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INTRODUCTION 
Neoplasms are defined as clonal lesions, 
which contrast to the heterogeneous 
composition of most normal 
tissues.(Fialkow, 1976b; Nowell, 1976) So, 
a monoclonal cell population arisen from 
heterogeneous normal tissue strongly 
suggests neoplastic nature.(Diaz-Cano, 
1998; Diaz-Cano et al., 2001) Different and 
variable success has been reported for 
several markers, but clonality still remains 
as the neoplasm hallmark and strongly 
suggests acquired somatic mutations 
providing kinetic advantage (high 
proliferation or abnormally low 
apoptosis)(Diaz-Cano, 1998; Diaz-Cano et 
al., 2001; Diaz-Cano et al., 1997a; 
Salomon and Diaz-Cano, 1995) that results 
in cell selection and dominant 
growths.(Diaz-Cano, 1998; Fialkow, 
1976a; Nowell, 1976). Clonality has been 
studied by X-chromosome inactivation 
assays, which are based on the differential 
DNA methylation of maternal and paternal 
X chromosomes.(Kappler, 1971; Laird and 
Jaenish, 1994; Lyon, 1992) The same point 
mutation or single nucleotide 
polymorphism (SNP) within all cells also 
implies a common progenitor,(Nowell, 
1976) and it has been found associated 
with loss of heterozygosity (LOH) of 
certain loci.(Sternlicht et al., 1994) LOH 
should be linked to inactivation of tumor 
suppressor genes (TSG) by DNA deletions, 
contributing to tumor cell 
selection.(Nowell, 1976) These non-X-
linked markers test clonal expansions 
associated to selective growth advantages 
(high proliferation and/or abnormally low 
apoptosis),(Diaz-Cano, 1998; Diaz-Cano et 
al., ; Nowell, 1976; Salomon and Diaz-
Cano, 1995) but they fail to identify clones 
occurring prior to the presence of the 
genetic lesion.(Diaz-Cano et al., 2001; 
Sternlicht et al., 1994) The close 
relationship of clonality, cell kinetics 
(proliferation and apoptosis), and 
histologic features needs to be considered 
in a comprehensive neoplasm evaluation. 

Adrenal medulla and thyroid C-
cells share a common neural crest origin 
and proliferative lesions arising in these 
systems are essential elements of multiple 
endocrine neoplasia 2 (MEN 2). The MEN 
2 syndromes include MEN 2A, MEN 2B, 
and familial, non-MEN medullary thyroid 

carcinoma (FMTC). Patients with MEN 2A 
develop multifocal, bilateral medullary 
thyroid carcinomas (MTC), associated with 
C-cell hyperplasia (CCH). Approximately 
42% of affected patients develop 
pheochromocytomas (PCC), which may 
also be multifocal and bilateral and usually 
are associated with adrenal medullary 
hyperplasia (AMH). Parathyroid 
hyperplasia (25-35%), cutaneous lichen 
amyloidosis, and Hirschsprung's disease 
are other components of MEN 2A. In MEN 
2B, 40% to 50% of patients develop PCC, 
and all individuals develop neural 
gangliomas, particularly in the mucosa of 
the digestive tract, conjunctiva, lips, and 
tongue. MEN 2B patients also have 
megacolon, skeletal abnormalities, and 
markedly enlarged peripheral nerves. MEN 
2B patients do not develop HPT. MTC 
develops at a very young age (infancy) and 
appears to be the most aggressive form of 
hereditary MTC, although its 
aggressiveness may be related more to the 
extremely early age of onset than to the 
biologic virulence of the tumor. MTC in 
MEN 2B is rarely curable. These 
syndromes are inherited in an autosomal 
dominant fashion and are caused by 
germline mutations in the RET 
protooncogene, which has resulted in 
carrier detection and early diagnosis of 
CCHs and MTCs.(Lips et al., 1994; 
Mulligan et al., 1993c; Santoro et al., 1995) 
RET mutation appears to be necessary but 
other alterations should be required to 
explain the MEN 2 phenotypic 
heterogeneity and the differences between 
CCH and AMH.  
 CCH and AMH are believed to be 
the precursor of MTC and PCC, 
respectively. Although they are important 
indicators that heredity may be playing a 
role, false-positives have been amply 
documented.(Lips et al., 1994) In addition, 
the diagnostic criteria of CCH and AMH 
are controversial, because there seems to 
be some overlap between the upper limits 
of normal physiological findings and the 
earliest stages of these precursor 
lesions.(Carney et al., 1976; DeLellis et al., 
1976; Lack, 1997) Prediction and 
molecular evolution in PCC is even more 
controversial. The current diagnosis of 
malignant PCC requires the demonstration 
of metastases, defined by tumor growths in 
sites where chromaffin tissue is not 
present, such as lymph nodes, liver, and 
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bone.(Lack, 1997) Locally invasive PCC 
are characterized by variable invasion of 
periadrenal tissue and no evidence of 
distant metastases,(Diaz-Cano, 1998; Diaz-
Cano et al., 1996; Diaz-Cano et al., 1997b) 
but its association with lymph node 
metastases and long-term outcome remain 
unknown (Lack, 1997).  

