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Genetic analyses of different molecular markers, specially those of polymorphic DNA 
regions, have provided valuable information on the pathogenesis of endocrine 
neoplasms, both sporadic and familial. Those polymorphic DNA areas allow reliable 
allele identification and, therefore, DNA loss would be expressed as reduction to 
hemizygosity. According to Knudson's hypothesis, DNA loss would explain 
neoplastic development and progression if tumor suppressor genes are involved (23, 
24) A relatively common pattern for most PCC's came from those studies, showing 
genetic deletions (demonstrated by loss-of-heterozygosity analyses) at several loci, 
particularly at 1p, 3p, 11p, 11q, 17p, 17q, 22q (25-31). Those interstitial DNA 
deletions mainly involve both known tumor suppressor genes, such as von Hippel-
Lindau gene locus (3p25) (30), neurofibromatosis 1 locus (17p) (25), or p53 locus 
(17p) (26), and unknown tumor suppressor genes at 1p (at 34-36, distal to D1S73 and 
proximal to D1S63), 11p, 11q, 22 q (distal to D22S24 and proximal to D22S1) (29-
31). Additionally, activating point mutations of genes involved in other endocrine 
tumors have been demonstrated in both sporadic and familial PCC's, including ret 
proto-oncogene (32) and the G protein gene encoding for Gs alpha (19). 

Evidences of clonality based on X-chromosome inactivation analysis 

Preliminary results revealed monoclonal methylation pattern in the alleles of the 
androgene receptor gene (HUMARA assay of clonality) in 87% of informative cases 
from a series of sporadic PCC's (22). After microdissection, at least two different 
samples were analyzed in each neoplasm, from the peripheral and the internal tumor 
areas, respectively. Both tumor areas provided concordant methylation patterns, 
consistent with a monoclonal origin for this series of cases. The remaining 13% of 
informative PCC's showed balanced methylation of both HUMARA alleles, pointing 
to a polyclonal tumor growth. The latter group of cases corresponded to locally 
invasive PCC's (as defined by periadrenal soft tissue invasion) with high cell turnover 
rate (both MIB-1 labelling index and in situ end-labelling index got the highest scores 
for this series) (21). Histologically, stromal overgrowth with a prominent smooth 
muscle differentiation (positive immunoexpression of smooth muscle type actin and 
desmin) was revealed dissecting the neoplastic cell nests. Differential microdissection 
from several tumor locations always confirmed the initial results. Excluded the 
possibility of significant contamination with host normal cells by careful and repeated 
sampling with microdissection, those findings could be the result of (1) true 
polyclonal tumors which, because of an unfinished process of neoplastic cell 
selection, still show coexistent cell clones descended from different progenitor, or (2) 
an abnormal methylation of the HUMARA locus during tumor progression 
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(hypermethylation of the active allele) expressing pseudopolyclonal patterns in  true 
monoclonal neoplasms.  
 Other method used to investigate clonality, also based on the X-chromosome 
inactivation, depends on the mosaicism of protein expression in the normal tissues 
from women heterozygous for the two forms of the enzyme glucose 6 phosphate 
dehydrogenase (G-6-PD) (33-35). The original report of clonality in medullary 
thyroid carcinomas and PCC's associated with multiple endocrine neoplasia relies on 
this technique (33, 34). The authors reported the presence of only one isoenzyme in 
tumor tissue from patients proven to be heterozygous for that marker and concluded 
that the initial mutation produces multiple clones of defective cells. Thereafter, each 
tumor arises as a final mutation in one clone of these cells. Essentially, the proposed 
hypothesis claims for an initial polyclonal and non-selected proliferation of defective 
cells, a form of preneoplastic condition, which then turns monoclonal through a 
process of cellular selection, the final neoplastic disorder (36). The histopathologic 
features in each stage have not been established, although theoretically adrenal 
medullary hyperplasia and PCC would represent the preneoplastic and neoplastic 
conditions, respectively.  
 Following the same methodology described for sporadic PCC's, HUMARA 
clonality assay was also performed with PCC's from members of a MEN-2a family 
(22). The patients developed PCC's with no special histologic features, arisen on 
multinodular medullary hyperplasias. All except one tumor nodule revealed 
monoclonal methylation patterns, regardless of their sizes. The internodular adrenal 
medulla was required to show polyclonal methylation pattern in order to consider the 
case informative (criteria of case inclusion). Therefore, no conclusions could be 
obtained from the adrenal medulla with diffuse growth pattern. These results support 
the multistep tumorigenesis in the adrenal medulla of patients with MEN-2a (16, 17, 
26). An initial polyclonal stage would progressively evolve into monoclonal cell 
growths as results of clone selection (6, 36). On the other hand, they also question the 
validity of nodule size as diagnostic criteria to distinguish hyperplasias from 
neoplasms. Tumor (or nodule) size is a time-dependent parameter and revealed a low 
specificity for case stratification by clonal pattern. That finding can not be consider 
surprising for neoplastic processes with early transformation events, as those reported 
in most inherited tumor syndromes (23, 24). 

