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Studies on the hereditary colorectal cancer 

susceptibility syndromes have contributed 

considerably to our current understanding of 

colorectal tumorigenesis. In particular FAP and 

HNPCC (Lynch syndrome) have provided insight 

into two major pathways leading to colorectal 

cancer. The genes and corresponding mechanisms 

underlying these hereditary conditions have come 

to be known as “gatekeeper” and “caretaker” 

respectively. A third pathway has been proposed 

and is based largely on observations of juvenile 

polyposis syndrome. 

JPS is a rare condition characterized by the 

presence of multiple histologically distinct 

juvenile polyps in the colorectum. Juvenile polyps 

are hamartomatous malformations of the 

intestinal mucosa featuring a large stromal 

compartment which in cellular structure is 

reminiscent of the lamina propria but without 

muscularis mucosae. The stroma is often inflamed 

and crypts may be dilated (retention cysts) and 

distorted. The epithelial lining of the crypts which 

is generally rich in mucus secreting goblet cells 

shows normal maturation and is in essence non-

neoplastic, contrary to the adenomatous polyps as 

seen in FAP patients. The epithelium may 

however progress to neoplasia. In fact, variable 

estimates of gastrointestinal cancer risk in JPS 

have been provided based on evidence from a 

limited number of case series and collections of 

literature case reports. However, a formal risk 

assessment of gastrointestinal cancer in JPS 

patients has not been reported. 

In chapter 3 we performed a person-year-

analysis to define the magnitude of 

gastrointestinal cancer risk in a cohort of JPS 

patients. A significantly elevated relative risk 

(34.0) of colorectal cancer was found in male and 

female patients. Perhaps more illustrative was the 

cumulative life time risk for colorectal cancer of 

39%. With a mean age of 43.9 the elevated 

colorectal cancer risk appeared to be associated 

with a younger age of onset. Although 

extracolonic gastrointestinal cancers, including 

gastric, small bowel and pancreatic cancer have 

been reported in JPS, no such cases were present 

in our cohort. Consequently, a risk assessment for 

these malignancies could not be performed. 

Further investigation is necessary to define the 

risk of gastrointestinal cancer in relation to the 

underlying genetic defect. 

JPS is an autosomal dominant condition 

caused by germline mutation of SMAD4 or 

BMPR1A of the TGF- /BMP signalling pathway.β  

One study reported mutation of the TGF-  co-β
receptor ENG in two patients with JPS but this 

has not been confirmed. Also PTEN, originally 

linked to Cowden syndrome (CS) and Bannayan-

Riley-Ruvalcaba syndrome (BRRS), has been 

associated with JPS, but others have disputed this. 

Most likely, PTEN mutations in patients with a 

juvenile polyposis phenotype represent CS or 

BRRS patients that have not yet expressed the 

extraintestinal clinical features of these 

conditions.

Based on conventional sequencing techniques, 

germline mutations are found in an estimated 30-

40% of JPS cases. These techniques however, 
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detect only point mutations and small deletions, 

ignoring large scale genomic deletions of SMAD4 

or BMPR1A as possible cause of JPS. Multiplex 

ligation-dependant probe amplification (MLPA) 

is a novel technique capable of detecting copy 

number changes in genomic DNA sequences at 

exon level. Chapter 4 describes a comprehensive 

genetic analysis of a well documented group of 

unrelated JPS patients using both conventional 

techniques as well as MLPA to address the role of 

large scale deletions of SMAD4, BMPR1A, ENG 

and PTEN in JPS pathogenesis. 

In nearly 50% of patients a germline defect 

was found in SMAD4, BMPR1A or BMPR1A and 

PTEN. Two thirds of these defects were detected 

by direct sequencing and one third by MLPA, 

indicating that large genomic deletions are not 

uncommon in JPS. Taking into consideration the 

user friendliness and reliability of this technique, 

MLPA provides a valuable adjunct in JPS 

diagnosis. Germline mutations in ENG were not 

found in this assay and its potential role in JPS 

pathogenesis thus remains doubtful.

Although the detected mutation rate in JPS 

was increased to 50% by use of MLPA analysis, 

there still remains a large group of patients 

diagnosed with JPS based on clinical and 

histological findings but in whom no germline 

defect could be found. This number can in part be 

reduced by applying more stringent diagnostic 

criteria but the notion of other genes predisposing 

to JPS seems inevitable. Recent studies have ruled 

out several candidate genes most of which are 

active in the TGF- /BMP pathway, includingβ  

SMAD1, SMAD2, SMAD3, SMAD5, SMAD7, 

BMPR2, BMPR1B and ACVRL1. 