This review will cover the role of 
RET protooncogene in the pathogenesis of 
thyroid C-cell and adrenal medullary cells 
proliferative lesions and the clonal and 
genetic evolution of these lesions, 
especially emphasizing the role of other 
genes. These key elements contribute to the 
molecular progression and intralesion 
heterogeneity of such lesions.  

THE RET PROTOONCOGENE  
The RET proto-oncogene, localized to 
chromosome subband 10q11.2, comprises 
21 exons, which encodes the protein RET 
(REarranged during Transfection), a 
receptor tyrosine kinase (RTK). RET 
encodes a RTK expressed primarily in 
neural crest and urogenital precursor cells. 
It is a developmentally important gene, 
required for kidney morphogenesis, 
maturation of peripheral nervous system 
lineages, and for differentiation of 
spermatogonia.(Schedl and Hastie, 2000; 
Trupp et al., 1996) 

To date, two related ligands for 
RET have been identified: glial cell line–
derived neurotrophic factor (GDNF) and 
neurturin (NTN).(Chiariello et al., 1998; 
Kilgallen et al., 1997) The receptor for 
GDNF or NTN comprises RET and one of 
at least two membrane-bound adaptor 
molecules,15 GFR-1 (GDNF Family 
Receptor alpha one, also known as 
GDNFR-, RETL1, and TrnR1) and GFR-2 
(also known as GDNFR-ß, NTNR-, 
RETL2, and TrnR2). A third coreceptor 
belonging to the same family, GFR-3, has 
been identified, although formal binding 
studies have yet to be reported. Current 
evidence suggests that GDNF binds 
directly to GDNFR-a and indirectly with 
RET.(Eng, 1999) When triggered by 
extracellular ligands, wild-type RET 
dimerizes with another RET molecule, 
which results in autophosphorylation and 
activation of the tyrosine kinase domain, 
followed by intracellular signal 
transduction through effectors that 

recognize and interact with the 
phosphorylated form of the RTK. Although 
the downstream signaling pathways 
activated by these steps may be shared by 
different receptors, the ligand-receptor 
interaction itself is very specific. In some 
cases, however, high-affinity ligand-RTK 
interactions can be modulated by the 
presence of other, low-affinity, 
nonsignaling accessory molecules at the 
cell surface. 

Like other receptor tyrosine 
kinases, the RET protein comprises 
extracellular, transmembrane, and 
cytoplasmic catalytic domains. The 
extracellular sequences include regions 
with homology to the cadherin family of 
cell adhesion molecules and a large 
cysteine rich region. It is believed that the 
cysteines form intramolecular covalent 
bonds with one another to help engender 
the tertiary structure of RET as it folds 
around the ligand-binding pocket. Several 
alternative 5' and 3' splicing variants have 
been described. RET interacts with enigma, 
a cytoplasmic, membrane anchored LIM 
domain protein in a phosphorylation 
independent manner and may play a role in 
positioning the RET tyrosine kinase with 
respect to the cell membrane.(Eng, 1999; 
Hansford and Mulligan, 2000) 

Signaling Pathways and Neoplastic 
Transformation of Thyroid C-Cells 
and Adrenal Medullary Cells  
RET's functions in normal and tumorigenic 
cells are complex. RET can trigger cell 
growth, differentiation, survival, and 
programmed cell death, depending on the 
cell type or developmental stage in which it 
is activated. Adaptor proteins containing 
SH2 domains recognize the amino acid 
sequences surrounding the phosphorylated 
residues and target these sites specifically. 
The downstream interactions of RET are 
further complicated by alternative splicing 
of 3' exons, which results in three protein 
isoforms with different adaptor binding 
capabilities. Consistent with these 
differences, RET isoforms have different 
efficiencies in inducing transformation or 
differentiation in vitro and distinct 
developmental expression patterns in 
vivo.(Eng, 1999; Hansford and Mulligan, 
2000) 
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RET activates a number of well-
characterized downstream signaling 
pathways through interactions with adaptor 
proteins. RET has been shown to stimulate 
the RAS-MAP kinase cascade through 
SHC and GRB2, directly through GRB2 
binding, or through GRB7 or 10. This 

mechanism control cell survival and 
differentiation (neurons) or may actually 
block RAS induced differentiation by 
preventing nuclear translocation of ERK 
and induction of immediate early gene 
transcription.  

Activation of phospho-inositol 
3 (PI3) kinase, probably through RET's 
interaction with GRB2 and GAB1 and 
recruitment of the PI3 kinase regulatory 
subunit, has also been implicated in cell 
proliferation and survival (also by protein 
kinase B/AKT activation), cell motility and 
interactions, phosphorylation of proteins 
linked to formation of focal adhesions (for 
example, paxillin, or focal adhesion 
kinase), and to increased expression of the 
gap junctional protein connexin. RET has 
also been shown to activate the c-jun N-
terminal kinase (JNK) pathway through a 

cdc42/RAC1 small GTPase. All these 
changes contributes to establishment of the 
neoplastic phenotype.  
 Finally, RET has been shown to 
interact with PLC- . This association is also 
required for full oncogenic activation of 
RET.  