Evidences of clonality based on tumor genetic alterations and multistep 

tumorigenesis 

Although it is generally accepted the clonal evolution in neoplastic transformation (1, 
6), some clonality studies have reported controversial results in early neoplasms and 
preneoplastic conditions of endocrine organs (37). Several studies essentially confirm 
the multistep hypothesis for PCC tumorigenesis. Although the genetic mechanism of 
tumorigenesis has been reported different drawn for pheochromocytomas and extra-
adrenal paragangliomas (30), the same genetic targets seem to be involved in both 
sporadic and familial PCC's (26, 29). The general considerations mentioned above to 
analyze the malignant transformation and clonality (7) bring us to conclude that all 
these reports only provide information on clonal expansions in pheochromocytomas. 
The genetic homogeneity for a given marker would point to a kinetic advantage, 
provided by the marker itself or linked to it, that represents the basic mechanism of 
cell selection and tumor progression (1, 6). However, this isolated finding does not 
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prove that all tumor cells come from the same progenitor and they are truly 
monoclonal. The same mutagenic event can affect cells from different progenitors 
(fig. 4). Therefore the descendant cells would share the same genetic abnormality 
(homogeneous pattern for a particular molecular marker, as expression of its clonal 
advantage and expansion), although they may have distinctive genetic background 
(different progenitors and true polyclonal origin).  
 Several tumor suppressor genes have demonstrated to play an important role 
in the abovementioned clonal expansions of adrenal medullary neoplasms. As 
previously shown for other neoplasms, the tumor initiation and/or progression in 
PCC's involves multiple genes, mainly located by LOH analyses on chromosomes 1p, 
3p, 17p, and 22q (26, 29-31). Some of these markers have also revealed significant 
association with clinicopathologic parameters such as tumor volume (in the case of 
DNA deletions located on 1p, 3p, and 17p) (26) or with a distinctive transformation 
pathway (i.e., 1p34-36 and 3p25 deletions have been found respectively in 45% and 
56% of PCC's but not in extra-adrenal paragangliomas, while 3p21 deletions have 
been described in 50% of extra-adrenal paragangliomas but not in PCC's) (30). The 
relative incidence of each genetic alteration is quite variable from series to series, 
probably in relation to the limited number of cases analyzed. However, all series 
agree to show 1p deletions as the most frequent genetic finding, although no reference 
is available about its timing compared with other genetic abnormalities. That 
information would be specially valuable for the comparison between PCC's and 
adrenal medullary hyperplasias in order to determine its real nature either as an 
initiation-related genetic event or as a consequence of tumor progression. 
 On the other hand, the inherent genetic instability associated with neoplasms 
would explain the coexistence of several genetic abnormalities (1, 6). In that way, a 
significant association between interstitial deletions on 22q and 1p has been reported 
(29). That finding suggests that the inactivation of multiple tumor suppressor genes is 
required for PCC's development and progression (multistep tumorigenesis). 
Considering tumor heterogeneity, an additional conclusion arises from that 
association. From the statistical point of view, homogeneous genetic alterations would 
show a low probability for the random association of two or more molecular markers 
in tumor cell populations from different origins (polyclonal tissues). Previous reports 
on LOH analyses, using Southern blot hybridization (38) and PCR-based techniques 
(39), have showed random and non-tumor-related DNA deletions in 4% to 20% of 
normal tissues (40-42). These percentages should be considered from two 
perspectives: (1) as a potential "confusing factor" in the analysis of case series, and 
(2) as the limiting threshold in order to appropriately interpret the biologic 
significance of any association between DNA deletions and tumor conditions. 
Heterogeneity is evident among histologically similar neoplasms from different 
patients (intertumor heterogeneity) and among different cells of the same neoplasm at 
a single time (intratumor heterogeneity), as well as at different points in time (tumor 
progression). Considering that variability, intratumor heterogeneity for LOH of 
multiple gene loci, either as expression of selective tumor evolution or as simple 
passive byproduct of other mechanisms such as genetic instability, can be exploited as 
biparametric markers for the analysis of clonal selection in tumor progression. The 
association of multiple genetic alterations would become statistically less probable as 
the number of molecular markers increases (43). Then the random association of 
those markers would be better explained by a convergent selective process ending in 
the presence of a dominant clone (1, 6). That selection mechanism of cell clones with 
relatively homogeneous genetic constitution would represent the best approach 



