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30YEARS AFTERTHE DUCHENNE MUSCULAR DYSTR0PHY GENE DISC0VERY:WHAT'S

NEW ?

Mireille CLAUSTRES

Founder and former head of the Molecular Genetic Laboratory for Rare Diseases & lnserm U82l at Montp€llier's

University Hospital, France.

Dystrophinopathies are XJinked recessive disorders caused by lack or dysfunction of dystrophin, a-large scaf-

foidiojpro,.in that normally confers mechanical stabiliry to muscle fibres and ensures proper signalling across

the sarcolemma. The most severe form, DMD, is characterized by progressive muscle deterioration with failed

regeneration and replacemenr of muscle fibres with a fatry-fibrous matrix. Since the discovery of the DMD

ge-ne in 1987, conrinuous technical advances allowed to identify the genetic defects responsible for the different

!h.rrotyp". "rrd 
to undersand their molecular consequences. Today, by combining genomic DNA techniques

itv,tLle, rCGH, S"nger sequencing, NGS) and mRNA analyses, the genetic cause can be detected in all patients

with a dystrophinopathy. Nation-wide mutation databases are dweloped and display the distribution of large

alterations (deletions, duplications, complex rearrangemens) and point mutations ryPical ofDuchenne or Becker

phenorypes. Knowing precisely which DMD variant is causative of DMD or BMD is of maior importance not

orrly foi di"gr,orir, generic counselling, and prevention through prenatal or pre-implantation genetic diagnosis,

bri 
"lro 

foLr.r.ment of eligibitity of DMD patients for clinical trials. The major modulator of phenoqpe

severity is the DMD gene itself, through multiple alternative splicing events that change the composition of
the pRNA or the structure ofthe encoded dystrophin and explain most ofthe exceptions to the Monaco's rule.

A multi-disciplinary clinical managemenr approach is well recognised as a maior factor in improved life expec-

tancy of DMb parients (now 30 years), and there is an emphasis on utilising care guidelines to treat effectively

the muldple clinical manifestations of DMD. Corticosreroids are so far the only medication Proven to slow the

progression of DMD, however they have limited efficacy and many adverse e6ects. During the past decade, there

Lr* b..n tremendous efforts towards gene and cell therapy to replace the defective DMD gene. Given their

modest advances in clinical trials for DMD, other srrategies based on the knowledge of the molecular defects

have emerged. Araluren is the first drug to rarget the underlying cause of DMD due to nonsense mutations, by

promotini ribosomal readthrough of" ptC (premature termination codon) to produce full-length firnctional

dystrophin. Ir is approved in Europe for the treatment of ambulatory patients > 5 years old carrying a nonsense

variant. Altisense oligonucleotide-based rherapies modulate pre-mRNA splicing of the DMD gene to restore,

through exon skipping, a viable reading frame and the expression ofa shorter but semi-functional dystrophin

that would mimick 
" 

"SN{O" phenorype. Clinical trials using two different chemistries are conducted worldwide.

A new promising genome-editing technology (CRISPRJCasg*) can correct the gene through the cell's own mis-

-"t"h i.p"i. -J.hanism. Spectacular results on m& mouse and human DMD myoblasts have been published

this year. Given that gene editing is a permanent reParation of the DMD gene, this treatment would not have

to be repeated as it is the case for exon skipping induced by AONs'

DJstrophin replacement therapies to dare have shown very limited abiliry to slow the disease and thus pharmacolog-

ical strategies targeting other aspects ofthe pathological cascade are currently on tle way. Many signalling pathwap

"rrd ".lli", p.ol*o -. ,lt...d downsrream the missing dptrophin, including impaired calcium homeostasis,

mitochondrial firnction, energ;r production, ki-nase activity, regeneration &om stem ce[[s, excessive production of

reactive orygene species, exposure to cJtokines, inflammation, fibrosis " Dystrophin can be made only by muscle

fib..r, ,rot'iy fibrotic or Jipose tissue; as the necrotic/fibroticy'inflammatory processes start very early, there is

,,eed to d.u.lop in parallel Jystrophin-independent therapies that imProve overall muscle condition..It is likely

tl,,. th.r"py of DMb will move towards combinatorial therapy. Researchers conducting DMD clinical trials face

n,r^.ro,r. .hdl.ngo inclu&ng the wide variabiliry of disease progression between patiens, the need for a stand-

,rdir.d t..rt-.nt ipproach and reliable outcome measures to monitol treatment efficacy in patiens. The nearly 30

)".ars ofinterrsiu. ,e;r..h on dptrophinoparhies not only led to a new understanding ofthe muscle cell membrane

as well as new candidates for other forms of muscular dystrophy, but also benefited the field ofhuman genetics'

*cNSPNCasg: Clrtmed Regult T lnterspzced short Palindromic Re\eatlcNSPR-associated (cw) systcm.
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BREAST-0VARIAN CAN(ER PREDISPOSITI0NS: WHI(H GEI'lES T0 TEST, WHY T0 TEST,

WHO TO TEST?

Dominique Stoppa-Lyonnet

Departement de Biologie des tumeurs.Service G6n6tique, lnstitut Curie, Paris, France

CHAPTER 2

GENETI(S OF OVARIAN CARCINOMAS

Claire S6n6chaI', Bruno Buecherr, Antoine de Pauw', Claude Houdayert''?'3, Etienne Rouleaur, Catherine
Nogudsr,a, Dominique Stoppa-Lyonnetl'B
I lnstitut Curie, Department ofTumour Biology, Parls, France

2. lnstitut Curie, INSFRM U830, Paris, France

3. Universite Paris Descartes, Sorbonne Paris Cit6, France

4. lnstitut Curie, Cancer Genetics clinics, Hopital Ren6 Huguenin, Saint-Cloud, France

* Present address: lnstitut Bergoni6, Eordeaux, France

ABSTRACT

It is estimared that 15 to 20olo of ovarian carcinomas arise in women carrying a monoallelic germline carcer-pre-

disposing gene mutation. The rwo main known hereditary forms of ovarian carcinoma are hereditary breast/

ovarian cancer (HBOC) linked to BRCA1 or BRCA2 mutations, genes involved in DNA double-strand break

repair by homologous recombination (HR) and Lynch syndrome linked to murations in genes involved in DNA
mismatch repair (MMR): MLHI, MSH2, MSH6 or PMS2. The contribution of BRCAI/2 mutations is at least

tenfold higher than that of MMR genes. Identification ofa cancer-predisposing mutation is useful for the pre-

vention ofbreast, ovarian or colon cancers in affected women and their relatives and is now becoming a major

pa-rt ofthe rrearment ofwomen with ovarian carcinoma, as Poly-ADP-ribose-polymerase (PARP) inhibitors have

been demonsrrated to be useful in HBOC syndrome. New perspectives are opening up in Lynch syndrome with
immunotherapy targeting Lynch syndrome-related cancers, characterizrd by their immunogeniciry. Other genes

involved in the HR pathway (PAI-B2, RAD51, AIM ...) are good candidates to be associated with an increased

risk ofovarian and breast cancers that would be expected to be also sensitive to PARP inhibitors. As the identi-

fication ofwomen harbouring germline or rumour inactivation of HR genes and probably, in the near fi.rture,

MMR gene mutations is now becoming essential for their treatment, ilcreasing test demands and the need for
rapid and complete analyses are going to modify current genetic counselling and testing practices .

Kcy-Words: Ovarian carcinoma, BRCAI, BRCA2, Lynch syndrome, HRness, patient information, epidemio-

logical studies
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2.'l lntroduction

Up until now, the aim ofgenetic testing in a woman with ovarian carcinoma was to allow identiGcation ofa
predisposing factor and therefore the prwention of other cancers as well as testing of her relatives in order to

adapt their management. Ovarian cancer prevention of relatives has been and remains a major goal of cartcer

genetics, particularly because ofthe absence of reliable ovarian cancer screening. The scope of genetic testing

has now been widened, especially in women carrytng t germline BRCA1 or BRCA2 mutation: identification
of such a mutation may change the treatment of the disease, and may therefore have a major impact on the

patient's medical management.



Two main ovarian carcinoma (OC) genetic predisposion syndromes have been identified to &te. Hereditary

Breast and Ovarian Cancer (HBOC) s),ndrome is linked to germline BRCAI or BRCA2 gene mutations. Muta-

tions in other genes also involved in DNA damage repair and especially in Homologous Recombination (HR),

like BRCAI and BRCA2 genes, may also be associated with an increased risk of breast and ovarian cancers. Lynch

syndrome is mainly characterized by a high risk of colorectal, endometrial and ovarian cancers ard is linked to

germline MLH l, MSH2, MSH6, or PMS2 gene mutations.

These rwo cancer predisposition qyndromes are estimated to be involved in l5 to 20olo ofall OCs, with the con-

tribution of HBOC at least tenfold greater than that of Lynch syndrome. These two syndromes are transmitted

according ro an autosomal dominanr mode. At-risk women carry a monoallelic germline loss of frrnction muta-

tion ofa responsible gene. However, the tumour presents somatic inactiyation ofthe wild-rype allele via a partid

chromosomal defect (deduced fiom the observation of loss of heterorygosiry at the gene locus) or via a point

mutarion or promoter methylation. Thus, according to Knudsont "two-hit" theory although the predisposition

is transmimed according to a dominant mode, its effect on the tumour is recessive.

2.2 Hereditary Breast and Ovarian (ancers

2.2.2 ldentifiration of BR(A1 and BR(A2 genes and their molecular pathology

The BRCA I and BRCA2 genes were identiGed in 1994 and 1995, respectively, after preliminary genetic linkage

studies performed in breast cancer hmilies [1,2,3] that allowed their chromosomal location. BRCA1 is located

in chromosome 17 (17q21) and BRCA2 is located in chromosome 13 (l3q l2). Soqn-after localization ofthese

genes, it was observed that families including ar least one case of OC were more frequently linked to the BRCAI

locus rhan families with breast qrncer c:rses only [4], thus highlighting that BRCAI and subsequendy BRCA2

genes are also OC-predisposing genes.

The BRCAI gene has a coding sequence of 5,589 nucleotides distribured over 23 exons and the BRCA2 gene

has a coding seque nce of 10,254 nucleotides distributed over 26 exons. More than one thousard different loss

of filnction mutations spread over large coding sequences has been reported to &te in the various nutation
databases. Most mutations are point or small mutations introducing a stop codon. Large gene rearrangements

also account for 8.5olo of BRCAI mutations and 2olo of BRCA2 mutations [5].

In addidon ro deleterious mutations, Variants of Uncertain Significance OrUS) are detected in about 8olo of
BRCAI or BRC.A2 analyses currendy performed in breast and breast-ovarian cancer families. Considerable efforts,

combining complementary approaches (epidemiological, genetic, firnctional studies), have been performed to

characerize the significance of rhese variants [6]. These effons are coordinated by the international ENIGMA
consortium [7],which, in 2014, fused wirh the BRCA Challenge, the Global Alliance for Genomics and Health

(GA4GH) designed to characterize VUS ofall genes involved in genetic diseases. It is difficult to provide patienu

wirh suitable informarion regarding VIJS because the geneticist must inform them that a VUS has been identified,

rhar it cannot be currently used for genetic testing of his or her relatives, but that it could be used in the future.

Due ro the complexity ofBRCAI/2 molecular patholory in terms of analyses and interpretation and the law

yield ofpositive tests in many severe breasr and oyarian cancer families, suggesting that other genes may also be

involved, sequential genetic testing of the family needs to be performed, as, whenever possible, firll screening

of the BRCAI/2 genes is performed in rhe individual most likely to be predisposed: a woman with a history of
breast or ovarian cancer. W'hen a deleterious mutation has been identified, a mutation-targeted test car be per-

formed in the patient's relatives. Thus, in BRCAI /2-positive families, a negative result in a reladve is reassuring.

2.2.3 Functions of BRCAl and BRCA2 proteins, the homologous re(ombination pathway

The observation ofthe nucleus colocalization ofthe BRCAI and RAD5I proteins during the cell cycle S phase

was a breakthrough in the knowledge of BRCAI function [8], as the amino-acid sequence ofBRCA1 did not
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provide any clues to a specific cellular pathway. BRCAI and BRCA2 proteins are involved in the repair ofDNA
Double-Strand Breaks (DSB) by HR, a critical fi.rnction for the survivd of normal cells [9, 10, and fig 2.1]. In the

absence offrrnctional HR, unrepaired or incorrectly repaired DSBs lead to a ma.ssive loss ofgenetic information,

genomic rearrangements or cell death. BRCAI appears to have an early and broad role in the HR process via an

ubiquitin ligase function: BRCAI is involved in genome surveillance by the transmission and amplification of
the signal induced by DSB; in addition, BRCAI promotes HR via a modulatory role in the PAlB2-dependent
loading of BRCA2-RAD5l repair-machinery. Moreover, BRCAI exerts negative control on the cell cycle, thereby

allowing the cell to repair its DNA damages especially during S phase. Inversely, BRCA2 is directly involved in
the HR process via the sequestration and release ofsmall RAD5I recombinase molecules at the site of the DSB
(fig.2.1 ). Biallelic germline BRCA2 murarions are responsible for Fancooi disease, a recessive disease with strong

genetic heterogeneiry as I 5 genes have been identified to date.

The involvement of BRCAI and BRCA2 in DNA damage response (DDR) has led to the hypothesis that cells

with a BRCA1 or BRCA2 defect could be more sensitive to alkylating agents that considerably increase DSBs

and to molecules inhibiting DNA repair pathway's other than HR, such as Base Excision Repair (BER) [l l]. Po-

ly-ADP-ribose-pol).merase inhibitors are ar emerging family of DDR inhibitors (see Chapter l3 J kdermann).

As mentioned aboye, BRCAI and BRCA2 mutations cannot account for all severe breast-ovarian cancer families,

suggesring rhar otler prdisposing Benes have yet to be identified. Consequently, partner genes ofBRCAl and

BRCA2, especially those involved in rhe HR pathway, are good candidates to be associated with high cancer risks

and higher rumour seositiviry to alkyladng agents or DDR inhibitors in case of gene inactivation. Numerous

genes have been tested in association studies. For example, CHEK2 and CHEKI involved in cell cycle control,

AIM, MREI lA, and NBN involved in the detection of DNA damage, and PALB2 and BRIPl which are also

Fanconi disease genes. Of note, no monoallelic deleterious mutation ofRAD5l has yet been reported, probably

because such mutations wou.ld be lethal. In contrast, mutations ofRAD51 paralogs (duplicated genes during

species evolution that have slightly diverged but still have very similar fi.rnctions to those of the original gene)

have been reponed and are associated with an increased risk of ovarian cancer (see below). Most of these genes

are currently at the stage of research and genetic testing has not been proposed to date.

2.2.4 Histology ofovarian carcinoma in BRCAl/2 mutation carriers

talhani et al. compared the pathologica.l characteristics of 178 BRCAI and 29 BRCA2 OCs to those of235
age-marched controls [12]. Both BRCA1 ard BRCA2 tumours wele of higher grade than control tumours

(p<0.0001 and p=0.028, respectively). Vell differentiated and grade 1 tumours do exist in BRCAI /BRCA2

murarion carriers, but tend to be rare. Similarly to sporadic cases, papillary serous OC is the most prevalent type,

observed in 4470 and 48olo ofBRCAl and BRCA2 mutation carriers, respectively, followed by the endometrioid

rype , 360/o and 38o/o in BRCA I and BRCA2 mutation carriers, respectively. The frequency of serous tumours is

reported to be significantly higher among BRCAI mutation carriers (OR: 1.84, 95o/oCl. I .21-2.79), while the

frequenry of mucinous tumours is much lower (OR 0.13, 95o/oCl 0.05-0.34, p<0.0001). The distribution of
histological rypes in BRCA2 tumours is similar to that in BRCAI tumours, but not significantly different from

the control distribudon. The fiequency ofborderline tumours does not appear to be increased in BRCA1/2

mutation carriers. In the study by Zhang et al., no BRCAI /2 muarion was identified in a series of I l2 cases of
unselected mucinous carcinomas [13]. As in the general population, clear cell forms and carcinosarcomas are rare.

In summary BRCAI/2 OCs are classically poorly differentiated and of high grade, corresponding to the "rype

2" pathway ofovarian carcinogenesis [14]. OCs in BRCAI/2 mutation carriers are thought to arise from serous

intraepithelial tubal carcinoma (STIC) in the fallopian tubes, associated with TP53 somatic mutations [15].

2.2.5 Prevalence of BRCA I/2 and other HR pathway gene germline mutations among ovarian (ancer cases

Before reporting the prwalence of BRCAI/2 germline mutations in women with OC, it is useful to recall the

prevalence of these mutations in the general population (males and females). According to the Anglian Breast

DAYS OF CLINICAL 6ENET1C5J DANIKLINICKE GENETKE,20]6 5



Cancer Study, and taking into account the Hardy and Weinberg lau the allelic frequency for BRCAI mutations

in the general population was estimated to be 0.0510/o (95o/o Cl: O.02l - 0.125o/o) and the allelic frequency for

BRCA2 mutations was esrimated to be 0.0680/0 (95o/o Cl:0.033 - 0.l4l7o). The &equencies ofBRCAI and

BRCA2 mutation carriers were therefore estimated to be 11974 and 11734, r*pectively.ln other words, the fre-

quency ofBRCAI /BRCA2 mutation carriers in the general population is about l/400 [16]. ln the study by Song

et al. described below, the observed frequency ofBRCAl/BRCA2 mutation carriers among the 1,528 cancer-free

conrols was 0-37o/o (one BRCAI mutation, 4 BRCA2 mutations), corresponding to l/270 BRCAI/2 carriers

in the general population, with 1/1,428 BRCAI mutation carrier, and l/333 BRCA2 mutation carrier [17].

Numerous studies have examined the prevalence of BRCAI/2 germline deleterious mutations in women with

OC, The most recent studies performed in the largest series were based on a molecular testing approach that

was as complete as possible [17, l8].

Songet al. performed germline analyses of BRCAI, BRCA2, MLHI, MSH2, MSH6, and PMS2 genes in a series

of 2,222 women with invasive oC unselected for breast or ovarian cancer ald in 1,528 controls. Proponions of
histological subrypes: serous (57olo), endometrioid (l4olo), clear cell (8.60lo), mucinous (7.1o/o) and high grade

(660lo) were consistent with unselected OCs. Among the 2,222OCs,178 (8o/o) BRCAI /BRCA2 mutation car-

riers were identified: 84 BRCAI mutation carriers ( 3.8o/o),94 BRCA2 mutation carriers (4.270). The Proponion
of BRCA1 /BRCA2 carriers was higher in the high-grade subgroup, with I I o/o ofcarriers.

Alsopt study, conductei in a series of 1,001 consecutive cases of non-mucinous, non-borderline OC, identi6ed

141 BRCA] /2 mutation carriers: '14.1o/o (95o/o Cl: I 1.9- 16.3). About 2/3 of these cases were BRCAI mutation

carriers (88 cases) and 1/3 were BRCA2 mutarion carriers (53 cases). In the serous and high-grade subgroups,

16.60/o md l6.8Yo of cases were associated with a BRCAI or BRCA2 germline mutation, respecdvely, and 17.l7o

of cases harboured combined characteristics. Notably, 45olo of mutation carriers did not present a positive Hm-

ily history for breasr and/or oyarian cancers, highlighting the 6ct that hmily history is not a sensitive marker

for BRCAI/2 detection [18]. The indications for BRCAI /BRCA2 germline mutation testing in a patient with

ovarian cancer are summarized in Table 2.3.

Valsh et al. used a high-throughput sequencing method to screen 2l BRCAI/2 partner genes that are candi-

&tes to be associated with an increased risk ofbreast or olzrian cancers in a series of360 women witlt ovarian,

peritoneal, or hllopian tube carcinoma. Mucinous carcinomas were excluded and a selection bias towards high-

grade cases was obseryed, as 91olo of tumours were high-grade. Among the 360 women tested, 24olo carried a

deleterious mutation: 18o/o in BRCAI or BRCA2 (a 6gure similar to Alsop's study) and 60lo in BARD 1, BRIP l,
CHEK2, MRE1lA, MSH6, NBN, PALB2, RAD50, RAD5lC, orTP53 [19].

2.2.6 BRCAl, BRCA2 and HR-associated genes: breast and ovarian cancer risks

Two meta-analpes examined tle risk of breast and ovarian cancers in BRCAI and BRCA2 carriers [20,21].
Nore that the meta-analysis by Antoniou, performed without selection for family history was included in the

meta-analysis by Chen and Parmigiani, which combined both family and population-based studies and which

mainly concerned the risks of breast and ovariarl cancers (T}ble 2.1). Cumulative risls of ovarian cancer at ages

40,50,60, andTO are reported in Table 2.2 [20]. The mean age at onset for both breast and ovarian cancers was

younger in BRCA1 and BRCA2 carriers compared to the general population. In addition, according to the recent

study by Alsop performed in a large series ofOC women, the mean age at onset in sporadic cancer patients was

60.5 years versus 53-4 yars and 59.8 years in patients with BRCAI and BRCA2 mutations, respectively [18J.

These figures corespond ro mean cancer risks. Shortly after the identification of BRCAI and BRCA2, it was

observed that cancer risks may differ from one 6mily to another (de6ned by close relatives) and among relatives

oF the same family. These differences were nor chance diFerences, but were underpinned by modifring factors

that can be either genetic or non-generic, or by the nature/location ofthe causatiye mutation. Two international

consortia have been established in order to identifr such modifring factors: HBCCS and CIMBA. A recent

srudy performed by CIMBA in a very large number of women (19,581 BRCAI and I1,900 BRCA2 mutation
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carriers) identified regions ofthe coding sequence in both genes in which the relative risk ofovarian cancer may

be higher than the Jrive risk of br.""t."rr.., [22]. A genome-wide association study conducted on a series of

I1,40;,952 SNps disseminated throughout the genome on 15,437 sporadic cases,15,252 BRCAI carriers, 8,21 I

BRCA2 mutation carriers, and 30,84i controls has also identified 6 SNPs associated with a slight increase of tle

relative risk of ovarian cancer. However, only two ofthese SNPs increase the risk ofovarian cancer in BRCAI

mutation carriers and only one increases the risk ofovarian cancer in BRCA2 mutation carriers [23]' The results

of these extensive studies are disappoinring at the presenr time' as rhey do not lead to any modification of tle

management of at-risk women, but they need to be pursued by combining factors ofvarious origins'

Few data are available concerning ovarian cancer risk associated with germline mutation ofgenes involved in HR'

At the present time, estimated c;ncer risl<s are only available for two RAD5I paralogs' RAD5I D and RAD51C

124,25j.1he relarive risk of ovarian cancer was esdmated to be 6.30 (95o/o Cl 2.sGI3.85) in RAD5I D muta-

tion carriers and 5.88 (950lo cI: 2.91-11.88) for RAD5IC mutation carriers, which constitutes a >9olo cumu-

Iative risk byage 80 l25,26l.The lack ofprecise estimates of carcer risk associated with these newly identi6ed

g.na. ir r rn"lo". limitation to rheir use for genetic counselling in clinical practice. However, genes involved in

HR could be used to guide treatment'
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2.2.7 Prevalence of somatiC inactivation of BRCAl/2 and HR genes in ovarian cancer and related diseases

Althoughithasbeenclearlydemonstratedthat,inthepresenceofagermlineBRCA1/2mutation,thesecond
allete iJsomatically inactivated, identification of the BRCA1 gene immediately raised the question raised of its

possible bi-allelic somatic inactiyarion. The article rePorting the identification ofBRCA1 in the october 1994

irrt'r. ofS.i.n.. *"s accompanied by anorher article reporting a study based on a series of 32 breast carcinomas

selected for a deletion oFthe l7q arm, in which BRCAT is located. Although three BRCAI mutations were de-

tected in the tumour, rhey all corresponded to germline mutations [27]. Consequently, up until recently, tumour

inactivationofBRCAl/2genes*asconsideredtobemainlyassociatedwithgermlinemuations.Howeyer,recent
studies based on high-throughput sequencing techniques in large series ofovarian cancers, have thrown new light

on this issue , which is of critical i-io.t".,.;*ith the recent development of DDR inhibitors, ro which strictly

somatically BRCAl/2 inactivated tumours are expected to also be sensidve'

The Cancer Genome Atlas (TCGA) pro)ect selected 316 high-grade serous ovarian carcinomas Exome, promot-

er methylation, tlanscriPtome, -icroRNA expression' and DNA copy number were studied for each tumour

[28]. Germline DNA was -"t"h.d. T.,-o,, 
"',alyses 

identified 73BRCA!l2 mutations (23olo), which were of

ger-line origin io 52 cases (17o/o). Conversely, in 21 (6Vo) tumours' BRCA1/2 inactivation was stricdy somat-

,'.. tr r,,-rnlty, 25o/o (21t73) of BRCAI/2 inactivations may be somatic' The BRCAI Promoter has also been

shown to be methylated in about l0olo oftumours, suggesting loss ofexpression. Genes of the.HR pathway

(EMSY,FANC,RAD5IC,PAIB2,CHEK2,BRIPl)havealsobeenfoundtobemutatedintheabsenceof
BRCAl/2 inactivation.

InthestudybyPenningtonetal.,providinganupdatetothestudybyValshetal',30genes'includingBRCAl,
BRCA2 and 13 g.r,., i.uolu.d in the H[ pathway and cell cycle control (BRCAI' BRCA2, AIM. BARDI '

BzuPl, CHEKI, CHEK2, FAMl75A, trlnet ln, NBN, PAIB2' RAD5lC' RAD51D) were sequenced in

aseriesof3g0casesofhigh-gradeOCatbothgermlineandtumourlevelst|9,29).^deleteriousBRCAI/2
muration was identified in 240lo of rumours (180/o germline and 60lo stricdy somatic) Deleterious mutations

oforh., g.n., were also identified in 8.60lo of cases (60lo germline atd.2.60/o strictly somatic). The somatic/

ger-lineinactivation rario was 250lo, similar to that observed in the TCGA study (Figure 2.2). lt is noteworthy

ihat 
"ltho.rgh 

g.r-line HR pathway genes mutations do exist in low-grade serous carcinoma (l I o/o ofcases) ' no

strictly somatic gene inactivation has been observed'

The pennington srudy also reponed that tumours demonstrating inactivation ofthe BRC"A'l/2 or HR pathway

g.r,.r, ,.g".11.r, of its origin, are more sensitive to platinum-based therapy than non-mutated tumours [29]'

bo. ,o ,i. .o-pl.*iry ofgenetic testing, especially oi formalin-fixed, parafin-embedded tissues, the availabiliry

ofa tumour BRCAness or HR o, sigi"t,.r. -ould be highly desirable to select patients for clinical trials and



sPecific treatments. Such signatures, which correspond to genomic scars of the HR defect, are currently under
development l31,3l,32) and are starting to be used in clinical trials [33].

2.3 Lynch syndrome

2.3.1 Defnition

Lynch syndrome, also known as Hereditary Non-Polyposis Colorecta.l Cancer (HNPCC), was first described by
Henry Lynch, who reported rare familial aggregations ofcolorectal, gastric, endometrium, small bowel, biliary
tract, urothelium tract, ard ovarian cancer with early onset and whose distribution in one side of the family
suggested a predisposing gene transmitted according to an autosomal dominant mode [34].The Amster&m
clinical criteria, initially de6ned arbitrarily in order to select families for identifring responsible genes, should
now be abandoned. The current deGnition of Lynch syndrome is molecular, based on identification ofan in-
activating monoallelic germline mutation in a gene involved in the DNA MisMatch Repair pathway (MMR):
MLHI' MSH2' MSH6, or exceptionally PMS2 [35]. As indicated for BRCAI and BRCA2, Lynch syndrome
is associated wirh a marked heterogeneity ofdeleterious mutarions. In addition, there are also a large number of
variants of unknown significance that require complementary classification studies.

2.3.2. Function ofthe MisMatch Repair pathway

The function of the MMR pattway is to correct DNA polymerase nucleotide misincorporarions thar may occur
during DNA replication. Seven proteins compose the humaa MMR s:ystem with three MutS-homologs (MSH2,
MSH3 and MSH6), and four MutL homologs (MLHl, MLH3, PMSI and PMS2). MutS proreins recognise
a mismatch, and recruit the ATP-bound MutL protein , then correct the mismatch. The MutS homodimer is
formed by either MSH2/MsH6 (the MutSa complex) for single-base mismatches and short insenion-deletion
loops or MSH2/MSH3 (the MutSb complex) for larger loops. The endonuclease fi.rncrion in the PMS2 subunir
of Mutla (formed by MLH I and PMS2) excises the DNA srrand containing the wrong nucleoride and resyn-
thesizes the excision gap via the replicative DNA polymerase.

In MMR pathway-de6cient cells, short tandem repeat sequences, i.e. microsatellites, appear particularly prone
to nucleotide misincorporations. The resulting MicroSatellite lnstability (MSI) is a halimarkior MMR de6cts
(for review, see 36). Lynch syndrome with genome-wide microsarellite insrabiliry therefore presenrs a signarure
of MMR dysfunction. This signature is applied in routine diagnosis. This signature is sensirive - t5e absence of
MSI can a.tmost formally exclude the diagnosis of Lynch syndrome (sensitivity of ab ot 9Oo/o, but less reliable
with MSH6) - and nonspecific, as MSI may result from MLHi promoter methylation in late-onser colorecral
cancers [37,38]. Techniques and interpretation are now well standardized. Immunohistochemistry (lHC) anal-
yses of MMR protein expression should also be performed, as the mutated gene is expected ro lead to loss of
expression of the corresponding prorein in tumour tissue, which may guide genetic screening [3g].
Any case of Lynch syndrome spectrum cancer (see below) occurring before the age of60 or even 70 years should
be tested somatically for MMR system deficiency (deficient MMR phenotype --dMMR - defined by microsat-
ellite instabiliry - MSI - and/or loss of expression of MMR protein) (Table 2.3), as OCs can be considered ro
be like endometrial cancer, for which the combinarion of MMR protein expression followed by evaluation of
MLHI promoter region methylation in cases demonstrating MLHI/PMS2 IHC loss provided the highest pos-
itive predictive value for identification of mutation cariers in women younger than 60 years ofage at diagnosis
[39]. However, the current development of high-throughput sequencing techniques will radically change this
stepwise diagnostic strategy by combining somatic prescreening analyses followed by germline MMR resting
in selected patients. Nevertheless, these somatic analyses will still be usefrrl, particularly for interpretation of
the results and especially in the case ofidentification ofVUS, rather rhan to define the indicarions for MMR
gene screening.
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2.3.3 Histology of ovarian carcinoma in Lynch syndrome caniers

Chui er al. performed a review ofthe published literature [40]. Among 168 ovarian cancinomas observed in

Lynch syndrome patients, 54 (32.1olo) were sero u, 43 (25.60/o) were endometrioid, 24 (14.3o/o) were clear cell,

l4 (8.3olo) were mucinous, and 33 (19.60lo) were not otherwise speciFed, i.e., a n over-representation ofnon-se-

rous ovarian cancers, such as endometrioid, clear cell, and mucinous carcinomas. Chui et al. then performed a

centralized pathology review on 20 ovarian cancers from patients carrying a conGrmed germline MMR mutation

[41]. Surprisingly, this review revealed that all carcinoma were either pure endometrioid (14 cases, grade I or

grade 2, no grade 3), mixed with an endometrioid component (4 cases), or clear cell (2 cases). No serous or

mucinous carcinomas were identified in this small series. All tumours presented MSI. lt should be noted that

19 ofthe 20 OCs were diagnosed at stage pTl or pT2, consistent with low or intermediate grade, as Lynch syn-

drome-associated OCs result from type I carcinogenesis (TP53-negative, low-grade, [42]), but associated with

a parricular molecular profile, KRAS/BRAI non-mutated, and with a frequen cy of 30o/o, PIK3CA mutations,

comparable to type 1 sporadic tumours [43].

2.3.4. Prevalence of Lynch syndrome am0ng ovarian cancer (ases

To our knowledge, few studies have examined dre frequency of Lynch syndrome in the general population.

Based on the results of MMR gene screening performed in two series ofcolorectal cancer cases combined with

1,044 Finnish cases,2.7o/o of patients were MMR mutation carriers. Figures were extrapolated to estimates in

the general population. The frequency of Lynch syndrome was estimated to be 11740 in the general population

[44]. In the above-mentioned study by Song, germline MMR mutations were identified in 5 out of 1,528 can-

cer-free controls tested for MLH l, MSH2, MSH6, ard PMS2 germline mutations; extrapolation to the general

population results in a prevalence ofone carrier for 306 individuals [17].

Also in the study by Song, germline analysis of the MMR genes in a series of 2,222 Patients with invasive oc
identified a pathogenic muration in l7 cases (0.760/o), nanely l0 MSH6 mutations, 4 MSH2 mutations' 2

MLH I mutations, and one PMS2 mutation.

pal et al. screened MLH l, MSH2, and MSH6 genes in a population-based series of 1,893 women with ovarian

tumours, including borderline rumours (13.5olo of the series) [45]. Nine deleterious mutations were identified

in 9 individuals 10.5o/o;95o/o CI: 0.2-0.3)1, including 5 MSH6 mutations, 2 MLHl mutations, and 2 MSH2

mutations.

walsh et al screened 21 rumour suppressor genes, including MLHI, MSH2, MSH6, and PMS2, in a series

of360 women with primary ovarian, peritoneal, or fallopian tube carcinoma [18]. Cases ofmucinous ovarian

cancer were excluded. Most tumours (9lolo) were high-grade tumours. Only rwo deleterious germline MSH6

mutarions were identified (0.5olo), with no MLHI, MSH2, or PMS2 mutations. It is noteworthy that the only

MMR gene found mutated in this series of cases selected for rype 2 OC, while Lynch syndrome-associated OCs

tend to be rype l, was MSH6. These results are consistent with those reported in the two previously cited studies,

indicating that most parients with Lynch syndrome-associared OC were MSH6 mumtion calriers.