Several of these mutations have 
been shown to result in "gain-of-function" 
in the RET protein product, with increased 
intrinsic tyrosine kinase activity or 
alterations of substrate recognition (or 
both) and transforming capability. Analysis 
of genomic DNA from MEN 2A family 
members proved that the variants identified 
in the complementary DNAs (cDNAs) 
were also in the constitutional DNA of 
affected family members and not in 
unaffected individuals. MEN 2A tumor 
heterozygosity for the mutant and wild-
type RET allele was retained, suggesting a 
dominant or dominant-negative mechanism 
for RET mutation in the development of 
MTC and PCC in MEN 2A.(Mulligan et 
al., 1993c) Subsequent investigations 
demonstrated mutations of RET in MEN 
2B patients.(Hofstra et al., 1994) MEN2A 
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and 2B-RET mutations contribute to RET 
activation via different mechanisms, which 
result in different phenotype. RET 
molecules that contain MEN 2A-type 
mutations (substitution of cysteine residues 
clustered near the transmembrane domain) 
are constitutively dimerized and therefore 
activated. In contrast, the mutation 
responsible for MEN 2B (missense 
mutation in the tyrosine kinase catalytic 
core of the intracellular domain, at codon 
918 -95%- or codon 883) does not result in 
constitutive dimerization but changes the 
substrate specificity of the tyrosine kinase 
domain, which results in transformation. 
For example, phosphorylation of tyrosines 
864 and 952 is crucial to transformation 
associated with the MEN 2B mutation of 
codon 918, while Y905 phosphorylation is 
essential to transformation in the context of 
MEN 2A mutations.(Eng, 1999; Hansford 
and Mulligan, 2000) 

RET mutations in sporadic MTC 
and PCC  
The majority of MTC cases (>75%) have 
no associated family history or other 
indications that might suggest a hereditary 
cause. However, several large population 
studies have shown that 3-7% of these 
cases represent occult or de novo MEN 
2 cases with germline RET mutations. An 
MEN 2B-like M918T mutation accounts 
for the largest proportion of somatic RET 
mutations detected in MTCs, with 
estimates ranging from 23% to 70% of true 
sporadic MTCs, although other mutations 
of the cysteine rich region and exons 13-
15 have been reported. Microdissected 
tumor subpopulations showed a 
heterogeneous somatic mutation status 
within a single tumor and among 
metastases in 80% of MTCs. These data 
suggest that RET mutations are not 
initiating but progressional events in 
sporadic MTC and might reflect clonal 
evolution within MTC, which is a 
relatively slow-growing tumor, and/or a 
polyclonal origin. The reported results are 
controversial. Interestingly, a rare 
polymorphic sequence variant (c.2439C>T; 
S836S) was recently shown to be over-
represented in patients with sporadic MTC 
and M918T mutations.65 The significance 
of this genotype/phenotype association 
remains to be determined. Mutations have 

been found in other regions of the 
extracellular and intracellular domains. 
Missense, deletions, and insertion 
mutations have been described.  

Studies from two centers, each 
comprising small numbers of patients, 
suggest that the presence of somatic codon 
918 mutation in sporadic MTC is an 
indicator of poor prognosis with respect to 
metastases and recurrence, but this 
correlation could not be confirmed in 
another series. However, ascertainment, 
numbers, and end points differ among the 
three studies. Expression of MEN2B-
M918T RET in the cell lines led to altered 
cell adhesion in vitro and increased 
metastatic behavior in vivo. Despite 
competent surgery, approximately one half 
of all localized sporadic MTC cases will 
recur. Currently, there is no reliable way to 
predict which cases will relapse. Thus, it 
would be desirable to perform a definitive 
analysis based on large numbers to 
determine whether the presence of somatic 
M918T in sporadic MTC predicts for a 
poorer prognosis.  
Somatic RET mutations are less frequent in 
PCC (10-15% cases), perhaps reflecting the 
lower sensitivity of adrenal chromaffin 
cells to RET activation. The M918T 
mutation is also common here (50%), but 
the spectrum of RET mutation is wider. 
Other mutations such as missense 
mutations of exons 10 and 11 and deletions 
in the cysteine rich region have been 
reported.  

In the last of the triad of MEN 2 
component tumors, parathyroid hyperplasia 
and adenoma, several studies have not 
detected somatic mutations in exons 10, 11, 
or 16 in a panel comprising primary 
hyperplasia, adenoma, carcinoma, and 
parathyromatosis. Further, no somatic 
GDNF mutation has been detected in 
parathyroid adenomas either. 

CLONAL AND GENETIC 
EVOLUTION OF AMH AND 
CCH 
AMH nodules in MEN 2A have been proven 
mainly monoclonal and revealed the same 
X-chromosome inactivated in a given 
patient, suggesting that clonal expansions 
target precursors before they spread in the 



 

Hauptmann, S., Dietel, M., Sobrinho-Simões, M. (Eds.). Surgical Pathology Update 
2001. 