1998 Annual Endocrine Society Companion Meeting of the United States and 
Canadian Academy of Pathology, Boston, MA, Feb. 28, 1998 

Clonality in adrenal medullary proliferation 4 

currently available to define clonality based upon tumor genetic markers. From this 
point of view, clonality could be considered as the key element to understand the 
endless biologic process of initiation and progression of tumors (cause and 
consequence at the same time) that also determines the otherwise linear natural 
history of neoplasms (fig. 3). 
 Some experimental results (personal observations) support this point of view, 
based on the analysis of five polymorphic DNA regions (microsatellites) located on 
introns of four tumor suppressor genes (p53, Rb, WT1, and NF1). Heterogeneous 
DNA loss of wild-type alleles (LOH analyses) was revealed in informative sporadic 
PCC's, involving p53 in 45%, Rb in 25%, WT1 in 44% and NF1 in 50%. The 
comparative study of peripheral and internal tumor areas confirmed an increased 
accumulation of genetic deletions at the peripheral tumor compartment, expression of 
both tumor progression and multistep tumorigenesis. At that peripheral level, two or 
more genes showed LOH in agreement with the genetic instability of neoplasms. The 
low probability for random and simultaneous DNA deletion in non-transformed cell 
populations point to clone selection, ending in outgrowths of the "selected" clone 
which becomes dominant and so-called  monoclonal. The final tumor picture as 
monoclonal proliferation thus results from a selective process on a genetically 
heterogeneous cell population (fig. 4). 
 Other factors also contribute to neoplastic development in endocrine organs. 
Somatic mutations of G protein genes results in the constitutive activation of G 
proteins and in an overall increased of the endocrine function. Along with the 
functional enhancement, proliferative advantages related to the trophic effect 
associated with the hormonal action have been also reported in these conditions (19). 
That reason would contribute to explain the frequent association between overgrowth 
and hyperfunction of endocrine organs. G proteins represent a key element of the 
intracellular signal transduction linking the extracellular ligands and the final cellular 
response. The active signal transduction normally present in most functional 
endocrine systems would explain the high sensitivity of those organs to abnormalities 
in that central pathway of signal transduction. That proliferative advantage would 
play an important role for the kinetic evolution and progressive selection resulting on 
cellular transformation in those disorders. Activating mutations at codon 201 of Gs 
alpha (gsp) have been found in different endocrine disorders, both neoplastic 
(pituitary adenomas, follicular thyroid adenomas, parathyroid adenomas, 
chemodectomas) and non-neoplastic (parathyroid or adrenal cortical hyperplasias) 
(19). The same activating mutation has also been reported in primary and metastatic 
PCC's as well as in extra-adrenal paraganglioma from patients found to be wild-type 
at the germline DNA (extracted from leukocytes). That presence of concordant G 
protein gene mutations in such a wide range of endocrine conditions and in different 
endocrine disorders in the same patient is consistent with a common underlying 
etiology. 

Tumor susceptibility and clonality in PCC of inherited cancer syndromes 

The basic molecular mechanism is the same for both sporadic and inherited PCC's. 
However, the genetic background provides some valuable insights to understand the 
general transformation process and the clonal evolution of tumors. The inherited 
cancer syndromes are essentially characterized by germline genetic abnormalities in 
certain DNA targets, frequently point mutations. Those abnormalities use to be 
activating point mutations targeting proto-oncogenes, such as ret in MEN-2 
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syndromes (32), or inactivating point mutations on tumor suppressor genes, e.g. Von 
Hippel-Lindau disease (18, 28) or neurofibromatosis 1 (25). In both cases (activating 
or inactivating mutations), the basic mechanism for the clonal expansion is the 
proliferative advantage provided by an appropriate genetic network (usually as 
additional somatic alterations on different genes) along with the increased 
susceptibility to neoplastic transformation (related with the germline mutation). 
Although a similar genetic background defines a given syndrome, different 
transformation pathways have been described in association with each tumor type and 
location. Therefore, variable relative frequencies of each genetic marker have been 
reported, i.e. using restriction fragment length polymorphism analysis, 1p LOH has 
been found in all PCC's associated with MEN-2 syndromes (67% including sporadic 
and Von Hippel-Lindau PCC's) whereas it was detected in only 13% of MEN-2-
related medullary thyroid carcinomas (26). The germline abnormality provides an 
increased susceptibility for tumor development that, modulated by the cellular 
environment, will only end in neoplasms if multiple genetic loci are also involved 
(multistep tumorigenesis). Regardless of the predisposing genetic factor, chromosome 
1p deletions are again the most frequently found molecular marker, as mentioned for 
sporadic PCC's (see above) (26, 29, 31).  
 The genetic background also modulates and determines the molecular 
mechanism involved in the transformation process. The most frequent inactivation 
mechanism of tumor suppressor genes in PCC's involves both an inactivating point 
mutation in one allele (missense or nonsense mutations usually present as a germ-line 
defect) and the loss of the wild-type allele (26, 27), analogous with the model 
proposed for different inherited malignant tumors (23, 24, 41, 42, 44, 45). However, 
additional inactivating mechanisms should be considered when no DNA loss of the 
wild-type allele is revealed. Such mechanisms include intragenic somatic mutations in 
the wild-type allele (also called homozygous inactivation) and hypermethylation of 
the tumor suppressor gene as described for Von Hippel-Lindau gene (28, 46, 47). On 
the other edge of the spectrum, several activating mutations in the ret proto-oncogene 
characterize different types of MEN-2 syndromes and familial medullary thyroid 
carcinomas (FMTC) (48). Recently, a mutation of ret codon 768 in exon 13 was 
found to segregate with the FMTC phenotype (multiple cases of medullary thyroid 
carcinomas or C-cell hyperplasia) but not with the adrenal medullary hyperplasia in a 
large multi-generation family (32). Those preliminary data should provide 
information on additional factors responsable for the development of specific tumor 
types. But these results should be taken with caution because of the short number of 
cases analyzed; in that particular series only two individuals revealed isolated adrenal 
medullary hyperplasia. 