In summary, Lynch syndrome patienrs represent a small proportion of ovarial qlncet qlses. Carrier frequency

may be only about 17o arrd mutations involve the MSH6 gene in the majoriry of cases. However, Lynch syn-

d-rome should be suspected in any patienr diagnosed with ovarian cancer before the age of6l years and/or with

a personal or family history ofLynch syndrome spectrum cancers (Table 2.3).

2.3.5. Cancer risks in Lynch syndrome

The "narrow cancer spectrum" of Lynch syndrome, defined by a relative risk higher than 8, includes colorectal,

endometrial, urinary tract, and small bowel cancers. The "broad cancer spectrurn', defined by a relative risk be-

tween 5 and 8, includes oyarian, stomach, ald biliary tract cancers. Good estimates ofcancer risks were provided

by the EPJSCAM study that was designed to avoid ascenainment bias in cases with a positive family history [46].
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This study examined 537 individuals and their relatives with a germline mutation in one of the MMR genes

[MLH I (n = 248), MSH2 (n = 256) and MSH6 (n = 33)]. Table 2.4 repons cancer risks according to the gene
identified. The specific ova-riarr cancer cumuladve risk at the age of70 years was estimated to be 8olo (9!o/oCl:
2-37o/o) in the entire study population. This risk was estimated rc be 20o/o (95o/oCl 'l-650/o) in patients with
MLH I mutation; 2 4o/o (95o/oCl: )-52o/o) in paiens wirh MSH2 mutation; and 1%o (95o/oCl:0-37o) in patie ns
with MSH6 muation (Table 2.5). Globally, the ovarian cancer cumulative risk at age 40 years was less than
lolo. However, assessment of ovarian calcer risks is subject to caution in view of the small number of families,
especially those with MSH6 germline murarions.

2.3.6. lmpact of tumour microsatellite instability in the clinical management 0f patients

Survival with MMR deficiency has been extensively investigated in patients with colorectal cancer, but much
less extensively in patients with ovarian cancer. The prognosis is definitely better with MMR deficiency, which
can be explained by reactive immunity [47].The Microsatellite Instable subset in colorectal cancer seems to be
a good immunotherapy checkpoint candidate [48]. Arti-PD-l and anti-PD-Ll are new emerging rherapeutic
agents responsible for blockade ofthe Programmed Death (PD-l) pathwaS a negative feedback system that re-

Presses the Thl cytotoxic immune response. This pathway is upregulated in many tumours and blockade ofthis
pathway by antibodies targeting either PD-l or its ligands (PD-LI, PD-L2) has resulted in remarkable clinical
resPonses. Some experimental and clinical data suggest that tumours wirh deficient-MMR (dMMR) phenorype
may be more responsive to PD-l blockade than proficient-MMR rumours (pMMR), as dMMR tumours have
l0 to 100 times as many somatic mutations that have the potential to encode "non-self'-immunogenic antigens,
compared to pMMR tumours. dMMR tumours may therefore be more immunogenic and consequently more
sensitive to these new immunotherapeutic approaches, as suggested by the results of the recendy published
phase II study by k et al waluating the activity of pembrolizumab, an anri-PD I immune checkpoint inhibitor,
in a small number of pMMR colorectal cancers, dMMR colorectal cancers and in otler dMMR cancer ry,pes
(cholangiocarcinoma, endometrial, small bowel and gastric) [49]. Ifrhese resulrs are firrther confirmed and ex-
tended to oyariar cancers, padents with sporadic or Lynch-associated dMMR ovarian cancers may benefit &om
administrarion of these new agenrs.

2.4 Cancet genetic testing issues: adding to prevention management and specific treatment choi(es

As mentioned in rhe introduction, the aim ofgeneric testing for "a cancer-predisposing gene,, up until now has
been cancer Prevention in the tested individual and his/her relatives. A new era is opening with the advent of
PARP inhibitors for the treatment of women with OC with BRCAI or BRCA2 gene inactivation and, in rhe
near future, for genes involved in HR. As rp to 25o/o of BRCAI /2 inactivation may have occurred only in the
tumour and may therefore be strictly somatic, it would be useful to start by resting rhe BRCAI /2 genes in the
tumour This new genetic testing issue and new testing strategies raise a number ofchallenges for molecular and
clinical geneticists, oncologists, as well as patients. The resolution ofthese challenges may lead to a modification
of current genetic resring pracrices.

Cenetic testing is expected ro increase in the firture, as most women with ovarian cancer, including women with
high-gmde OC after 70 years ofage, and their oncologists will systematically require BRCAI/2 genetic tests. Result
delivery time will need to be shortened. Technical diffculties ofBRCAl/2 full gene screening including screening
for large gene rearrargements on formalin-fixed, paraffin-embedded tissues, musr not be underestimated. To avoid
loss ofoPPortunity, BRCAI/2 tests will probably need to be performed at both the germline and tumour levels.

Patients will be asked to consent to a test comprising multiple issues that are often difficult to understand. They
will be required to give their consent at the time ofdiagnosis, associated with a high level ofstress. !?ill parients
really be able to provide their &ee and informed consent? Genetic testing staning with the rumour could be
considered to dissociate genetic predisposition from therapeutic issues. However, even ifthe technical difficulties
ofrumour genetic testing are resolyed in the near future, allowing tumour testing to be performed first, a positive
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result, corresponding to the presence ofa germline mutation in 75o/o of cases, will still constitute a cancer-pre-

disposing generic rest. Patienr information concerning genetic tesring issues, suppon ro help them communicate
a positive result to their relatives, and their own personal prychological support will srill be required.

Improvement of the interpretation of BRCAI/2 sequencing will remain of utmost importance, especially in
terms ofVUS. It is essential to enter VUS into specia.lized databases in order ro conrribure to their classifica-

tion so that the patient can subsequently be informed once the significance of a WS has been determined. As

mentioned above, the international ENIGMA consortium and the BRCA Challenge ofthe Global Alliance for
Genomics and Health are actively involved in this 6eld. Maintenarce of the participation ofpatients, oncologists,

and genericists in these initiatiyes constitutes a real challenge. Similarly, although new ovarian cancer genes have

recently been identified as a resu-lt ofhigh-throughput sequenchg, precise estimates ofcancer risk are impossible

and screening tests cannot be performed in relatives in a diagnostic setting. Further epidemiological studies in
patients and their relatives are required.

In summary, rwo principles mu$ be raken into account for the definition of new cancer genetic testing guide-

lines: (l ) patient information and support, (2) improvement oftest qualiry especially concerning interpretation

of the results. More genetic counsellors specialised in cancer genetics are needed, oncologists must be educated

about genetic resring issues and the difficulries of interpretation of the results, and new information media
(phone, web, booklets) must be developed [50]. Epidemiological studies must be conduned and variant data-

bases must be esrablished. Networks between oncologists and clinical and molecular geneticism therefore need

to be set up and will be a central component ofthese new guidelines.
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TABLES:

Table 2.1: 70-years cumulative risk of breast and ovarian cancer in BRCA1 and BRCA2 mutation c.rriers

Cumulative cancer risk at age 70 BRCA I (95oloCl) BRCA2 (95olocl)

Breast ca.ncer

Antoniou et al, 2003

Chen Er Parmigiani, 2007

650/o (44-78)

57o/o (47_66)

45o/o (3r-56)

49o/o (40-57)

Ovarian cancer

Antoniou et al, 2003

Chen & Parmigiani, 2007

39o/o (18-54)

40Yo (35-46)

1ro/o (2.4-19)

t8o/o (13-23)
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Risk (o/o) ofdeveloping ovarian cancer by age

30-year-old woman

with a BRCA1/2

mutation

fusk at age 40

Mean (95oloCl)

fusk at age 50

Mean (95oloCl)

fusk at age 60

Mean (95oloCI)

fusk at age 70

Mean (95oloCl)

BRCA I 2.2 (1.6-3.4) 8.7 (6.7 -12) 22 (18-27) 19 (3443)

BRCA2 0.52 (0.28-l) 2.4 (r.5-4.2\ 7.4 (5.1-tt) t6 (12-20)

Table2.Z: Predicted ovarian cancer risk of a 3O-year-old women carrying a BRCA1 or BRCA2 germline mutation
(from Chen & Parmigiani, 2007,l2l)).

Table 2-3: Indications for molecular testing in women with OC

Table 2.4: Cumulative risks ofcancers in Lynch syndrome for all genes (from Bonadona Y JAMA 2011, [46])

Indications for BRCAI/2 germline testing

Individual criteria:

- Woman with orzrian cancer diagnosed before age 7l years (except for mucinous OC, borderline
tumour, and non-OC) irrespective of 6mily history

- Voman with both ovarian and breast curcers, regardless ofage at diagnosis

Family criteria:

'Womar witl ovarian cancer with (at least) one lst degree relative (or 2nd degree if the link is a man)
with breast or ovarian carcer, regardless ofage at diagnosis.

Indications for screening for MMR gene germline mutations

\foman with ovarian cancer diagnosed before 6l years

Voman diagnosed with ovarian cancer and a Lynch ryndrome spctrum cancer (colon, rectum,
endometrium, ovary stomach, urinary tract, biliary tract, small bowel) regardless ofage at diagnosis

lifloman with ovarian calcer and a Grst-degree relative with a Lynch ryndrome spectrum cancer (see

above)

AND with MSI tumour (Lynch ryndrome-associated ovarian or tumour)

OR in the absence ofa somatic study with clinical features highly suggestive of Lynch syndrome and:
familial aggregation oflynch syndrome spectrum cancers concerning at leasr 2 generations and with
at least one case diagnosed before the age of 50 years.

Cumulative risks ofcancer at the age of70 years o/o (95o/oCl)

Colorectal cancer 35 (25-49\

Endometrial cancer 34 (16-58\

Ovarian cancer 8 (2-37\

Stomach 0.7 (0.08-4.4)

Urothelium 1.9 (0.3-5.3)

Small bowel 0.6 (o.l - 1.3)

Biliary tract 0.6 (0.07-2.5)

14 DAYS OF CLINIC}L GENENCSIDAN1 KLINICKE GENETIKE,20]6



Cumulative ovarian cancer risks

Age (year) All

o/o (95o/oCl)

MLHI

o/o (95o/oCl)

MSH2

o/o (95o/oCI)

MSH6

o/o (95o/oCl)

30 0 0 o (o-l) 0

40 l (0-l) 0 (o-2) I (o-3) 0

50 3 (1-5) 4 (o-11) 4 (t-9) o (o-l )

60 7 (2-2r) 15 0-45) r1 (2-28) I (o-2)

70 8 (2-37) 20 (1-65) 24 (3-52) I (o-3)

Table 2.5: Age*pecific cumulative risks ofovariaa cancer according to genes for MMR mutation carriers (from

Bonadona Y JAMA zo11,146l)

FIGURES:

Figure 2.1; BRCA, DNA repair and the cell cycle (Foulkes and Shuen, 20t3, [9])

ri.cfur.dl€'-@)rE

t
trgend of Figure 2.1: In response to DNA damage, BRCAI mediates HR (depicted in the outer ring) and

cell rycle regulation (depicted in rhe inner ring) when bound to different various macrocomplexes. Following

a double-strand break, ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3-related)

phosphorylate a number of downstream effectors, including H2AX, MRN (MREI I-RAD50-NBN)' BRCAI

and irs binding partner BARD I (BRCAI -associared RING domain protein l), initiating the DNA damage

response (DDR). BRCAI binds to BRIPI (BRCAI -interacting protein l) and S\VIISNF regulates histone

deacetylases to open up the chromatin, perhaps allowing access of repair enzymes to the site of DNA damage.

Following complex enzymaric modiGcations by ubiquitin and SUMO (small ubiquitinJike modifier), RAP80

(receptor-associated protein 80) and FAMlT5A (Abraxas) recruit BRCAI and other downstream repair enzymes

to the site of DNA damage. BRCAI, coupled with MRN and CIIP (C-terminal binding protein interacting

protein), is involved in resecting the DNA ends to create single-stranded DNA (ssDNA), which is protected by

RPA (replication protein A). The BRCAI/PALB2/BRCA2 macrocomplex is then required for RPA &splacement
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and I{AD5 i loading onto ssDNA. Finally, RAD5I mediates sister chromatid strand invasion and homologous
repair. Acting in parallel with the DNA damage response are BRCA I complexes that regu.late the cell rycle.
BRCAI coupled with BRIPl and TOPBPI regulates G1 - S and intra-S phase checkpoints, while BRCAI/
MRN/CdP and BRCAI/RA?80/FAM175A (Abraxas) regulate the G2 - M phase checkpoint.

Figure 2.2: Mutation rates in homologous recombination (HR) genes (From Pennington et al. Clin Canc Res

2014,l29l)

A. According to Pennington's study in 367 subiects, l15 (31.3o/o) had deleterious mutarions in onc of l3 HR
genes tested: 83 (22.60/o) with germline mutations , 28 (7 .60/ol with somatic mutations, and 4 ( l. I go) with both
germline and somatic mutations.

Overall HR mutation rate

t0 I

ir

r

B. According to Pennington's sudy in 367 subjects, 87 subjects (24olo) had germline murations in I 1 HR genes:
49 (13-4o/o) in BRCAl, 17 (4.60/o) in BRCA2, and 22 (60lo) in other homologous recombination genes, including
BARDI, BRIPI, CHEKI, CHEK2, FAMI75A, NBN, PAIB2, RADSlC, and RAD5lD.

Germline HR mutation
60

50

10

0 I
C od """ +s .*" ""'PJ "d "9 *po'*.""

C. According to Pennington's study in 367 sub)ects, 32 carcinomas (8.7olo) had a total of35 somatic mutarions
in 7 HR genes: 19 (5.2o/o) in BRCAI, 6 (1.67o) in BRCA2, and l0 (2.7o/o) in other homologous recombination
genes, including ATM, BRIPI, CHEK2, MREI lA, and RAD5lC.

Somatic HR mutations

I
rNtK? MRE t]A RAD5I'

s0

20

l0
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WHOLE-EXOME SEQUENCING AND COMPARATIVE GENOMI( HYBRIDIZATION:

COMPLEMENTARY APPROACHES IN ADVAN(ED GENOMICS

OliverVUGREK

Rudjer Boskovic lnstitute, Division of Molecular Mediclne, Zagreb, Croatia

Robert BeluZii, Lucija Kovatevit, Pau Marc MunozTones, Filip Rokii, OliverVugrek

Delay ofmotor dweloprnent is a common diagnosis given in clinical practice to young children whose develop-

mental milestones fail to be met in an age-related manner. Incidence reports that a diagnosis ofdevelopmental

delay occurs in up to l5olo ofchildren under age 6ve. Unfortunately, there is an increasing teodency over the

last decade. Each year, approx. 40 thousand newborn are observed in Croatia, with numerous unresolved cases

of motor developmental delay, which is a rarher unsatishctory situation for pediatricians, parents, and patients.

A classical example for rare moror development delay has been discovered at the Z.^geb Clinical Hospital

Center in 2002 - S-Adenosylhomocysteine hydrolase (SAHH) deficiency. Since then, major milestones in dis-

ease characterization, genorype-phenotype relations, biochemical ana.lysis, diagnostic evaluations and treatment

planning have been achieved. However, several aspects ofdisease pathology remain unanswered. As same applies

ro numerous yer uncharacterized cases of motor development delay, and in order to provide answers to these

questions, in particular, establishing a concise diagnosis, we have engaged in advanced genomics technologies

such as Next-generation-sequencing (NGS). A particular interesting case observed in an inhnt was analysed by

a combination of array based comparative chromosome hybridization (aCGH), and whole exome sequencing

(!7ES) of mother-father-child trios. Resulm of this study, and lessons learned will be elaborated.

GENETICS 0F NEUR0CRIST0PATHY SYNDROMES: A WINDOW 0N THE N0N-(ODING

GENOME

Stanislas LYONNET

Laboratoire d'Embryologie et Gendtique des Malformations

lnstitut lmagine

UMR-1 163 INSERM et Universitd Paris Descartes

H6pital Necker-Enfants Malades, Paris, France
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Disruption of long-distance highly conserved noncoding
elements in neurocristopathies
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One ofthe key discoveries ofyertebratc genome sequencing projects has been the identification of highly conserved

noncoding elements (CNEs). Some characteristics ofCNEs include their high fiequency in mammalian genomes,

their potential regulatory role in gene expression, and their enrichment in gen€ deserts nearby master developmental
genes. The abnormal development of neural crest cells (NCCS) leads to a broad spectrum of congenital malforma-
tion(s), termed neurocristopathies, and,/or tumor predisposition. Here we review recent 6ndings that disruptions of
CNEs, within or at long distance fiom the coding sequences of key genes involved in NCC derelopment, rcsult in
neurocristopathies via the altention of tissue- or stage-specific long-distance regulation of gene expression. While
most studies on human genetic disorders have focused on proteinroding s€quences, these examples suggest that
investigation ofgenomic alterations of CNLs will provide a broader understanding ofthe molecular etiology ofboth
rare and common hurnan congenital malformations.

Ke1'words: malformation; geneticsi neural crest; evolution; regulation

lnroduction

One of the key discoveries of yertebrate genome
sequencing projects has been the identification
of highly conserved noncoding elements (CNEs).
CNEs are predicted to occur at high frequency (37o

when comparing human and mouse genomes, ac-
cording to the ENCODE pilot projectr). In partic-
ular, CNEs are enriched in gene deserts near key
developmental genes.2 A proportion of CNEs are
potentially regulator elements (e.g., enhancers or si-
lencers ) in fluencing spatiotemporal gene expression
during development.r While the maximum distance
over which long-range regulatory elements can act
is unknom, enhancers can be located over I Mb
away from a gene,a

Historically, mutations that c!ntribute to human
malformation have been sought mostly in the cod-
ing regions of tle genome (exons), whereas func-
tional genomic elements independent of coding
sequences and untranslated regions remain poorly
investigated. However, a number of human devel-
opmental anomalies resulting from disruption of

long-range regulatory CNEs have been reported,
sugSesting a potentially important role in normal
growth, development, and disease.5 6

As a proof of principle, a variation in a CNE lo-
cated il an intron ofthe R-E? proto-oncogene was
recently identified as a frequent hlpomorphic al-
lele in Hirschsprung disease,T and deletions and a
point mutation have been discovered in regulatory
long-distance CNEs surrounding the SOX9 gene in
patients with Pierre Robin sequence (PRS), an en-
dophenoqpe of a much more complex aad lethal
syndrome (campomelic dysplasia).E Both disorders
feature among neurocristopathies and lead to the
postulate that other congenital defects of neural
crest-derived cells could be ascribed to mutations
in long-distance regulatory CNEs. In this review,
we summarize these findings and elaborate on their
possible significance for other Mendelian disorders.

Detining conserved noncoding elements

The comparison of multiple genome sequences,

now available across mammals and other species,

x4
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revealed that in very distant species, both the num-
ber of genes and their coding regions were rather
similar. Thus, great differences between distant
species cannot be attributed to variations within
coding sequences only, Conversely, the obvious dif-
fereuce befween the simplest and the most complex
organisms is the amouDt of noncoding sequence:

the more complex the species, the Breater the pro-
portion of noncoding DNA, reaching about 98%
in tle human genome.e However, thus far, while
the molecular bases of a great number of genetic

disorders remain unknown, noncoding DNA has

not attracted so much attention as a possible source
of genome alteration in Mendelian disorders. Ob-
viously, the limitations are not only technical, but
also conceptual, since it is difficult to search for
mutations in vast DNA domains without clues that
might indicate their function. This is why con-
servation of sequences across species became the
most obviousway to postulate tlat noncoding DNA
might be functional, based on the assumption that
evolutionary constraint for selection impacts on
a DNA s€quence, preventing genetic drift. Cross-
species sequence comparisons would there\ po-
tentially highlight noncoding DNA regions of pu-
tative biological importance (reviewed in Ref. l0).
Those highly conserved noncoding elements (also

reviewed in another chapter ofthe present volume)
might be of great interest in genetic medicine, be-
cause, while their cons€rvation might indiczte func-
tion, their mutation might in turn be relevant to
diseases in humans.

Screening highly conserved noncoding sequences

for mutations is partly a blind approach, bypassing
our ignorance of the function of those DNA seg-

ments, with the simple assumption that DNA vari-
ation located within them could impair their un-
known biological properties. It goes without saying
that, as for Mendelian disorders with high pene-
trance of mutant alleles, the usual criteria for signif-
icance of a DNA variant should also apply, such
as (i) familial segregation according to the pre-
sumed mode of inheritance, (ii) de novo occur-
rence in a patient, and (iii) absence in controls
from databases featuring single nucleotide polymor-
phisms. Further criteria for validation of a DNA
variant occurring in a CNE would then involve
both computational and biological iDvestigations
aimed at elucidating the function of the conserved
s€quence.

CNE disruption in neurocristopathies

C.omparative genome analysis, using mostly hu-
man and mouse genomes, demonstrated that evo-
lution shap€s the conservation of about 59o of the
human genome, of which about 2Yo would con-
tain protein-coding regions (exons and UTR se-

quences) and noncoding RNAs, whereas 39o ofour
genome would consist of conserved noncoding se-

quences.ll 12 Today, no particular nomenclature or
anthology ofthose CNEs is defined, given that they
can only be distinguished on a 2D rationale: len$h
of tle conserved sequences and depth of the con-
servation, that is, the evolutionary distance between
the compared species. It is important to note that
these CNEs do not define a family ofsequences fea-

turing particular motifs of primary DNA sequence.

However, a family of ultraconserved elements has

been defined according to criteria of l00o/o homol-
ogy between human, mouse, and rat, over a distance
greater than 200 bp;13 for some ofthese elements, an

enhancer (or possibly silencer) activity was demon-
strated in reporter assays in embryonic mice,l Sub-
sequently, a larger compendium of mammalian
ultraconserved elements was identified.la The strin-
gent definitions in these studies do not preclude the
relevance of a more limited depth of conservation.
A generally admitted, although disputable, thresh-
old for qualification as a CNE would be s€quences
> 100 bp with >70c% conservation between human
and mouse. In the case of regions of noncoding
DNA with primate-specific functions, the disrup-
tion of which may result in behavioral or cognitive
phenotypes in humans, the utility of cross-species

comparisons as a means ofhighlighting functional
elements may be limited, given the reduced evo-
lutionary distance among primate genomes. The
depth of conservation and the species included in
the comparison may need tailoring for each ge-

nomic interval and phenot,?e studied in clinical
genetics.

The functions proposed for CNEs fall into several
categories. First, they may be regulatoryelements in-
volved in binding transcription factors, acting in cis

with respect to the transcribed sequences. In this cat-
egory, CNEs could actiyate o! inhibit tissue-specific
transcription, insulate regulatory regions, or partic-
ipate within locus control regions involved in the
conce ed transcriptional regulation of a group of
genes.s Such cis-regulatory CNEs could be localized
at a ver), long distance to the coding sequence of
their target gene, whose expression they regulate.

35Ann. N.Y Acad. So 1214 (2010)31-46 O 2Ol0 N6w York Acaderhy ol Sciences.
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CNE disruption in neuocdstopalhies

secto62l 23 giving rise to connective, adipose, and
smooth muscle cells.

The ultimate choice in phenotfpe made at agiven
site of differentiation is the result ofa combination
ofextrinsic factors in the embryonic microenviron-
ment and cell-intrinsic properties that modiry the
responsiveness ofNCCs to these external influences.

Both their migration pathways and fate are imposed
on NCCs by surrounding tissues as they leaye tJte

neural primordium; these are less dependent on in-
trinsic properties regionally distributed along the

neuraxis than had initially been presumed ( reviewed

in Ref. l8). For instance, truncal NCC hansplanted
at the vagal level colonize the gut and differen-
tiate into enteric ganglia in which neurons syn-
thesize acetylcholine rather than catecholamines,

as they would have done normally. On the other
hand, the cephalic NCC population contributing
to the branchial arch-derived facial skeleton has

some intrinsic positional information and commit-
ment,2a while the rostral endoderm imparts signals

to the adjacent NCCs and thereby patterns cran-
iofacial cartilages;2s 26 these studies highlight the

importance of cross-talk between NCCS and their
environment.

Delinition of a neurocristopatt y
Abnormal migration, differentiation, division, or
survival ofNCCs leads to highly diverse clinical and
pathological features. Referring to their ProPosed
common embryological origin, Bolande first intro-
duced the concept of "neurocristopathy" in order
to highlight the potential for shared pathogenetic

mechanisms in the fields ofboth congenital malfor-
mations and tumor predisposition.2T

Classification as a neurocristopathy has evolved

&om a "purist" definition to a larger view, including
disorders involving tissues composed ofboth NCC
and non-NCC-derived cell t1pes, such as DiGeorge

syndrome.2E Additionally, endocrine, melanoqtic
and PNS tumors arising from NCC cell types have

been described; these can be isolated or associated

with anomalies of other derivatives of the neural
crest (i.e., Multiple endocrine neoplasia type 2 Aand
B) or non-NCC cell types (i.e., Congenital central
hypoventilation syndrome).

CNE variation within a gene: Hirschsprung
disoase
Hirschsprung disease (HSCR), or aganglionic
megacolon, is a congenital malformation

36
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This raises the great difficulty of determining which
gene is t}le target ofa regulatory element. In the sec-

ond category, CNEs may act as chromatin organiz'
ers. tndeed, about 87o ofhighly conserved CNEs (as

described by Woolfe2 ) were found to bind SUZI2 (a

core component of polycomb repressive complexes)

in human ES cells, highlighting the role ofCNEs in
chromatin modification.r5 Third, CNES could func-
tion as genomic regulatory blocks (GRB) dispersed

throughout the genome ir nongenic regions, gene-

dense regions, or block of grouped genes. Finally,

CNEs may function as regulatory elements acting in
trans.l6

Other hypotheses regarding the function of
CNEs could be considered on theoretical grounds,

including participation in the transcription or
regulation of transcription of noncoding long in-
terspersed transcripts, influence on the timing and

origin of DNA replication, involvement in a higher
order genome organization of chromosomes as far
as their respective nuclear localization is concerned,

and participation in the epigenetic phenomenon
klown as transvection, which results fiom an in-
teraction between homologous alleles (reviewed in
Ref. 17).

lmpact on maltormation of the neural clest

Neural crest cells
Neural crest cells (NCCs) form in the human em-

bryo during the third to frfth weeks of pregnancy,

within the neural folds that d€lineate the neural
plate fiom the ectoderm. During the fusion of
the neural folds, which ultimately yields a tube

that will become the central nervous system, NCCs

detach and become mesenchymal. They migrate
throughout the body, integrating into nearly every

or8an.
NCC derivatives include the neurons and sup-

port cells of the entire peripheral nervous system

(sensory and autonomic), adrenergic, and other en-

docrine cells, and all pigment cells except those aris-

ing from the retina (reviewed by Ref. 18). In the

head, in addition to the cell types mentioned above,

NCCs differentiate into connective and structural
tissues such as dermis,le bones, and cartilage ofmost
ofthe skutl,20 and muscle tendons.2l They also in-
filtrate and are essential for the function ofglandu-
lar and vascular elements such as the thymus, the

thlroid and parathyroid glands, the conotruncal re-

gion ofthe heart, and the entire branchial vascular

Amiel el a/.
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characterized by the absence of enteric gan-
glia, which are NCC derived, along a variable length
of the intestine. HSCR has served as a paradigm
for dissectible diseases witi complex inheritance
since the 1980s. lndeed, it is fiequent (l/5,000 live
births), is diagnosed mostly in the neonatal period
by objective histological criteria, and heritability is

high (2oo).'?e Expressivity is an ob)ective criterion
that depends on the lengh of the aganglionic
segment and is classified into short-segment (SS),

long-segment (LS), and total colonic aganglionosis
(TCA) forms. Among sporadic cases (80% of the
cases), SS-HSCR is the most fiequent (807o), and
the sex bias is high (5.5/l) in favor of females.

Conversely, familial cases are less frequent (2090),

with both vertical and horizontal transmission,
and the more severe the disease (LS and TCA),
the more eyen the sex ratio. Therefore, the mode

of inheritance is complex and sex dependant with
a rcculrence risk il sibs of 49o but with great

variability (from I to 337o) when considering the
gender, segment length, and familiarity of the
index case. Indeed, according to Carter's paradox,

the less frequent the presentation (i.e,, a female
with LS-HSCR), the higher the recurrence risk in
sibs (reviewed h Ref. 29). Epidemiological studies
favored an autosomal dominant, sex-dependant
mode of inheritance in LS-HSCR, while autosomal
dominant and autosomal recessive modes of
inheritance were equally likely in SS-HSCR.30

The major disease-causinggene is RET, which en-
codes a tyrosine kinase receptor.3l HSCR is caused

by RET loss-of-function, due to large deletions, in-
dels, frameshift, nonsense, and missense mutations
scattered along the coding sequenceofRET, with no
mutational hot spot, A low-coding sequeDce muta-
tion detection rate became rapidly obvious, because

RET mutations were only identified in 5090 of fa-

milial cases and 207o ofsporadic cases.32 Two sets of
experiments were then performed: linkage analysis

in vertical familial cases with at least three gener-

ations and transmission disequilibrium test (TDT)
in familial cases with recurrence in sibs. Modi6er
loci were mapped at 9q31, 3p21, and l9ql2.r3I
Importantly, both experiments also showed that the
impact ofa genetic event at the REI locus was un-
derestimated. Indeed, the vast maiority of vertical
and horizontal familial cases were compatible with
linkage to RET, and almost all affected sibs shared
at least one identical allele by descent at RIT.

CNE disruption in neurocristopathies

During the same period, overtransmission of a
silent polymorphism encoded by RET exon 2 in
sporadic cases had been observed by several groups
(rs1800858, c.135G > A; p.A45A, reviewed in Ref.

29). Interestingly, the frequency ofthe mutant allele
varies with the incidence of the disease in various
ethnic groups; it is rare in Africa (about lolo), fre-
quent in Europe (24Vo\, atd reaches 45% in Asia.
The A allele falls within a 30 kb haplotype lying be-
tween the RET promoter and IVS5. The fust intron
ofthe REI gene is 23 kb and remarkably poor in re-
gions conserved when comparinghuman and chick,
with a unique conserved sequence of250 bp at9.7 kb
dov/nstream ofthe transcription start site, denoted
MCS+9.77 (Fig. I ). A SNP (rs2435357) lies in the
conserved sequence and the maximum transmis-
sion disequilibrium is found for the mutant T allele
in HSCR patients.T In transgenic reporter mice, the
sequence recapitulates the pattern of RET expres-
sion and can therefore be regarded as a target for
binding tissue-specifi c protein(s).3s

Recendy, it hasbeen demonstrated that MCS+9.7
binds SOXlO,h a key transcription factor in NCC
development that leads to Waardenburg syndrome
(WS) type IV and II when mutated (reviewed in
Ref.37). Moreover, MCS+9.7 is the most power-
ful enhancer of reporter gene expression among all
conserved sequences at the RET locus tested in lu-
ciferase reporter assays in a neuroblastoma (NB) cell
Ine."-

Interestingly, two polymorphic SNPS (rs2435357

and rs2506004) in almost complete disequilibrium
are found on the enhancer €lement. The dissection
ofthe respective roles of each SNP is a difficult task
(see Section 4). However, one or the combination of
both mutant alleles is a low-penetrant predisposing
allele to HSCR (hypomorphic allele) and the most
fiequent molecular event at the R-tT locus in cases

presenting the common form ofthe disease, that is,

males with nonfamilial SS-HSCR.7 5
HSCRis observed in combination with other con-

genital malformation(s) in 2070 of neonates. Some

are poorly defined associations and some may oc-
cur by chance, but others are well-characterized
syndromes with Mendelian inheritance and with a

growing number of known disease-causing genes.2e

lnterestingly, the penerance of the HSCR trait
is extremely variable, ranging from 3-5olo (Down
syndrome) to oyer 80yo (WS IV with SOXI0 mu-
tation). These observations point to a putative role

A.. NY Acad. Sc 1214l2A1q 34-46 4 2O1O New York Academy ol Sc ences

DAYS OF CLINICAL GENETICs; DANI KLINICKE GENMKE, 20] 6 2I



A C/T - I5-.'rl-ij-i -

Afiiel et al

fu,u1.;,r&ildo,[,

L

B

.,l--'-.,t<ilu.,\..
,a----G'G.O..t.
.A----tc.c..t,

of modifier loci for the HSCR tlaits for each syn-
drome. An obvious candidate is RET, which can be

easily tested by genot)?ing the hypomorphic allele

on IVSI in allpredisposing syndromes forwhich the

gene (or chromosome) is known and a large enough

series ofaffected patients with orwithout HSCRcan

be gathered. Thus far, such analysis had been carried
out for Down, congenital central hypoventilation,
Bardet-Biedl, Mowat-Wrlson, and Waardenburg [V
syndromes. The latter two were classified as RET-

independent as the frequency of the hypomorphic
allele was similar in the groups with and without
HSCR for the same syndrome while the three otlers
were found RlT-dependent due to a significantly

Flgurg l. Overview of the s€quence conservation within thc 6rst intron of REI (A), and $e positron of an HscR-associated

variant within the intronic CNE, MCS+9.7 (B). ln A, graphs depicting coN€rEtion betwEn human and otier vert€brat€s were

obtrined fiom the ECR browser (http://ecrbrowser.dcod€.org). The position of MCS+9.7 is indicated by a red arrow. ID B, a

portion ofth€ MCS+9.7 sequeoce is alitned wi$ th€ corrspoDdins re8iotr io other mamm€ls, and predicted SOXI0 bindiog sites

(SOXI0-BSI atrd SOXIo-BS2) identifed by Emison et al.x are highrighted h yeuow. The HscR-associated C/T variant (boxed)

f.[s within soxl0-BS2. Reprodued ftom Emiron et ar.n

greater frequency of the hypomorphic allele in the
group with HSCR when compared to the group
without.r8 re Interestingly, Bardet-Biedl syndrome
being RE?-dependent for the HSCR trait points
to the role of cilia and the SHH signaling pathway

for the normal development of the enteric nervous
system.'o Finally, these frndings illustrate how the

same gene can be both a maior and a modifier gene

depending on the genome.
A 4/l biased sex ratio in isolated HSCR is sugges-

tive of an X-linked modifier gene. However, nei-
ther linkage analyses nor TDT and case-control
studies have pointed to the X chromosome. The

only X-linked syndrome predisposing to HSCR is

38
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MASA, which is due to mutation ia the LICAM
gene. No I.lCA,tf gene mutation was found in iso-
lated HSCR.ar Along the same lines, we genot)?ed
seven SNPs with an informativity above 20Vo scal-
tered along the Il CAlVl gene and found similar fre-
quencies in 90 males with HSCR compared to con-
trols (personal unpublished data). tnterestingly, the
upregulation of Llcam by Soxl0 has been shown
in vito and loss of llcam increases the incidence
of aganglionosis of Smlt/he male mice.4 A role
for RET itself has been proposed based on the ob-
servation that among sib pairs the shared allele was

significantly more often maternal.7 l However, the
International HSCR Consortium data showed that
87% of the -R-ET alleles in HSCR patients encode
a loss-of-ftrnction protein when pooling the hypo-
morphic RET allele and coding sequence mutation
alleles and therefore favoring an autosomal recessive

mode ofinheritance.r Interestingly, a biased sex ra-
tio is also observed in RET-independent autosomal

syndromes predisposing to HSCR.3e This argues for
genetic factors unlinked to RET. A possible expla-
nation to the missing X-linked locus in HSCRcould
be that predisposing allele(s) have a frequency suf-
ficient for homozygote mothers to be masking the
locus. lndeed, apredisposing allele with a frequenry
of 70olo would result in 50% ofthe femalesbeingho-
mozygote andTlVo of the males being hemizygotes.
lnterestingly, the penetrance of a RET CDS muta-
tion is indeed of707o in males and 50% in females.