329 

adrenal medulla and that nodular AMH is a 
clonal and multifocal lesion.  
Monoclonal AMH nodules (27/30 
informative nodules, 90.0%) showed the 
same ARA preferentially methylated in a 
given patient, suggesting that a common 
progenitor contributed to such lesions and 
supporting a multifocal rather than a 
multicentric growth, as proposed for other 
lesions.(Quade et al., 1997; Rabkin et al., 
1997; Sidransky et al., 1992) The 
internodular adrenal medulla was required 
polyclonal to consider the case informative 
thus precluding any conclusion for diffuse 
AMH. The presence of monoclonal AMH 
nodules developed in polyclonal diffuse 
AMH supports their neoplastic 
nature(Fialkow, 1976b; Nowell, 1976) and 
a multistep tumorigenesis in the adrenal 
medulla of MEN 2A patients.(Carney et 
al., 1976; DeLellis et al., 1976; Khosla et 
al., 1991) Their concordant monoclonal 
pattern in a given patient supports early 
clonal expansion of precursor cells 
between the random X-chromosome 
inactivation and their spreading in the 
adrenal medullary anlage,(Diaz-Cano, 
1998; Diaz-Cano et al., 2001) resulting in 
PCC when other genes are targeted and 
genetic alterations accumulate. Supportive 
evidences showed at least one 
microsatellite abnormality of tumor 
suppressor genes in 75% MEN 2A PCC 
(manuscript submitted) and the same X-
chromosome preferentially inactivated in 
both thyroid lobes in monoclonal C-cell 
hyperplasias from 8/9 informative patients 
from these kindred (89%).(Diaz-Cano et 
al., 2001 (In Press))  

The first clonality study in MEN 
2A PCC reported monoclonal patterns and 
suggested that initial mutations would 
produce multiple clones of defective cells 
as preneoplastic condition, which would 
progressively evolve into monoclonal 
growths by clone selection.(Baylin et al., 
1976; Baylin et al., 1978) Although the 
histopathologic features have not been 
characterized, the initial stage would be the 
polyclonal diffuse AMH that results in 
monoclonal nodular AMH by early clonal 
expansions. The migration of neural crest 
cells into the adrenal medulla proceeds in 
fingerlike projections around the blood 
vessel that penetrate the cortex from the 
caudal aspect(Crowder, 1957) and 
contribute to explain the multinodular 
pattern if early clonal expansion affects the 

precursor cells. Our results also question 
the diagnostic utility of nodule size to 
distinguish AMH from PCC.(Lack, 1997) 
No reliable histologic criterion 
distinguishes big nodules in a multinodular 
AMH from small PCC and morphometry 
only distinguishes AMH from normal 
adrenal medulla.(DeLellis et al., 1976) 
Tumor-nodule size is a time-dependent 
parameter that revealed monoclonal pattern 
even in small nodules, a non-surprising 
finding in processes with early neoplastic 
transformation, such as most inherited 
tumor syndromes(Knudson, 1971; 
Knudson et al., 1975) including MEN 2.  
CCHs in MEN 2A patients were found 
monoclonal and showed the same 
inactivated X-chromosome in both lobes 
and multiple TSG abnormalities. These 
findings and the down-regulation of 
apoptosis are consistent with an 
intraepithelial neoplasia and suggest that 
progressional genetic events occur early in 
thyroid development. Concordant X-
chromosome inactivation pattens in both 
lobes support early clone expansions 
preceding divergence of C-cell precursors 
of each thyroid lobe; this may represent a 
paradigm for other germline mutations 
during embryogenesis. 
 The same AR allele was 
preferentially methylated in both lobes in 
monoclonal CCHs (8/9 informative 
patients, 89%; Table 2), suggesting that a 
common progenitor contributed to those 
lesions,(Alman et al., 1997; Diaz-Cano et 
al., 2000a; Quade et al., 1997) and support 
a neoplastic nature. These concordant 
patterns also support a clonal expansion of 
C-cell precursors between the random X-
chromosome inactivation and the precursor 
migration into the thyroid anlage (~15 
week).(Diaz-Cano, 1998; Sugiyama, 1969) 
Supporting this point, patients of these 
kindred also revealed concordant 
monoclonal patterns in 90% nodules from 
adrenal medullary hyperplasias and 
microsatellite abnormalities in at least one 
TSG in 75% pheochromocytomas.(Diaz-
Cano and Blanes, 1999; Diaz-Cano et al., 
2000b) Early clonal expansions in neural 
crest derivatives could explain those 
findings, but other alternative explanations 
for the monoclonal pattern must be 
excluded.  
 The polyclonal pattern in patients 
with germline RET mutation (CCH-4) 
needs some considerations. The 
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coexistence of TP53 and RB1 
abnormalities (Table 2) support a 
neoplastic nature and agrees with the high 
MTC incidence (60%) in double 
heterozygous animals for TP53 and 
RB1.(Williams et al., 1994) In this scenario 
the polyclonal pattern could be the result of 
either C-cell precursor expansions before 
the random X-chromosome inactivation or 
clonal proliferation of cells showing 
different inactivated X-chromosome.(Diaz-
Cano, 1998; Ferraris et al., 1997)  
 The inherited genetic defect can 
determine an accelerated process of 
somatic alterations and DNA deletions 
(hypodiploid G0/G1 cells and TSG-
LOH),(Diaz-Cano, 1998; Diaz-Cano et al., 
; Diaz-Cano et al., 2001 (In Press)) 
favoring cellular heterogeneity and 
molecular progression.(Diaz-Cano, 1998; 
Diaz-Cano et al., 2000a) Early clonal 
expansions in neural crest derivatives 
accumulating genetic alterations would be 
the expression of multistep tumorigenesis, 
and is also supported by the reported 
abnormalities of loci on chromosome 1 and 
3.(Mulligan et al., 1993b) Progression in 
CCHs involves multiple genes, especially 
TP53 and RB1 as reported in MTC.(Wang 
et al., 1998; Williams et al., 1994) A TP53- 
and RB1-knockout model revealed MTC 
within the first 9-15 months of mouse life 
(60-83%) with the highest incidence in 
double heterozygous animals (mutated RB1 
and TP53).(Williams et al., 1994) The 
concordant TP53 deletion found in 3 
patients suggests that TP53 deletions have 
occurred at a point in embryonic 
development before divergence of the C-
cell precursors of each thyroid lobe in this 
patient subset. Therefore, these mutations 
should occur early than previously thought 
and correlate with the clinical detection of 
MTC in patients younger than 5 years. 
Conversely, the heterogeneity of RB1 and 
WT1 alterations and intragenetic 
polymorphism of TP53 mutations support 
their somatic nature and a sort of ‘hot spot’ 
for such mutations. WT1 and RET have 
already shown collaborative effects, as 
revealed by the presence of genitourinary 
abnormalities in RET or GDNF knockout 
mice.(Schedl and Hastie, 2000; Shefelbine 
et al., 1998) In contrast, no patient in this 
series showed NF1 alterations, although 
this locus has revealed alterations in neural 
crest tumors (especially PCC).(Calender, 
2000; Nakamura, 1995)  