TGFBRII is a key component of the TGF-β 

signalling pathway and has a well established role 

in colorectal carcinogenesis. In chapter 5 we 

hypothesized TGFBRII may be involved in JPS 

pathogenesis. Therefore, direct sequencing and 

MLPA analysis of TGFBRII was performed on JPS 

patients without documented germline mutations 

in SMAD4, BMPR1A or BMPR1A and PTEN. 

We detected no pathogenic mutations of the 

TGFBRII gene. Although sequencing of the 

promoter region or investigation of protein 

expression via immunohistochemistry may prove 

interesting, we are inclined to conclude that, 

based on these results, it is unlikely TGFBRII 

mutations in the germline are causally involved in 

JPS pathogenesis. 

Despite advances at the molecular level, 

detection of a germline mutation in SMAD4 or 

BMPR1A may still only confirm clinical suspicion. 

Histological findings remain of crucial 

importance in the identification of juvenile polyps 

and setting the initial diagnosis. Although juvenile 

polyps generally share common histological 

features such as stromal expansion, surface 

erosion, and cystically dilated glands, 

phenotypical variations have been described. 

Most notably reports have been made of a more 

adenovillous appearance.

Interestingly, targeted inactivation of the JPS 

causing genes in mice revealed that distinctions in 

phenotype may be related to the underlying 

genetic defect. In JPS this relation has thus far 

remained unclear, as well as the implications 

thereof with regard to the mechanisms of polyp 

formation and subsequent dysplastic change. 

Chapter 6 provides a phenotype analysis of JPS 

polyps with a documented SMAD4 or BMPR1A 

germline defect. 

In line with existing literature, we found a 

majority of polyps presented as “classic” juvenile 

98



Summary and concluding remarks

polyps with an expanded stromal compartment 

and low crypt density, whereas a subset of polyps 

contained relatively less stroma and higher crypt 

density. The latter “epithelial” phenotype was 

found predominantly in juvenile polyps with a 

SMAD4 germline mutation whereas the classic 

phenotype was more common among juvenile 

polyps with a BMPR1A germline mutation. The 

distinction in crypt density could not be ascribed 

to expanded cell cycle activity as revealed by 

immunostaining of the proliferation marker Ki67. 

Frequencies of low grade or high grade 

dysplasia were similar in juvenile polyps with a 

SMAD4 or BMPR1A background contradicting 

earlier reports of a more aggressive intestinal 

phenotype in polyps with a SMAD4 germline 

defect. Importantly, in polyps carrying a BMPR1A 

germline defect, focal low grade and high grade 

dysplasia was equally present in the classic 

juvenile polyps as well as in epithelial type 

juvenile polyps, stressing in particular the 

neoplastic potential of the, in histological 

appearance, more “innocent” classic juvenile 

polyp.

Inhibition of stromal BMP signalling in the 

intestines of mice leads to the formation of polyps 

with an expanded stromal compartment, ectopic 

crypt formation and crypt dilation much like the 

classic juvenile polyps found in JPS. In line with 

the proposed landscaper model, these murine 

polyps eventually display focal dysplasia of the 

overlying epithelium. Although consistent loss of 

heterozygosity (LOH) of the BMPR1A locus has 

thus far not been detected in the epithelium or 

stroma of JPS polyps carrying a BMPR1A 

germline mutation, one study provides evidence 

that somatic inactivation of BMPR1A occurs in 

the lamina propria. However, further investigation 

is needed to illuminate BMPR1A status during 

consecutive stages of JPS pathogenesis.

SMAD4 is generally considered a classic 

tumor suppressor gene and is inactivated in 

advanced stages of pancreatic and colorectal 

cancer. Given the initial non-neoplastic nature of 

juvenile polyps it seems unlikely that somatic 

inactivation of SMAD4 is a prerequisite for polyp 

formation. However, it is conceivable neoplastic 

change in juvenile polyps with a SMAD4 germline 

mutation is initiated by somatic inactivation of 

SMAD4 thus acting as a gatekeeper for neoplasia 

rather than as a landscaper. In chapter 7 we 

addressed the role of SMAD4 in polyp formation 

and subsequent progression to dysplasia by 

validating SMAD4 protein expression as marker 

of SMAD4 status in juvenile polyps with a 

SMAD4 germline defect. 

Loss of SMAD4 expression was observed in 

the epithelium of a subset of juvenile polyps with 

a SMAD4 germline mutation, but not in the 

stroma. Molecular analysis revealed that aberrant 

SMAD4 immunohistochemistry accurately 

reflected SMAD4 status, i.e. LOH or somatic 

mutation of the wild-type allele, indicating that 

somatic inactivation of SMAD4 is indeed not 

necessary for the initiation of juvenile polyp 

growth. 