Altogether, the sex bias observed in HSCR remains
largely unexplained at pres€nt.

Piere Robin sequence

Neurocristopathies affecting the cardio-cephalic
pole oflen leave their most visible mark on the face,

since most facial tissues (bone, cartilage, teeth, vas-

cular walls, and dermis) are direct NCC derivatives.
The Pierre Robin anomaly is regarded as a se-

quence since it combines three features that might
result one from another as a cascade: micrognathia
(mandibular hypoplasia) or retrognathia, leading
to glossoptosis, its€lf preventing midline fusion of
the palatal shelves and leading to a posterior U-
shaped cleft palate (reviewed in Ref.43). Pierre
Robin sequence patients also feature functional
anomalies mostly corresponding to hindbrain dys-
function: central apneas, sucking and swallowing
defects, esophageal reflux, and cardiac rhythm dys-
regulation.a There is still an open debate on tle

CNE disruplion in neurocrislopathies

embryological bases of PRS, that is, whether it can

be regarded as a craniofacial neurocristopathy re-
sulting from an abnormal development of the first
branchial arch, or whether originating in an abnor-
mal patterning ofthe hindbrain.

Based on a large series of I l0 cons€cutive cases

( 1987-1996), it was apparent that PRS patients
could present with other congenital malforma-
tion(s) in 52% of cases or could have isolated
PRS (489o).{5 Among those cases with associated

anomalies, several syndromes are recognized in-
cluding a number of chondrodysplasias, branchial
arch anomalies, neuromuscular disorders, or em-
bryofoetopathies. Interestingly, in the chondrodys-
plasia group, the most fiequently observed syn-
dromes are Stickler and related sfndromes (ascribed

to anomalies of t}te genes encoding collagens 2Al,
llAl, and llA2) and campomelic dysplasia, as-

cribed to coding sequence mutation of the SOX9

gene on chromosome 1fr24 (MIMll4290).
When isolated, PRS cases are mostly sporadic.

However, 130,6 are familial with a mode of in-
heritance that is most likely autosomal dominant
with incomplete pen€trance and variable expres-
sion.a5 Based on such familial cases, a PRS locuswas
mapped by a traditional linkage approach to chro-
mosome 17q24.2-q25.1 in a large four-gencration
PRS family and later confirmed in smaller families.E

Interestingly enough, that mapping region centered
on the SOX9 locus in the middle of a yast gene-

desert, encompassing about 2.5 Mb ofDNA (Fig.2).
However, no coding sequence mutation ofthe SOX9

gene (nor of the flanking genes) could be detected
in PRS cases tinled to 17q24. Several observations
of reciprocal translocations, for which one of the
breakpoints in each cas€ maps to 17q24, have been
reported in famfies segregating PRS as an isolated
trait.8 {6 Remarkably, all translocations clustered in a
sma.ll DNA region, l.2Mb upstream from the SOX9

coding sequence. These data suggested that a ge-

nomic alteration responsible for the PRS pheno-
type might not impair coding sequence, but, rather,
noncoding DNA. Comparative genomic alignments
had previously indicated that the SOX9 gene-desert
is packed with CNEs conserved between humans
and other mammals and, in some cases, between
mammals and fish.a7 Comparative genomic hy-
bridization and sequencing of candidate elements
resulted in the discovery of several deletions and a
point mutation involvingor located within CNEs in

39Ann N.Y Acad Sci. 1214 {2010) 34-.46 O 2010 Nsw Yo.k Acadenry ot Sciencss
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Flgurs 2. Distriburior of CNE5 within the teDe desert suiroundhg SOX9 and mncoding l€sions identifed in isolated PRS

patients. The Multiz a.lipment was obtained frcm the UCSC getrose bro*s€r (http://genome.u6c.edu/). B€neath the aligtunent,

rhc pcsition of rranslocation breakpoirls ideDtified in B€trko er aJ.r and lakobs€n e, al.6 are indicat€d by Tl-1, end deletions

identified in Bento e, ar.' ar€ indicated with red boxes. h the to$/€r hafofth€ frgure, the CGH data for one of the familial dcletions

is depicted, as is the distribution of cons€rved el€m€nts within the dclet€d region. A black arrow indiotes thc position of a Point
mutation idcntified *,ithin a CNE in a family with isotated PRS. ReProduced from Be*o ., al.'
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sporadic and familial PRS cases mapPing to 17q24
(Fig. 2), with either inherited or de novo occurrenc€

of those DNA variations.E The wild-type versions

of some of these CNEs, located at a long distance

from the SOXS coding sequence, were able to drive
reporter gene expression in the branchial arches of
transSenic mice, sugg€sting they can indeed func-
tion as enhancers. The CNE sequence Yariation
identified in a PRS family affected the binding of
a transcription factor important for craniofacial de-

velopment, MSXI. While the genetic data involving
alteration of long-distance CNEs in PRS are over-

whelming, the diffrcult question to address is the

identity ofthe gene whose expression is impaired by

such noncoding genomic alterations located deep

in the middle of a gene-desert. Several lines of ev-

idence strongly point toward SOX9, although defi-
nite proof may require further 3-C experiments or
the generation of a mouse model whereby a tar-
geted CNE deletion or mutation segregates with a

PRs-related phenotfpe. There are several other ar-

guments that support SOx9 as the target of the en-

hancer(s) disrupted in the genomic lesions reported
in.sThe SOXg gene isconserved in all gnathostomes,

and SOX9 expression is conserved in the branchial
arches ofseveral animal models (and in the human
embryo). Soxg is involved in early NCC develop-
ment and in mandibular chondrogenesis,ats$ while

l_
I
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cleft palateoccurs in mice heterozygous null for Sox9

and in mice with a conditional knockout of Sox9 in
NCCs.aE ae The SOXg coding sequence is mutated
in campomelic dysplasia, a frequently lethal syn-
drome combining bone dysplasia, sex reversal, and
PRS in more than 80En ofcases-51 52 SOxg functions
as a transcription factor, activating the expression
of the COL2AI gene, whose mutations result in a

group of syndromes featuring PRS as an endophe-
notype.53 5a Finally, the conformation of chromatin
across a broad domain encompassing the SOX9 lo-
cus, as shown by interphase FISH experiments,8 is

consistent with long-range interactions between the
PRS locus and SOX9, and ChlP analysis in mouse
cell-lines derived from the mandibular arch demon-
strated the association ofthe PRS locus with markers
consistent with a regulatory function ofthe locus.E

It was thus proposed that the long-distance ge-

nomic alteration in PRS patients may represent a

site- and stage-specific loss of transcription, result-
ing in a restricted reduction of SOX9 expression
in human cranial NCCs and/or mandibular arch
(reviewed in Ref. 55). This fits well with the tissue-
specific regulatory nature of the CNEs within the
SOX9 gene-des€rt. Finally, these findings may be

more broadly applicable, whereby the disruption of
highly conserved sequences might explain the effect
ofgenomic alteration in cis at long distances up or
downstream ofdisease gene loci.

Other examples

A number of diseases or malformations have been
ascribed to genomic alterations, located in noncod-
ing DNA, sometimes at a very long distance from
gene coding sequences. These conditions have been

reviewed elsewhere,6 including in the present vol-
ume, and the most relevant examples are Iisted in
Table 1. It is remarkable that a number ofgenomic
alterations involving CNEs are duplications; this
could be an emerging theme in the molecular inves-
tigation of congenital malformations. Indeed, du-
plications may lead to a tissue-speci6c modification
in gene dosage because of an increase in the num-
ber ofenhancers or silencers lying in the duplicated
s€gment. Duplications could also result in a general
disruption of the chromalin conformation.

Position effects
Correct spatiotemporal expression of developmen-
tal genes requires the concerted action ofa vast num-

CNE disnrplion in n6urocrislopathies

ber of regulatory elements, located in ciJ, upstream
or downstream of target gene coding sequences.

These elements could be schematically involved in
two processes: (a) direct control ofgene erpression
via the binding oftranscription factors and thereby
recognized as silencers, enhancers, or plomoter re-
gions; or (b) higher order regulation of genome
structure, such as chromatin organization.

Indeed, a number of possible mechanisms have

been proposed to explain position effects of chro-
mosomal rearrangements at considerable distance
from the coding sequence ofa known locus, includ-
ing separation of the gene from an enhancer or pro-
moter, .iuxtaposition with a heterologous enhancer
in a novel chromosomal environment, removal of
a long-range insulator, competition by a heterolo-
gous gene for an enhancer that would normally in-
teract with the disease gene, and position-effect var-
iegation resulting from spread of heterochromatic
DNA.6.s6

lmplication lor gene identification and
mechanisms of disease

It is likely that the long-range control ofgene expres-
sion is a concordant feature ofa limited number of
genes involved in multiple tissues at several stages

of development. These genes, many of which may
be transcription factors, are predicted to feature a
highly complex regulation of their expression pat-
tern, both spatially and temporally.

lmplication for Mendelian disorders: a model
Given that the location of CNEs at a distance from
the gene coding sequeDce challenSes the defini-
tion of a gene, the domain of DNA to inyestigate
in Mendelian disorders might be much broader
than traditionally investigated and difficult to limit,
possibly extending beyond neighboring gene(s).
Since master developmental genes tend to lie in
gene-deserts enriched in CNEs,2 it is tempting
to hlpothesize that these are candidate regions
for high-throughput DNA screening in congen-
ital malformations in humans. lmportantln the
PRS model may suggest that the alteration of
long-distance noncoding sequences might result
in endophenot,?es, each of which would depend
on the loss of tissue-specific expression tiat is
driven by the cognate CNE, and the sum of which
would recapitulate the complete syndrome pheno-
type ascribed to loss-of-function coding sequence
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Table 1.A selection ofhuman disorders ascribed to disruPtion oflong-distance CNEs

Gene locus Phenotype CNE mutation CNE function
Distance to
CDS (kb) Reference

SHH Preaxial polydactyly

SHH Holoprosencephaly

Point mutation/
duplication

Point mutation

Limb-speci6c

enhancer (ZRS)

Brain-speci6c

enhancer

lntragenic enhancer

Enhancer

Enhancer

Enhancer

9.7

l4
ll0

up to 1,450

r,000

450

I

RET

IW6
BMP2

sox9

sox9
FOXl2
POU3F4

PAX6

sHox

I
Enhancer

Enhancer

Enhancer

Enhancer

Hirschsprung

Cleft lip
Blachydactyly A2

Pierre Robin

Point mutation
Point mutation
Duplication
Deletion/point

mutatiol
Duplication
Deletion

Deletion

Translocatioo

Deletion

69

7

67

70

8

Brachydactyly-anonychia

BPES

Deafiress

Aniridia
l,eri-Weill dyschondrosteosis

Note: ZRS, zone of polarizing activity regulatory sequence; BPES, blepharophimosis ptosis epicanthus inversus syn-

drome. A question mark iodicates uncertainty regarding the identity ofthe regulatory element disruPted.

7t
72,73

74

75

58

mutations (Fig.3). Such a model could be tested

for major developmental genes for which a syn-

drome is ascribed to coding sequence mutations.
The disruption ofCNEs in human disorders could
occur by many processes, including mutation, dele-

tion/duplication and translocation, and should

encourage fewer "coding-centric" studies.

Experimental attempts to map and
characterize funclional regulatory elements
A number oftechniques are available to identifi and

map active cis regulatory elements, such as DNase

hlpersensitive mapping and ChlP experiments for
the detection of protein-DNA interaction and hi-
stone modification. Besides those aPProaches, the

regulatory potential of conserved sequences can be

tested by laZ reporter assays in transgenic animals

such as zebrafish or mouse.2 l tn addition to these

traditional reporter models, transient transfection
of enhancer-reporter constructs in chick embryos

has eaabled rapid screening of Putative enhancers

within a genomic region of interest, such as those

at the SOX2 and SHOX loci.s7 58 Indeed, the ease of
electroporation of neural crest in the chick makes

this cell t)?e particularly suitable for enhanc€r ana-

lysis, as demonstrated recendy for a novel SOXIo

enhancer.se Targeted disruption or mutation ofthe
CNE of interest can be performed in various ani-

mal models although redundancy ofregulatory ele-

ments/protein binding sites may dilute phenotypes.

3C and derived techniques can also be appropriate
given that relevant tissue/cell lines are available.

Genes influenced by noncding genomic
alterations
The models for normal Iong-range regulation by cis

regulatory elements, modulating the expression of
gene coding sequences, are numerous. Several Pro-
posals have been made, including a looPing model
and a facilitated tracking model.s Today, these mod-
els are difficult to address and distinguish exPer-

imentally, and could require innoyative technolo-
gies. lndeed, the question ofwhich gene (or genes)

is influenced by the disruption of noncoding se-

quences remains challenging. [n other words, while

the proof of the importance of the genomic dis-
ruption in noncoding regions ofthe genome might
be overwhelming (segregation ofthe lesion with af-

fected individuals, de rovooccurence, abs€nce from
controls or Cl.Iv or SNP databases, sequence cons€r-
yation across evolutio\ in vitro and in vivo demon-
stration ofreporter exPr€ssion consistent with regu-

latory element function), the identity ofthe gene or
genes with which those CNEs interact might often
remain elusive, especially as the regulatoly elements

can often be located more than 1 Mb upstream or
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Flgure 3. A model predicting thc existoc. of mdophetrotyp€s ofhuman sFdrom6 caused by mutarioN itr CNES. kpressior of
key d€velopmental genes requires the activity of tbsu6 a$d stage-specifc CNE! loeted at e long dbtarce liom the tremcriptioD
start site (A). Th.ec cxampl€s of tissue-specific enhancers driving lacz neporter erp.ession in uaNsenic mice are illu.stiated.
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Images oftranstenia mouse embayos are reproducad fiom Pmnacchio et al.l
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downstream of the gene coding s€quences. In ad-
dition to the types of evidence listed above, other
arguments ma), add weight to the likelihood that a

candidate regulatory element targets a specific gene.

The information to be considered could include the
expression pattern and function of the candidate
target gene, with respect to the disease phenotype;
the identiry of the transcription factors interacting
with the mutated/deleted noncoding sequence, their
relevance to the developmental events that are pre-
dicted to be disturbed in the disorder, and their hi
erarchical relationship to the candidate target gene;

the general organization of the genomic regulatory
blocs with respect to the gene coding sequence; and
the general chromatin context.

Perhaps the best method for determining whether
a particular gene is the releyant target of an
enhancer is via targeted disruption ofthat enhancer
in mice, Subsequently, expression analysis of the
genes surrounding the deletion would potentially
indicate the relevant in vivo target. Essential func-
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tions for several tissue-specific enhancers have been
demonstrated by targeted deletion, including those
at the Efix2 and Sih loci.e 6l ln a recent exam-
ple, a knockout of a noncoding interval, known to
contain SNPS associated with coronary heart dis-
ease in humans, resulted in defects in yascular cells

and affected cardiac expression of genes neighbor-
ing the interval; although discrete enhancers were
not identified, this study provided strong evidence
for the cis-regulatory influence of the noncoding
region.62 On the other hand, targeted deletion of
predicted enhancers can result in micc with no ob-
vious abnormalities.53 This may be an indication
of enhancer redundanry, or may be due to limita-
tions ofphenotypic screening. In contrast to reyerse
geDetics techniques in mice, the identffication ofge-
nomic alterations in noncoding DNA in humans
with cognitive and behavioral phenotypes may be
the most sensitiye means of identifying elements
that regulate gene expression in tlle mammalian
brain.
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Regarding the investigation of genomic interac-
tions, a number of high-throughput techniques have

been devised to investigate chromatin structure in
detail over large genomic domains. In padicular,
ChlP experiments with microarrays as well as the
3C and derived techniquess are aimed at detect-

ing specific patterns of modification that might al-
low a more global view of the organization of ci-
regulatory elements across a particular region.

It is clear, however, that several other unknown
phenomena might play an important role, which
could be more difficult to inyestigate. Such mech-

anisms might involve the cross-talk between chro-
matin structure and noncoding RNA transcribed
over large regions of noncoding DNA, the 3D nu-
clear architecture of chromosomes and gene loci as

well as the spatial organization of the chromatin
frbers in the interphase nucleus and the location of
a gene relative to other chromosome territories.

Conservation ol function without conservation
of primary DNA sequence
It has been recently shown that some DNA regions

might contain regulatory functions, without hav-

ing a clear degree of conservation across multiple
genome species. ln particular, using transgenic re-

porter assays in zebrafrsh, it was shown that DNA
sequences within noncoding regions, and with no

conservation of the primary DNA sequence, could
be functional.65'tr

However, conservation of sequences, across the

most divergent genomes possible, remains a good

standard for deduction of function. A careful analy-

sis ofsuch sequences involves the length ofthe DNA
in question, the depth ofconservation and the pro-
portion of consistent nucleotides across species. A
number of bio-informatics tools are available to

align such sequences. The question of tie nomen-

clature of evolutionary consewed elements is still
oPen.

lmplication lor common mallormations
and complex disorders

As suggested by the PRS mode, the alteration of
long-distance noncoding sequences might result in
a limited endophenotype of a fult-blown syndrome
phenotype ascribed to loss-of-function coding se-

quence mutations in a given gene. ImPortantly, it
may open new routes to the molecular dissection of
common malformations such as cleft lip and Palate,
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neural tube defects, and congenital cardiac defects

In order to test this h)?othesis, large series of pa-

tients presenting a single common malformation
need to be investigated for alterations in a number
ofCNEs at master develoPmental Sene loci, keeping

in mind that disruption of cis-regulatory elements

may even lead to phenotypes not observed within
the full-blown phenotype causedby CDS mutation.
This hlpothesis already has a few examples, such

as a SNP disrupting an AP2alpha binding site in a

cis enhancer element ofthe 1RF6 gene and resulting
in a higher risk for cleft 1ip.67 Similarly, sequence

variations in cis-regulator elements may underlie a

significant proportion of disease-associated QTLs.
One ofthe best known examples is SNP variants in
cis regulatory elements ofthe lactase promoter gene

allowing persistent high-level expression of lactase.

A more recent example involves allele-specific chro-
matin remodeling at a Iocus associated with asthma

and autoimmune disease.66 The vast clinical conse-

quences of variations in spatiotemporal regulation
of coding genes are just beginning to emerge and

should become as frequent as, or even more fie-
quent than, coding sequence mutations.

Acknowledgments

The authors are supported by the lnstitut Na-

tional de Ia Sant6 €t de la Recherche M6dicale,
the Association pour la Recherche sur le Can-

cer, the FRM, and the ANR. We especially thank
Drs. David Fitzpatrick, Michel Vekemans, Sophie

Thomas, Heather Etchevers, Tania Atti6-Bitach,
Peter Farlie, and Arnold Munnich for their insight

and assistance.

Conflicts ot interest

The authors declare no conflicts of interest.

References

I. Birney, E., J.A. Stamatoyannopoulos, A. Dutta, et al. 2007.

ldentifcation and analysis of functional elements in 1% of
the human genome by the ENCODE pilot project. Natl/te
117:799 *16.

2- Woolfe, A., M. Goodson, D.K. Goode, et dl. 2005. HiShly

conserved non-codinS sequences are associat€d with verte-

bmte development. PIo s Biol. 3t e7 .

3. Pennacchio, L-A.., N. Ahituv, A.M. Moses, et aI. 2006. ln
vivo eniancer analysir of human conserYed non-coding se_

q,rences. Nature 444t 499 502-

4. l,ettice, L.A, S.r. H€aney, L.A. Purdie, st 41 2003. A long

range shh enhancer regulates exPression in the developing

28 DAYS OF CL NICAL GENETICS;DAN KL]NICKEGENETIKE,20]6

Ann NY Acad. Sci. I214 (2010)34-46 O 2010 NewYork Academv ol Scrences.



Amiel et a/

limb and 6n and is associat€d with prcaxial polydactfly.
HunL Mol. Galet. l2t 17211735.

5- Kleinian, D.A. & V. l?Ir H€yningcn. 2005. l.ng-range con-
tml of gene dp.ession: emerging m.chanisms atrd disrup-
tion in disease. Art. /. Hrn. Genet.76|.8-32.

6. Kleinian, D.l. & P Coutinho.2009. Cis-rupdon mechanisms:

disruption of cis-reSulatory control as a causc of human
genetic diseas€. Bti4 Funct. Genonia. koAotttic. 8:. 317-
312.

7. Emison, E.S., AS. Mccallion, C.s. Kashuh er ai.2gJ5. A
common sar-depandant mutation in a RET cnhanccr un-
d€rlies Hirs.hsprunS dis.as€ risk- Nairte t3,t: 857-{63.

8. Benko, S., ,.A. Fantcs,l. tuniel, er 4r. 2009. Highly cons€rved

no!-coding cl.ments on €ither sid€ ofSOXg associated Idith
Pierre Robin s€quence. Nat. GeficL41 359-3Q.

9. Taft, R.1., M. Ph.asxnt & J.s. Mattick. 2007. Th. relationship

b€tw€en non-prot.in-codhg DNA ard eukaryotic complex_

it l. Bioessoln 29:. 288-299 -
10. Boffelli, D., M.A. Nobrega & E.M. Rubin. 2004. Comparative

genomics at the vartebrate ef,tremcs, Not Rav Ganer. 5: 456-
465.

I l. Mattick,l.S. & LV Makunin. 2006. Non-coding RNA liuz.
MoL 6efl.t. lst Rl7-R29.

12. Pheasant, M. & r.S. Mattick- 2007. Raising th. estiEate of
firnctional human sequcn<rs. Getune Rfl.l7t 12411253.

I3. B€jerano, G., M. Ph€asart,l. Makunin, el aI. 2004. Ultracon-
served elements in the bumrn genome. sc,f,tce 3(X: l32I-
t325.

14. Stephen, S., M. Phcasant, l.V Makunin & l.S. Mattick 2008.

Large-scrle appcarance of ultraconserved clcments in tetra-
pod genomes and slowdown of the molecular do.L Mor.

Bbl. EvoL 25. 402408,
15. lr€, T.1., R.G. ,cnn.r, LA. Roye\ et ol, 2006. C,ontrol of

derelopmental regulators by Polycomb in human .mbrpnic
stem cclls. C"rl 125: 301-313.

16. lrmvardas, S., G. Barne:, D.r. Pisapia, ei al. 2006. lnterchro-
mosomal interactions and olfactory rcc€Ptor choicr. Ceri

llbt4OAl3.
17. Duncan, I.w.2002. Tranwection effects in Dmsophila.

Anfi . Re1/. Genet.36t 521-556.

18. Le Douarin, N. & C. KaI c]IeinL 1999. The Neural Cr6t. C,am-

bridg€ Univcrsity P..ss. Ca{lbridgc.
19. Johnston, M.C. 1966- A radioautogaphic study of th€ mi-

gration ar fate of cranie.l n6ral cr€st cclls in the chick

embryo. Aflar Ree 155: 141155.
20. Couly, c.F., PM. Coltey & N.M. L€ Douarin. 1993. The triple

origin of skull in higher venebmtes: a sludy in quail-chick
chjrrcrus. Defllopmeflt llTt 40H29.

21. Bo&man, D.E. & M.L. KLby. 1984. Dcpend.nce ofthymus
developmen! on darivativ€s ofthe n.r['al crest. &er.e 223:

498-500.
22. Etchevers, H.C., C. Vmcent, N.M. k Douarin & G.F. Couly.

2001. The c.phalic neurd cnest provid.s pcric).tes and
smooth muscle cclls to al.l blood resscls of the fac€ and
forcbrain. Deyelotnent l2a: 1059-1068.

21. Bo&man, D.E., M.E. Redmond, K. Waldo, erar. 1987. Efr€ct
of neural crcst ablation on devcloprnant of the hean atrd

arcb arterics in th. chiclc An. 1. Arut. lA& 332-yl .

24. Schneider, R.,l- & J,\. Helrns. 2003. Th. c€llular ard mole-
cular origins of bcak morphology. S.ien e 29* 56F568.

CNE disruption in neurocristopathies

25. Couly, G., S. Creuza, S. B.nnaccur, etal.2002. lntetactions
bctwe.n Hor-ncSativ€ ccphalic neual crest c.lls and th6
foregut endoderm in paneminS th€ facial sk€lcton in the
v.rtebrate head. DewbPnent 

'lrt 
106l-1073.

26. Ruhin, 8., S. Cr.uzet, C. vinccnt, et al. 2003. Patternirg of
the hyoid cartilage depends upon siSnals a iing fiom the

ventral foregut endoderm . De!. DyrL 2?3t 239-246.

27. Bolande, R.P. 1974. The ncurocristopathics; a uniiring con-

ccpt ofdis€as€ arisin8 in n.ural crest daldevelopmcnt. H!m.
tuthol 5.409420.

28. Bolande, R-P 1997. N.urocristopathy: itsgrowth and dcvel-

opment 1l1 20 years. Pedidn. Pathol L.ab. Med.lTt l-25,
29. Amicl, J., E. Sproat-Emison, M. Garoa-Barcelo, et 41 2008.

Hirschsprung dis€as€, associated sFdromes and 8anetics: a

rcview, l. Mel" Gener.45t l-14.
30. Badn.r, l.A, W.K Sieber, K.L. Garver &,A. Chakr.varti.

1990. A genetic study of Hi$chsprunS discasc. Am. /. Hrm.
Gerrr. {6 568-580.

ll. Edery, P.,S. L)'oDnct, L.M. Mu[i8en, e, aJ. 1994. Mutatrons

of lie RxT proto-oncog.ne in Htscbsprung's discase [see

commentsl. Natllre 367: 3 78-380.
32. Attie, T., A P€Iet, P Edery, et al. 1995. Diversit,, ofRET proto-

oncogene mulations in ftrtfliaiand sporadic Hinchsprung
di-!,e3;!€- Hut L MoL GaEr: {: I 38 I -l 386.

33. Bolk, S., A Pelet, R.M. Hofstra, .t al. 2000. A human

modd for multi8(nic inh.ritancc: pheootlpic erprcssion in
hirschspruag discasc rcquircs both the RET Bcne and a Dcw

9q3l loqrs. Proc Narl A.ad. Sci USA97|28-273.
]4. Gabriel, S.B., R. Salomon, A Pelet, et al 2002. S.grega-

tion at three loci explains familial and population risk in
HtschspnrDg diseasc. Nat. Cnict. 3l'. 89-93.

35. Crice, E.A, E.S. Rochellc, E.D. Green, e,al.2005 Fvaluation

of the RET regulatory landsrape reveals the bioio8r.al r.l
avence of a HscR-implic t d .IJlrancrr. Hun. MoL G.neL
l* 3837-3845.

36. Emison, E.S., M. Garcia-Barcelo, E-{ Grice, er al. 2010.

Differcntial contributions of rare and common, coding end

noncoding Ret mutations to multifactorial Hirschsprung

dis.ase liability. Arr. , Hum. GeicL 8ilt 60-74.
37. Pingault, V., D. Ent., F. Dastot-k Moa.l, et al. 2010. Revi€w

and update of mutations causing WaardenburS syndrom€.
Hud. Mutat.St 391406.

38. dc Pontual, L, A Pclet, D. Trochet, rt aI. 2006. Mutations
of thc RET geoe in isolat d and s,,ndmmic Htschsprung's
dis€as€ in human disclos€ major and modificr allclcs at a

single locus. , Med. C'eret, 43t 41H23,
39. de Portual, L., ,{. Pelet, M. Clement-ziza, et al.2oo7,

Epistatic interactions with a conrmoD hpomorphic RET
a.ll.l. in s,,ndromic Hirschsprung disease. Hl/m. Mrta, 28:

790-796.
40. de Pontual, L., N.A Zaghloul, S. Thomas, a ol. 2009. Epis-

tasis bctween RET and BBS mutations modulat.s cntcric in-
ncwation alld causas s]ardromic HirsdEprung dis€asc, Proc
NatL Acad. Sci. USA l06i 13921-13926.

41. Hofistra, R.M., P Elff.rich, I. Osinga, er al. 2002.

Hi$chsprung dis.ase aJld LICAM: is tbe disturbed s€x ratio
causcd by LICAM mutatiois? l. M.d- Genet, Sy Ell,

42. Walla@, A.S., C. Schmidt, M. Schechner. et ar. 2010. Llcam
acts as a modi6er gcnc dudng enteric nervous systarh dcvcl-
opme[L NeurobbL Dk. 41 622-433.

45Ann N.Y Acad Sci 1214 (2010)34-46 O 2010 New York Academy ol Scrences.

DAYS OF CLINICAL GENETICS; DANI KLINICKT GTNENKE, 20] 6 29



CNE disruption in neurocristopathies

43. Cohcn, M.M., Jr 1999. Robin s.quencls and complex€s:

causal heterogeneity and pathogenetic/phenot),pic rariabil-
ity. Am l. Med. G.net. E4t 3ll-315.

44. Abadie, V., M.P Morias€au-Durand, C. Bey'er, e, al.
2002. Brainstem dysfunction: a posribl. neuro€mbryolog'
ical pathogencsis of isolated Pierre Robin sequence. E r .[.

Pedian. 16l: 27 5-280.
45. Holder-Bspinass€, M., V Abadie, Y Cormier-Darre, ,t ai.

2001. Pie.re Robin sequence a series of I 17 cons€cutive
cas.s. .1. Pediat 139: 588-590.

46. Iakobscn, L.P., R Ullmann, S.B. Christenscn, 
', 

aL 2007.

Pierre Robin sequ.nce m4, b€ causcd by dfsregulation of
SOX9 and KCNI2. ,. Med. Genet, * 381-386.

47. Bagheri-Fam, S., C. Ferraz, J. Demaillc, et aL.2O0l. Cam-
pa.ativ€ genomics ofth€ SOX9 reSion in human and Fugu

rubripcs: conservation of short regulatory scquence elc-
ments within larS€ intcrgenic rcgio s. Cenofiixs 78. 7H2.

48. Bi, W, w. Huan& D.r. whitworth, .t ar. 2(y01. Haploinsuf-
frcicncy ofsof r€sults in defective cartilaga primordi. and
prcmature skrlctal mincralizadon. Proe NarI A6ad. Sci USA

9E: 669H703.
49. Mori-Akiyama, Y, H. Alifama, D.H. Ror{itch & B. de Crom-

brug8h.. 2003. Sox9 is r€quired for dctcrmination of the
chondrogenic cell lincage in the cranial n€ural Gest. P/oc
NatL Arad" ScL USA l0O:9360-9365.

50. Kist, R., H. Schrely., R. Balling & G. Schcrcr. 2002. Condi-
tione.l inactivation of Sox9: a mouse model for campomelic
dysplasia. Genesk 32t l2l-123.

51. Foster, ,.W., M.A Domin8u€z-Steglich, S. Gui oli, et aL.1994.

Campomelic dysplasia end .utosomal s€x reversal caus.d
by mutations in an SRY-r€lated Een . Noture 372t 52t*
530.

52. Wagner, T., l. Wifih,l,Meye\ et al. 1994. Autosomal ser
reversal and campomelic dysplasia ar. causcd by mutatrons
in and around the SRY-related gene. Gri 79: I I I l-l I20.

51. Be[, D.M., K.K. kun8, S.C. wh€ad.r,, et al. 1997. SOX9

directl), r€gulates th€ t,?r-ll collagen gen.. Nat Gentt 16:

174-178.
54. Lcfebvre, V., W Huang, V.R- Hadey, st al. 1997. SOX9 is a

potent aclivator of the chondroc,'te-specific enhancer of the
pro alphal ( Il ) collaS€D g€ne. Mol. CeU Biol, 17 t 2336-2346.

55. Gordon, C.T., T.Y Tan, S. B€nko, et aL2009. ll.ng-rangc
.e8u.lation at the SOX9 locus in development and dir.as€.

I. Med. Gercr. *.6,49-{56.
56. Kleinian, D.l. & V van Hefningen. 1998. Position effect in

hufiun genetic dis€a!€. H!fll MoL Genet, Tt 16ll-1618.
57. Uchikawa, M., Y lshida, T. Talcmoto, et ai. 2003. Fl,nctional

analysis of chicken Sox2 cnhancers highlights aa array of
diversa reSulatory elaments that ara cons€rved in madnrals.
Dfl cell * so9-519.