 Remarkably low ISEL indices and 
low-to-normal proliferation indices were 
observed in CCHs.(Diaz-Cano et al., 2001 
(In Press)) The reduced cellular loss 
associated with longer survival of 
initiated/mutated cells would promote 
progression from preinvasive stages over 
an extended period of time,(Diaz-Cano, 
1998; Diaz-Cano et al., ; Simpson, 1997) 
and genetic instability.(Wang et al., 1998), 
Transforming mutations that escape cell 
repair systems will accumulate and 
promote early preneoplastic foci only after 
inhibiting apoptosis.(Ames et al., 1993; 
Diaz-Cano, 1998; Diaz-Cano et al., 2000c) 
The postmitotic repairing systems are less 
effective in low-proliferation 
lesions,(Cordon-Cardo, 1995) explaining 
the presence of heterogeneous and 
nonrandomly distributed mutations.(Li et 
al., 1996). In contrast, high proliferation 
and mutation rates determine homogeneous 
DNA damage and activation of 
apoptosis.(Farber, 1995; Li et al., 1996; 
Simpson, 1997) Normal pRB1 and low 
p21WAF1 expressions found in this series are 
consistent with low proliferation and 
apoptotic indices. Only higher proliferation 
rates and increased p21WAF1 would 
inactivate pRB1 resulting in higher 
apoptosis.(Cordon-Cardo, 1995) The 
combined delivery of two cooperative 
genes, like p21WAF1 and TP53, would lead 
the cyclin D/CDK-pRB1 pathway toward 
growth arrest and apoptosis.(Canman et al., 
1995; Sandig et al., 1997) 

Clonality and microsatellite pattern 
of TSG (TP53, RB1, WT1, and NF1 
analyzed by PCR-denaturing gradient gel 
electrophoresis) in bilateral CCH (10) and 
nodular AMH (11) from known MEN 2A 
kindred (RET point mutation in codon 634) 
have reveal a divergent genetic evolution 
for these lesions. CCH foci (16/18 from 9 
informative patients) and AMH nodules 
(27/30 from 9 informative patients) 
revealed the same androgen receptor allele 
inactivated in each patient. The 
microsatellite analysis showed loss of 
heterozygosity (LOH) for TP53 (6/10, 
60%), RB1 (4/7, 57%) in CCH, all with 
concordant LOH pattern in each lobe. In 
contrast, AMH revealed heterogeneous and 
lower incidence of LOH for TP53 (3/10, 
30%), RB1 (1/8, 13%), WT1 (3/9, 33%), 
and NF1 (3/6, 50%), with discordant 
microsatellite pattern in 67% of cases. 
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These results suggest that both 
CCH and AMH are essentially monoclonal 
lesions in MEN 2A, which reveal divergent 
genetic evolution. Early TP53 and RB1 
genetic alterations (concordant in both 
lobes) characterize CCH and support the 
neoplastic nature of this lesion. AMH is 
heterogeneous and shows low incidence of 
microsatellite abnormalities with 
discordant patterns involving NF1 locus; 
these genetic findings are not consistent 
with a fully established neoplasm. 