Clonality and proliferation features in adrenal medullary hyperplasias  

As mentioned above, there is no general agreement on the morphologic criteria to 
distinguish neoplastic (incipient pheochromocytomas) from non-neoplastic 
proliferations (hyperplasias) in the adrenal medulla (15). On the other hand, most of 
our knowledge on adrenal medullary hyperplasias come from a restrictive group of 
pathologic conditions such as experimental pathology (in vitro and in vivo studies) 
and, in a lesser degree, from human pathology (in the case of inherited cancer 
syndromes). Those factors make more difficult to get reliable and clinically-relevant 
conclusions from the molecular analyses, useful for general application. Although no 
established conclusions are available at the molecular level, the proliferative response 
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of the adrenal medulla is better known, at least under specific and controlled 
conditions (49-52).  
 Current evidences suggest that chromaffin cell proliferation in adult rats is 
regulated by a combination of hormonal and neurogenic signals (49, 50). The adrenal 
medulla is innervated by several nerve fibers which stimulate the secretion of 
catecholamines. Therefore, after chronic administration of a wide variety of 
catecholamine-depleting pharmacologic agents, such as the antihypertensive agent 
reserpine, the releasing of negative feed-back controls increases neurogenic 
stimulation on chromaffin cells (50). The reflexively increased neurogenic stimulation 
of chromaffin cells intends to meet the physiological needs of catecholamine 
synthesis and would result in adrenal medullary hyperplasia and neoplasia. 
Catecholamine depletion would be compensated through mechanisms which normally 
adjust cell number, increasing the cell turnover rate and ending in chromaffin cell 
outgrowths (50, 52). Many strains of rats develop similar changes spontaneously in 
the course of aging. These models have revealed, using different methods (mitotic 
figure counting and incorporation of 5-bromo-2'-deoxyuridine into replicating nuclei), 
significant increase in the proliferation indices after reserpine stimulation which can 
be partially prevented by adrenal denervation (49, 52). Denervation also cause 
significant decrease in the proliferation index in non-stimulated animals. This 
hyperproliferative stage is postulated as a prelude to neoplastic transformation. The 
chronic persistence of these signals and superimposed abnormalities would lead to the 
selection of specific cell clones which becoming dominant explain the development 
and progression of neoplasms (50). 
 

CONCLUSIONS 

The currently available evidences on tumorigenesis and clonality in the adrenal 
medulla can be summarized in: (1) Multistep tumorigenesis defines the evolution of 
pheochromocytomas, as evidenced by the presence of several genetic alterations. (2) 
Both the significant association of non-random genetic alterations (specially 1p and 
22q interstitial deletions) and the topographic accumulation of genetic deletions at the 
peripheral tumor compartment support a convergent clone selection for these 
neoplasms. (3) Although many genetic loci show non-random abnormalities, the most 
frequently involved genes locate on chromosome 1p regardless of genetic tumor 
background (sporadic or inherited predisposition). (4) Most pheochromocytomas 
should begin as monoclonal proliferations that does not always correlate with 
histopathologic features, particularly in inherited tumor syndromes. (5) Early 
histopathologic stages, described as adrenal medullary hyperplasias, are defined by 
hyperproliferative features in animal models and monoclonal patterns in the adrenal 
nodules from patients with MEN-2a. 
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