58. Sabh.rir.al, N., F. Ban8s, R Roth, s. ai. 2007. IrnS-range
conscrved non-codinS SHOX sequences rcgulate exPression

in dev€lophg chicken limb and are associat.d with short
stature pheDotypes in hurmn Patients. Hum MoL Gefiet.

l6t 210-222.
59. Bctancur, P, M. Bronner-Fras€r & T. Sauke-Spengler. 2010.

Gcnomic cod€ for Soxlo activation rcveals a key rcgulatory

.nhancer for cranial neural q.st. hoc. NatL Acad. Sci. USA

l07t 3570-3575.

Amiel el a/

60. Suda, Y., K. Kokura, r. Kimua, et aI.2010. The sam..n-
hancer r€gulates the eadiest Emr2 qpression in caudal
forebrain primordium, subs€qu€nt eapression in dorsd te-
lencephalon and latcr qpression in tbe cortical r'.ntricular
zo[e. Dev.bpncnt 137 29312949.

61. Sagai, T., T. Amano, M. Tamura, et al. 2009. A duslcr of
three long-range enhancers dir.cts retional Shi expr.ssion
in the epitlelial linings. Devakprnent l36t 1665-1674,

62. \4sel, A., Y Zhu, D. May, el al. 2010. Targeted deletion of
the 9p2 I non-coding coronary artery disease risk interval in
fiicr. Nature 46]lt 40Y12.

63. Ahituv, N., Y Zhu, A. Viscl, .r al. 2007. D€letion ofultra-
cons€rv€d elem.dts yi€lds viebl. mic€. PloS Biol 5: e234.

64. Dostie, J., Y. Zhan & I. Del&er. 2007. Chmmosome confor-
mation capture carbon copy tfchnolry. Cun, Protoc, Mol.
Eiol chaprcr 21, unit 2t 14.

65. MccauSb.y, DM., Z.E. Sth€,1.L. Hu).nh, etal.2009. Asryrn-

metrical d idribution of non-cons€rvcd regulatory s€qu€nc€s

at PHOX2B is reflected at the ENCODE loci alrd illuminares
a possible gcnome-wide trend. BMC Goonri..s l0: 8-2 I .

66. Fisher,S.. E-4. Grice,R.M. Vinton. etal.2006. Crnsarvation
ofRET regulatorr, function fiom human to zebraish without
sequenc similarity. Scian.e 3tL 276-279.

67. Rahimov, F., M.L. Marazita, A Viscl, sr al. 2008. Disrup-
tiotr of an AP-2alpha binding sitf in an IRI6 enhanc.r is

associat€d with d.ft lip. Nat. Gefiet. 4t 134).-1347.
68. Verlaan, D.r., S. Berliv€t, G.M. Hunninghalc, er al.

2009. Allele-specific chrometin remodeling iD the

ZPBP2IGSDMB/ORMDL3 locus associated with thc risk of
astfuna a-nd autoimmuoe disease. Arn. /. Hurn. Gefiet.8s':
377-393.

69. leoDg, Y, F.C. Lskow' K. E]-laick, et al. 2008. Regulation of
a remote Shh forebrain enhancer b, the Six3 homeoprotein.
Nat. Gen.\ 4Ot 1348_1353,

70. Dathe, K, K.W. Kiaer, A Brchm, el4l. 2009. Duplications
invoking a conserved regulatory elem€nt downstr.am of
BMP2 ar€ essociated with brachydacty'y tfpe 42. Am. /.
HunL G.\EL Ut 48Y92.

71. Kurth, I., E. Klopo&i, S. Strickcr, 4 aL 2009. Duplice-
tions of noncoding €lemerts 5' of SOX9 are associat.d with
bractrydactyly-anonychia. Nat G?r,et {l: 862-863.

72. Be)s€n, D., J. Raes, B.P litoy, et a1,2005. Ddetions in-
volving long-rangc conserved nongcnic s€queDces upslrcam
and downnr.am of FOXI2 as a novel disease-ceusirB me(h-
arism in blepharophimosis q.Ddrome. Am. , H,,rn. G?n.t
77t 205_218.

73. D'Haene, 8., C. Ananasio, D. B.ys.n, er ai. 2009. Disease-

causing 7.4 kb cis-regulatory del€tion disrupting conscrved
non codiog s.quences and their intcraction with thc FOXL2
promotor: inplicztions for mutation scrcening. PIrS Gcrrr.
5: e1000522.

74. de Kok, YJ., E.R. voss€naar, c.W Crem€rs, 6 aL t 996. Idan-

ti6cation of a hot spot for microdcldions in pari.nts with
X-liDked deafness type I (DFN3) 900 kb prorimal to the
DFN3 Sene POU3F4. H!m. MoL Genct.5t 1229-1235,

75. Kleinjan, Dl., A. S€awright, A S.h.dl, .t al 2001. Aniridia-
aisociat€d translocations, DNaic hypcrs€nsitivity, s.qucncc

cooparison and transg€nic analysis r.de6ne the functional
domain of PAX6. Hrrn Mol. Genet. l0| 2049-2059,

46

30 DAYS OF CLINICAL GENEICS] DANI KLIN CKE GENENKE, 20] 6

Ann NYAcad.Sci. 1214 (:010) 34-46 O 2010 New York Academy o, Soences



GENETICS OF PROGEROID SYNDROMES

Davor LESSEL

lnstitute of Human Genetics

University Medical Center Hamburg-Eppendorf. Germany

As the world's population is rapidly aging, driven by sustained increase in lifespan, age-related diseases, in spe-

cific the increasing cancer rates represent a major challenge for health care systems. Monogenic syn&omes with
highly penetrant tumor susceptibilir), and/or signs of premature aging affecting mote than one tissue have been

instrumental in identifring genes and pathways involved in carcinogenesis and age-related diseases. The latter

are commonly defined as segmental progeroid syndromes and can be caused by germline mutations in Benes

encoding DNA repair proteins with concomitant cancer predisposition. Examples include the'Werner helicase

gene (\7RN) in Werner syndrome and the Bloom helicase gene in Bloom syndrome. Some progeroid syndromes

are caused by mutations in nuclear lamina associated genes, e.g. lamin A/C (LMNA) in Hutchinson-Gilford

syndrome or BANFI in Nesror-Guillermo progeria. While LMNA mutations are also found in a few atypical

cases of Werner syndrome, some patients with suspected Werner Syndrome do not harbor mutations in any

known progeria gene. An overview on the genetics ofprogeroid syndromes, with specia-l emphasize on tle find-

ings ofour group including the lately identified novel genetic causes will be presented. The later will include

the Ruijs-Aa.lfr progeroid syndrome, caused by mutations in SPRTN, and Mandibular hy'poplasia, Deafhess,

and Progeroid feamres (MDP) syndrome, caued by mutations in POLDI.
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SPINAL MUSCULAR ATROPHY (SMA): FROM GENE AND MODIFIERS T0 THERAPY

Brunhilde WIRTH

lnstitute of Human Genetics, University of Cologne, Cologne, Germany

brunhilde.wirth@uk-koeln.de; www.humangenetik.uk'koeln.de

Not only complex disorders but also monogenic diseases can be strongly modulated by further genetic, epigenetic

or even external Ectors, sometimes leading to fiJl protection, known as incomplete penetrance. Approaches

including whole transcriptome, exome, genome, methylome or proteome analyses of highly discordant pheno-

r,?es can help to idendfr these modifiers. In this lecture I will present the complexity ofthe molecular genetic

basis of SMA, the main modulator SMN2, independent modulators such as plastin 3, how plastin 3 helped us

to unravel the main cellular processes disturbed in SMA, and the most advanced strategies and progresses made

in SMA therapy.

What makes SMA unique?

l. Patients with SMA show a homozygous functional loss ofthe survival motor neuron I gene (SMN1), but

all patients carry one or more SMN2 copies thar modulate the severiry ofthe disease and can be targeted by

smdl molecules and drugs. 2) About 94olo ofall SMA patiens carry the same rype of mutation, which allows

simple molecular genetic testing. 3) SMA carriers with frequencies varying between 1:8 and l:105 among

various populations can be easily and reliably identified by quantitative PCR or MLPA. The frequency in

Europe is l:35. 4) A duplication ofabout 500 kb on chromosome 5q13.2, including SMN, occurred late

in evolution, in primates, while rhe rwo different SMN genes are human-speciGc. 5) The main frrnctiona.l

difference berween SMNI and SMN2 is a single, translationally silent nucleotide exchange in exon 7 that

affecs splicing regulatory elements and causes exon 7 skipping in 909o oftranscrips. 6) Both FL-SMN I and

FL-SMN2 transcripts encode an identicat SMN protein - a 6nding that is essential for therapeutic straregies

aiming to increase SMN expression levels. 7) Discordant families with large phenorypic discrepancies point-

ed towards factors/pathways able to circumvent the detrimental impact of reduced SMN levels on motor

neurons. Modi6ers such as plastin 3 (PtS3) have shown to fully protect against SMA in humans carrying a

homorygous deletion of SMN1. This knowledge can be further used for the development of SMN-independ-

ent tlerapeuric strategies. 8) Despite ubiquitous SMN expression, reduced SMN levels mainly affect motor

neurons in the ventral horns of the spinal cord. However, in severe SMA patients additional organs car be

involved. These findings are essential for firture therapeutic considerations. 9) Postnatal therapies using an-

tisense oligonucleotides facilitating correct splicing or gene replacement therapies using virally transduced

SMNI rescued the phenotype in SMA mice, however, onlywhen administered in the 6rst three days of life.

This emphasizes the importance of prc-sympromatic treatment and the development of neonatal screening

programs. 10) Some drugs, such as HDAC inhibitors can only slighdy improve the disease outcome but

not rescue the SMA phenoqpe. Nevertheless, they might be essentid to further maintain SMN2 expression

during lifetime. l1) SMA can be considered as a developmental and neurodegenerative disorder in severely

alFected SMA patients and a neurodegenerative disorder in milder affected SMA individuals.
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Moving towards treatments
for spinal muscular atrophy:
hopes and limits
Brunhilde Vinht, Martinc Barkats, Cccile Maninat, Michael Sendtner &
Thomas H Gillingwater
r Unimitt of Cnt sn , I^ntuE of Hsdfi G .tb!, Cobrt, Gtu 1

Spinal muscular atrophy (SMA), one of the mort frequent and devastating
gehetic disorders causing neuromuscular degeneration, has reached the
forefront of (linical translation. The quite unique genetic situation o{ SMA
patients, who lack functional SMN, but carry the misspliced SMNZ copy
gene, (reates the possibility of correcting SMN2 splicing by antisense oligonu-
cleotides or drugs. Both strategies showed impressive results in pre-clinical
trials and are now in Phase Il-lll clinical trials. SMN gene therapy approaches
using A,qy9-5y1t1 vectors are alro highly promising and have entered a
Phase lclinical trial. However, careful analysis of sMA animal models and
patients has revealed some limitations that need to be taken very seriously,
in(luding: i) a limited time-window for successful therapy delivery, making
neonatal (reening of sMA mandatory; ii) multi-organ impairment, requiring
systemic delivery of therapies; and iii) a potential need for combined thera-
pies that both increase SMN levels and target pathways that preserve/rescue
motor neuron function over the Iifespan. Meeting these challenges will likely
be crucial to cure SMA, instead of only ameliorating symptoms, particularly in
its most severe form. This review discusses therapies currently in (linical trials,
the hopes for sMA therapy, and the potential limitations of these new
approa(hes.

K.tmrd* dtisetue oligonucloride rhcmpy, gene modiffer, g.oe rhcepy, nconatal rrcenin&
neurcmurular diordd, phuna@rh.npy, SMNI, SMN2, spi&l nMul{ anophr

1. lntroduction

Spinal muscular atrophy (SMA) is a devastating neuromuscular disorder that leads
to progressive muscle wealnes and atrophy and that represents the most common
lethal genetic disease in infants. Patients with SMA are divided into clinical sub-
categories (termed SMA gpe I, Il, III and I\z) based on disease onset and severity,
with SMA gpe I having thc earliest onset and most swere phenorypc 11. Although
SMA is considered to be a motor neuron disorder, additional organs carr also be
impaired, albeit mainly occurring in severely afiected SMA mice and parienrs 1:t1.

SMA is caused by hrnctional loss ofSMnr'l, whereas diseare severiry is influenced
by the number of 5MN2 copies ard orher SMA-modifling genes reviewed in r:r. As
5n4N2 mRNA is mainly altetnatively spliced lacling exon 7 due to a single rrarula-
tionally silent variant, 900,6 of SMN protein is truncared and unstable. The remain-
ing 10% are full-lengrh transcripts, producing a protein idendcal to that encoded by
SMlr',/ reviewed in t:t. As the SMN protein has a housekeeping liurction in small
nuclear ribonucleoprotein biogenesis and splicing, the multi-organ impairment
found in severely affected SMA mice or patiena is an obvious consequence of
SMN expression levels that fall under a cerrain critical threshold I2l. At present,

14.1511/147242142015.1c/1375 O 2015 lnlorma UK, Ltd 55N 1472 8214, e,tssN t7rt4-7623
Al i9ht5 .*red eprodu.tion in EhoLe or rn parr mt psmtted RICXTB -,,,ai
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thcre is no clrative treatment availeble for patienB with SMA,

but impressive progress has recendy been made towards dre

dcvelopmenr of ncw rhempies.

Here wc discuss: i) current progress towards a rherapy for
SMA, and ii) potential limitations, bascd on novel biological

observations in SMA animal models and SMA patien* that

will impact on the design and delivery o[ future therapies.

In the expert opinion secdon we will discuss Poenrial strete-

gies ro overcome these €onstrarnts.

2. Current progress towards sMA therapy

2.r SMNdependent therapies
Thc main focus oftranslarional SMA research et Present is the

development of SMN-dependent therapies. These efforu
include stratcgics dircctly targeting SMN protein stabiliry'

endogcnous SMtry'Z mRNA transcription, or splicing by using

small molcculcs (antiscnse oligooucleotides, AONs) or druge,

and approaches bescd on SMN gene replaccmenr using sclf-

complcmcnrery scrotype 9 adeno-associated virus vcctors

(scAAV9) cxprcssing StdNl.
Iodccd, a high increase in central and peripheral SMN

levck. lcadrng to neuromuscular and slslemic imProvemcnts'

have becn rcponcd in recent preclinical trials in SMA micc

ssing intravenous iojection of S(AAV9-SMN t.{j1, subcutane_

ous dclivcry of SMNx,-AONs t7l, or orelly delivered small

molecules ttl. A first Phase II dinical smdy using intrathecal

dclivery of SMNp,-AONs targetin1 SMN2 Pre-mRNA in
SMA rype I patients showed some encouraging results, includ-

ing increased musclc function scores l9l. C,onsequendy, a first

2:l randomiztd Phase lll clinical trial in 117 SMA gpe Il
and III peticntr was launched by ISIS Pharmaceuticals

(NCT02292537). Hoffinaon l,a-Roche is currendy recruiring

48 SMA paticna (aged 2-55 years) in a double placebo-

randomized Phase I srudy (NCT02240355) to test srfery

and tolerabiliry of their orally applicable compound

RO6885247 (former PTC RG7800) Isl. Novartis initiatcd

an opcn labcl study (NCT02268552) to investigate their

splice corrcction compound LMl070 in 22 SMA gpc I

patien$ for safcry, tolerabi-liry, pharmacoLinetics and pharma-

cod).namics. Morcover, a gene therepy approach, using

sc-AAV9-CB.SMN, entered thc clinical phase at thc Natioo-

wide Childrcnl Hospital in Ohio, USA (NCT02122952),

to erz,luate safcry and eficacy. A 3-cohon phase I study (esca_

lade dosc) has been initiated in May 2014, involving 18 SMA

type I paticnrs. Taken together, drese various studies should

providc a robusr overvicw of the promise (and Potentid
pitfells) of targcting SMN lcvels in parients with SMA.

Ptcvious drug dcvelopment effor$ based around histonc

deacctylase (HDAC) inhibitors r.lso deserve attention as they

are the only oncs to date that have completed

Phasc III clinical trids. Valproic acid (VPA), one of the firct

HDAC inhibirors, was shown ro increase SMiy'2 mRNA and

SMN protcin lcvels iz l,itro ar,a in l)iw' A Rtst dinical srudy

of WA in 20 SMA type l, II and lll patients demonstrated

an incrcase of FI,-SMN2 levels in - l/3 of padenrs thc

'VPA-rcspondcrs' trot, which seems to depend on

CD36 cxpression, a fatty acid ranslocas€ trrj. Sweral opco-

labcl and placcbo-controlled clinical rials with ralproare and

L-carnitinc havc bccn complered with only linle significent

phenotypic improvements in 2-5 year old SMA gpe II and

III paticnts lr2,l3l. However, the placebo-conrolled study

lastcd only 6 mondrs, a too short dme Pcriod to exPect a sig-

nificanr outcomc in this disorder. Currendy, a Phasc lll ran_

domized clinical trial is ongoing in lndia (NCT01671384),

which includes 60 patien* aged 2-15 years.

2.2 SMN-independent theraPies
Scvere.l intercsting SMN-independent parhways with the

porentizl for therap€uric targcting in SMA have recendy becn

identified. A clinical trial using one non-SMN targeted com-

pound, the ncuroprotective drug Olesoxime C|RO19622,
Trophos), hasshown modeit improvements in moror function
in SMA gpe Il and III paoenrs Jr1l. However,:s the maiority

of non-SMN targctcd drugs are still in pre-dinical phrses of
developmcnt, rlrcy will be considered in section 4 below.

3. Limitations of current SMA theraPies

AJthough none of the above-mentioned approac-hes, except

for rhose using HDAC inhibitors, have yer complcted a

Phase lll clinical rrial and showcd substantial benefit for

parients, there is wcll-warranted excitement and hope in the

ficld, mainly bascd on the promising preclinical results.

Importanrly, howevcr, none of the treatments currently Pro-
gressing through human dinical trials detailed above are likely

ro offer . complete 'cure' for SMA. We suggest that three

main confoundrng fxctors arising from thc early and s)Tt€mic

naturc ofSMA will drerefore nced to be addressed in thc ncxt

sMgcs of thcrapy d.sign and testing.

3.1 Therapeutic time window
Data from animal modcls of SMA provide strong cvidence for

tlc prescncc of a critical 'therapeutic time-windo*' for dcliv-

ery of SMN-targeted rherapies 1rr1. lndeed, increasing SMN

levels after thc onsct of overt symptoms (postnatal &y 8 in
SMAAT scverc mouse models) provided only very litde ame-

lioration of disease symptoms 11,1 questioning thc futurc

ef{icacy of SMN-targcted ueamrens when delivered to symp-

romatic (panicularly rype I) SMA patients This is ofpanicu-
lar concern as thcre is ctrrendy no neonatal geneuc scre€ning

for this diseasc, usually diagnosed after the appearance of thc

6rst dinical signs. Thus, SMN-targeted therapies dclivercd

after discasc onset may only have a limited capacity to amelio_

rate diseasc symptoms. [n contrast, restoratioo of SMN levels

in a milder SMA mouse model signi{icandy improved motor

abilities, underscoring a potential diEerence conceming dte

riming end natur€ of the therapeutic window 116l in scvcre

versus mild forms of SMA t:t.

2 E{pe( Ogn E"rerlr/lg rrlr95 (2015) 2O(3)
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3.2 Systemi( nature of SMA
Civen *re growing a*arcness of the multi-organ naturc of
SMA (particularly in rhc most sevcrc forms of rhc di$as€ I1),
and thc nced to deliver thcrepics qrtcmically in mouse mod-
els of SMA to ac-hicve firll bcncfit o.rrt, surIdard dmg-bared
pharmacological approachcs offcr e potcntially anractivc route
to quickly develop effeaive, gttemic disease-modifring drer-

apies for SMA, which may be uscd eithcr alone or in combi-
nation with moleodar therapcutic approaches (including

ASOs ard AAV gene thetapy).

33 lnsufficient restoration of SMI'I levels and/ol
biodistribution uring current SM N-talg€ted
aPProaches
Atiough the 6rst clinical t ds using intrathecal injeaion of
SMNR -AON in SMA gpe I parients have repofted some

panial amelioration of disease symproms, it is still uncerain
whether the onent to which SMN lcvcls have been incrcascd

will be sufficient to clre SMA. Measuremeno of SMN
proreir levels in cercbrospinal fluid alier multiplc dosing of
SMNR,-AON showed a - 120 - l(fi% increase from the

depletcd lcvels observed in untreated patients l9l. A range of
pre\ious in ui,o e d h aitro srudies suggest that these modest

increa.ses most likely will not be sufficient to nrn an SMA
typc I paricnr inro a heafthy individual, but rather may only
rcduce the severity of the disease (c.g., 'conven' a SMA gpc
I into a rype ll or lll patient), cvcn iftJrcrapy could be stzned

prc-srrnptomaticalty. Moreover. SMA mi<t carrying rwo

SMN2 cllpie treated systemically and pre-symptomatically
with SMNp.-AON or SMN-AAV9 rcmained smaller, showed

rcduced survival, and did not recovcr full muscle actiity and

body weight phenoqpe seen in wild-qpe control animals

11,r,7t. This means that additional functional suppon will be
required to fully ameliorate diseasc pathophysiolog;r in SMA.

4. Expert opinion

Ar prcs€nt, rhere is no cure awailable for patiena wirh SMA.
One drug (Olesoximc, Trophos) and onc AON (SMN*'
ISIS Pharmaceuricals) showed in Phasc II III dinical trials
some encouragi[8 r€sults, but no mejor am€liorarion w"r
observed. Additional drqs (RO6885247 ftom Roche and
LMI070 fiom Novanis) are undcr dinical investigation.
Howevcr, the long-term embition of the SMA communiry
rcmains tor i) substantially ameliontc SMA in patients after
dcvelopment of symptoms; and ii) fully counteract deielop
men( of SMA in peoplc with SMI delction by delivering
cffcctirc treatmens at critical poina in the rhcrapeuric time-
window (likely ro mean pre-symptomatic delivery).

Vork on animal modcls ha.s clearly demonstrated rhar early
therapeutic intervenrion is mandatory to achieve the best

protective efiect taz. For this ro be tnrulated to patients,
51y'N,/ dcletion pre-symptomatic tcsting would need to be

inrroduced into oeonatal screening prograrns. However,

Moving towa.ds treatment for SMA: hopes and limits

amcliora.ion or ev€n stoppint rhe disease progression in
patienrs with SMA qpe II or III, in whom disease symptoms
have alrcady manifested, is also a key aim of rcsearch, wherc
clinical trarulation is not depcndent on n€onatal sqefning
for maximal cffectiveness.

Rccenr brealchroughs in our undcrnanding ofpadrwa/s acr-

ing downsrcam fmm SMN that mcdiatc discase pathogenesis

in SMA have gready erpaoded the range of potential
thcrepcutic urges for SMA, oparing up the possibilit), ofd€liv-
ering discase-modifying treat ncnrs outsidc of tie 'therrpeutic
timc-window that exists for SMN. Several non-SMN-tarteted
pathwals that contribute to disease pathogenesi.s in SMA have

becn rcportcd to modulate the SMA phenorype, induding ubiq-
uitination pathwrp and beta-catenin signaling tt7l, ffEN
signaling trst, RSK2 signaling [rr1, Rho-lorqsc pathxay izot,

ERK/AKT pathways tzrt, and miR-I89/mTOR pathwa),s t::t.
Lik€wis., protecive SMA genetic modifien identiGed in asymp-
romatic SMNl-deleted individuals, such as PIl3 overe+res-
sion, *{rich restores SMNdisturbcd actin dynamics, also

rcprcsent rnractive SMN-independenr thenpeutic targcs to
srabilirr and improve the neuromusculrr function :.rJ:ll.

Mljor, achievable, ambitions 6rthc future are thereforc:
i) to dwelop drug-ba.sed then4les that can cxtend the drera-
peutic time-window, in paniculu by subilizing the neuro-

muscular s).stem for a longer pcriod, thcreby facilitating a

gr€arcr therapcurc b€ne6t &om parallel deli"cry of SMN-tar
gctcd thcnpies (such as AONs or gene thcrapy) and-/or act to
stabilizr rhe neuromuscular system in thcir own right bcyond
the time-window drar exists for Srllly'+argctcd thcrapies; ii) to
idcndfr in SMA cetls and animal modcls new cargets acting
either indcpendently or downs$€am &om SMN, and to
dcvclop and test ncw AONs/drugs acting on thcse o€"..l tar-
ges/pathwals; iii) to validate new effective gene therapy treat-
ments for SMA, based on the delivery of scAAV9 vectors

designed to overo(press or ro silence ncwfound targets for
SMA, acdng either independcndy or downstream 6om
SMN and 4) to include SMA nconatal gcnetic s<reening.
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How genetic modifiers influence the phenotype of spina!
muscular atrophy and suggest future therapeutic approaches
Brunhilde Wirth, Lutz Garbes and Markus Riessland

Both complex disorders and monogenelic diseases are otlen
modulated in their phenotype by further genetic, epigenetic or
extrinsic factors. Thas gives rise to extensive phenotypic
variability and potentially protection from disease
manifestations, known as incomplete penetrance- Approaches
including whole transcriptome, exome, genome, methylome or
proteome analyses of highly discordant phenotypes in a few
individuals harboring mutations at the same locus can help to
identify these modifjers. This review describes the complexity
of modifying factors of one of the most frequent autosomal
recessively inherited disorders in humans, spinal muscular
atrophy (SMA). We will outline how this knowledge contributes
to unde6tanding of the regulatory networks and molecular
pathology of SMAand how this knowledge will infiuence future
approaches to therapies.
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lntroduction
Identification of modifiers is challenging and, therefore,
relatively few genetic modifiers have been detected so far
(reviewed in [-6]; only some diseases have been selected
due to a restricted number of references). Modifiers can act
in mulriple ways on rhe expression or stabiliry of RNA or
proreins: 1'he predominant disease-determining gene (in
monogenic or oligogcnic disorders) can be modulared
by at- and trots-actitg factors, by epigenetic facrors, by
proteins belonging ro the same pathway or nerwork, by
proteins involved in stand-alone pathways but converging
on a common 6nal pathwayorending in the same biological
funcrion or, finally, by exrrinsic non-generic or environ-
mental factors, In concert with the disease determinant,
modifiers give rise ro a large phenorypic variabiliry, some-
rimes conferring full prorection to an individual carrying
a disease-causing mutation, a phenomenon defined as
incomplete penetrance. One of the most impressive

'monogenic' diseases shown to be modulated by a large
varieryof factors is spinal muscular atrophy (SMA), selected
herein to exemplifu the role ofmodifiers and the use ofrhis
krowledge gained in devcloping target-driven therapies.

SMA is a common genetic neuromuscular disorder most
often leading to childhood lethaliry. However, this devas-
taring disease has some remarkable and almost unique
features. 'l'he identification of the modifying factors
influencing the SMA phenotype enlarged our under-
standing of the pathology, molecular and biochemical
mechanisms underlying SMA and, most imponantly,
allowed the development of rherapies.

What makcs SMA so exceptional and different from other
genetic conditions and what do we have [o consider for
future therapies in order ro be successfuli

Remarkable features of SMA
First, patienrs with SMA show a homozygous funcrional
loss of the saruival motor rumn I Eer,e (SMNI ), but all
patients carry one or more J11y'2 copies that modulate the
severityofthe disease [7,8",9] and can be targered by small
moleculesand drugs (reviewed in [0]). Second.about To

ofall SMA parieots carry the same rype of mutation, which
allows simple molecular genetic testing [11]. 'l'hird, SMA
carriers with frequencies varying between l:lt and l:105
among various populations can be easily and reliably ident-
ified by use ofquantirarive PCR or MLPA [7,12.131. In the
European populatioo the frequency of SMA carriers is 1:35
which makes SMA the second most frequent autosomal
recessively inherited condirion. Fourth, a duplication of
about 500 kb on chromosome 5q13.2 including J,411f
occurred late in evolution, in primates, while the devel-
opment of two different JllN genes is human-specific [14].
'Ihe location of the J,41y'y' copies within a CNV makes this
region prone to de tozto deletions, duplications and gene
conversions which are found in ?Vo of SNIA patienrs [15].
'l'he transgenic insertion ofthe human-specific J,,|y'y'[/ onto
a null Smn background ofother species allowed the gener-
ation of humanized SMA mouse and pig models, which
have been extremelyuseful in decipheringthe parhologyof
SMA and for development of SMA therapies [16,17"].
Fifth, rhe main functional difference berween ,S,l/N1 and
JMly'l is a single, ranslarionally silenr nucleotide exchange
in exon T.Itallects an exonic splicing enhancer and thereby
impairs correct splicing of J,t/N? so that only very low
amounts offull-lengrh (FL) rranscripts are produced while
the majoriry of transcripts lack exon 7 [8",1U"1. Sixth,
imponantly, both FL3,411f,f and !'L-,SMN? rranscripc
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encode ao identical SMN protein - a hnding thar is
essential for therapeuric straregies aiming to increase

JM1y' expression levets [8"]. Sevenrh, discordant families
with large phenorypic discrepancies pointed towards fac-

tors/pathways able tocircumvent the detrimental impact of
reduced SMN lcvels on motor neurons. Modifiers such as

Plastin 3 (Pt,S3) have shown tofully prorcct against SMA in
humans carrying a homozygous deletion of S,4r'N,/ [19"1.
'l'his knowledgecan befurther used for the developmentof

How modifie.s inlluenca SlrtA and its lherapy Wirth, Garbes and Ries5land 331

SMN-independent therapeutic straregies [20]. Eighth,
exogenous factors such as lack of nutrition or hypoxia

redrce FL-SMNZ l2l",22'1. Additional support of SMA
patiens or SMA mice with oxygen and appropriate nutri-
tional suppon can partially counteract this negative impact

[23,24]. Ninth, despitc ubiquitous SMN expression,
rcduced SMtr_ levcls mainly affect motor neurons in the
ventral horns of the spinal cord. However, also other
neuronal circuits including sensory and interneurons seem
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to dtectly influence the function of motor neurons

125",26',27"1. ln severe t1'pe I SMA patients and SMA
mice additional organs such as hean, lung, pancreas,

intestine and vascularity are affecred turning SMA from
a pure motor neuron disorder intoa multi-systemic disorder

I2ll,29',30,31,731. 'l'hese findings are essential for furure
therapeutic considerations.'l'enth, postnatal therapies
using antisense oligonucleotides facilitating correct spli-
cing orgene replacement therapies using virally rransduced
Sll/y'1 rescued the phenotype in SMA mice, however, onlv
when administered in the first three days oflife [32",33"].
'fhis emphasizes the imponance ofpre-symptomatic treat-
ment and the development ofneonatal screening programs.

Eleventh, some drugs, such as HDAC inhibitors can only
slightly improvc rhe disease outcome but not rescue the
SMA phenorype {34,3-51. Nevenheless, they mighr be

essendal to further maintain ,SlIf? expression during a

patient's liferime. 'l'welfth, SMA can be considered as a

developmental and neurodegenerarivedisorderinseverely
affected SMA patients and a neurodegenerative disorder in
milder affected SMA individuals.

A schematic overview of the cis and traas regtiation of
SMNI xd SMN2 splicing and its impact on translation is

shown in Figure I while a schematic overview of the
different factors influencing the Ievel of SMN prorein
and, ultimately, contributing to the severiry of the SMA
phenotype is shown in Figure 2.

'l'his review will mainly address future rcquirements for
SMA therapies on the basis ofour most recent knowledge
of SN{A modifiers, its pathology and affected tissues in
SMA patienrs and mice.

SMAr2, the main modifier of SMA severity and
the primary target for therapy
SMM copy numbor and crb-rcgulalory factors
'l'he severity of SMA differs significantly and ranges from
the severe form (rype I) wirh early onset in the 6rst six
months oflifc, inability to sir or walk and dearh before rwo
years ofage, to rhe adult form (type IV) with onset after 30

years of age and only mild motor impairment [36]. While
all patients show the same homozygous functional loss of
SMNI as a consequence of either deletions, gene con-
versions or, rarely, subtle mutations, rhey all carrv at least
one to up to six,S,i/N? copies (reviewcd in [12,37] and [9]).
Each S,,ly'r!'1 copy produces around loVo FL-SMN2 w-
scripts and protein. Consequenrly, a low SlllN2 copy
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number is associated with a scvere phenorype, whereas
a hieh StlNZ copy number is associared with a mild
phenorype. Hence, most rype I parients carry two
J,,ly'N? copies, rype I[ three ,S.41NZ copies, type III thrce
or four J,411y'? copies and rype IV four to six ,Sz|INZ copies

[7,91. Alrhough this inverse correlation is srrong. ir is nor
absolute and should not be used for che prediction of thc
SMA subrype [71. I'-urthermore, ir has ro be taken into
consideration that SMNZ copy number quantification
relies on the analysis of the 3'-end of the SMN? genes

only. Consequently, overseen deletions or duplications at
the s'-end may influence rhe SMN? transcription. Eff,lf
exon 7 splicing is rcgulated by exonic and intronic spli-
cing enhancers and silencers (reviewed in [37,38]). Thus,
mutations withir, SMN2 may abrogate dr-regularory
elements leading to an increase in or decrease of FL-
.i,11tr? levels. !'or example, c.859G>C disrups an exonic
splicing silencer, leading ro an up-regulacion of l-L-SMNZ
and therefore individuals carrying this variant within their
single ,S,41N2 copy are only mildly affected [39].

Traas-regulatory splicing tactors acting on Srlt 12

In addition to at-regulatory elements, a plethon of traas
splicing factors are involved in .111f2 exon 7 splicing
(reviewed in [37..{}]). Overexpression of ["ltraZ-p1 (also

known as SFRSI0) for example dramatically increases

FL-SMN2 in vitro. Similar results were achieved with bi-
functional oligonucleotide enhancers recruiting SFRSI0

[41]. However, the motor neuron-specific knockout of
,!frsl0 in mice had no impact on the phenorype, under-
lining the complexity and redundancy of the iz orva splice
rcgulation, but also the contribution ofother neuronal cell

rypes in SN{A as recently nicely illustrated by Lotti ct o/.
and Imlach et al. 125",27",421.