CLONAL AND GENETIC 
EVOLUTION IN PCC AND MTC 
Monoclonal PCC (23/29, 79.3%) revealed 
the same X-chromosome inactivated in the 
peripheral and internal compartments. All 
MEN 2A PCC revealed this feature and 
multinodular AMH, in agreement with the 
high prevalence of monoclonal patterns 
found in these AMH nodules (27/30, 90%). 
(b) A distinctive histologic and kinetic 
profile correlates with polyclonal pattern 
and periadrenal infiltration in sporadic 
PCC (6/29, 21.7%). Clonal proliferation of 
cells showing different X-chromosome 
inactivated (as expression of an unfinished 
process of cell selection) also result in 
polyclonal patterns, but requires additional 
markers such as loss of heterozygosity of 
tumor suppressor genes(Diaz-Cano, 1998) 
to prove it. We found concordant TSG 
microsatellite pattern by tumor 
compartments in 32.9% of PCC (32.9%, 12 
sporadic and 12 MEN 2A). These 
concordant results strongly support a 
homogeneous cell selection and a clonal 
origin of this PCC subset through a 
pathway that targets the evaluated TSG. 
This convergent tumor cell selection ends 
in dominant clones sharing genetic 
abnormalities,(Hellman, 1997; Nowell, 
1976) explaining the utility of coexistent 
LOH as clonality marker. Therefore, 
clonality would be the start and the end of 
neoplastic transformation.(Alexander, 
1985; Diaz-Cano, 1998; Diaz-Cano and 
Blanes, 1999) These polyclonal patterns 

would represent true polyclonal 
proliferations only if precursor clonal 
expansions occur after the random X-
chromosome inactivation.(Diaz-Cano, 
1998; Diaz-Cano et al., 2001)  

The second remarkable aspect of 
PCC with polyclonal pattern was the high 
cellular turnover demonstrated by high 
MIB-1 and ISEL indices. They also 
showed a variable periadrenal invasion and 
stromal overgrowth with smooth muscle 
differentiation, but no evidence of distant 
metastases. Interstitial fibrin deposition 
from leaky tumor vessels provides a 
provisional stroma that serves to regulate 
the influx of inflammatory cells and 
facilitates the inward migration of new 
blood vessels and fibroblasts, the mature 
tumor stroma.(Nagy et al., 1989) Those 
features present in locally invasive PCC 
would explain high proliferation rates and 
the presence of tetraploid cells(Gonzalez-
Campora et al., 1993) secondary to non-
disjunctional mitoses. This cellular process 
would end in lethal genetic changes and 
increased apoptotic rate.  

Oncogenes and Tumor Suppressor 
Genes in PCC and MTC  
Absence of amplification of N-MYC, C-
MYC, and ERB-B2 has been reported in 
MTCs and PCCs. Roncalli et al.(Roncalli 
et al., 1994) reported that N-myc 
expression in more than 10% of tumor 
cells, as detected by 
immunohistochemistry, was associated 
with poorer survival, sporadic disease, and 
male gender. These investigators found no 
evidence of gene amplification and did not 
determine the basis for the 
overexpression.(Roncalli et al., 1994) Our 
group reported absence of mutation of the 
H-RAS, N-RAS, and K-RAS genes in a 
series of PCCs and MTCs analyzed by 
direct sequencing.(Moley et al., 1991) 
Likewise, examination of nerve growth 
factor and nerve growth factor receptor 
(p75) showed no abnormality at the DNA 
or RNA levels. 
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Tumor Suppressor Genes in PCC and MTC 
  

F, familial (MEN 2A and 2B); LOH, loss of heterozygosity; MEN 2A, multiple endocrine neoplasia type 2A; 
MEN 2B, multiple endocrine neoplasia type 2B; MTCs, medullary thyroid carcinomas; Pheos, 
pheochromocytomas; S, sporadic (MEN 2A and 2B).  
 Note: If arm tested is not listed in LOH column, LOH was not found.  
(Adapted from J Moley, Molecular events in the development and progression of medullary thyroid cancer and 
pheochromocytoma. In: Nelkin B, ed., Genetic mechanisms in multiple endocrine neoplasia type 2. Austin: RG 
Landes, 1996.) 
 
 
Several studies have evaluated loss of 
heterozygosity (LOH) at tumor suppressor 
loci in PCCs and MTCs; these are 
summarized in the table. 
Pheochromocytomas (PCC) show 
heterogeneous clonal expansions and a 

higher-than-background incidence of LOH 
on chromosome arms 1p, 3p, 17p, and 
22q.(Khosla et al., 1991; Shin et al., 1993; 
Vargas et al., 1997; Yokogoshi et al., 1990) 
Those markers probably contain tumor 
suppressor genes and have revealed 
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significant association with 
clinicopathologic parameters such as tumor 
volume,(Khosla et al., 1991) or distinctive 
transformation pathway for PCC and 
paragangliomas,(Vargas et al., 1997) 
although their relative incidence is quite 
variable because of the limited number of 
cases analyzed.  

