated peptide of 92 amino acids. The pro�

tein domains indicated are: C1, diacylglycerol/phorbol ester

(protein kinase C conserved region 1) domain; RA,

RalGDS/AF6 Ras�association domain; and ATM, putative ATM

phosphorylation site.

RASSF1A

RASSF1C

RASSF1F

Fig. 2. Methylation frequency of RASSF1A in several common

types of human tumors. The frequency (% of cases with methy�

lated RASSF1A gene) of RASSF1A methylation for several of the

most common human tumors is shown. Data were used when at

least three different studies analyzed RASSF1A methylation in

one type of tumor and the percentages calculated represent the

average methylation frequency of the independent studies (see

text for literature citations).
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Methylation of RASSF1A has been rarely detected in

normal tissues, however methylation was also found in

some non�cancerogenous tissue specimen mostly adja�

cent to the tumors. This methylation could represent

infiltration of tumor cells into normal tissue, or could be

related to a general defect leading to carcinogenesis.

METHYLATION OF RASSF1A AS A BIOMARKER

FOR TUMOR DIAGNOSIS

The detection of cancer at early stages by noninva�

sive methods may be aided by the development of cancer�

specific biomarkers for the detection of these biomarkers

in body fluids. Methylation�specific polymerase chain

reaction (PCR) (methylation�specific PCR, MSP) for

detection of promoter hypermethylation has been used in

several pilot studies to detect cancer cell DNA in bodily

fluids [104, 105].

Several studies have analyzed the methylation of the

RASSF1A promoter in bodily fluids of cancer patients. In

nasopharyngeal carcinoma, Wong et al. found a RASSF1A

methylation frequency of only 5% using MSP out of sera,

whereas 65% of the primary tumors showed hypermethy�

lation [87]. In four out of 14 (29%) lung cancer patients

who showed hypermethylation of RASSF1A in the pri�

mary tumor, the bronchoalveolar lavages were positive for

hypermethylated RASSF1A [77]. In serum of patients

with NSCLC, Ramirez et al. detected a high frequency

(34%) of RASSF1A methylated DNA and a correlation

between methylation in tumor tissue and serum (p =

0.0001) [30].

Sputum of lung cancer patients was investigated for

hypermethylated DNA of tumor suppressor genes [35,

106]. Honorio et al. found that hypermethylation of

RASSF1A was detectable in 50% of SCLC and in 21% of

NSCLC sputum samples [35]. In 50% of the sera and

tumors of glioblastoma patients, RASSF1A methylation

was detected [30]. RASSF1A methylation was investigat�

ed in the urine of patients with bladder and kidney can�

cer [21, 22, 64]. In 19 of 23 (82%) of patients with

RASSF1A methylation in bladder cancer, Dulaimi et al.

detected RASSF1A hypermethylation in the correspon�

ding urine samples [22]. Chan et al. detected methylation

of RASSF1A in seven out of 14 (50%) urine specimens

and all positive probes showed also epigenetic inactiva�

tion of RASSF1A in the corresponding primary bladder

tumors [21]. In urine samples of patients with kidney

tumors, Battagli et al. found hypermethylated RASSF1A

in 25 out of 50 (50%) of the patients [64]. Only for a sin�

gle case, no RASSF1A methylation was detected in the

urine despite a methylated tumor [64]. In sera of breast

cancer patients, hypermethylation of RASSF1A was

detected in six out of 26 (23%) cases and this was associ�

ated with a worse prognosis [37]. RASSF1A methylation

was detected in bodily fluids (serum, plasma, and peri�

toneal fluid) of ovarian cancer patients with 100% speci�

ficity [92]. Methylation was undetectable in controls. In

summary, RASSF1A hypermethylation is frequently

detected in bodily fluids of cancer patients. Methylation

analysis of tumor�related genes in bodily fluids is a prom�

ising new diagnostic approach to screen putative cancer

patients.

THE TUMOR SUPPRESSOR FUNCTION

OF RASSF1A

Given its common epigenetic inactivation in tumors,

the question arises if RASSF1A is a bona fide tumor sup�

pressor gene. This test will need to be passed by many

genes that are found inactivated in tumors. In other

words, the question needs to be addressed if methylation

of a gene in a tumor is simply a phenomenon associated

with tumorigenesis or if it can have a causative role. This

assessment will prove to be difficult in many cases, in par�

ticular when germ line or somatic mutations are not

observed at any significant frequency in the gene silenced

by methylation.

Supporting evidence for a role of a methylation�

silenced gene in tumorigenesis can come from mouse

models or from functional characterization of the

gene/protein. For RASSF1A, we have created a knockout

mouse in which exon 1α was specifically deleted [107].

This mimics the situation in human tumors in which the

isoform RASSF1A but not RASSF1C is missing.

RASSF1A�targeted mice were viable and fertile.

RASSF1A–/– mice were prone to spontaneous tumorige�

nesis at advanced age. Whereas only two tumors devel�

oped in 48 wild type mice, six tumors were found in 35

RASSF1A+/– mice (p < 0.05) and 13 tumors were found in

41 RASSF1A–/– mice (p < 0.001). The tumors in

RASSF1A�targeted mice included lymphomas, lung ade�

nomas, and one breast adenocarcinoma. RASSF1A–/–

and wild type mice were treated with the chemical car�

cinogens, benzo[a]pyrene or urethane, to induce skin

tumors and lung tumors, respectively. RASSF1A–/– and

RASSF1A+/– mice showed increased tumor multiplicity

and tumor size relative to control animals [107]. The

data are consistent with a tumor�suppressive role of

RASSF1A, which may explain its frequent epigenetic

inactivation in human tumors. RASSF1A inactivation in

combination with other genetic or epigenetic alterations

may produce a more severe tumor susceptibility pheno�

type.