Eplgenetic modflers acting on SM 12

Moreover. the lcvel of l'L- L4lN2 is influenced by epige-
neric factors including hiscone acetylation and methyl-
arion of CpG islands within the S,4/NZ promoter
(reviewed in J37l and [43]). Various histone deacetylase
inhibitors (HDACi) such as the short-chain fary acids

valproic acid (VPA), sodium buryrare (NaBu) and phe-

nylburyrate, as well as the hydroxamic acids L8H.589,
SAHA 'fSA, INJ-26481585 or the benzamide M344 up-

regulate S,411V RNA and protein levels ia ztitm- Some
showed to be successful also in animal studies, leading
to improved moror function ar,d l5-30Vo prolonged sur-
vival [,14-48,49,50",73]. lmponantly, the effecr is

( Flgure 2 Legend Contlnu€d ) promoter DNA methylaiio n (Me) or posl-translational modifications (PTM) The socond maior regulatory mechanism

iniuencing SMN prolein lev€ls is SMIV2 splicing, which in tum is regulated by splice fucto6 as well as exogenous faclors like lrypoxia or starvation

Snce SMN as degraded by the ubiquitin proteasomo system' its activation or inhibition has also a dir€ct effecl on SMN proiein lovel Reduced SMN

amounts lead to th€ degeneration of motor neuaons. interneurons and senso ry neurons which will result in weakoning and atrophy of muscl6s, the

cadinal symptorns ol SMA SMN defciency loads to wadespread splice delects in U12 snBNPi€pendern mRNAs such as Stasirnon, which iniuences

the intemeuron ifltggrity and finally the rnotor n€uron suwival. Besdos its impact on nelvolJs circuits, a reduced SMN lovel also leads to rmifunclion and

dysplasia ol other oqan systenE like th€ intestin€, h€art, lung, vascularity, 6tc. Fimly , SMN is iniuenced by furttE. modifying lactors such as plastin 3, an

actin bundling prolein that inlluences the F_actin dynamics, a crucial proc€ss for axon groMh and NMJ functlon.
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strongly associated with the response [o HDACi treat-
ment as shown in therapies with !?A in humans. Only
about l/3 ofpatients are responding positively to \?A and
therefore clinical trials may be stratified on the basis ofthe
SMN expression levels in order to show a significanr
impact [46,51'1. Funhermore, Garbes et al. showed that
the response to VPA is mostly concordant berweeo blood,
fibroblasts and neurons differenriated from induced plur-
ipotent srem cells (iPSCs)ofrhe same patient and that the
VPA response is suppressed in vitm by an increased
expression of CD36, a fatry acid translocase [.5]'1.

Factors influencing the SMN protein stablllty
SMN is degraded by the ubiquirin proteasomal system as

shown in iz urlro studies and its degradation can be
counteracted either directly by proreasome inhibitors
MGl32 and lactacystin or indirectly by HDACi such

as LBH589 145,521. 'lreatment of SMA mice with the
proreasome inhibitor bonezomib, which is not blood-
brain-barrier permeable, increased the muscle function
without extending the lifespao. However, a combined
treatment with bortezomib and'l'SA exceeded the life-
span of TSA treatment alone, emphasizing, 6rst, the
imponance of CNS drugs that are able to pass the
blood-brain barrier. but also second, the additive effect
of drugs that activare/s.abilize SMN in muscles [531.

Extemal factorc acting on Strt 12

Most strikingly, srarvarion almost fully abolishes correcr
.1,41N2 splicing as observed in disease end-stage SMA
mice, which are extremely weak and severely malnour-
ished [21"]. lndeed, supplementary nutrition has a

positive impact on survival in mice [23]. Since SMN is

involved in snRNP assembly and splicing, lack of nutri-
ents might down regulate all anabolic processes.

Hypoxia also strongly reduces tsL-SlllNZ levels. In line
with rhese observarions, respiratory intervention showed
a significant improvement in SMA micc and patients
[22',241 (l'icurc 2).

Both yet identifed exogenous factors accelerate disease
progression. Possible underlying mechanisms are oxi-
dativs stress, proteasomal degradation or increased aber-
rantly spliced transcripts [2]-,54,55], which collectively
may cause the rapid death of rype I SMA patients or
severely affected SMA mice.

Therafi€ almed at enhanclng SMN levels
Devclopmenr of SMA therapies has been a focus of
researchers for many years and a large number of srrat-
egies have been developed to increase or srtbilize SMNZ
RNA and proteio levels or to reconsritute 841ly'1 by gene
therapy (recently reviewed in [10,56]).

'l'he rwo most effecrive therapeutic straregies able to
rescue the severe SMA phenorype in mice are: first,

increase in FL-SrllNZ levels by the use of antisense
oligonucleotides (AON) that block a splice silencer loca-
lized in intron 7 [57,58] and secondly, restoration of SMN
protein by gene therapy using AAV9 (adeno-associated
virus 9) expressing FL-SMNI [33",.59]. Both strategies
were shown to be highly efficient in mice; however, only
when administered in the 6rst three days of life. Admin-
istration later in life had lirtle or no effect, highlighting
rhat first, type I SMA is a developmental disease and for a

successful therapy SMN reconstitution is required during
this crucial period of life and secondly, efficient therapies
require pre-symptomatic treatment. 'l'he 6rst clinical
trial in humans aimed ro evaluate the safery of an
AON (lSIS-SI\{NRx) is in progress (www.clinicalrrial.org;
Nglol49470l). Funhermore, multiple drugs able to
directly or indirectly restore the function of NMJs have
been developed and are in various pre-clinical or clinical
approaches (reviewed in [10,56]).

Plastin 3, a modifier of SMA
In rare cases, siblings with idcntical SMNI IEMN2 geno-
types reveal discordantr'phenotypes, from affected to
fully asympromatic, suggesting that modifying factors
protect against the developmenr of the disease [19"1.
Since these are rare observations, linkage or association
srudies cannot be applied in most cases. However, it
turned out that comparison ofwhole transcriptomes from
only a few affecced ocrsrs unaffected siblings using
lymphoblastoid cell lines can be extremely fruitful.
Hence, using such an approach Plastin -l (.P1"93) has been
identi6ed as the first fully prorective modifier of SMA in
humans [9"] (Figure 2). PLS3 is an !'-actin bundling
prorein rhat influences rhe G/l--actin ratio, lvhich is

essential during axonal growth and path6nding [19,601.
Overexpression of PL,l3 rescues the axonal growth
defects observed in zebrafish with reduced smn levels
[9",61]. Similar observations were made in cultured
motor neurons from SMA mouse embryos [19"]. Ack-
eamann at al., who generared a transgenic mouse over-
expressing PLS3 on an SMA background, revealed that
all F-actin-associated processes at the level of the NMJs
are affecred in SMA animals, but werc rescued when
PLS3 was overexpressed, Most importantly, delayed
axon pruning counteracts the poorconnecriviry observed
in SMA NMJs [62"]. Concordantly, SMA mice reve aled
a significant increase in active RhoA (RhoA-G'l'P), a

major upstream regulator of the acrin cytoskeleton
[63]. 'I'reatment of SMA mice with fasudil, a Rho A
inhibitor, significantly improved thc motor abilities
and survival [201. This example nicely illustrates the
imporrancc of modifers for the undersranding of the
disease pathology and the developmenr of strategies to
overcome the main causative gene defecr.

Moreover, Next-generation sequencing of whole exomes
or genomcs will hopefully facilitate rhe identification of
modifiers in the furure [64,65].
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Since each SMN2 copy produces about 10% of FL-SMN2, the arnount
of FL-SMN protoin increases likswiso. The rnore SMN protsin is
produced by SMN2 copies throrghout developrnent, the mild€r is the
resulting SMA phonotype. Note the dilf€renl requirernent of FL-SMN2
levels in humans and mice to fully comp€nsate lor the lack of SMN, and
Smr, resp€ctively. ln mice a slightly increased level wananted by thre€
instead of two SMN2 copies l6ads to an almost normal phonotyp€. ln

humans only eight coples lead to a normal phenotyp€.

Although SMN is ubiquitously expressed and has an

imponant housekeeping function in snRNP biogenesis
and splicing, reduced SMN levels predominantly affecr
the proper function of lower motor neurons [6,17",67].
However, rhe pathology varies berween species. ln fish,

reduced Smn levels cause impaired axonal growth, early

runcation and branching of motor axons [68]. In mam-

mals. the motor neuron sorna[a and axonal growth are not
primarily affected. Instead the neuromuscular junctions

show massive functional impairment. SMA NMJs show

reduced synaptic connectivity, endplate size, synaptic
vesicle release, acdve zones, docked vesicle at presyn-

apdc membrane, number of mitochondria as well as

disrurbed Cazt homeostasis, 6nally leading to a reduced
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neurorransmission (reviewed in [69] and [62"]).
Recently, it has been reported that also afferent synaptic
inputs, sensory circuits and terminal Schwann cells are

affected and contribute to the SMA phenorype

[25",?6',27" ,7O1. 'l'hese findings su;gest that processes

and neuronal circuits essential for developmeot and

marumtion of NMJs (severe SMA form) but also for
maintenance of NMJs (mild SMA form) are disturbed
in SMA and that rargeting all these processes by drugs,
small molecules or SMN replacemenr need to be

addressed in a certain timeframe in order to guarantee

a life long beneficial effect for the SMA patient.

Additionally, there is increasing evidcnce that also other
organs are impaired in severe SMA mice and rype I SMA
parients, particularly in those carrying only one SMNZ
copy. ln mice recapitulating the human SMA phenotype,
rhese include: a dwarfJike phenotype due to an impaired
insulinJike growth facror I signalling axis, reduced hean
size with septum defects and arrhythmia, defects in
vascularization with necrosis ofdigits, tail and ear pinnae

due to poor capillary development, Iung emphysema with
ruprurcd alveolar septa, reduced and degenerated villi of
the small intestine with massive diarrhea 12&31,32-,71-
731. In agreement wirh these resuhs, cissue-specific
knock-out of Smn in any cell rype impairs the function
of the involved organ and causes lethality as expected on

the basis of the important housekeeping function of SMN
in snRNP biogenesis and splicing [67,74,7-51. Thereforc, a

systemic replacement of SMN, particularly in rype I SMA
patients will be fundamental in order to be long term
beneficial for the patient.

Conclusion
Homozygous functional impairment of 31111[1 causes

SMA in the maiority of individuals cxcept for those
carrying a protective SMA modifier [8",19",761. ln
humans, one or two S,4/NZ copies are usually associated

with rype I SMA [371. ln mice, one transgenic SMN2 copy
on a murine null Szrz background does not protect from
early lethatiry and two copies allow a survival ofa few days

up to 15 days depending on the genetic background

162",771.'l'he major defect in these mice is found at
rhe NMJ tevel with poor axonal connectivity and dis-

rurbed maturation. PLS3, a protective modifier of SMA.
rescues rhe NMJ function by stabilizing !'-actin-depend-
ent processes. Most imponantly. PLS3 overexpression
delays axonal pruning - the retraction of exuberant
axons during thc 6rst rwo weeks of life and pan of the
maruration process of NMJs - thus counteracting ahe

poor pre-synaptic connectiviry and facilitating the matu-
ration of NMJS [62"]. We therefore conclude that SMA

rype I is primarily a neurodevelopmental disease ln
support of this view, all pre-clinical trials emphasize rhat

a rescue can be achieved only when SMN is restored in

the first three days oflife [32"]. Consequently, in order m
avoid SMA developmenr in humans' Pre-symptomatic
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What can we leam from the pathology for
further therapies in SMA?
Human and mice seem to require different lcvels of full-
length SMN protein (!'igure 3). While mice carrying two
.1111y'? transgenic copies on murine null Szz background
exhibit a severe SMA phenorype, three copies are already
su{ficienr for an inconspicuous phenorype. Instead, in
human even six copies are not suffcient to prorect from
an adult-onser SMA.'fhus, humans require nor only a

much larger amount of full-length SMN, but also the
dependency between copy number and disease severiry
is different. 'l'he different requirement of SMN between
the rwo species renders a faithful comparison difficult.
Ceneration of large animals Iike SMA pigs are in progress

and may better resemble rhe human SMA phenorype and

may thus bc a more appropriate model for pre-clinical
studies [66].
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lreatment il the 6rst months of life will be mandatory.
'l'herefore, SZN,I deletion testing needs to be included in
neonatal screening programs in the furure. ln rwo states of
rhe LJ.S., neonatal screening for SMA is already applied.
'l'hus, this early diagnosis combined with promising
therapeutic approaches on the basis of AONs are 'tre-
nd-serring' achievements and will hopefully change the
future of S,41Nl-delete d individuals.

ln contrast to severc SMA, in milder SMA patients or
mice, the NMJs are formed but their maintenance is
impaired. 1'his could be due to reduced synaptic vesicle
trafficking and dynamics in the p.e-synapse 162',?8,?91.
Wc would rherefore consider milder SMA as a ne urode-
generative disease.

!'urthermore, animal models taught us that it is not
sulficient to rescue the SMN level in motor neurons.
but also otherorgans mighr be affected in Iong living SMA
patients and, therefore, a systemic compensaaion ofother-
wisc insufficient SMN amounts might be mandatory.
Starting therapy afrer symptoms have occured will at
the besr slightly improve motor abilities or stop disease
progression. but will nor cure SMA.
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Spinal Muscular Atrophy: From Gene to Therapy
Brunhilde Wirth, PhD, Lars Brichta, MSc, and Eric Hahnen, PhD

The molecular basis of spinal muscular atrophy (SMA), an autosomal recessive neuromus_

cular disorder, is the homozygous loss oI the survival motor neuron gene 'l (SMN,). A
nearly identical copy of the SMN, gene, called SMN2, modulates the disease severity. The

functional difference between both genes is a translationally silent mutation that, however,

disrupts an eronic splicing enhancer causing exon 7 skipping in most SMN2 transcripts
Only l0% of SMNz transcripts encode tunctional full-length protein identical to SMNI.
Transcriptional activation, facilitation of correct SMN2 splicing, or stabilization of the
protein are considered as strategies lor SMA theraPy. Among various drugs, histone
deacetylase inhibitors such as valproic acid NPA) or 4-phenylbutyrate (PBA) have been

shown to increase SMN2-derived RNA and protein levels. Becently, in vivo activation ol the
SMN gene was shown in VPA-treated SMA patients and carriers. Clinical trials are

underway to investigate the effect of VPA and PBA on motor function in SMA patients.

Semin Pediatr Neurol l3: l2l -l3t @ 20OO Elsevier lnc. All rights reserved,

lItltffi spinal muscular atrophy, survival motor neuron, neuromuscular disorder, valproic
acid, SMA therapy

( pinal muscular atrophies (Slr4fu) are a genetically heter-

Jog"n"ou, g.oup oI neuromuscular disorders with an au-

tosomal recessive, autosomal dominant, or X-linked reces-

sive mode o[ inheritance. The majority of patients present

autosomal recessive inheritance with proximal manifestation
of muscle weakness and atrophy defined as autosomal reces-

sive proximal SMA. With an incidence of about l:10,000,
SMA is one o[ the most frequent autosomal recessive disor-
ders in humans.r.2 The carrier frequency, determined by di-
rect molecular genetic testing, is l:3 5.1 a

The clinical [eatures of the disease are basically caused by
the progressive loss of alpha motor neurons in the anterior
homs of the spinal cord, which leads to symmetrical weak-
ness and atrophy of tlre proximal voluntary muscles of legs,

arms, and eventually of the entire trunk during disease pro-
gression. Electromyographic investigations in patienls show

a pattem o[ denervation, t]Pically wi(hout xnsory involve-

ment or marked decrease in nerve conduction velocity. His-

tochemical analyses of muscle biopsies Provide evidence of
skeletal muscle denervation, with groups of atrophic and
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hypenrophic fibers or fiber-type grouping most often found
in chronic cases.

Because the disease severity of SMA is highly variable, the
lntemational SMA Consonium defined 4 clinical groups de-

pending on the age o[ onset and achieved motor abilities.s 6

L Tlpe I SMA (acute form, Werdnig-Hoffmann disease,

MIM #253300) is the most severe form with general-

ized muscle weakness and hypotonia ("[oppy infant")
and a disease onset within the first 6 months of life. The

children are never able to sit or walk and usually die
within the frrst 2 years.

2. Tlpe ll SMA (intermediate form, MIM #253550) pa'
tients are able to sit but never able to walk unaided,
usually present hrst ryrnptoms after the first 6 months
ollife, and survive beyond 2 years.

3. Tlpe lll SMA (uvenile SMA, Kugelberg-Welander &s-
ease, MIM #253400) patients are able to sit and walk,
and the lifespan is not reduced. Disease onset before the

age of 3 years is classified as type llla, whereas an age of
onset beyond 3 years is cla5sified as t}?e Ulb SMA

There is a marked dilference in the presewation of am-

bulatory capacity between tyPe IIla and lllb. Whereas

only 44% of the t)?e ltla individuals are still able to
walk by the age of20 years,90% oI rype lllb patiens of
the same age have retained this ability.6

4. Typ€ IV SMA (adult form, MIM #27It5o) Patients are

comparatively mildly affected with an age o[ onset later

than 30 years; they have a normal life expectancy.

l2t
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E;tlt I Genomic structure, nucleotide, and splicing differences
between SMNI and 5MN2. The sMN gene copies can be distin-
guished by 5 nucleotide exchanges, of which only the C-to-T tran-
sition in exon 7 is localized wrthin rhe coding region. This nucleo-
ride exchange in €xon 7 is a lmnslarionally silent murarion.
Therefore, full-lengrh SMNI and lull-length SMN2 mRNA encode

identical proteins of 29,1 amino acids. However, the C-to-T trarci-
tion d$rupts an exomc splicing enhancer resulting in alternative
splici g of 5MN2 pre-mRNA and skipping of exon 1. SMN2A7
lranscripts €ncode a !runcated and unstable protein.

Molecular Genetic Basis
of SMA: Survival Motor

euron Gene and Transcripts
Type I, ll, and lll SMA were mapped by linkage amlysis to
the chromosomal region 5q11.2-q13.3.7-e ln 1995, the sur-
vival o[ motor neuron gene I (SMNI) was identified as the
SMA disease-determining gene.r0 The SMN gene exists in 2
copies, SMNi and 5MN2, which are localized within a dupli-
cated and inverted chromosomal segment of around 500 kb
on 5qI3. The 2 sMN copies are almost identical except for 5

base pair exchanges that are all localized within the f'end of
the genes (Fig 1).r0 rr However, only the C-to-T transition at
position + 6 of exon 7 (c.840C>T) is localized within the
coding region. Although it is a silenr mutation and rherefore
not affectingthe amino acid sequence o[ the encoded protein,
it severely affects the correct splicingofexon 7. ln contrast to
SMNI which almost exclusively produces correctly spliced
full-length (FL) SMNI transcripts, SMN2 produces only

- l0% FL-SMN2 transcripts but g0% of altematively spliced
transcripts that lack exon 7 (5MN2A7) r0 12

SMN exon 7 spans 54 bp and is characterized by a weak 3'
splice site.rr To be recognized by the splicing machinery,
additional auxiliary splicing elemenrs are required. Inclusion
o[exon 7 into 5MN messenger RNA (mRNA) is regulated by
a large number of positive-acting cis elemens, so<alled ex-
onic splicing enhancers (ESES) or intronic splicing enhancers
and by negative-acting .is elements termed exonic splicing
silenceE (ESSS) or intronic splicing silencers (tSSs). These cis
elements are recognized by trcns-acting splicing proteins:
s€rine-arginine-rich (SR) proreins or SR-like proteins and
heterogeneous nuclear ribonucleoproteins (hnRNPs).

An imponanr ESE is localized ar rhe 5'end o[sMNl exon 7
and recognized by rhe splicing facror SFZASF (Fig 2). How-
ever, this ESE sequence is destroyed by the C.84OC>T tran-
sition in 5MN2 such thar SFZASF is not recruired any-
more.l4r6 Consequently, exon 7 is not recognized by the

splicing machinery, resulting in the prcferred generation of
altematively spliced 5MN2A7 transcripls. Additionally, I has
been suggested that the C-to-T transition in SMN2 creates an
ESS for hnRNP 41, enhancing the skipping o[ exon 7.r7
Meanwhile, it was found that hnRNP Al indeed has a strong
inhibitory effect on exon 7 inclusion, but this observation is
independent of the C-to-T transition and, therefore, an indi-
rect event not specific to 5MN2.ra

ln the central pan of exon 7, a strongly acting purin-rich
ESE is recognized by the SRlike splicing factor Htra2-pl and
a number o[ further splicing proreins (SRp3oc, hnRNP G,
and RBM), which all together facilitate the inclusion ofexon
7 (Fig 2).r&20 This inrerplay between the ESE, Htra2-Bl, and
the other splicing factors is most likely responsible for the

- l0% o[correctly spliced FL-SMN2 transcripts. Overexpres-
sion of Htra2-pl restored the FL-sMN2 transcript level to
almost g0%_l8.le

Another inhibitory tract (ESS) consisting of 7 nucleotides
was found funher downstream near the 3' end of exon 7.

However, no splicing factors that bind ro this elemem are
described <o far 21.22

Among several intronic splicing enhancers and silencers
in introns 6 and 7, the recently described intronic splicing

2
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fir 2 Splicing rcguiatior of SMN exon 7. SMN] exon 7 conrains
a heptamer sequence (SEI) at the 5'end rhar is recognized by the
SR-prorein SFZASF. Ir SMN2, the C-ro-T rransirion disruprs rhe
critical heptamer sequence wirhin SEl. and rhe splicing facror SFZ
ASF cannot bind aoymore to exon 7, which results in skipping of
this exon.ra 15 Funhermore, the C-!o-T transition in 5MN2 exon 7
promoles an inhibilory eFecr ofhnRNP Al and drus facilitares rhe
exclusion of exon 7.11 t7 Both SMNI and 5MN2 conrain an ESE in
the central pan of exon 7 (SE2) rhar is recognized by Htra2-pl and
its interacting pann€rs hnRNP-G and SRp3Oc.r&20 Ahogether, they
facilitate the inclusion of exon 7 in borh sMN mRNtu. FL-SMNI
tmnscripts ate only produced when the SE2 domain is intacr.23
Overexpression of rhe SE2dependen! splicing factors restores FL-
5MN2 transcript to abour 80%-r3,le At the 3'end of exon 7, another
exonic splicing enhancer (SE3) has been idenrified.23 Furthermore,
inrron 7 conlains an ISS (ISS-NI) lhat exerts its funcrion on rhe
positive acting exodc and intronic elements (cuwed anows).25 The
trarts-acring sllicing facrors thar bind the inrronic splicing elements
or SE3 are not yer identifred.
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silencer ISS-NI appears to be the most relevant one-ll'25

ISS-N I consists of 15 bp, is localized 5 bp dowrutream o[the
binding domain lor U1 snRNP (uridine-rich small nuclear

ribonucleoprorein panicle, essential for the splicing Process)
in intron 7, and exerts a strong effect on the activity of the

other positive cis elements in exon 7 and intron 7 (Fig 2). The

usr o[ sequence-specific antis€nse oligonucleotides against

ISS-N I resulted in almost complete inclusion of exon 7 into
SMN2 mRNA transcripts, which was shown both in vitro and

in cell experimens in vivo.2t
FL-SMN tmnscripLs derived from both SMN copies encode

an identicat FL-SMN protein composed of 294 amino acids,

with a stop codon located in exon 7.10 In comParison,

SMN2A7 transcripts encode a truncated SMN protein of only
282 amino acids. The truncated protein is unstable and

shows a reduced oligomeriation capacity, which is essential

for proper SMN frrnction.26 23

The SMN Protein and lts Functions
Both sMN genes are ubiquitously exprcssed. The SMN pro-

tein is present in the cpoplasm as well as in the nucleus. ln
the nucleus, SMN is localized in structures called gemini of
coiled bodies (gems), which are often obsewed in close prox-
imity to or completely overlapping with the Cajal bodies.2e r0

All directly and indirectly interacting SMN panners known
so far are listed in Table l.

SMN is part of a multiprotein complex containing a num-
b€r of stoichiometrically intencting proteins (referred to as

Gemin2-8) and a set o[ transiently, unstoichiometrically in-
teracting panners, including the Sm proteins, which lorm
pan of the spliceosomal U small nuclear ribonucleoproteins
(snRNPs).I l8lt can be assumed from the various dir€ct and

indirect interactions with other proteins that have been iden-

tifled so far, that the SMN protein is involved in a large

number of diIferent pathways.

Its major housekeeping function is the biogenesis o[

snRNPs.lr'r2 The U snRNAs arc transcrihd in the nucleus

and subsequently transponed to the cytoplasm where they

assemble wit}l Sm prcteins to form the U snRNP particles.

After modification o[ the m7 G<ap into an m3 G-cap, the

[xlture particl€s are transponed back to the nucleus ]l To

catalyze this process, newly translated 5m proteins are bound

in a first step to ptcln, a component o[the PRMT5 comPlex,

which carries out a s)'mmetrical dimethylation o[ a subset o[

Sm proteins. ln a second step, the methylated Sm Proteins are

transferred onto the SMN complex, which frnally promotes

the trarcfer of the Sm proteins onto the U snRllfu ra 16

Thus, the SMN complex and the PRMT5 complex assist

the formation of spliceosomal U snRNPs whose major com-

ponents arc the Sm core (formed of 7 Sm proteins: B/B', Dl,
bz, o:, r, r, and G), I (UI, U2 U5) or 2 (u4ru6) uridine-

ch RNAs, and several other Proteins.ll 
lT Functional studies

indicated that the SMN complex mediates the formation of

spliceosomal U snRNPs in an adenosine triPhosphate-

dipendent manner and thus functions as an RNP chaPer-

one.2e.E Funhermore, the SMN complex also assembles U7

snRNP, which is required for 3'-end processing o[ histone

pre-mRNAs rather than pre-mRNA splicing and whose Sm

core contains a unique combination o[ Sm and lsm proteins.]e

Additiona\, SMN seerrs to be involved in pre-mRNA splicing,

regulation of transcription, and gene expression.{43

Despite the vast knowledge concemingthe SMN biochem-

istry, it remains unclear how an impairment of snRNP bio-
genesis, which is a ubiquitous SMN function in all cell types,

specifically causes alpha motor neuron degeneration. This

raises the question whether SMN fulfils an additional func-

tlon restricted to alpha motor neurons. lnterestingly, immu-

nocytochemical studies have localized SMN in dendrites and

axons and suggest a role in the transpon of RNA along the

axons.# at Zhang and colleaguess showed that the SMN Pro-
tein is localized in granules present in neurites and Srowth
cones o[ cultured neuronal cells. SMN-containing granules

exhibited rapid, bidirectional movements depending on both
microtubules and microfilaments.a6 A major frndin8 that

suppons the idea of a neuron-specific role of SMN in axonal

mRNA transpon is its interaction with hnRNP R, a protein

that binds to the 3'untranslated region of B-actin mRNA, as

well as the identification o[ reduced levels o[ p-actin mRNA

at distal axons and $owth cones in motor neurons isolated

from SMAJike transgenic mic€la7

SMN is highly exprcssed during embryogenesis, but levels

decline rapidly after birth. ln SMA-kansgenic mice, the

tength of dendrites is significantly reduced, whereas the

number ofmotor neurons is not significantly affected as com-
pared with controls.aT Conditional neuronal knockout mice
(SmnA7) lack axonal sprcuting.{ Consistent with these find-
ings in mice, knockdown of the Smn protein by antisense

morpholinos in zebrafrsh embryos has revealed a significant

axonal dysmorphology. The axons fail to rcach motor neuron

endplates because of early branching and truncation, which
also strongly suggests an important role of SMN in the path-

finding of axons.s

SMNI Gene Mutations in SMA Patients
Among the 5qt3-linked SMA Patients,96% of tyPe l-lu SMA

patients show homozygous absence of SMN] exon 7 and 8 or

exon 7 only because o[ deletions of 5MN] or gene conversion

oISMNI imo 5MN2 (Fig 3).r0't0 tr In contrast, homozySous

absence of sMNi is only very rarely found in type IV SMA

patients.sa-56

Based on this relatively uniform mutational spectrum

found in type l-lll SMA patients, a fast and reliable molecular

genetic polymerase chain reaction-bas€d testing is avail-

able. 57-5e Among SMA patients with homozygous deletions of

SMNI, about gO% reveal homozygous absence of both exons

7 and 8, whereas about l0% show only homozygous absence

of exon 7 but not of exon 8.60 The molecular basis for the

latter phenomenon is gene conversion, a common mutational

mechanism in the SMA region that causes either conversion

ofSMN] into SMN2 or vice versa t0 6l 02 Gene conversion has

been described as a de novo event in rarc cases''8 61'64 The

region o[ conversion can encompass the comPlete sMN gene

as well as only a pan of it.6r'65

Besides the homozygous absence of sMNi, a minoriry of
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I h I The SMN Protein ls Present as Part o, a Large Macromolecular Complex Containing a Number of Common Core
Components and a Set of Transiently or Substoichiomekically lnteracting Partners

SML complox component
Dir.ct (+),/lndir.cr (-l

SM lntoraction Function References
Core compononts

Geminl (SMN)

Gemin2 (SlP l)
Gemin3 (DPl03)
Gemin4 (GlPl)
GeminS (p.l75)

Gemin6
GeminT
Geming
unrip

Substrates and gubatoichiometric
comPonents

Sm proteins
LSm4
Fibrillarin
GARI
Coilin
UI.A. U2-A'
Profilin
ZPRI Oinc-finger protein l)

+
+

I
+

r

+
+
+
+
+

nkn
+
+

+

U

snRNP biogenesis and pre-mRNA splicing
snRNP biogenesis and pre-mRNA splicing
snRNP biogenesis and pre-mRNA splicing
snRNP biogenesis and pre-mBNA splicing
snBNP biogenesis and pre-mRNA splicing
snBNP biogenesis and pre'mRNA splicing
snRNP biogenesis and pre-mRNA splicing
snBNP biogenesis and pre-mBNA splicing

snRNP biogenesis and pre-mBl'lA splicing
snBNP biogenesis and pre-mBNA splicing
Assembly of snoRNPs
Assembly of snoRNPs
Recruitment ol SMN to Caial bodies
snRNP biogenesis
Control of actin dynamica
Caspase activation and apoptosis; snRNP

assembly/maturation
Regulation of osteoclast formation and activity

Cell growth and proliferation control, programmed
cell death, cell surfaco signal transduction, and
differentiation and maintenance of neural
tissues

Transcription
Transcription
RNA transport along the axons
Posltranslalional protein transport
Transport of snRNPs to nucleus
snRNP biogenesis and pre-mRl'lA splicing
Apoptosis
Degradation ol single-stranded RNA
Neurotrophic factor for motor neurons
Transcriptional regulation
Transcriptional regulation
Antiapoptosis
Regulator of transcription and mnl.lA stability
Ubiquitous protein phosphatase that

dephosphorylates serine and threonine residues
snRNA cap hypermethy'age

Nuclear transcription activation
Viral replication and a potent transcriptional

activator
Transcriptional regulation

26,r 19
9

43,120
12l,122
123
124
t25
126
38

OSF (osteoclast-stimulating
iactor)

Nucleolin and B23

Bl.lA helicase A
RllA polymemse ll
hnRNP Q and R

hsp70 fteat shock protein 70)
Snurportin and importin P
Galectin I and 3
ps3
tsG20
FGF-2 (fibroblast growth factor 2)
mSin3A
EWS Gwing Sarcoma)
Bel-2
FUSE-binding protein
PPP4 (protein phosphatase 4)

TciSI (timothylguanosine
smthaee l)

Rpp2O

Viral proteins
Papilloma virus E2
Minute virus NSI and NS2

Epstein-Barr virus nuclear
antigen

+

r 19,127
12?,129
t29,r3{)
t30
l3l
r t9
132
r33, r34

r35

136

4
N

t37,t38
38

r39
l.O
141

142
143
144
t45
t46
147
148

r49

+
Unknown

-and+

+
Unknown

+
Unknown

+
+
+

+

+ Matu6tion o, tBl.lA and rRNA in RNase P and
RNase MBP compleres

150

+
Unknown

Unknown 153

5ql3Jinked SMA parienrs (-4%) exhibit inrragenic SMNI
mutations. T)?ically, these patiens are compound heterozy-
gous with a deletion on one and a subtle mutation on the

other chromosome 5.58.6o6t.67.72 About 40 subtle mutations
have been identified so far, many o[ them b€ing missense
mutations that disturb the proper SMN1 protein func-
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SMN2 SMNI SMN2 w

Iyp€ lll SllA pationt

E|tr ! The SMN l and 5MN2 genor)?e usually found in unalfecled

ifldividuals and r]?e l-Itl SMA patients. Note lhat an incrcased

SMN2 copy number, produced by gene conversion, correlates with
a milder SMA pherog?e aird larger amounts of FL-SMN Protein.

tion.26 tu.67 About 3% of all patiens who are clinically diag-
nos€d with a phenoq?e indistinguishable from 5ql3linked
proximal SMA fail to show any mutation within the SMNI
gene, pointing toward genetic heterogeneity.ts

Homozygous absence of 5MN2 , a genotype found in about

3% ro 5% of control individuals, has no apparent phenotlp-
ical consequences.lo The presence of at least I fully func-

tionalSMNi gene issufficient to protect fromSMA. However,

there are few repons in which associations between either
homozygous deletion of 5MN2 or abnormal SMNI coPy

number and amyotrophic lateral sclerosis or lower motor
neuron diseases were reponed.ffi-70

lnfluence of SMN2 Copy
Number on the SMA Phenotype
The major factor influencing the severity ol the SMA pheno-

type is the number of 5MN2 copies,l 55.7 r '72 which usually

varies between I and 4 and rarely reaches up to 8 copies The

underlying mechanism generating an increased number o[

SMN2 copies and a reduction or absence of SMNI is gene

conversion (Fig 3).6r'62 7r Because each 5MN2 copy produces

about IO% of FL-SMN2 transcripts, an increased number o[
5MN2 genes is beneficial for SMA patienls and thus influ-
ences the severity of sMA.l2.7l

The ma.jority of t)?e I SMA Patients carry 2 5MN2 copies,

t1'pe tl SMA patients 3 5MN2 copies, t,?e IlIa SMA Patients
(age o[ onset before 3 years) 3 5MN2 copies, t]Pe lllb sMA

patients (age oI onset after 3 years) 4 5MN2 copies, and type

lV 4 to 6 5MN2 copies.r'st Analysis of FL-SMN2 versus

SMN2A7 transcripts of type llll SMA Patienls showed a ratio

o[about 20: 80 in t]Pe l, 30: 70 in tlpe ll, and 40: 60 in tyPe

Ill SMA patients.l2 On protein level, substantial differences

are found especially when compaing type I and ll SMA pa-

tients with q?e lll patients and controls. r2 73 7'1 Individuals

carrying 5 or 6 5MN2 copies develop very mild SMA symp-

tolrs (tpe IV 5MA),55 whereas 8 5MN2 copies fully prorect

from developing SMA.7t Similar Phenotypical differences

have been observed in transgenic SMA mice carrying 2 to 8
copies o[ the human 5MN2 gene on a Smn-knockout back-
ground.76 77

Overproduction of 5MN2A7 in double-transgenic SMA

mice with the genotype Smn / ;SMN2*;5MN2A7 revealed an

increased li[e span compared with tmnsgenic mice with the
genotlpe Smn-/ :SMN2*.78

Evidence for Further Genes
Modifying the Disease Severity
ln rare cases, siblings with identical SMN1 mutations, iden-

tical 5MN2 copy numbers, and identical 5q13 haplotypes

reveal marked phenotypical discrepancies, reaching from af-

fected to SMA-unaffected, suggesting the existence o[ modi-
fying genes not linked to chromosome 5q13.527e42 In this
context, the gender is o[ particular interest; except for a few

cases, most unaffected but sMN]-deleted persons are fe-

males. Furthermore, there is a marked deviation from the

expected 25% sefiregation ratio obsewed among females in
ty?e lll SMA families. Helmken and colleaguesi2 have been

able to show that the modilying [actor is regulating eitler the

translation rate or the subility of the SMN protein because

unaffected subjects with homozygous absence of SMNI re-

veal substantially more SMN protein compared with their
affected siblings, whereas the 5MN2 transcript levels were,
except for I sibpair, similar.lz This phenomenon was tissue

specific and has been shown only in lymphoblastoid cell
lines, not in primary fibroblass derived from phenot]?ically
discordant SMA siblings. ln addition to the marked discrep-
ancy conceming the SMN protein level, similar difIerences

were found lor SMN I -interacting proteins (Cemin 2, Gemin 3,

?Rl, and hnRNP-G) and for Htra2-pl. Especially the corre-
lation between SMN and Hrra2p-l is highly interesting be-
cause Htra2-Bl is involved in pre-mRNA processing oISMN
exon 7. Unlortunately, the feedback mechanism by which
sMN controls the amount ofHtra2-Bl is yet unknown. SMN

and Htra2-pl do not directly interact as shown by coimmu-
noprecipitation analysis.L2 The identification of the modify-
ing gene could open a new therapeutic strategy to change the

course o[ SMA because that biological pathway would point
out a possibility for preventing SMA in case of homozygous

absence o[ sMNi.