The accumulation of TSG 
microsatellite alterations supports a 
convergent genetic selection and multistep 
tumorigenesis in sporadic and MEN 2A 
PCC. This selection process also expresses 
intratumoral heterogeneity with 
accumulation of microsatellite 
abnormalities at the PCC peripheral 
compartment, multilocus and TP53 for 
malignant PCC and NF1 for MEN 2A 
PCC. LOH on 17p suggests possible 
involvement of the TP53 gene.74 Existing 
reports on TP53 mutations in PCCs are 
conflicting. Intratumor heterogeneity has 
been demonstrated in PCC (23.4%, both 
sporadic and MEN 2A) suggesting a 
differential selection of tumor cells by 
topographic compartments. This intratumor 
heterogeneity can be either expression of 
selective clonal evolution or a simple 
passive byproduct of genetic 
instability,(Diaz-Cano, 1998; Diaz-Cano 
and Blanes, 1999; Diaz-Cano et al., 2000a) 
but the random association of simultaneous 
genetic alterations becomes statistically 
less probable as the marker number 
increases.(Diaz-Cano and Blanes, 1999; 
Smith, 1990) These PCCs essentially result 
from the topographically heterogeneous 
accumulation of genetic damage in TP53 
and NF1 loci, explaining the controversial 
results reported. We have found TP53 
abnormalities in 20/67 informative PCC 
(29.9%, 8 revealing genetic heterogeneity; 
Tables 2 and 3). Like in other 
malignancies,(Diaz-Cano, 1998; Diaz-
Cano et al., 2000a) malignant PCC showed 
topographically heterogeneous TP53 
abnormalities (6 cases) suggesting that 
TP53 might be involved in the malignant 
transformation of PCC, especially if 
associated with other genetic 
abnormalities. However, the presence of 
isolated TP53 alterations in benign MEN 
2A PCC and the case number precluded 
any statistical conclusion. Krijger et al 
found abnormal immunohistochemical 
expression of p53 and bcl-2 in malignant 

PCC, most of them scoring 1+ (10-50% 
positive cell).(Krijger et al., 1999) These 
topographic TP53 abnormalities may 
represent the consequence of tumor cell 
selection.  

PCCs also occur in 
neurofibromatosis type 1 (NF1) and von 
Hippel-Lindau (VHL) disease, both of 
which are caused by mutations in tumor 
suppressor genes. Because NF1 is 
ubiquitously expressed, its lack of 
expression indicates that NF1 may play a 
role in the development or progression of 
PCCs from patients who do not have NF1. 
Because of the extremely large size of the 
NF1 gene, mutational analysis has not yet 
been performed. NF1 microsatellite 
alterations have been reported in both 
topographically heterogeneous (73.3%) and 
non-heterogeneous (20.0%) PCC, 
especially for MEN 2A PCC. NF1 
abnormalities were also detected in tumors 
with topographic genetic heterogeneity in 
case of sporadic PCC (8/9, 89%), while 
NF1 abnormalities were equally 
demonstrated in MEN 2A PCC, regardless 
of the presence of topographic 
heterogeneity. Reduced or absent NF1 gene 
expression (both mRNA and protein) has 
been previously documented decreased or 
absent in sporadic and MEN 2 PCC, most 
of them expressing predominantly the type 
1 NF1 isoform.(Gutmann et al., 1995),78 
These findings together support Knudson’s 
2-mutation theory and the importance of 
NF1 gene in PCC tumorigenesis in patients 
without neurofibromatosis,(Knudson, 
1971; Knudson and Strong, 1972) 
especially those with MEN syndromes. 
NF1 gene product has an effect on RAS 
inhibition, protein expressed with the 
highest levels in immature and 
proliferating cells.(Furth et al., 1987) The 
absence of NF1 inhibitory effects will 
favor increased cell proliferation, frequent 
presence of tetraploid cells, and eventually 
tumorigenesis.(Gonzalez-Campora et al., 
1993) Mutational analysis of the VHL gene 
in non-VHL PCCs has not been reported. 

A significantly high incidence of 
NF1 locus abnormalities found in MEN 2A 
patients (7/13 informative cases, 53.8%). 
Tumor initiation and/or progression in 
MEN 2 PCC might involve multiple genes 
apart from RET oncogene. Recently, RET 
mutations in codon 768 were found to 
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segregate with medullary thyroid 
carcinomas or C-cell hyperplasia but not 
with adrenal medullary hyperplasia in a 
large multi-generation family (but with 
only two individuals revealing isolated 
adrenal medullary hyperplasia),(Boccia et 
al., 1997) suggesting that multiple factors 
contribute to tumor development. X-
chromosome inactivation assays in patients 
from this kindred has revealed the same X-
chromosome inactivated in CCH foci from 
each lobe and in different AMH nodules in 
a given patient.(Diaz-Cano et al., 2000b; 
Diaz-Cano et al., 2001 (In Press)) Those 
findings would be explained by early 
clonal expansions of both C-cell and 
adrenal medullary precursors, which result 
in neoplasms when other genes are targeted 
and genetic alterations accumulate.  