Several studies have begun to investigate the bio�

chemical function of RASSF1A although we are far from

understanding its true role(s). RASSF1A is apparently

involved in several growth regulatory and apoptotic path�

ways (Fig. 3). Ectopic expression of RASSF1A in cancer

cell lines, which lack endogenous RASSF1A transcripts,

resulted in reduced growth of the cells in vitro and in nude
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mice [11, 12, 27, 62, 108�110]. Shivakumur et al. have

reported that RASSF1A can induce cell�cycle arrest by

engaging the Rb family cell�cycle checkpoint. RASSF1A

inhibited accumulation of cyclin D1 and the RASSF1A�

induced growth arrest could be relieved by ectopic

expression of cyclins [111].

The exact involvement of RASSF1A in Ras signaling

pathways is unclear. Activated Ras is usually associated

with enhanced proliferation, transformation, and cell

survival (Fig. 3). However, Ras also induces inhibitory

effects on cell proliferation [112, 113] and apoptosis

[114�117]. Certain Ras effectors, like RASSF1A, may be

specialized to transmit inhibitory growth signals and these

inhibitory signaling pathways may need to be inactivated

during tumorigenesis. It was shown that RASSF1C binds

Ras in a GTP�dependent manner and expression of

RASSF1C induced apoptosis [118]. Recent data indicate

that in colorectal and pancreatic cancer, the inactivation

of RASSF1A and mutational activation of Ras may be

mutually exclusive events [93, 119], but in lung cancer

this correlation was not significant [67, 72, 120]. In thy�

roid cancer, RASSF1A methylation occurred more com�

monly when BRAF was not mutated [103]. The closest

homolog of RASSF1, which also encodes a Ras associa�

tion domain, is the NORE1 (novel Ras effector 1) protein

[13, 121]. NORE1 may act as a Ras�regulated tumor sup�

pressor in lung cancer and melanoma [122, 123].

Epigenetic inactivation of NORE1 was seen in several

cancers, including lung and kidney cancer [121, 124,

125]. Biochemical experiments have shown that binding

of RASSF1A to Ras may require heterodimerization with

NORE1, and that RASSF1A can bind to Ras only weak�

ly by itself [126]. RASSF1A and NORE1 may function in

the same Ras�regulated pro�apoptotic pathway.

Khokhlatchev et al. showed that RASSF1A and NORE1

interact with the pro�apoptotic kinase MST1, which

mediates the apoptotic effect of activated Ras [127]. The

NORE1/RASSF1–MST1 complex represents a novel

Ras�regulated pro�apoptotic pathway [127]. However, it

is currently unknown what the upstream input and down�

stream output signals are that regulate this cascade.

Recently, several groups have reported that

RASSF1A is a microtubule�binding protein, which regu�

lates mitotic progression [128�132]. We have shown that

RASSF1A co�localizes with microtubules in interphase

cells and with spindles and centrosomes during mitosis

[128]. RASSF1A has a strong activity that protects cells

against microtubule depolymerization induced by noco�

dazole or ice treatment in vivo. RASSF1A–/– cells were

much more sensitive to nocodazole induced microtubule

destruction than wild type cells [128]. Overexpression of

RASSF1A induced mitotic arrest at metaphase with aber�

rant mitotic cells [128]. These results were confirmed by

several other groups [129�132]. A deletion mutant of

RASSF1A, which lacks the microtubule association

domain is defective for the ability to promote cell cycle

arrest and partially inhibits RASSF1A induced cell death

[130]. Song et al. have reported that RASSF1A regulates

mitosis by inhibiting the anaphase promoting complex

(APC) through Cdc20 and induces G2�M arrest at pro�

metaphase [129]. The function of RASSF1A is independ�

ent of the protein Emi1 (early mitotic inhibitor 1) and

therefore Song et al. proposed that RASSF1A acts in early

pro�metaphase, to prevent the degradation of mitotic

cyclins and to delay mitotic progression [129]. RASSF1A

can regulate microtubule stability and control mitotic

progression, presumably by modulating centrosome and

spindle function and by regulating the APC complex.

Thus, RASSF1A may function as a tumor suppressor

through controlling mitotic cell division [133, 134].

However, the exact mechanism of its biological function

is likely to be complex and will require much additional

investigation. Understanding the molecular abnormali�

ties and the function of RASSF1A in cancer may lead to

the identification of targets for new therapeutic

approaches and to the development of new anticancer

drugs.

Research presented in this review was supported by

BMBF grant FKZ 01ZZ0104, Land Sachsen�Anhalt,

DFG grant DA552�1 to Reinhard Dammann, and NIH

grant CA88873 to Gerd P. Pfeifer.

Fig. 3. Summary of putative biological roles of RASSF1A. The

RASSF1A tumor suppressor, a putative Ras effector, induces

apoptosis through its interaction with the pro�apoptotic kinase

MST1. RASSF1A regulates cellular integrity and mitotic pro�

gression through interaction with microtubules and CDC20

thus inhibiting the anaphase�promoting complex. RASSF1A

inhibits the accumulation of cyclin D1 and may inhibit cell

cycle progression at the G1/S transition. The question marks

indicate that details of the respective pathway are not under�

stood.

Inhibition of cyclin D1

Tumor suppression
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