Heterozygosity Testing for SMA
Based on the fact that SMA affecrs I in 10,000 newbomsr 8r

and according to the Hardy-Weinberg equilibrium, the car-

rier frequency in the general population should be 1:50 in-

dividuals. However. this estimation is bas€d on statistical

calculation and assumes a lower camer frequency than that

derermined by molecular genetic analysis. Direct quantifica-

tion of SMN] copies revealed a heterozygosity frequency o[

1;35 in the Caucasian Population.l 
a The carrier Irequency

even might be slightly higher because carriers with subtle

mutations (1.7%) or with 2 SMN] copies on I chromosome
(2.4%) are not detected by this test.r

The discrepancy between statlstical and molecular genetic

studies is most likely the result of the following factors: (l)

unaafecrod individuals

SMN2 SMN2 FflIq

SMN2 sflr( SMN2sMu2

StilN2 SMN2 SMN2SMN2
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some individuals with homozygous absence o[ SMN I are not
detected becaur they are asymptomatic, (2) embryonic le-
thality of subjects with homozygous large chromosomal de-
letions including both SMN copies, and (3) some very se-
verely affected patients might not have b€en included into
epidemiologic studies.

Quantification of SMNI copies is frequently requested in
the context o[genetic counseling, either to check for an SMA
carrier status or as a means to identify patients with com-
pound mutations (deletions and intragenic SMNI mutation).
Nowadays, a large number of various methods are available
for reliable resting.].i2 &

Unfonunately, the presence of 2 SMNI copies per chro-
mosome (2.4%) or intragenic mutations (1.7%) in some of
the detectable SMNl genes slightly diminish t}re s€nsitivity of
the test.r.t8.5e,72 Consequently, 4.l% of individuals would be

misinterpreted as noncarriers on the basis oI t}Ie direct SMNI
determination. The sensitiviry of the test in the general pop-
ulation is 95.9%.

Prenatal Diagnosis and
Preimplantation Diagnosis f,or SMA
In families at risk to have a child with SMA, prenatal diagno-
sis based on chorionic villi samples taken between the loth
and l2th week o[ gestation or bard on an amniotic fluid
sample taken between the 14th and l6th week o[ gestation

can be offered. A simple screening that tests for SMNi dele-
tions combined with haploqpe analysis using polymorphic
markers offers almost 100% sensitivity conceming the future
risk for the fetus to develop SMA.

ln approximately 2% of SMA patients, the SMNI deletion
is caused by a de novo event that results either ftom unequal
crossing over or from gene conversion, which is mainly of
patemalorigin- The recurrence risk in these families is similar
to that o[ the general population.e However, because germ-
line mosaicism cannot be completely excluded, one should
still offer a prcnatal diagnosis to these families.e Funher-
more, preimplantation diagnosis for SMA has been devel-
oped and is offered in several countries.8t-s

Therapeutic Prospects for SMA
Development o[ a therapy for spinal muscular arrophy is an
exceptional challenge for the scientific community. Mean-
while, SMA may become one o[ the first inherired diseases in
humans that may be treated effectively by transcriptional
activation and correction o[ the splicing of a copy gene. Dis-
closure of the molecular cause of SMA and the molecular
basis of the altemative splicing of 5MN2 exon 7 gives rise ro
the opponunity to develop therapeutic approaches to mod-
ulate splicing, transcriprion, and/or rnnslarion regularion of
5MN2. Various strategies have been considered so [ar:

(a) Elevation of endogenous FL-SMN protein levels gen
erated by 5MN2
a Transcriptional 5MN2 activation via the gene pro-

motor
- Histone deacetylase (HDAC) inhibitors: sodium

butyrate, valproic acid, 4-phenylbutyrate, SAllA,
M344er-e6

- Compounds that regulate DNA merhylation of
the 5MN2 gene promoter: valproic acid, 5-Aza-
2'deoxicytidineeT,es

- Other substances: interferon, indoprofen, hy-
drox,'ureaee-lol

a Restoration o[ the correct splicing of SMN2 pre-
mRNA
- HDAC inhibitorc: sodium butyrate, valproic

acid, SAtlA, M344qr-q ro2

- Small antisense RNA moleculesll.2t.l0l,l0t
- Other substances: aclarubicin, sodium vana-

datel0r,r06

a Translational activation and stabilization of the FL-
SMN protein
- Phosphatases and kinasesroT

- SMA modifring factorsrz

a Suppression of the 5MN2 stop codon to elongate
the SMN2A7 protein and improve its stability
- Aminoglycosidesro8

(b) C-ompensation ofthe lack ofsufficient SMN protein by:
a Stem cell therapyr@
o Gene therapyuel2

(c) Improvement of motor neuron viability through alter-
native pathways
a Neurorrophic facrors: Cardiorrophin- I I ra

a Neuroprotective compounds: fuluzoll ll
o Regular exercisel15

The discovery oI chemical substances that indeed have
the potential ability to implement one of th€ strategies
mentioned earlier seems promising. However, most ofthe
compounds identified so far are not suitable [or long-term
SMA therapy because o[ their unfavorable pharmacologic
propenies including toxicity and other undesirable side
effects.

ln contmst, some HDAC inhibitors such as valproic acid
(vPA) and 4-phenylbutrate are already approved by the
Food and Drug Administration for application in rhe therapy
o[ various diseas€s. VPA has successfully been used in long-
term therapy of epilepsy as well as for the mearment o[ mood
disorders and migraine.rr6 The drug has ctinically well-

B c

lr'6A---.- --

-/JJ J
IlTt I \PA markedly increases SMN prorein levels in (A) SMA
patient-derived fibroblast cell lines (SMNI deleted) after trcatment
with micromolar VPA-concentrations,e2 (B) human hippocampal
brain slice cultures (derived ftom epilepsy surgery) after treatment
with WA,et and (C) motor neuron endched cell cuLurcs (isolared
lrom rat embryos) rrealed wirh millimolar doses of VpA.e5

.irtriJ,iJa..n
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Individual experimental curative approaches with VPA in

20 patients with type l, ll, and lll SMA (\?A serum level

-70-80 pglml) revealed elevated FL-sMN2 mRNA levels in
blood from 7 patients and unchanged or even decreased lev-

els in another 13 patients (Fig 5B).rr7 An improvement o[the
clinical picture after 5 to o months o[ treatment was exp€ri-

enced in about 50% ofthe patients (wirth, unpublished data,

2006). Some of the patients treated with VPA presented de-

creased L-camitin levels that were compensated by substitu-

tion witl acetyl-camitin (50 mgikg body weight/d). The ob-

s€rvation o[ patients with unchanged/decreased FL-sMN2

transcript levels underscores tlle need for a biomarker to
discriminate between responders and nonresponders to the

drug. So far, we do not know iI SMN expression in blood
reflects SMN expression in alpha motor neurons and corre-

lates with muscle strength. Therefore, long-term clinical tri-
als in SMA patients that correlate SMN expression in blood
with individual motor function tests are required. There are 2

large trials with \?A,/L-camitin: one is in progress in ry'pe [l
and lll SMA patients in the United States (www.FsMA.org)

and one is planned in t,?e I SMA patients in Germany (www.

initiative-sma.de).
A pilot trial with phenylbutyrate in SMA patients al-

ready revealed promising results.rrs However, only phase

lll placebo-controlled clinical trials will provide the flnal
proof for a bene6t of HDAC inhibitors in SMA theraPy.

Neonatal Screening for SMA
Although neonatal screening for SMA is not yet justified, this
may rapidly change as soon as clinical trials will prove that
cenain drugs may be beneflcial for SMA patients. The uni-
form mutation spectrum in SMA facilitates a rapid and reli-
able genetic test. However, although most SMA patients carry

homozygous absence ofSMNl and will be detected, approx-

imately 3% to 4% of SMA patients carry subtle SMN1 muta-

tions and will not be identifiedbythe test. On the otherhand,
some fewindividuals who will reveal homozygous absence of
SMNI would never develop SMA becaus€ they are protected

by an sMA-modifying factor.rz

Funhermore, although the correlation between SMA phe-

notyp€ and 5MN2 copies is not absolute, Feldkotter and col-

leaguesr were able to calculate the probability of developing a

type I, ll, or ltl SMA in a child with homorygous absence of

SMNI by measuring the 5MN2 copy number. Thus, a child

with 1 5MN2 copy has a risk of >99% and with 2 SMN2

copies a risk of 97% to develop a t,?e I SMA. A child with 3

5MN2 copies has a risk of 82.8% to develop a rfpe n SMA'

and a child with 4 copies has a risk of83.6% to develop a ty'pe

tll SMA.r
Based on these data, the SMA qpe can be predicted, which

may be uselul for selecting the right time point and dose for

a potential dmg treatment. Neonatal screens will be crucial

for a successful SMA therapy. Children at risk to develop

SMA should be recognized as soon as possible before first

q{nptoms occur. However, as Iong as we do not have a clear

answer whether any drug is su{frciently beneficial to SMA

patients, a neonatal screening for SMA should not be offered'

12, 6a r3.7 l.t 1.0
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f|lt 5 \ryA acrivares lhe transcription of sMN in SMA carriers and

sMA patieots. ln the diagrams, the scale on the y-axis is given in
arbitrary u ts and describes the levels of FL-sMN2 tmnscript belore

and during experimental vPA treaEnent- (A) Proteins were ex-

tracted from mononucleated white blood cells isolated from whole-
blood sarnples obtained before and during VPA treatment of SMA

carrieE. A substantial increase lor FL-SMN protein was obsewed in
most SMA caEiers.rlT (B) FL-sMN2 lranscripl levels were deler_

mined by real-time polymerase chain reaction in 5 blood samples (2

samples taken before trealment and 3 after a wA serum level of

-7O-aO p.{mL was achieved) in 20 SMA patieirls. Note that 7
parienE (1, 3, 5-8, and 16) rcvealed increastd FL-SMN2 levels, 6

patienE (9, I0, 17-20) unchanged, and 7 patients (2, 4, II-I5)
decreased FL-SMN2 transcript levels under VPA trealmen!.lr7

known and desirable pharmacologic propenies including a

suitable terminal half-life of 9-18 hours in human serum. ln
fibroblast cells derived [rom SMA patients, it has been shown
that drug concentrations in thenpeutic ranges achieve 2- to
4-fold elevated 5MN2 mRNA and protein levels by increasing
gene tmnscription and driving exon 7 inclusion (Fig 4A).q'z

Futhermore, VPA induces sMN gene exprcssion in neuronal

rissue, the target for a potential sMA thempy; this has been

shown in hippocampal brain slice cultures from rat and hu-
man (obtained after surgery ofepilepsy patients) and in cul-
tured motor neurons from nt embryos (Figs 48 and c).et In
addition, VPA s€lectively induces proteasomal degradation o[
HDAC2, the major enzyme involved in transcriptional SMN2

gene repression, thus boosting the action on the target Sene

5MN2.

What Can We Leam From
First Pilot Trials With VPA and
+Phenylbuqfab in SIVIA Caniers and Patients?

A firsr pilot trial with VPA in 10 parentsofsMA patients, each

of them carrying I SMNI and 1 to 3 5MN2 copies, has been

performed for a period of 4 months (VPA serum levels -80
pglml-). ln 7 ot the I0 SMA parents, an increar o{ FL-sMN

mRNA Ievels by 60% to 24O was determined in blood

Panicularly substantul wat the increase o[ SMN protein lev-

els in 7/9 carriers, reaching up to ..- I4Jold higher values

under VPA treatment comPared with untreated samples

(Fig 54).rr7
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Gonclusions and Perspectives
SMA may become one o[the 6rst human-inherited disorders
for which our increasing knowledge about the molecular
pathogenesis and the regulation oftrarucription and splicing
of the 5MN2 copy gene smoothens the way toward a causal

therapy. The [eatures that make SMA a unique therapeutic
disease model are as follows; (l) approximately 94% of all
patients with SMA show the same mutation, which can be

easily identified by simple molecular genetic testing; (2) al-
though SMN I is homozygously deleted in patients with SMA,
a copy gene (SMN2) is pres€nt in all patients producing mi-
nor amounts o[ a protein identical to SMN l; and (3) several
drugs have the potential to significantly elevate the FL-SMN2
mRNrprotein level as shown in cell systems as well as in
pilot trials in hurnans. However, only some SMA patients
seemed to b€ positive responders, whereag others were neg-
ative responders or failed to show a clear upregulation o[
full-length 5MN2 tnnscripts in blood. These results empha-
size the need for large clinical trials in which a potential
biomarker in blood will be correlated with clinically estab-
lished outcome measures (ie, motor function tess) and
which carefully investigate the effect of drugs on the muscle
strength in SMA patients.
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MULTIDISCIPLINARNI PRISTUP OSOBI S NASLJEDNOM SKTONOSCU RAKU DOJKE I

JAJNIKA

Nina CANKI KLAIN

Medicinski fakultet Sveutiliita u Zagrebu

Zbog sve veie sloienosti lijetenja obolielih od zlo6udnih bolesti jedna speci)alnost ne moir obuhvatiti we aspekte

i oblike dijagnostike i terapi.je onkoloikog bolesnika re je multidisciplinarni bolnidki tim preduvjet udinkovitijeg

i kvalitetnijeg liietenja. Osim uobicajenih tlanova tima (obiteljski liiednik, internist-onkolog, radiolop ginekolog

, kirurg, patolog, posebno educirana medicinska sestra i kliniiki psiholog) dini mi se vainim ukliutiti molekular-

nog biologa i klinitkog geneti&ra. Ovisno o indikaciii, u vecini sluteieva ie biti konzultirani samo neki tlanovi

tima a tim bi rebao postojati u okviru terciiarnog centra.

Ako bolesnik ili zdraya osoba ima viie srodnika s rakom doike, )ainika ili neku drugu srodnu vrstu raka u obitel-

ji, potrebno je misliti na genetski uzrok. Takve osobe mogu zahtijevati drugaiiiu slab od osoba koie u obitelii

nemaju takve vrste raka. Naime, postoje razlike za rizik nastanka tumora na drugoj strani tiiela. Isto tako, zdravi

dlanovi obitelji maju ve6i rizik za pojavu iste bolesti.

Osnovni postulat u pristupu ie strati6ciranost od primarne do tercijarne sluibe.

Kako je podrudie kojim se bavim, kliniika genetika, u svom izlaganju iu se osyrnuti vi3e na tu problematiku.

Nedostatak kvalificiranih medicinskih genetiiara, posebno onkogeneticara posto)i srTrgdje u svijetu, pa tako i

kod nas. Ukazala bih na dvije tinjenice koje bi trebalo ito prije rijeSiti: Manjak educiranog kadra i nepostojanie

nacionalnog programa specijalizaciie iz medicinske genetike. Kako potrebe rastu, a rjeiavanje problema pred-

stavlja proces od viie godina, bilo bi korisno ito prije integrirati osnove klinitke genetike i genetske sPecifitnosti

odredene patologije u sve klinitke specijalizacije i obnavljati znanie organiziraniem tecajeva traine edulaciie .

Pokuiat tu prikazati potrebu za tim znanjem na primjeru obiteljske sklonosti raku dojke i jajnika (Sl.l). Postav-

ljena su tri pitan)a i pet sugeriranih odgovora o koiima ie se raspravlati:

l. Koji je gen najvjerojatniji uzrotnik raka u obitelji na Sl.1 ?

a. RET, MENI

b. TP53, PTEN

c. BRCAI, BRCA2

d. MLHI, MSH2

e. BRC, ABL
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2. Osoba III,7 (S1.1) ne pokazuie znakove bolesti a ima bolesnu k6er M 7. Ko.ie od oblainlenja je na.ivjeroiat-

ni.ie?

a. Nepenetrantnostuzrokovanaspolom

b. Germinalni mozaik osobe II,3

c. Krivi paternitet ili je osoba M 7 powoiena

d. Imprinting majke u osoba II,2 i II, 3

e. Spriiecen prijenos ier su roditelii klinidki zdravi

3. Sl. la, Osoba M6 (Sl.la) ie zabrinuta zbog rizika & oboli od raka dojke i ja.inika i ieli se testirati' Liiednik

uzima obiteljsku anamnezu i saznaje da osim ve6 poznatih po&taka sa strane oca, maika ima scstru koioj je

t 44 . god. dijagnosticiran rak do.ike. Koia osoba u obitelji je naiprimiereniia da se prva testira?

a. IY6

b. rv,7

c. lll,7
d. III,7
e. II,3

Osim analize obitelji, istite se razlika germindne i somatske mutacije. Germinalne mtrtaciie koie kontroliraju

stanitni ciklus i meharizme koji popravliaju DNK imaju za posliedicu nastanak nasljddnih sindroma raka. Podaci

pokazuju, da germinalne (nasljedne) mutacije uzrokuju rak u pribliino 5-l0olo slucajeva, dok veiinu slu&jeva

predstavljaju somarske (ne nasljedne) mutacije. Klinidari treba.iu razlikovati te dvije grupe kako bi dlanovima

obirelji s nasljednom sklonoiiu raku mogli dati presimptomasku procjenu rizika. Tl prociena moir rezultirati

savjetima koji smanjuiu rizik ili omoguiuiu rano otkrivanje, bilo da se radi o promjenama u iivotnim navikama

(smanjenje tjelesne reiine, presranak puienja itd), ranijem potetku i teiiem skriningu, genetskom savietovanju

i genetskom testiranju.

Najdragocjeniie i ujedno najjeftinije podatke za procjenu genetskog i ne genetskog raka pruia obiteliska anamn-

eza koja treba obuhvatiti najmanje tri generacije wih tlanova obitetji (broj zdravih i bolesnih), etniiko porijeklo

ili rasu, dob pri dijagnozi i/ili smrti, uzrok smrti, vrstu raka i mjesto na koiem se na.lazi razlikujuii primarno

mjesro i metasozu te navesti bilo koja prethodna oite6enia ili povezane bolesti (npr. nosirelj ili bolesnik/bolesnica

s ATM genom/uzroinik ataksiie teleangiektazije).

Nadalje, bih se owrnula na razlikovanje nasl)edne sklonosti i swarnog rizika pojave raka dojke i iainika u slu&iu

prijenosa BRCAI ili BRCA2 gena od jednog od roditelia, vetinom od majke (koia ieice ima rak doike i/ili )aini-

ka ), vrlo rijetko od oca (rijetko boluje od raka dojke, prostate ili panktreasa). Ti se geni Prenose na autosoman

dominantan natin, to ;est 50o/o djecr ie imati gen, a1i nuino neie biti bolesno, za razliku od drugih monogen-

skih botesti.. Vjerojatnost da ie neka specifidna mu tacijt'uazvati nastanak raka oznaiuje termin penetrantnost.

U sluiaju vrlo visoko penerrantnog mutiranog gena svi nositelii (1000/o) t.j. 500/o diece te tazviri rak. Geni

p..ds"ul,",u predispoziciju, dok mnogi drugi faktori poput hormona, nadina iivota, prehrane itd predstavliaiu

p-uoUi;u iii irarou . Ma.lignosr nasta)e uzaiamnim dielovanjem predispozicije i provokaciie. Ipak, tini se da

genetske mutaciie imaiu utjecaj izvan dosega prijemljivosti. Postoje dokazi da ekspresiia gena moie predvidieti:

Rizik bolesti

Recidiv i rizik preiivlienja

Obrazac ponovnog poiavli ivania

Odgovor na terapiju

poseban izazov predstavlja testiranje gena koii predstavljaiu sklonost raku. Takve analize su do nedavno sluiile

kao mjera p.evenciie r"ka ,, t..tira,Jorobe i lii nlezinih bliskih dlanova obitelii. otkdvanie PARP inhibitora
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u lijedenju bolesnica s tumorom ovarija i inaktivaciiom BRCAI ili BRCA2 gena owara nadu za udinkovitijom
terapiiom tih bolesnica i onih s drugim genima slitnog molekularnog djelovanja.
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ODGOVORI NA PITANJA I OBJASNJET,IJE

I c. Rodoslovlie je sukladno AD nasljedivanju raka do.ike i ja.lnika s premenopauznom pojavom raka doike u

dvije bolesnice i rakom jajnika u jedne. Rak je uzrokovan muacijom BRCAI ili BRCA2 gena. Ostali geni

su povezani s nasljednom sklonoidu prema slijedeiim malignim bolestima:

a. RET, MENI- multipla endokrina neoplazija tip 2 i - multipla endohrina neoplazija ripl

b. TP53,PTEN -Li-Fraumni i Cowden sindrom

c.

d. MLH I, MSH2-nasljedni ne polipozni rak debelog crijeva

e. BRC, ABLI -kronitna mieloidna leukemija

2 a. Osoba III, 7 mora biti nositelj mutacije jer je poveznica izmedu urnrle bolesne sestre III, 3 i bolesne kceri
IV, 7 ; ne pokazuje pentrantnost za nasljedni rak dojke i jajnika zbog wog spola. Kcerka IV7 ie imda rizik
koii ne bi imala u slucaju 2c. Nasljedai ra} dojke i jajnika nije zahvacen imprinringom (2d). Kako je otac (lll,
I 1) naslijedio patoloiku mutaciiu od asimptomaske maike (Il,3),nepenetrantnost gena u iste nije odgovorna
(2d).

3. b. Svako testiranje na pove&nu sklonost treba zapoteti s bolesnikom Jto iskljuduje odgovore 3a,3 c.i 3 e.

Osobelll'4iMTimajurakalijeosobaMTboljiizborbuduiidajeuprvomkoljenuusrodstvuslV,6i
ima rak s ranijim potetkom. Osim toga, osobu Ill,4 dijele odlY,7 tri osobe u koiih se radilo o nepenetrant-
nosti te bi osoba III, 7 mogla predstavljati fenokopiju.
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GENETIKA RAKA

Nives PECINA.SLAUS

Laboratory of Neurooncology, Croatian lnslitute for Brain Research, and Department of Biology 5chool of Medicine

University of Zagreb, Salata I2, HR-10000 zagreb, Croatia

Cancer is caused by murations in our genome and can be considered a genetic disorder in which the normal

congol ofce[ gowth is impaired. Genetic basis ofcancer are overwhelming because they include changes of
genes involved in a variety ofvital cellular processes: cell growth, proliferation differentiation, apoptosis, DNA

repair mechanisms, cell mobiliry, angiogenesis, immune system. Cancer genetici or bemer said genomics is now

one of the fastest expanding medical specialties today and vast knowledge has been gathered in order to develop

novel and efficient therapeutic methods. Molecular and genetic basis of tumor development although sdll not

completely understood, are nowadays explained in many aspects. We understand now that cancer is not a single

disease but rather a collection of diseases with specific genetic profiles. Furthermorer we know that malfunc-

rioning of specific signd transduction pathways are responsible for tumor formation and develoPment. Novel

scientific papers, especially those that bring results on system biology of tumors and large-scale analyses, often

refer to the collection of the observed genetic changes as cancer genome landscapes. Nevenheless, the classical

categorizarion of genes to oncogenes and mmor suppressor genes still applies. Oncogene is a normal cellular

gene rhar, when actiyated by mutation, increases rhe selective growth advantage of the cell in which it resides.

Former studies that dealt with oncogenes provided knowledge on cell biology of somatic genetic mutations, the

research ofhereditary carcinoma discovered the existence oftumor suppressor genes. This is a gene that needs

to be inactivated by mutation or lost to increase the selective growth advantage of the cell in which it resides.

Novel categorization introduce driyer genes and their mutations. Driver gene is a gene that contains driver gene

mutations or is expressed aberrantly in a fashion that confers a selective growth advantage. Passenger gene is a

gene that has no direct or indirect effect on the selective growth advantage ofthe cell in which it occurred but is

vital for clinical outcome. There are also gatekeeper genes that, when mutated, initiate tumorigenesis in specific

tissue. Finally, it is important to mention thar'\V'nr signaling pathway that our group at the Croatian Institute

for brain research is studlng as part of Croatian Science Foundation project also plays important roles in a

variety of human cancers.
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GENETSKA OSNOVA RAKA DOJKE IJAJNIKA

Sonja LEVANAT

lnstitut Ruder Bo5kovi(, Zagreb

Rak dojke je sloicna bolesr koja je rezultat progresivne akumulaciie mutacija u mnogim genima, genetske i epi-

genetske poremeiene regulaci.je krititnih gena i proteinskih (signalnih) pureva. Uz individulanu variiabilnost i u

dobi dijagnoze i fenotipske elspresije bolesti, moiemo reti da je rak dojke sa genetidkog staidiita vrlo heterogeno

oboljenje (noviji podaci govore da je barem 200 gena ukljuieno u nastanak raka dojke).

Prema danas prihvacenoj klasifikaci.ii (deklaraciia St Gallen 2013), utemeljenoj na imunohistokemi jskim postup-

cima tumori dojke diiele na 4 osnovna tipa (luminalne, luminalne HER2+/-, neluminalne i sliine bazalnom).

Naivainija postignuca posljednjih godina u razumijevanju razvoia tumora doike su zahvaliuiuii novim tehnologi-

jama i velikim prospektivnim studijama dovela do molekularnog profilirania pojedinih imunokemijskih tipova

kojima se klasificiraiu podtipovi (powrduju ekspresijski profili i prognostitke vriiednosti specifitnih gena koji

koreliraju sa prognozom i ishodom bolesti). Tumori dojke koji su estrogen receptor (ER) pozitivni su naibrojniii

i najraznovrsniji, a tumori sa amplificiranim HER2 su terapiiski efikasni, napose trostruko negativni nemaiu

ekspresiiu u ER, progesteron (PR) i HER2, naiceiie su bazalni, imaiu kemoterapiiu kao opciju i desto su vezani

uz mutacije u genu BRCAI.

Molekularni putevi kroz koje geni, odnosno proteini koie oni kodiraiu, vezani su za proliferaciiu tumorskih

stanica i apoptozu te mehanizme popralaka oitetenja. U tumorima doike rreba spomenuti 3 osnovna puta:

Signalni put Pl3UAh

Signalni put Fosfatidilinozitol 3-kinaze (PI3K) ukliutuie onkogen PI3K, tumor supresor PTEN te membran-

ske tirozin kinaze EGFR, IGFlR koje aktiviraju PI3K i prenose signal prema AKT (serin/treonin kinazi) kroz

kaskade fosforilacija koje se u tumorima neprestano aktiviraju. Mutacije u tom ciielom putu najteiie su nadene

u luminalnom tipu raka dojke. Naprotiv, mutacije u tumor supresoru PTEN teiie su u bazalnim tumorima.

Put tumor supresora p53

Mutacije u tumor supresoru p53 testa su pojava u estrogen ovisnim tumorima, npr u luminalnom A tipu s ER+

niska ie frekvencija mutacija u p53, a viia u luminalnom B tipu, uz gubitak aktivnosti AIM i amplifikaciiu

MDM2.

Staniini ciklus

Kontrolne todke stanitnog ciklusa (kao mjesta mutacija i promjena) znacajni.ie su zastupljene u bazalnim tumor-

ima, praiene su promjenama u regulaciji puta Rb proteina te mutaciiama u genima BRCAI i BRCA2.

Nadalje, osim genetskih, razvoiu raka doprinosi i heterogenost epigenetskih promiena. Metilacija u DNA moie

imati prognostitke zna&ike kao i ekspresija malih nekodiraiuiih RNA i mikro RNA (miRNA).

Sposobnost integriranja podataka kroz sye danas poznate platforme daje kljutne spoznaje i mnogo iire de6nira

podtipove na temelju raznovrsnih ekspresijskih profila unutar osnovne 4 skupine tumora dojke, od kojih waka

pokazuje molekulsku heterogenost.
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Signaling pathway Pl3K / Akt

Phosphatidylinositol 3-kinase (PI3K) involves PI3K oncogene, tumor suPpressor PTEN,and membrane ryrosine

kinases EGFR, IGF-lR that activate PI3K and AKT ,they transmitt signal (serine / threonine kinase ) through

a cascade of phosphorylations and in tumors are permanently activated. Mutations are commonly found in lu-

minal breast cancer. On the contrary, mutations in the tumor suppressor PTEN are frequently in basal tumors.

Pathway oftumor suppressor p53

Mutations in rumor suppressor p53 are common in estrogen-dependent tumors, e.g. luminal A ty'pe with low

ER is low fiequency of mutations in p53, but higher is in luminal B type, with the los ofactivity ofATM and

amplification of MDM2.

Cell cycle control.

Control points ofcell cycle (as a points of mutations and changes) signiGcantly are represented in the basal tu-

mors, followed with changes in regulation of the Rb protein, and mutations in the genes BRCA1 and BRCA2.

Furthermore, in addition ro genetic, epigenetic changes also contribute to cancer development and particularly

heterogeneity ofepigenetic changes. Methylation ofthe DNA can have prognostic features as the expression of

small non-coding RNA and micro RNA (miRNA).

The ability to integrate data through all today known platforms provides key insights and more broadly defined

subtypes on the basis ofa variety ofexpression profiles within the main mentioned 4 rypes of breast tumors,

each ofwhich shows the molecular heterogeneiry.
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Breast cancer is a complex disease that is a result of the progressive accumulation of mutations in many genes,

the genetic ard epigenetic disregulation ofcritical genes, and protein (signa.ling) pathways. \Uith the individual

variabiliry in age of diagnosis and phenorypic expression of the disease, we can say that breast cancer ftom a

genetic point ofview is very heterogeneous disease (recent data suggest that at least 200 genes ale involved in

breast cancer). According to the currendy accepted classification (Declaration ofSt. Gallen, 2013), based on

immunohistochemistry methods breast tumors are divided into four main types (luminal, luminal HER2 +/-

nonluminal and basal). The most important achievemens in recent years in undentanding the development of
breast cancer, thanks ro new technologies and large prospective studies led to the molecular profiling ofcertain

rypes of immunoassays which classify subtlpes (confirm the expression profiles, and the prognostic value of
specific genes that correlate with prognosis and outcome ofthe disease). Breast tumors that are estrogen rec€p-

tor (ER) positive are the most nrunerous and most diverse, and tumors with amplified HER2 therapeutically

effective,oftriple negative - not expressing ER, progesterone (PR), and HER2, the most common are bxal, have

chemotherapy as an option and often associated with mutations in BRCAI.