PCC with genetic alterations 
elsewhere. PCC with no evidences of TSG 
microsatellite abnormalities are normally 
non-malignant and sporadic, and evolve 
through an alternative molecular pathway. 
Chromosome 1 is the largest chromosome, 
and LOH analysis on 1p in PCCs suggests 
a very large region of deletion. Our studies 
have indicated that the entire short arm of 
1p is lost in PCCs from patients with MEN 
2A and MEN 2B.(Moley et al., 1992) Fine 
mapping of the region of deletion suggests 
a possible common breakpoint in the 
centromeric region defined by the markers 
D1S514 and D1S442.72 The high rate of 
LOH on 3p in PCCs suggests an as-yet 
undefined tumor suppressor 
locus.(Mulligan et al., 1993a) 

In MTCs, the report by Mulligan et 
al.(Mulligan et al., 1993a) suggests a 
significant incidence of 1p LOH; however, 
evaluation of other chromosomal arms 
yielded no consistent findings. Lack of 
significant LOH on 10q, at the RET locus, 
supports the hypothesis that the RET 
protooncogene acts as a dominant 
oncogene as opposed to a tumor suppressor 
gene.(Nelkin et al., 1989) 

There have been no reports of the 
involvement of DNA repair genes (MLH1, 
MSH2) in development or progression of 
PCCs or MTCs, and replication error or 
repeats have not been a consistent finding 
in these tumors.  
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Clonal Proliferation 

Evidence of Genetic Damage, 
Consistent with Clonal Expansion 
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Multiple and Cooperative Mutational Events 
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Clonal Origin vs. Clonal 
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Diaz-Cano et al. Diagn Mol Pathol 2001; 10: 24-33 
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Multifocal or Multicentric? 

  Single clone proliferation versus neoplastic 
field change  
  Familial tumor syndromes are good models: 

  Synchronic and metachronic tumors  
  Range of precursor lesions and established 

neoplasms are frequent 

  Germline RET mutation (multiple endocrine 
neoplasia 2) has high penetrance and shows 
AMH-PCC and CCH-MTC 
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Allele Comparison: Tissue Level 
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Diaz-Cano et al. J Pathol 2000; 192: 221-228 
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AR Allele Pattern in MEN 2A 
CCH 

Diaz-Cano et al. J Clin Endocrinol Metab 2001;86:3948-57. 

Early Monoclonal Expansion 
in MEN 2A 
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Diaz-Cano et al. J Clin Endocrinol Metab 2001;86:3948-57. 

Early Monoclonal Expansions in 
MEN 2A AMH!

  AMH is a multifocal monoclonal condition with 
concordant methylation of androgen receptor 
alleles in a given MEN-2A patient (RET point 
mutation at codon 634) 

  The multifocal nature and the concordant  
methylation pattern suggest an early clonal 
expansion of precursors at certain point 
during embryogenesis 

Diaz-Cano et al. J Pathol 2000; 192: 221-228 
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Tumor Suppressor Genes in 
CCH 

Diaz-Cano et al. J Clin Endocrinol Metab 2001;86:3948-57. 

Quadro et al.  
J Clin Endocrinol Metab 2001;86:239-244 

Diaz-Cano et al.  
J Clin Endocrinol Metab 2001;86:3948-57. 
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Diaz-Cano et al. J Clin Endocrinol Metab 2001;86:3948-57. 

Molecular Genetics and 
Kinetics in MEN 2A CCH 
  MEN 2A (germline point mutation in RET 

codon 634) CCHs are monoclonal and 
genetically heterogeneous and show down-
regulated apoptosis, findings consistent 
with an intraepithelial neoplasia.  

  Concordant X-chromosome inactivation and 
interstitial gene deletions suggest clone 
expansions of precursors occurring at a 
point in embryonic development before 
divergence of each thyroid lobe and may 
represent a paradigm for other germline 
mutations. 
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Divergent Genetic Evolution 
of C-Cell and Adrenal 
Medullary Hyperplasias in 
MEN 2A 

§ = Discordant LOH patterns in both lobes. 
‡ = Concordant LOH patterns in both lobes.  
¶ = Discordant SNP patterns in both lobes with concordant TP53 LOH patterns in 2 cases. 
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§ = Discordant LOH patterns in nodules from 2 patients (67%). 
‡ = Concordant LOH patterns in nodules from 3 patients (42%), but in different 
TSG in each patient 

Microsatellite Patterns in 
AMH 
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Molecular Genetics in CCH & 
AMH 
Conclusions 
  MEN 2A CCH and AMH are mainly 

monoclonal lesions, but with divergent 
genetic evolution 
  CCH shows early concordant TP53 and RB1 loci 

abnormalities, supporting the neoplastic nature 
of this lesion 

  AMH is genetically heterogeneous and reveals 
low incidence of microsatellite abnormalities 
and discordant patterns, especially at NF1 
locus. These results are not consistent with a 
fully established neoplasm 
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LOH in PCC and MTC 

TSG Abnormalities 
Accumulate at PCC Periphery 
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Diaz-Cano et al. J Pathol 2001;193(Suppl):12A(Abstr.) 
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Topographic Heterogeneity 
and Behavior in PCC 
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Clonality in Adrenal 
Medullary and C-Cell Lesions 

  Early clonal expansions should contribute 
to the concordant allele pattern revealed in 
MEN 2A patients 

  Multistep tumorigenesis results in both 
genetic heterogeneity and divergent 
evolution of adrenal medullary and C-cell 
lesions. 

  Only C-cell hyperplasias reveal genetic 
profiles consistent with fully established 
neoplasms. 