Remarkably, somatic inactivation of epithelial 

SMAD4 did not consistently coincide with visible 

dysplastic change. Loss of SMAD4 expression was 

observed in several polyps that did not appear 

dysplastic and, conversely, focal high grade 

dysplasia in some instances occurred without 

accompanying loss of SMAD4 expression. 

Thus the role of SMAD4 in dysplastic 

progression of juvenile polyps with a germline 

mutation in SMAD4 remains unclear. It seems 
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more than one pathway may be involved. 

Increased selective pressure on SMAD4 could lead 

to early epithelial inactivation of this gene. This 

molecular neoplasia can be visualized by loss of 

SMAD4 immunohistochemical staining but may 

on microscopy of the H&E section not yet be 

recognizable as such. 

Alternatively, in some cases somatic 

inactivation of SMAD4 may occur in later stages 

of dysplasia, perhaps leading to acceleration of the 

neoplastic progression. Dysplastic change may in 

this scenario be initiated by other genes 

experiencing increased selective pressure as a 

result of the SMAD4 germline defect. Which 

genes are implied here and whether they act via 

the gatekeeper or landscaper mechanism remains 

to be determined. Certainly, focus should lie on 

genes of the conventional adenoma-carcinoma 

sequence, i.e. APC and downstream targets 

thereof.

In chapter 8 we explored COX-2 expression in 

juvenile polyps. COX-2 is a well known target for 

chemoprevention. Up-regulation of COX-2 

occurs in consecutive stages of the adenoma-

carcinoma pathway and is a direct effect of Wnt 

activation, which, in the normal colonic mucosa is 

suppressed by BMP signalling. Using selective 

COX-2 inhibitors, FAP patients experience a 

reduction in number and size of colorectal 

adenomas. 

We found that COX-2 expression was 

significantly higher in JPS polyps compared to 

sporadic juvenile polyps, in particular in polyps 

carrying a BMPR1A germline mutation. In this 

light, investigation of the effect of COX-2 

inhibitors on polyp size and disease progression 

in existing mouse models mimicking JPS, and 

subsequently in JPS patients may prove exciting.

In conclusion, although subject of debate in 

past decades, polyps of juvenile polyposis 

syndrome are undoubtedly preneoplastic lesions 

and should in the clinical setting be approached 

as such. Additional investigation, however, is 

needed to define the risk of extra-colonic 

gastrointestinal cancer in JPS and also to 

determine the cancer risk in relation to the 

underlying germline defect. 

SMAD4 and BMPR1A are attributable for a 

substantial percentage of JPS cases. Many other 

genes have been excluded as cause of JPS, 

including TGFBRII, but this does not rule out the 

possibility of additional genes predisposing to JPS. 

Genes associated with conditions that show 

considerable overlap with JPS in a clinical and 

histological sense, such as IBD, should, in this 

search, be considered.

Histological characterization reveals distinct 

juvenile polyp phenotypes associated with the 

underlying genetic defect, suggesting different 

mechanisms of disease progression may be 

involved depending on the affected gene. As part 

of the TGF-ß/BMP signalling pathway BMPR1A 

and SMAD4 are involved in maintaining the 

homeostasis of the intestinal lining through 

processes of cellular proliferation, differentiation 

and apoptosis. Haploinsufficiency of either of 

these genes is likely to promote polyp formation 

resulting in numerous juvenile polyps in the 

gastrointestinal tract. Subsequent dysplastic 

change of the polyp epithelium may develop 

indirectly as result of an altered 

microenvironment or directly through somatic 

inactivation of the remaining wild-type allele of 

the affected gene in the polyp epithelium. 

Evidence indicates both mechanisms may be 

applicable to juvenile polyps with a SMAD4 
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germline mutation. Somatic inactivation of 

SMAD4 occurs in some cases as early event, even 

before morphologic features of dysplasia become 

microscopically evident. In other instances, 

however, high grade dysplasia occurs without 

early somatic inactivation of SMAD4. The genes 

and mechanisms driving dysplastic change in 

these polyps remains to be determined. The 

conventional adenoma-carcinoma sequence is in 

this regard a likely candidate and future 

investigation should focus on the APC gene and 

its downstream targets.

Investigation of the genetic status of BMPR1A 

in juvenile polyps with a BMPR1A germline 

mutation has proven more difficult and is 

hampered by the lack of a reliable 

immunohistochemical staining of the protein 

product of this gene. Immunohistochemistry of 

the pSMADs1, 5 and 8, however, provides a 

functional read out of active BMP signalling and 

may be of aid in this matter.

Finally, the effect of COX-2 inhibiting 

chemoprevention should be examined as this may 

have considerable clinical implications with 

regard to disease burden during infancy and 

childhood, and the risk of gastrointestinal cancer 

later in life. 
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