The molecular pathwals drrough which genes and the proteins they encode are linked to tumor cell proliferation

and apoptosis, and the mechanisms of DNA damage repair. In breast tumors are three main Pathwa),s:



DESET GODINA TESTIRANJA BRCA1 I BRCA2 MUTACIJA U HRVATSKOJ

Vesna MUSANI

lnstitut Ruder Boikovia

5AZEIAI(

Rak doike je najieice maligno oboljenje kod iena i drugi naiteiti uzrok smrti povezane s rakom. Najmanje l0 o/o

slucajeva pripisuje se obiteljskim utiecaiima. U Hrvatskoj, svake godine diiagnosticira se viie od 2500 slu&jeva
raka dojke, dok preko 900 iena od njega i umire.

Rak iajnika je najsmrtonosniie ginekoloiko oboljenje, uglavnom zbog uznapredovalog srupnja i visokog gradusa

kod otlrivania bolesti. U Hrvatsko.i je rak )ajnika otprilike na iestom mjestu po utestalosti, re od njega godiinie
oboljewa oko 450 irna, dok ih oko 330 umire.

BRCAI i BRCA2 su glavni geni odgovorni za nasljedni rak dojke i jainikz.Zrne nosireljice mutacija u genima

BRCA1 ili BRCA2 imaju rizik od, 45-85 o/o nastanka raka doike, te dzik od I I -39 o/o nastanka raka jajnika do
dobi od 70 godina. Mutaciie u bilo koja od ra dva gena su povezane s nastankom i sporadiinog i nasljednog
raka dojke i jajnika. U slu&ju nasljednog raka, osoba nasljeduie jednu mutiranu kopiiu bilo kojeg od ta dva

gena. Mutirana kopija se moie naslijediti s bilo koje strane obitelji. Tirmorigeneza nastaje kad uz vec postojeiu
mutiranu kopiiu, osoba razvije inaktivirajuiu mutaciju preostalog, zdravog alela.

U Hwatskoi je istraiivanje mutaciia u genima BRCA poielo prije otprilike deset godina. Dosad je analiziraro
gotovo 500 osoba, oko 22O zAravih kontrola i oko 240 osoba s nasljednom sklonosti nastanku raka doike i
jajnika.

Cjelokupna kodira.lu& regija i rubovi introna oba gena analizirani su metodom krivulje mekianja visoke re-

zolucije, direktnim sekvenciranjem i metodom semi-kvantitativnog mulripleks PCR-a. Na taj natin sc mogu
detektirati i male mutacije i veliki rearanimani.

Dosad je otkriveno 17 patogenih mutacija, l0 u genu BRCAI i 7 u genu BRCA2. Jedna od mutacija u genu

BRCAI (c.5335C>T) i tri mutaci)e u genu BRCA2 (c.4139-4l40dupTT, c.8l75G>A't c.39ZJdeLA) nisu dosad

bile opisane, ali su dvije od njih nedavno otkrivene u Srbiji i Sloveniji. Osim patogenih mutacija, nadeno je i
27 BRCAI i 55 BRCA2 polimor6zama i promjena nepoznatog zna&ja, od kojih 4 u BRCAI i 14 u BRCA2
dosad nisu bile objavljene.
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SAIEIAK

Rak doike najdeice ie sijelo raka u iena u praktitki wim podrudjima sviiera. U Europi od raka doike oboliiwa

godiinie gotovo 46 0.000 icna (29o/o novooboljelih iena). Ral jainika je 5. najieiie siielo raka u iena u Europi, s

preko 65.000 novih slutaieva godiSnie. Na nasljedni rak dojke otpada oko l0-15 o/o svih sluiajeva rala doike. Vei

dvadesetak godina su poznate mutaci.je u dva gena tumorska supresora, gena BRCAI i BRCA 2 (od engl breast

cancer gene l, breast cancer gene 2. Osobe s nasliiedenim mutacijama u jednom od ta dva gena tijekom iivota

imaiu ve6u vjerojatnost razviti rak dojke i/ili )ajnika od opie populacije. Dvije su skupine unutar ko.iih iemo izd-

vojiti pojedince koje demo uputiti u genetsko savjetovaliire, a potom eventualno i geneski testirati. Prva skupina

su osobe oboljele od raka dojke ili jajnika koje zadovoljavaiu BAREM JEDAN od sljedecih kriterija: oboliela od

raka dojke prije 50. godine iivota, ,trostnrko negativni" rak doike (ER -, PR-, HER2-) priie 60. godine iivota,

bilateralni ili multicentriini rak dojke, ima barem jednu blisku srodnicu koja je oboliela od raka doike priie

50. godine iivota, ima barem jednu blisku srodnicu koja ie oboljela od raka jajnika, dva ili viie bliska srodnika

oboljela od nka dojke i/ili guiteraie u bilo koioj dobi, ako u osobnoi ili obiteliskoj anamnezi ima barem tri od

sljede6e navedenog: rak guiterate, rak prostate (Gleason score jednak ili veCi od 7), satkom, rak nadbubrcine

ilijezde, tumore mozga, rak maternice, rak ititnjade, rak bubrega, koine promiene uili malaocefaliiu, polipe u

probavnom sustarrr, difuzni rak irluca; zatim pripadnost etnitkim skupinama s visokom utestaloiiu mutaciia

(opr Aikenazi Zidovi) i bez pozirivne obiteljske anamnez€, zatim ako se radi o obolielom od raka dojke muikog

spola, te ako u obitelji postoji osoba koja je nosirelj mutacije gena za nasljedni rak dojke i iainika, te iene koje

imaju ili su imale invazivni rak iainika / jajovoda / peritonealnog karcinoma. Zdrave osobe koje zadovoljavaiu

BAREM JEDAN od sljedetih laiterija: osoba u obitelji ima srodnika koja je nositelj mutacije gena za nasliedni

rak doike i jajnika, ako ima barem dvije bliske srodnice s rakom dojke, ako ima barem jednu blisku srodnicu s

rakom jajnika, ako ima barem iednu blisku srodnicu s rakom dojke kola je oboljela priie 45 godine iivota, ako u

osobnoj ili obiteliskoj anamnezi ima barem tri od sljedeCe navedenog: rak guiterate, rak prostate (Gleason score

jednak ili ve6i od 7), sarkom, rak nadbubreine iliiezde, tumore mozga, rak maternice, rak Stitnjate, rak bubrega,

koine promiene i/ili malaocefaliju, polipe u probavnom sustavu, difuzni rak ieluca, ako u obitelii ima osobu koia

je oboljela od raka doike, a muikog je spola. Ispunjavaniem jednog ili viie od gore navedenih kriterija potrebno

je utiniti personaliziranu procienu rizika, genetsko savjetovanie, te potom eventualno testirati. Testiraaje zdravog

pojedinca se radi samo onda kada nam za testiranje nije dohvadjiv prikla&n obolieli bliski srodrik.
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CLINICAL DIAGNOSTIC AND GENETIC TESTING FORBREST AND OVARIAN CAN(ER

Natalija DEDIC PLAVEIC
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ABSTRACI

Breasr cancer is the most common cancer in women worldwide. In Europe there are almost 460 000 of new cases

znnt ly (29o/o ofall new cancer cases). Ovarian caltcer is 5th most common qrncer site in women in Europe

with more than 65 000 new c:rses annually. Hereditary breast cancer comprises l0-l5o/o ofall breast cancers.

Mutations in two tumour suppressor genes are we[ known for almost rwo decades, BRCA 1 and BRCA 2 (from

breast cancer gene I and breast cancer gene 2). Person with inherited mutation in one of these genes has greater

probability for developing breast and/or ovarian cancer than person in general population. There are two groups

from which we pick individuals for genetic counselling and testing. The first group are affected individuals with
breast orland ovarian cancer with at least one ofthe following criteria: breast cancer before the age of 50; riple
negatiye breast cancer before the age of60; bilateral or multicentric breast cancer; at least one relative with breast

cancer before the age of50; at least one relative with ovarian cancer; rwo or more close relatives with breast and,/

or pancreatic cancer in any age; personal or family history of at least three of the following criteria: pancreatic

cancer, aggressive prostate qlncet sarcoma, suprarenal gland cancer, brain caacer, uterine cancer, thyroid cancer,

renal carcet skin changes and./or macrocephaly, gastrointestinal tract pollps, diffirse gastric cancer; origin from
ethnic groups with high rates ofBRCA mutations; male with breast cancer; breast and/or ovarian cancer muta-

tion carrier in family; women with invasive ovarian/Fallopiar tube/peritoneal carcinoma. The second group are

healthy individuals with at least one of the following criteria: breast a-nd./or ovarian cancer mutation carrier in
6mily; at least two close relatives with breast cancer or one with ovarian cancer; at least one relative with breast

cancer before the age of45; personal or family history ofat least three ofthe following criteria: pancreatic cancet

aggressive prostate cancer, sarcoma, suprarenal gland cancer, brain cancer, uterine cancer, thyroid cancer, renal

cancer, skin changes and/or macrocephaly, gastrointestinal tract polyps, diffirse gastric cancer; one close relative

with male breast cancer. Fulfilling one or more criteria listed above warrans frrrther personalized risk assessment,

genetic counselling, ard, often, genetic testing and man€emert. Testing ofhealthy individuals should only be

considered when an appropriate affected family member is unavailable for testing.
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GENETSKO SAVJETOVANJE PRIJE I POSTIJE TESTIRANJA NA NASLJEDNI RAK DOJKE I

JAJNIKA
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SAZEIAK

Genetsko savjetovan)e je komunikaci)ski proces koji se bavi genetskim poremeiaiima ili rizikom pojave gen-

etskih poremecaja unutar obitelji. To je multidisciplinarni specijalizirani postupak koii sadrii dvije osnovne

komponente: racionalnu (kognitivnu) i emocionalnu. Proces genetskog savietovanja po&azumijwa nastojanie

adekvatno educirane osobe da pomogne jedno.l ili viSe osoba unutar obitelji da: razumije medicinske iinjenice o

genetskom poreme6a.ju, razumije kako genetski timbenici utjeiu na pojavnost bolesti unutar obitelii, razumije

moguinosti djelovanja s obzirom na specifiini rizik pojave genetskog poreme6aja, odabere i provede za sebe

najprikladniji naiin djelovania s obzirom na osobni rizik pojave genetskog poremeiaja, razumije i prihvati

ponudeniu informaciju s ciljem promociie zdravlja, smanjenja psiholoikog distresa i unapredenia brige o sebi,

se na najbolji moguii natin prilagodi pojavi genetskog poremecaja s obzirom na osobni rizik.

Geneski savjetnik vodi raduna o psiholoikom stanju i emociona.lnoj reakciji osobe koja treba razumjeti saopdenje

kako bi mogla donijeti odlulu koja je najbolje za nju.

Genetsko savjetovanje mora biti dobrovoljno, odnosno osoba ima pravo ostati neinformirana. Testiranie bez

genetskog savjerova nja moir imari dalekoseine posljedice, s obzirom da je njegova osnovna zadada da donese

dobrobit i umanji, ili powe uldoni, moguie Jtetne posljedice rrzultata genetskog testirania.

Prema Europskoj konvenciji o ljudskim pravima i biomedicini, donesenoi 4. tzvnja 1997. godine u Oviedu,

genetskom testiraniu mora prethoditi primjereno genersko savietovanie.

Hrvatska je 2003. godine ratificiraia Konvenciju, a radi uskladivania hrvatskog zakonodavswa s odredbama

Konvencije, u studenome 2004. godine izglasan ie Zakon o zaititi prarz pacijenata.

Pwim razgovorom i pregledom u genetskom savietovaliitu, prikupljaju se informaciie vaine za medicinski prob-

lem zbog kojeg )e osoba doila na konzultaciju. Uzima se detalina obiteljska i osobna anamneza (utl.iutuiuti

psihidke poremeiaie), sastavlja obireljsko stablo, obavlja ciljani klindki pregled, te se osobu informira o prirodi

bolesti, moguinostima prevenci.je, rane di)agnoze i lijetenja, nadinu nasliedivanja, riziku pojave bolesti u osobe

koju se savjetuje, pouzdanosti i ogranidenjima genetskog testa koji se razmatra, mogu6im psiholoikim implik-

acijama, te drugim mogu6im posljedicama na osobu ko)u se savjetuie, odnosno na tlanove obitelii te osobe. Na-

glaiava se privatnost i povjerljivosr podataka, a savietovanje se obavlja prema nadelu nedirektivnosti. Osobi koiu

se savjetuje, treba ponuditi dovoljno vremena da za sebe, na temelju dobivenih informacija, donese naibolju mo-

gu6u odluku. Ukoliko osoba ieli, genetski savjetnik joj uruiuje laatak pisani dokument nakon prvog razgovora.

Genetsko sav.jetovanje posli.ie genetskog testiranja potrebno je i u sluta.iu pozitivnog, negatiYnog ili neinforma-

tivnog rezultata resta. Prigodom priopcavan)a rezultata potrebno je djelomice ponoviti objainienia ko.la su pre-

thodiia uzimanju uzorka. Informaciju o rezultatima testiranja treba pruiiti na iasan natin, vode6i ratuna o

mogudim emocionalnim reakcijama. Nakon priopdavan)a rezultata genetsko8 testiran.ia, najvainiie je procijeniti

na koii je nadin osoba interpretirala rezultat testiranja, )er daljnje psiholoike reakciie i ponaiania ovise primar-

no o percipirano.j, a ne dobivenoi informaciii. Stoga genetski savietnik treba provjeriti kako je osoba shvatila

infromaciju i u siucaju krive interpretacije treba suosje6aino, ali jasno upozoriti osobu na krive zakliuike te io)

ponuditi dodatne infromacije.

procieniuje se potreba eventualnog genetskog savietovania i/ili genetskog testiranja tlanova obitelji.

Swara se medicinski dom za ispimnika i dlanove obitelji pod rizikom, te se kroz genetsko savietovaliite omoguiuie

kontakt sa drugim speciialistima ukliudenim u proces pra6enja i liiecenia'

ovisno o procjeni razumijwania dobivenih infromacija, te psiholoike reakciie procjeniuje se potreba za nas-

tavkom genetskih konzultaciia, odnosno za psiholoikim savietovnjem'



GENETIC COUNSELING BEFORE AND AFTER GENETIC TESTING FOR HEREDITARY BREAST

AND OVARIAN CANCTR

SUMMARY

Genetic counseling is a communication process that deals with genetic disorders or risks ofgenetic disorders

in the 6mily. This is a multidisciplinary specialized procedure that consists of two basic components: rational
(cognitive) and emotional. The process ofgenetic counselinB involves the effort ofadequately trained person to

help the others in the family to: understand the medical 6cts about the generic disorder understand how genetic

factors afect the incidence ofthe disease in the family, understand the possibilities ofaction with regard to the

speciGc risk ofa genetic disorder, and to choose the most appropriate course ofaction with regard to the person-

al risk ofgenetic disorder, to understand and accept the information to promote health, reduce psychologicd

distress and improve self-care, in the best possible way due to personal risk.

Genetic counselor takes into account the psychological status and emotional reaction of the person who needs

ro understand the statement in order to make a decision that is best for her.

Genetic counseling should be voluntary, and person has the right to remain uninformed. Testing without ge-

netic counseling could have far-reaching implications, because its main task is to bring well-being ard reduce,

or completely eliminate, the potential adverse consequences ofthe results of genetic testing.

According to the European C,onvention on Human fughts and Biomedicine, accepted on 4'r of April in 1997

in Oviedo, genetic testing must be preceded by appropriate genetic counseling.

In 2003, Croatia ratified the Convention, and harmonized Croatian legislation with dre provisions ofthe Con-
vention in November 2004 by passing the I-aw on the Protection of Patients' fughts.

ln the first interview, the information important medical problem for which the person came to the consulta-

tion is collected. A detailed family and personal history (including mental disorders) is taken, a family tree is

consructed, the person is examined and informed about the nature of the disease, possible prevenrion, early

diagnosis ard treatment, mode ofinheritance, the risk of occurance of the disease in rhe person that is advised,

reliabiliry and limitations oFgenetic test are taken under considerarion so as possible psychological implications
and other possible consequences. Privacy and conEdentiality are emphasized, and counseling is done according
to the principle of indirect access to the patient. The person that is advised, should have enough time to bring
the best possible decision, based on the information obtained. Ifa person agrees, genetic counselor can write a

brief document after rhe 6rst inrerview.

Genetic counseling after genetic testing is necessary in the case of a positive, negative or uninformative test
results. Sometimes, the explanations preceding the sampling should be partly repeated. Information must be
provided in a clear manner, taking into account the possible emotional reactions. After reporting the results
of genetic testing, the most important is to assess the way to which people interpret test result, as further psy-
chological and behavioral reactions depend primarily on the perceived rather than the information obtained.
Therefore, the genetic counselor should check that the person understood the information properly and ir the
case ofmisinterpretation should be sympathetic, and clearly warn tle person ro the wrong conclusions and offer
her the additional information.

The need for possible genetic counseling and / or genetic testing of family members is estimated.

A medical home for patiens and family members at risk is to be created, and contact with other specialists
involved in the process of monitoring and treatment is enabled.

Depending on individuai psychological reaction, the need for continuing genetic consultation, or for psycho-
logical counceling is estimated.
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THE ROIE OF THE PATHOLOGIST IN THE DIAGNOSIS AND TREATMENT OF BREST AND

OVARIAN CANCER

aozena SARCEvIC

University HospitalCenter,sestre milosrdnice, University Hospital forTumours,

Depanment of Pathology, Zagreb, Croatia

Breast cancer is the most common c.ancel among women in both developing and developed regions in the world.

Clinical cancer develops over a long period of time, requires multiple molecular alterations, and involves evolu-

tion ofcellular populations with increasingly aggressive phenotypic characteristics. Although the time required

for the process ofcarcinogenesis is not well esablished for any human canceq estimate suggest that this multistep

process unfolds over many yelrrs and possibly several decades. Breast cancer represents a diverse collection of

malignant diseases of the breast with highly variable clinical behaviors and disparate response to therapy.

Personalized oncology is evidence-based, individualized medicine that delivers the right care to the right cancer

patienr at the right time and results in measurable improvements in outcomes ard a reduction on health care

costs. The essence ofpersonalized oncology lies in the use ofbiomarkers. Also, they have different importances:

predictive, prognostic and early response biomarkers.

The diagnosis and treatment of breasr surcer has rapidly evolved over the past 20 years. In the first part of the

20th century treatment ofbreast cancer consisted of radical mastectomy, but adiuvant systemic treatment and

adjuvant radiotherapy did not play a major role. Diagnosis ofbreast cancer was mosdy made based on clinical

presenration, later aided by mammography and often combined with frozen section pathology confirmation.

Starting in the 1980s, there have been important alterations in the diagnosis and treatment ofbreast cancer,

having an important impact on the diagnostic procedure employed by pathologists.

Histoparhological features play an important role in guiding the treatment decisions. In addition, genetic re-

search is starting to have an increasing impact on guiding therapy by providing prognostic and predictive factors.

To obtain optimal morphology in the histology sections, and to obtain optimal immunohistochemical staining

results, the resection specimen should be cut into thin slices immediately after surgery'

For microscopic examination the pathologist should be obtained and processed for parafin sections full diameter

of the tumour and its surroundings, small pafi of the rumour to perform immunohistochemistry if there are

macroscopic:l or radiological abnormalides in the dssue surrounding the invasive tumour, these areas should

be sampled. If the surrourrding tissue is without abnormalities, it is necessary to take at least two sections from

macroscopically normal breast tissue.

On slides stained with hematoxylin eosin (H.E.), pathologist must determine the prognostic and predictive

actors for breast cancer. This includes the histological rype ofcancer, the degree of mmour differentiation, the

degree ofnuclear differentiation, mitotic counts, lymphoyascular inyasion, estrogen and progesterone recePtors'

prltein HER-2, proliferative index Ki-67, status ofthe axillary lymph nodes and the largest tumor deposit in

dre lymph node.

Receptors are determined by immunohistoche mistry and the results are expressed as the percentage ofpositive

cells and intensity ofstaining. Staining for estrogen and progesterone receptor is allways nuclear in localization

and in most institutes all patients with a tumour in which more than 10%o or more 1olo of the tumour cells show

positive staining regardless ofthe intensity ofstaining are candidates for adjuYanl hormonal therapy' According

,o ,h..onr.nr,,. ofthe St Gallen 2014. cut-offofthe Progesterone receptors is 20olo. This value best separating

luminal g,pe A from luminal qpe B breast cancer. values below 20olo indicate that the progesterone recePtors

are negari;e or low. W'hen negative staining for estrogen and/or progestrone receptor is seen' it is imponant

,o .o#.- thar staining of th. hor-or,. ,.a-.p,or-n.g"ait . case has been successfr . This car usually be tested,

since rhe majoriry of nJr-"1 breast tissues contain ,o-. nuclei ducts and lobules that are posirive for estrogen
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and progesterone receptor. If no normal breast epithelial cells are found to show positive staining, the hormone
receptor assals should be repeared on another tumour block.

HER-2 gene amplification is observed, in 15-3Oo/o of inrzsive breast carcers and leads to HER-2 receptor over-

expression. HER-2 positive invasive breast cancers respond favourable to therapies that specifically target the
HER-2 protein, therefore it is very important today to identifr candidates for this rype of mrgeted therapy.

Several technologies are available for determining HER-2 status, but t}te rwo most commonly used are immuno-
histochemistry (lHC), which measures HER-2 protein expression and SISH (silver in situ hybridisation) which

detects HER-2 gene amplification a method that is often used today in the pathology than FISH (fuorescence

in situ hybridisation). The interpretation ofthe results is based on the intensity and percentage ofstained cells.

The most commonly used score system is 0, l+ (negative results) , 2+ and 3+ (positive results). A 2+ is consid-

ered equivocd and should be followed by retesting by SISH. 'Women with IHC 3+ tumours are candidates for
therapy with trastuzumab, but women with 2+ tumour should be retested and if the results show amplification
ofgene ofthose are candidates for trastuzumab. To ensure the highest possible accurary, pathology centers must

stan&rdise methodologies and testinB procedures.

Proliferative index is also very important and is determined by immunohistochemistry by monoclonal antibody

Ki-67. Positive reaction is nuclear reaction and are counted positive nuclei in 1000 tumour cells on the high

magnification and the results obtained is expressed as a percentage of positive nuclei. According to St Gallen

consensus cut ofvalue is 20olo ofpositive cells, which means that below this value is low and value above 20olo

is high proliferative index.

Based on the receptors, HER-2 status and proliferative index breast cancers are classified immunophenoqpically
into 6ve subgroups: luminal type A, luminal type B HER-2 negative, luminal type B Her-2 positive, HER-2 pos-

itive ( non-luminal rype) and triple negative tumours. Based on the immunophenotype ofthe qrncer patients re-

ceive appropriate therapy. The multi-gene testing remains inaccesible for the ma)ority ofwomen with early breasr

cancer, therefore is adopred clinico-pathological testing, now expressed in surrogate IHC-based classiGcadon.

In order to apply conserving surgery or perhaps in some cases eyen avoided, introduced a minimally invasive

biopsy changes in the breast biopsy ( core needle biopsy). The samples were cylinders oftissue in which the
pathologist must diagnose and determine many of the above prognostic and predictive factors for the appli-
cation of neoadjuvant and adjuvant therapy, Changes in the tissue after treatment are numerous and that the

pathologist must know. He must determine the effect oftherapy and determine whether there is a presence ofa
tumor after treatment or there is a complete pathological response in both the primary tumor and the affected
lymph node metastases.

Numerous studies in recent years have identified many prognostic afld predictive factors for breast cancer Mosr
ofthem determined pathohistologically, which resulted in a large responsibility for pathologists. ln addition, the
pathologist has become a key person in a multidisciplinary team ofbreasr cancer and the person very responsible

for the implementation ofspecific individual therapy.

Ovarian cancer patients interact with many dooors during the course oftheir trearment, but rarely do rhey meet
the specialist who plays a critical role in the outcome: the pathologist who diagnoses rheir cancer by analyzing
samples oftissue. Precise diagnosis is what drives patient decisions and therapy. Ifpatholory is wrong, ever,'thing
that follows will likely be incorrect as well. Cases ofsuspected and confirmed advarced stage ovarian cancer
should be discussed by multidisciplinary team and pathologist is one the key person within the team. Never
before in history have pathologist been so crirically important.

Core histologica.l data are tumor type, tumor grade, microinvasion, lymph nodes srarus, peritonea.l biopsies,
omenlum, fallopian tubes and staging.

The tumour should be designated according to the World Health Organization (\7HO) classification. Epithelial
ovarian tumours are hetetogeneous neoplasms which are primarily classified according to cell rype into serous,
mucinous, endometrioid, clear-cell, transitional and squamous cell rumours. More importanrly, tlese rumours
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are fi.r11her subdivided into benign, borderline (intermediate), and malignant (carcinoma) depending on the

degree of cell proliferation and nuclear arypia, and the presence or absence of stromal invasion,

Currendy, based on histopathology, immunohistochemistry and molecular genetic analysis, at least 6ve main

gpes of ovarian carcinomas are identified: high-grade serous carcinomas (HGSC), endometrioid carcinoma (

EC), clear cell carcinomas (CCC), mucinous carcinomas (MC) and low-grade serous carcinomas (LGSC).

According to recenr study serous carcinoma is low (LGSC) or high grade (HGSC). They are fundamentally

different tumour types, and consequenrly different diseases. LGSCs are associated in most cases with a serous

borderline component, carry KRAS and BRAI mutations, and are unrelared to p53 mutations and BRCA ab-

normaliries. In contrast, HGSCs are not associated with serous borderline tumours and typically exhibit p53

mutarions and BRCA abnormalities

Mucinous carcinoma are graded in a similar manner to endometrioid carcinoma, as is done in the uterus. Re-

cently, mucinous carcinomas haye been divided into two categories:an expansile rype without obvious stromal

invasion, but exibiting back-to back or malignant glands with minimal or no intervening srroma, and exceeding

l0mm2 in area and an infiltrative type showing evident stromal invasion. The expansile pattern of gro*th is

associated with a more favorable prognosis than the infiltrative pattern.

Endometrioid carcinomas are graded as l,l I or III using the FIGO grading system which is used for the grading

of uterine endometrioid adenocarcinomas.

Ovarian clear cell carcinomas and transitional cell carcinomas are regarded as automatically high grade or grade

III.

Microinvasion may occur within an otherwise typical borderline tumour, usually of serous or mucinous type.

Microinvasion has been found to have no adverse effeqt on prognosis and may be multifocal. If the foci of mi-

croinvasion are clearly separate, these can be regarded as multiple distinct foci of microinvasion and the size of
separate foci need not be added together.

The total number of lymph nodes examined from each anatomical site and the number involved by tumour

shoul be recorded.

The presence or absence oftumour involvement in biopsies from each anatomical site should be recorded. Peri-

toneal involvemenr in association with an ovarian borderline tumour, especially of serous type, may take form

of invasive or non-invasive implants which may coexist. The lesions were confined to the surface of organs are

non-invasive implants or infiltrated the underlying tissue are invasive. This is a difficult area and may require

specialist internal or external review.

The size of the largest omental metastatic deposit should be documented. Omental involvement in association

widr a borderline tumour, especially of serous rype, may take the form of invasive or non-invasive implants.

Since inyasive and non-invasive implanrs may, on occasions, coexist and since invasive implants are associated

widr an adverse prognosis are an indicator for adjuvant chemotherapy, extensive omenml sampling should be

undertaken when non-invasive implants are identified in the original sections

The presence or abscence of tubal involvement should be documented as well as site of tubal involvement' for

example mucocal or serosal. Tubal involvemenr in ovarian carcinoma is not uncommon and the fimbria is the

most;ommon site. It has, in 6ct been suggested that the tubal fimbria is the site oforigin ofmany pelvic serous

carcinoma. It is now accepted that a number ofwhat have been thought to be primary ovarian cancer are orig-

inated in other pelvic orga-ns and involve the ovary secondarily.

Tirmours should be staged according to the FIGO staging slstems. Although it is usefirl to record the provisional

stage on the histopathologlr repon, the 6nal stage should be determined at the multidisciplinary tqrm meeting

*h-.r. th...r,rlt of all clinical, radiological ard pathological parameters can be correlated.
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Never before in history have pathologist been so critically important. Therefore, pathologist needs some clinicd
informarion, and the specimen request form should include full patient details and the results ofany previous

biopsy or cytologr specimens.

Sometimes radiologically guided core biopsies are performed to confirm the diagnosis preoperatively or prior
to chemotherapy or in patients who are too ill to undergo a laparotomy. The number ofcore biopsies should be

stated and the length of each core documented. Tissue may need to be preserved so that a range of immuno-
histochemical markers can be performed. Materials received with core biopsies are small biopsy specimens and

pathologiss need to be highly qualified and exlxrienced in gynecological pathology.

Intraoperative pathological consultation with frozen section is of value in cases where clinical management

decisions may be altered depending on the histological rype and grade of tumour, e.g. Ioung women for whom
continuing ferdliry is crucial. Situations where fiozen section examination might be performed include:

. intraoperative assessment ofa neoplasm confined to the ovary to assess whether this is benign, borderline or
malignaat; this may direct whether lymphadenectomy or other staging procedures are undertaken

. for conGrmation ofan epithelia.l neoplasm, for subtyping ofan epithelial malignancy and, in cases ofobvious
malignancy to distinguish between a primary ovarian and a metastatic neoplasm

Clinicians should be aware that a single sample may be not provide adequate material for the histopathologist

whereas, firmher sampling for paraffin sections may result in upgrading ofa frozen section diagnosis ofbenign
ro borderline tumour or ofhigh grade borderline tumour to invasive carcinoma. Ifany doubt is expressed by the

parhologisr in frozen section, the more conservative diagnosis must be the,working" diagnosis for immediate

Patient manag€ment.

lmmunohistoche mistry has many applications in the 6eld ofovarian neoplasia and the use of immunohistochem-

istry has significantly increased in recent years. The results of any immunohistochemical stains should dways

be carefully inrerpreted in conjunction with the clinical, gross and microscopic features. However, areas where

immunohistochemistry may contribure significantly include the following:

. distincrion between a primary ovarian adenocarcinoma and metastatic adenocarcinoma from various sites (

potentially usefrrl markers include cytokeratin 7 and 20, CA 125, CEA, CA 19.9, \7T l, TTF-1, oestrogen

receptor and CDX 2)

. ryping of an ovarian adenocarcinoma, most ovarian serous c:rcinoma exhibit nuclear positiviry with V'T I,
while most of the other morphological subrypes are negative

. the distinction beween an epithelial and a sex cord-stromal tumour ( potenrial usefrrl markers include inhiE
in, calretinin positive in sex cord-stroma.l tumours and epithelial membrane antigen- EMA and cytokeratin

7 positive in epithelial neoplasms)

Many advances of molecular genetics of ovarian carcer haye been made, but these are not yet a$ecting clinical
practice excepr BRCA 1 and BRCA 2 genes. Ovarian ca-ncer mostly arises sporadica.lly, but a fraction ofcases are

associated with mutation in BRCA I and BRCA 2 genes. The presence of BRCA murations in ovarian cancer

patients, especially in patients with HGSC has been suggested as a prognostic and predictive factor. Tumour
patlrological daa are very important for the molecular analpis and should be included in the resuls of molecular
testing.
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UTOGA PATOTOGA U DIJAGNOSTICI ITERAPIJI RAKA DOJKE IJAJNIKA

Boiena SARCEVIC

KBC,,Sestre milosrdnice" Klinika za tumore Centar za maligne bolesti, Zavod za onkoloiku patologiju

Unazad 20 godina dijagnostika i lijeienje karcinoma dojke snaino ie napredova.lo. Potevii od 1980. godine

kada su potele biri vaine promjene u dijagnostici i lijecenju karcinoma dojke, we je to utjecalo na dijagnostiEki

postupak i rad patologa. Brojna novija istraiivanja utvrdila su veiinu prognostitkih i prediktivnih dimbenika

za karcinom doike. Vedina njih odreduje se patohistolo5ki bilo stardardnom histoloikom metodom a lto znati

uzorci tkiva oboieni hemalun eozinom bilo imunohistokemijski. Sve to je u konainici rezultiralo velikom odgov-

ornoitu patologa koji je postao kljutna osoba u multidisciplinarnom timu za karcinom doike i vrlo odgovorna

osoba za primjenu specifitne individualizirane terapije.

Tiadicionalni prognostitki i prediktivni timbenici su iivotna dob, veliiina tumora, status limfnih tvorova pazu-

ha, histoloiki tip, stupanj diferenciranosti tumora i jezgre, perirumorska limfovaskularna invaziia i status hor-

monskih receptora. Spomenuti timbenici imaju manjak podataka o bioloikoi razliditosti karcinoma dojke i ne

odraiavalu kompleksnost molekulskog mehanizma bolesti, no joi uvijek su dobri za klinidku odluku o odgova-

rajuioj terapiji. Velitina tumora, histoloiki tip, stupani diferenciranosti tumora i.iezgre kao i stadij tumora su

vrlo snaini tradicionalni prognostidki i prediktivni dimbenici za oboljele od karcinoma doike, premda su metode

za njihovo mjerenje teiko srandardizirane. Peritumorska limfovaskularna invazila vairzn je pokazzteli rizika za

lokalnu i udaljenu pojavu bolesti i neposredno je povezana sa zahvaiatiem lokoregionalnih limfirih cvorova'

Dokazana je njezina povezanost i prognostidka vri.iednost u praienju tijekom dugog vremenskog raziobl.ia.

Vainost odredivanja limfovaskularne invazije je njezina karakteristika kao snainog prediktivnog timbenika u

slucaj u poitedne terapiie.

Spoznaja da je oko 30olo karcinoma do.jke hormonsk.i ovisno i da ima pozitivne steroidne receptore, rezultiralaje

njihovim odredivanjem u prvo vriieme u citosolu tumorskog tkiva a vriiednosti su bile izraiene u femtomolovi-

ma. Razvoi monoklonskih protutijela speciGdnih za proteine za estrogenske (ER) i progesteronske (PR) receptore

omogudio je uvodenje imunohistokemi.jske metode u odredivanju ER i PR u karcinomu doike. Danas patolog

u svom nalazu mora iskazati postotak pozitivnih tumorskikh stanica i intenzitet oboienia. Prema prihvaienim

smjernicama St.Gallena iz 2014. godine priielomna vrijednost za progesteronske receptore ie 20olo. Spomenuta

vrijednost najbolie odjeljuie luminalni tip A od luminalnog tipa B karcinoma doike. Vriiednosti progesteronskih

receptora do 2OVo znate da su oni negarivni ili niski. Kao kontrola uspjeinosri reakciie na steroidne receptore

koristi se okolno zdravo tkivo u kome se nalaze normalni izvodni kanali parenhima doike i koji &ju pozitivnu

reakciju na steroidne receptore. Nalaz )e vrlo vaian kako za odredivanje imunofenotipa karcinoma dojke tako i

za primjenu hormonske terapije u lijetenju karcinoma dojke. S obzirom da je estrogenski receptor termolabilan

i da ima vrlo brzo vrijeme poluraspada, kiruriki odstranjeni uzorak tkiva dojke s tumorom potrebno ie u 5to

kraiem vremenskom periodu dostaviti na patologiju kako bi se ito pri)e uzeo u obradu te kako bi se na tai naiin

sman;ila mogudnost gubitka receprora a Jto u konadnici moie rezultirati i niiim vriiednostima receptora a da to

niie zapravo prava vrijednost.

Amplifikaciia gena HER-2 uotena je u oko 15-300/o invazivnih karcinoma doike ito rezultira pojaianom iz-

raienoltu receprora za HER-2. Po)a&na izraienost HER-2 u bolesnica s invazivnim karcinomom doike omo-

gu6ava primjenu specifiine terapiie te je danas vrlo vaino odrediti koie su bolesnice kandidati za specifiinu

terapiju odnosno primjenu Herceprina ili trastuzumaba. Postoji nekoliko metoda za odredivanie HER-2 statusa,

no naiceSde se primjenjuiu imunohistokemiiska metoda koiom se odreduie izraienost proteina HER-2 i SISH

(silver in siru hibridizaciia) kojom se odreduje amplifikacija gena. Rezultati analize odreduju se na temelju inten-

ziteta oboienja i posrotka pozitivnih smnica. Reakcija 0 i 1+ su negativni rezulmti, 2+ nalaz mora biti retestiran

metodom SISH kako bi se vidiela razina amplifikaciie gena. Ukoliko ie tai nalaz pozitivan tek ie tada bolesnica

kandidar za specifiinu terapiju. Spomenuta metoda moie se ra&ti samo u visoko speciializiranim centrima tiii su

laboratoriji proveli kontrolu merode. Rea.kcija s oznakom 3+ je pozitivna i bolesnica dobiva specifitnu rerapiiu.
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Proliferacijski bil.jezi upotrebljavaju se kako bi se odredio broj stanica u diobi te kako bi se na taj nadin yidielo

kakvo je biolo5ko ponaianje tumora odnosno bolje reteno kakav ie biti odgovor na primijenjenu terapiiu. Danas

se rutinski u patohistoloikoj dijagnostici proliferacijski indeks odreduje uporebom monoklonskog protutifela
Ki-67. Metodom se odreduje postotak pozitivnih stanica odnosno jczgara na 1000 tumorskih stanica na l0 vid-
nih polja najveceg povecanja mikroskopa. Prijelomna vrijednost koja oznaiava nizak odnosno visok proliferaci)ski
indela je Ki-67 20olo. Ova vrijednost vaina je za odredivanje imunofenotipa tumora a posl.jeditno i najvainija
za odredivan)e terapije.

Temeljem nalaza steroidnih receptora, HER-2 statusa i proliferacijskog indeksa karcinom dojke se imunofenotip-
ski klasi6cira u pet podtipova: lumina.lni tip A, luminalni tip B HER-2 negativan i luminalni tip B HER-2
pozitivan, HER-2 tip (neluminalni tip) i trostrulo negativan. Prema imunofenotipu tumora bolesnice dobivaju

adekvatnu terapiju. S obzirom da su multigenske metode testiranja skupe i veiini iena s ranim karcinomom
doike danas joi uviiek nedostupne u upotrebi su kliniiko-patoloika testirania izraiena kao IHC (imunohistokem-

ijska) zamjenska klasifi kacija imunofenotipa karcinoma dojke.

Tijekom vremena mijeniao se i kirurSki pristup lijeienja bolesnica oboljelih od karcinoma dojke ito je u novi)e

vrijeme rezultiralo sve ve6om primjenom poitednih kirurikih zahvata. Kako bi se mogao primijeniti ito poitedni-
ji kirur.iki zahvat ili moida u nekim sludajevima tal i izbjeii, uvedena ie i minimalno invazivna biopsija promjena

u dojci odnosno biopsija iirokom iglom (eng[. core needle biopsy). Na taj natin dobiveni uzorci tkiva izgleda su

poput cilindra i promjera ovisno o promjeru igle s koiom se uzima tkivo . Parolog na tako dobivenim uzorcima

tkiva mora postaviti dijagnozu i odrediti sve prethodno navedene prognostiake i prediktivne timbenike ovisno

o tome da li je bolesnica kandidat za neoadjuvantnu ili adjuvantu terapiju. Uvodenje neoadjuvantne rerapije

u lijetenje bolesnica s karcinomom dojke stavilo ie pred patologa joi jednu dodatnu odgovornost a to je da u

uzorku tkiva odreduje utinak terapije odnosno da drugim rijedima ocijeni da li postoji prisutnost tumora nakon

terapije ili postoji kompletni patololki odgovor na terapiju kako u primarnom tumoru tako i u zahvaienom lim-
fnom &oru metastalanr. uz prcpoznavanie wih morfoloikih promjena u tkivu koje swara citotolsiina terapija.

Temeljem svega iznesenoga vidljivo je da se uloga patologa u di)agnostici karcinoma dojke jako promijenila i da

je postao kljutni dlan multidisciplinarnog tima za bolesnice oboljele od karcinoma dojke.

Bolesnice s karcinomom iainika u kontaktu su s brojnim profilima lijednika tijekom svoga lijetenja, no vrlo
rijetko sa specijalisrom koji igra vrlo vainu ulogu kako u postavljanju diiagnoze tako i u njihovom lijetenju a
ro je patolog. Totna patohistoloika di)agnoza i totno odredeni svi prognostiiki i predikwni iimbenici kljud su

primiene adekvatne terapije. Granitni slutajevi kao i stadij bolesti mora)u biti raspravljani u sklopu mulridisci-
plinarnog tima unutar koja ie patolog kljudna osoba.

Patohistoloiki nalaz mora sadriavati tip tumora, histoloiki stupanj diferenciranosti, nalaz mikroinvazije, status

limfnih &orova, perironeuma, omentuma, jajovoda i sta&j bolesti.

Tip tumora odreduje se prema klasifikaciji Svjetske zdravswene organizaciie. Epitelni tumori jajnika su hetero-

gena skupina tumora ko.li se klasi6ciraiu prvensrveno prema vrsti stanica u serozni, mucinozni, endometrioidni,
svijetlih stanica, tumore prijelaznih i plocastih stanica. Mnogo ie vainije da se svi ti tumori nadalje klasificiraju
u podskupine ( benigni,granidni i zloiudni) ovisno o stupnju proliferacije i stanidnoj aripiji kao i prisutnosti ili
o&utnosti stromalne invazije. U novije vrijeme, temeliem histopatoloikih, imunohistokemijskih kao i molekul-
sko genedikih analiza razlikuie se pet glavnih karcinoma jajnika: serozni karcinom visokog stupnja maligniteta
( engl HGSC), endometrioidni karcinom ( EC), karcinom svijetlih stanica (engl.CCC), mucinozni karcinom i
serozni karcinom niskog stupnja maligniteta ( engt.LGSC).

Serozni karcinom jajnika je niskog ili visokog stupnia maligniteta i oni su u osnovi razlitite vrsre rumora. Serozni
karcinom niskog stupnja maligniteta iesto je udruien s granitnim karakteristikama, nosioc je KRAS i BRAF
mutacija no ne pokazuje mutacije p53 i gena BRCA. Serozni karcinom visokog stupnja malignitera ima tipitne
mutacije p53 i nenormalnosti gena BRCA.
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Mucinozni karcinom ima srupani diferenciranosti kao i endometrioidni karcinom maternice, premda se on danas

dijeli u dvije podskupine: ekspa-nsilni i infiltrativni. Ekspansilni tip tumora ima bolju prognozu od infiltrativnog

tipa.

Endometrioidni karcinom ima tri stupnja (l,II i III) temeljem FIGO klasifikacije koja se upotrebljava za endo-

metrioidni karcinom maternice.

Karcinom svijetlih stanica kao i karcinom prijelaznih stanica automatski ima)u visok stupanj diferenciranosti

odnosno gradus lll.

Mikroinvazija se javlja u slucaievima granidnih tumora obitno kod seroznih i mucinoznih tumora, no nema

utiecaia na preiivljenje a moie biti i multifokalna.

Nalaz limfnih &orova je vaian. Mora se naznaiiti njihov to&n broj, lokalizaciia i ukoliko su zahvateni metastaTa-

ma ukupni broj zahva6enih limfnih &orova.

Zahvatenost peritoneuma obitno.je prisutna u granidnih tumora i svaki uzorak iz te lokalizacije mora biti opisan.

Poteiko6e su vezane uz toino odredivanje da li se radi o pravoj invaziji ili prisutnosti tzv. neinvazivnih implantata

ito katkada zahtjeva i konzultacije kao i iskusnog patologa u podrudju ginekoloike patologije.

Analiza omentuma takoder mora biti detaljna osobiro zbog nalaza neinvazivnih i invazivnih implantata. Ukoliko

se nadu invazivni implantati bolesnica je kandidat za adjuvantnu kemoterapiiu.

Histoloika analiza lajovoda je takoder vrlo vaina, pogotovo kada se danas zna da fimbrifalni dio jaiovoda pred-

stavlia mjesto iz koieg se razvijaju mnogi serozni karcinomi zdielitnih organa koji u kouadnici zahvacaju jainike.

Stadij bolesti odreduje se temeljem FIGO klasifikaciie. Preliminarni stadij moir se odrediti na patohistoloikom

nalazu, no konaini stadij mora biti odreden na multidisciplinarnom timu kada se moraju uzeti u obzir svi klin-

iiki, radioloiki i patohistoloiki iimbenici.

Katkada se u dijagnostici koristi radioloiki vodena biopsija iglom radi postavljanja dijagnoze pri.ie operaciie ili
kemoterapije. S obzirom da su uzorci mali, takva biopsi.ja zahtjeva visoko kvalificiranog patologa u podruiiu

ginekoloike patologije.

Intraoperativna biopsija na smrznutim rezovima moie se iznimno upotrijebiti kada ie potrebno na temelju his-

toloike vrste tumora i stupnja diferenciranosti tumora eventualno odrediti liiecenje bolesnice i pogotovo ako se

radi o mladoj ieni reprodukcijske dobi. No, takva biopsija ima svoja ogranitenja i ukoliko patolog ne moie dati

odgovarajuie odgovore potrebno ie napraviti rrajne preparate i tek onda odlutiti o daliniem natinu liieienja.

U novije vrijeme merode imunohistokemije znatajno se koriste kod analize tumora jajnika, premda se dobiveni

rezultati moraiu tumatiti u usporedbi s klinitkim, makroskopskim i mikroskopskim karakteristikama tumora.

Korisna je u razlikovanju primarnog od metastatskog karcinoma iajnika ( mogu6i korisni biljezi su citokeratin 7

i 20, cA 125, CEA, CA 19.9, WT 1, TTF- 1, estrogenski receptor i CDX 2), nadalje serozni karcinom jajnika

daje pozitivnu reakci,iu jezgara na VT l, dok su ostali histoloiki podtipovi negativni kao ito su potencijalno

korisni biljezi inhibin i kalretinin za tumore spolnih tradaka i stromalne tumore. Epitelni membranski antigen

( EMA) i citokeratin 7 pozitivni su u tumori epitelnog podriietla.

Broina istraiivanja na molekulsko genetidkoi razini u svezi karcinoma iajnika nisu joi do sada zaiivjela u klin-

idkoj pralai uz izuzetak geni BRCA 1 i BRCA 2. Premda se karcinom iainik preteino javlja spora&tno, postoje

slucajevi koii su udruieni s mutaciiama gena BRCA 1 i BRCA 2. Danas se oni odreduju osobito u bolesnica sa

seroznim karcinomom jajnika visokog stupn.ia maligniteta i vaian su prognostiiki i prediktivni timbenik u n)i-

hovom lijetenju. Patolog za takvo testiranie o&bire najbolii uzorak tumorskog d<iva bez sekun&rnih patoloikih

promjena koji bi eventJno mogli utjecati na rezultate genetskog restiranja a takoder ie potrebno uviiek priloiiti

ipatohistoloiki nalaz sa svim pokazateljima koii su bitni za tumatenje rezultata molekulskog testiranja.

Zlliuino, uloga patologa ie vrlo vaina u dijagnostici i liietenju karcinoma doike i jajnika i on ie kliuina osoba

mulridisciplinarnog onkoloikog tima.
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SADASNJE MOGU(NOSTI t PERSPEKTIVE TESTIRANJA SOMATSKTH MUTACIJA BRCAl I

BRCA2 GENA IZ TKIVA TUMORA JAJNIKA

Blaienka GRAHOVAC

Zavod za patologiju Medicanskog fakulteta i Klinitkog bolniikog centra Sveuiiliita u Rueci, Rijeka, Hrvatska

WOD: Frekvencija nasllednih mutaciia BRCA1 i BRCA 2 gena krece se u rasponu od I I o/o do I 5,3olo (Alsop
i sur. 2012). Alalizirajuii 235 ulzo.taka tkiva neselektiranih tumora jajnika, Hennessy i sur (20t0) su uwrdili
frekvenciju BRCA mutacija od 18,5 o/o. Analizama uzorala tkiva tumora i periferne krvi bolesnica, pokazali su

prisutnost nasliednih mutacija u I1,57o i somatskih, tumor specifiinih BRCA muracija t7o/o rumon j{nika.
Mutaci.ie su puno udestdiie u seroznim tumorima .iajnika visokog gradusa, osiedjivih na terapiju s platinom u
kojima ie uwrdena frekvencija mutacija i do 40o/o (kdermann et al 2011).

Od studenog 2015. godine u Hrvarkoije dosrupan lijek koji se temelii na inhibiciji PARP enzima (poli(ADP-ri-
boza)polimeraz:). Lijek inhibira funkciju popravka jednolan&nih lomova DNK. Lijetenie )e indicirano kao

monoterapija odriavanja kod bolesnica s recidivom na platinu os,jetljivog seroznog epitelnog karcinoma jajnika
s BRCA mutacijom (nasljednom ili somatskom).

Brojne BRCA l/ 2 mutacije mogu nastati na bilo ko.jem dijelu gena, dokazano ih je viie od 4.000 i klasiGciraju

se na patogene mutacije, vari.iante nepoznatog klini&og znaien,ia i benigne polimorfizme.

ISPITANICI I METODE: Dvadeset i jedna bolesnica s dijagnozom epitelnog seroznog raka jajnika visokog
gradusa testirana ie na prisustvo mutaciia u BRCA genima, analizom genomske DNK izolirane iz para6nskih
kocki s tkivom tumora jainika.

Primjenjena meto& masivnog paralelnog sekvenciran)a i-li NGS (od eng. nexr generarion sequencing) omoguiila
je sekvenciranje DNK wih eksona (51) i dijelova pobodnih introna BRCA gena, ukupno 16.250 parova baza.

Multiplex PCR metodom ( 167 parova primera ) je umnoiena kodirajuca genska regija, natinjene su DNK
knjiinice i sekvencirane u formaru poluprovodljivih milrotipova s rezultatom otitanja od 250 do 600 tisu&
sekvenci po pojedinoj knjiinici. Rczulmti su obradeni bioinformatidkim software-om i usporedeni sa sekvencama

iz nekoliko referentnih BRCA ll?baza. (Ureda'1PGM ION TORRENI Ampliseq BRCAI/2 communiry Pa-nel,

v2; Software lon Reporter Life Technologies, USA).

REZULIATI: Analizom uzoraka genomske DNK iz tkiva rumora iainika uwrdeno ie da l6 tumora sadrii samo

benigne mutacije kategorije genomskih polimorfizama. U 5 tumora ( 23,8olo) utwdene su mutacije u BRCA I
genu koje pripadaju kategoriii patogenih mutaciia (tip 5). Dvi.fe mutaciie su locirane u elsonu I I - p.Ll080Ter.
i Q563tr. Obje mutacije sadrie rani stop kodon koji uzrokuje sintezu defektnog protein koji je izgubio C-ter-
minalne regulatorne domene. Dvije mutacije koje su uwrdene u eksonu 2l (p.Ql777fs) i jedna u el<sonu I I
(p.P87lLfs) uzrokovale su promjenu okvira tianja u prijepisu nRNA i sintezu nefi.rnkcionalnog proteina.

ZAIC-JUCCI: Visoko osjetljiva i specifitna metoda koja se temelji na masivnom paralelnom sekvenciranju
omoguCuie analizu BRCA mutacija u genomskoj DNK izoliranoj iz parafinskih kocki. Muracije BRCAI/2 gena
koje se kategoriziraju kao patogene, kvalificiraju bolesnicu za usmjerenu terapiju sa inhibitorom PARP enzima.
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LIJE(ENJE BOLESNI(A S RAKOM DOJKE

NOSITELJICA MUTACIJA BRCA 1 I2 GENA

Paula PODOLSKi

Klinika za onkologiju, KBC Zagreb

Rak dojke u nositeliica mutaciia BRCAI/2 gena se razlikuje od sporaditnog raka dojke u riziinosti za oboli-

jevanje od druge maligne bolesti u buduinosti i osjetljivosti na sustavno onkoloiko li.iedenje. Kako u danainje

vrijeme testiranje za postojanje BRCA1/2 mutaciju posraie dostupno vei u dasu postavl.lanja diiagnoze raka

dojke, BRCA status moie biti ukljuien pri donoienju odluke o preventivnim mjerama i liledenju bolesnica ko)e

su nositeljice mutacija.

Gotovo 700lo tumora dojke u nostiteliica mutacija BRCA I su trostruko negativni tumori (engl. triple negative

breast cancer, TNBC) i pokazuju imunohistokemijske i morfoloike osobitosti zv ,,basal-like" tumora (engl. basal

like breasr cancer BLBC). U nositeliica mutacija BRCA 2 gena veiina tumora.ie hormonski ovisno (estrogen re-

ceptor pozitivno). Za sada BRCA status u obolielih od rala dojke ne predstavlia neovisan prognostitki dimbenik,

ali posrojanje mutacije BRCA 1/2 sugerira i ukazuje na osjetljivost i rezistenci)u za speciGdno sustavno liiecenie.

Konzervativno lokalno lijeienje (poitedni kiruriki zahvat i radioterapija) ili mastektomija predstavliaiu iednak-

ovrijedne pristupe u lokalnom zbrinjavanju raka dojke u nositeliica mutaciia BRCA l/2. Vecina do sada objavl-

jenih radova ukazuje kako se nakon konzervativnog liieienja raka dojke, u premenopauzalnih iena, sniiavanjem

izloienosti estrogenima primienom tamolsifena ili ovarijektomijom sniiava rizik razvoja ipsilateralnog povrata

bolesri kao i novog memkronog ipsilateralnog primarnog raka dojke. Adjuvantna kemoterapiie i radioterapi-

ja doike u ove skupine oboljelih takoder sniiavaju pojavnost ipsilateralnog povrata raka dojke. U nositeliica

muracija BRCAI/2 ipsilateralni povrati bolesti sejavljaju tipitno nakon vi5e od 5 godina od primarne operaciie,

uglavnom u drugom dijelu dojke i razlitite su histologije od primarnog tumora ito sugerira radiie novi primarni

tumor dojke nego li pravi lokalni povrat bolesti.

U danainje vrijeme, odluka o sustaynom onkoloikom lijeden)u u bolesnica s rakom doike nositeljica mutaciia

BRCA 1/2 gena donosi se na temelju bioloikih osobitosti bolesti a ne BRCA statusu. No takav bi se pristup

mogao promiieniti bududi da novija istraiivanja govore za osobit naiin osietliivosti i rezistenci.ie na sustavno

Iijeienje raka dojke u nositeljica BRCA mutacija. Gubitak funkcije BRCA I i 2 gena vodi k nemogudnosti

popravka dvostrukih lomova DNA homolognom rekombinacijom, te se tako moUe ob)asniti posliedidna nesta'

bilnost genoma i zloiudno bioloJko ponaianje, kao i izrazeniia osjedjivost na citotolsitne lijekove koji oiteiuiu

DNA i lijekove koji inhibiraju enzim PARP I (engl. poty ADP-ribose polymerase 1) koji sudieluie u popravku

jednolanianih lomova DNA.

Sve je viie saznanja kako obollele iene nositeljice BRCA mutacija zbog jednswene bioloSije imaiu klinidku

korisr od citotoksiinih lijekova koji oiteiuju DNA, kao iro su spojevi platioe. Znania se temelje na studiiama

neoadiuvantnog lijetenja kao i lijeienia metastatskog raka dojke nositeljica mutacija. Nedavno obiavljeni rezu-

hati randomizirane klinidke studije faze III (TNT trial), u bolesnica s metastatskim ili lokalno uznapredovalim

recidiviraju6im TNBC. U podskupini nositeljica BRCA mutacija postignuti su superiorni rezultati u odgovoru

na lijeienje s karboplatinom u usporedbi s docetakselom, a u usporedbi s bolesnica.ma koie nisu nositeljice

mutacija kada su lijetene s karboplatinom imale su znaiajno dulie razdoblie do progresije. Mala prospektiv-

na neoadjuvantna srudija Byrsog i sur (2009.g.) pokazaa ie u nositeljica BRCA 1 mutaciia odlitne rezultate

posrizaniem kompletnog patoloikog odgovora (pcR, engl. parhological complete response ) od 80o/o prilikom

primiene cisplatine. Neoadjuvantna studiia vodena u MD Anderson, evaluirala ie utinak neoadjuvantno prim-

je.,i.n. k -or.r"pi)e koja se osnivala na artraciklinima i taksanima u bolesnica s rakom doike koje su nositeliice
'BRCA 

muraciia i onih koje to nisu. Nositeliice mutacija BRCA I postigle su statistidki znatajno bolii pCR (460lo

vs 22olo). Usprkos prethodno navedenim rszultatima, danas joi uvijek ne postoji definitivno suglasfe i srav o

najboljem kernoterapijskom protokolu za oboliele od raka doike koie su nositeljice mutaciie BRCA l'2. U njih

se za sada kod odluke o liieteniu preporuta prvensweno uzeti u obzir standardne prognostitke dimbenike'U
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adiuvatnom lijeienju je joi uvijek standard primjena protokola koji ulljutuiu antracikline i taksane, iako se u
nekim klinitkim situacijama moie razmotriti primjena spojeva platine.

PARP inhibicija predstavlja obecajvajuiu strategiju u susravnom lijecenlu oboljelih od m}<a dojke, nositeliica
mutacije BRCAI/2. Tienutno je nekoliko PARP inhibitora (PARPi) ukljudeno u kliniike studije faze 2 i 3, s cil-

)em istraiivanja sposobnosti inhibicije PARP: olaparib, veliparib, niraparib, talazoparib i rucaparib. Primjenjuju
se kao monoterapija ili u kombinaciji s kemoterapijom. Iskuswa s olaparibom postoje u lijeden.ju metastatskog
raka dofke nostiteljica BRCA mutacija. Olaparib je primjenjivan u bolesnica koje su prethodno primale barem

tri linije kemoterapile. Stopa odgovo ra )e bila 54o/o i 25olo (ovisno o dozi lijeka - 400 mg vs 100 mg). U rijeku

ie nekoliko klinidkih studija, faze III s primjenom olapariba u adjuvantnom (OlimpyA, u iena koje su nositel-
jice mutacija BRCA 1,2 nakon zavrienog adjuvantnog lijetenja) i u neoadjuvarnom lijedenju (Neo-Olympia,

Ml4-011, AFT -04, NSABP 856-1), u kombinaciji s kemoterapijom. Veliparib, PARPI/2i je istraiivan u
kombinaciji s temozolamidom uz stopu odgovora 37 .5o/o U oielsvaniu smo rezultata klinitkih israiivanja faze

3 s primjenom PARPi u adjuvantnom, neoadjuvarrnom lijetenju kao i u terapiji metastatske bolesti. Osim
piranja klinidkog udinka u centru interesa je i potencijalna toksidnost ti.iekom njihove duie primjene a koja je

naroiito vaina prilikom primjene u adjuvantnom li)etenju rane bolesti: rizik za hematoloiku toksiinost, razvoi

novih primarnih tumora. LJ buduinosti 6e se takoder istraiiti potrencijalna uloga PARPi u lijeienju bolesnica

s hormonski ovisnim rakom dojke.

Hormonsko lijedenje raka dojke u nositeljica BRCA mutacija, kao i u oboljelih s sporaditnim rakom dojke,

ovisno o menopauzalnom statusu, osniva se na primjeni tamoksifena i inhibitora aromataze. Tieba napomenuti

kako rczultati nekoliko predklinidkih i kliniikih istraiivanja sugerira relativnu rezlslenciju na tamoksiFen bole-

snica nositeljica mutacija BRCA 1, medutim ovi rezutati trair dalinju klinitku powrdu.
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TREATMENT OT THE BREAST CANCER IN BRCA1/BRCA 2 MUTATION CARRIERS

Paula PODOLSKI

Deparlment of oncology, University Hospital Centre Zagreb

BRCA-mutation associated breast cancer differs from sporadic breast cancer with regard to future cancer risks

and sensitivity to systemic therapies. fu nowadays genetic testing for BRCAI and BRCA2 mutations becarne

available at the time ofbreast cancer diagnosis, BRCA mutation status can be considered when making treatment

and prevention decisions for BRCA mutation carriers with breast cancer

In patients who develop breast cancer with an underlying BRCA mutation' 707o are classified as triple-negarive

11NSC) ."d basal-like (BLBC) on intrinsic expression profiling. Breast cancers associated with BRCA2 mu-

tations are more likely to be estrogen receptor positive. Although at present BRCA mutation starus is nor an

independent prognostic factor, recent research suggests sensitiviry and resistance of BRCA mutation-associated

breast cancers to specific systemic therapies.

Breast conserving surBery or masrecromy are an adequate local treatment options for BRCA mutation-associ-

ated breast cancer. In premenopausal BRCA mutation carriers managed with breast conservation, decreased

estrogen exposure achived with tamoxifen or oophorectomy, appear to reduce the risk ofipsilateral recurrence

and new metachronous ipsilaterd primary breast cancer Additionally, adiuvant chemotherapy and radiation

therapy, also result in reduced risk of fumre ipsilateral breast cancer evenrs. The ipsilateral recurrences in BRCA

mutation carriers t),pically occur more than 5 years after the primary breast cancer, often in separate quadrants

of the breast and have different histology, suggesting that they represent new primary cancers rather than true

recurtences.

There is growing evidence that patienrs with BRCA mutations may have a distinct biology and benefit from

platinum compounds both in the metasraric and neoadjuvant setting. The TNT trial prospectively rand-

omized patients with metastatic or recurrenr locally advanced TNBC to either carboplatin or docetaxel. The

superior response rate for the carboplatin over the taxane was demonstrated in BRCA mutated tumors; and

when receiving carboplatin patienrs with BRCA mutations had superior PFS compared to BRCA-wild-rype

patients. Exquisitemarkable pathologic complete response rate exceeding 80o/o has been reponed in a small

prospective trial evaluating neoadjuvant cisplatin in BRCAI mutation-associated breast cancer (2009.) Study

form MD Anderson that was evaluating response to neoadjuvant systemic therapy for breast cancer in BRCA

mutation carriers and noncarriers, demonstrated that BRCAI carriers had higher pathological complete

response ro neoadjuvant antracycline-taxane based chemotherapy (460/o vs 22olo). Still, there is no definitive

conclusion on the best chemotherapy regimen for BRCA mutation breast cancer patients. For now, standard

progonostic features should be used to decide about treatment. In adiuvant setting chemotherapy should

include an antracycline and a taxane. Platinum-based therapy should not be routinely used in the presence

of BRCA mutation

PARPs (poly(ADP-ribose)polymerases) are family of enzymes involved involved in DNA-damage repair. PARP

inhibition represents promising strategy for the systemic therapy ofBRCA mutation-associated breast cancer'

Currently, a fe*.ornporrnd" *ith abiliry ro to inhibit activiry ofPARPs are being investigated in clinical rrials:

olaparib, veliparib, niraparib, talazoparib i rucaparib. They have been tested as monotheraPy or in combination

wiih other cy.totoxic compounds. Knowlege and experience with oliparib monotheraPy are form merastatic

BRCA mutation-associated breast cancer, prevously treated with multiple lines ofchemotherapy, with response

rate from 750/o - 4lo/o (depending on drug dosage - 100 mg vs 400 mg). Severd clinical studies phase 3,

with oliparib in adjur.ant (OlimpyA, in women with BRCA mutation-associated breast cancer after adjuvant

therapy) and neoadjuvant setting (Neo-Olympia, M14-011, A-FT -04, NSABP 856-1), in combinarion with

"h.moth.r"py 
are ongoing. veliparib, PARPl/2i in combination with temozolamid has demonstrated re-

,pon.. l.",. oi37.5olo Results ofthe ongoing phase 3 trials in the merastatic, neoadjuvant and adiuvant setting

with PARPi are awaited. Questions neeed to be address are long-term effects and safery during continuous
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administration (as is in the adjuvant setting): risk od hematological toxiciry or development of new primary
malignancies. In the future, the role of the PARPi in the managementof ER positive BRCA mutated tumors
will be investigated.

Endocrine therapy in women with BRCA mutation-associated breast cancer as in women with sporadic can-
cers, includes either tamoxifen or aromatase inhibitors. Some preclinical and clinical dana suggest thar BRCAI
mutation associated brcast cancer may be resistent to tamoxifen. These resuks require frrrther clinical confir-
mation.
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PRA(ENJE PACIJENTICA IZDRAVIH NOSITELJI(A MUTACIJA U BRCA1 I BRCA2 GENIMA

lona SU5AC

Poliklinika El.luga, Zagreb

zene kod kojih su dokazare nasljedene mutaciie u BRCA I i 2 genima imaju znaiajno povecan rizik od

obolijevanja od raka do)ke i jalnika. Zene nositel.jice BRCA 1 i 2 mutacija koje su ved oboliele od raka doike

ili jajnika imaju znatajno veii rizik da ponovno obole od tih karcinoma, ali i karcinoma nekih drugih orga-

na u tiielu. Postoje dosta velike razlike u zdravswenoj skrbi i klinitkim preporukama za ovakve paciientice

u razliaitim zemljama svi.jeta. Prema preporukama zemalja koie su razvile nacionalne strategi.ie za prtienle

i nadzor pacijentica s BRCA I i BRCA 2 mutacijama, nositeljice tih mutacija imaju nekoliko mogutnosti

koje ukljuiuju pojatane ili redovite preventivne preglede, kemoprevenciiu i profilaktitke operativne zahvate.

Rano otkrivanje raka dojke za iene s BRCA I i BRCA 2 mutacijama ukljutuie kombinaciiu mjesetnog sam-

opregleda potevii od 18. godine iivota; polugodiinje ili godi3nje klinitke preglede dojki od stane lijetnika;

godiinje mamografske preglede potevii od 30. godine iivota; i godiinje snimanje doiki magnetskom rezo-

nancom poievii u dobi izmedu 25. i 30. g. iivota. Pregled dojki magnetskom rezonancom ie najsenzirivniia

metoda pregleda dojki u nosireljica BRCA 1 i BRCA 2 mutacija i treba biti ukljutena u svaki program ranog

otkrivania raka doike. Magnetska rezonanca do)ki pove6ava senzitivnost otkrivan)a malignih tumora dojke za

oko 81o/o, dok je senzitivnost mamografije u iena s genetskom predispozicijom svega 40o/o i ultrazrrrka oko

42olo. Dodatna dobrobit od magnetske rezonance dojki iest izostanak ionizirzjuiegzratenja tiiekom snimanja.

Tiebala bi biti uvedena u program pregleda dojki u dobi od 25 godina ili pet godina ranije od dobi kada je

najmladi krvi srodnik obolio od raka dojke. Godiinii mamografski pregledi trebali bi zapoteti pet do deset

godina ranije nego li je obolio najmladi krvi srodnik u prvoi liniii krvog srodswa ili u dobi od 30 godina

bez obzira kad je obolio prvi krvi srodnik. Medutim, vetina smjernica preporuiuie redovite mamografije

nakon 35. g. iivota zbog male senzitiynosti ovog nadina pregleda u gustom iliezdanom tkivu mladih iena.

Ultrazvutne preglede dojki kao neizostavni dio praienja iena s BRCA I i BRCA 2 muutacijama, osobito za

mlade iene s gustim iljezdanim tkivom, preporutuje veiina smjernica. Digitalna mamogrhija i tomosinteza

pokazale su se preciznije u odnosu na film-mamografiju u mladih iena s gustim iljezdanim tkivom. pa se stoga

preporuduju za visokorizidne mlade iene s BRCA I i BRCA 2 mutacijama. Praienje irna s BRCA mutaciiama

po pitanju ranog otkrivanja raka jajnika ukljuduje godi3nji ili polugodiSnii pregled iajnika transvaginalnim

obojenim Dopplerom poievii od dobi od 35 godina ili pet do deser godina rani.ie nego ie obolio najmladi

krvi srodnik u obitel.ii, te praienje vri)ednosti tumorskog biljega CA 125 u serumu. Naialost, nema dokaza

da redoviti ultrazvudni pregledi jajnika i pra6enje CA 125 u krvi smanjuiu smrtnost od raka jajnika. Unatot

tome, sve preporuke i dalje ukliuiuju ove metode kao metode rane detekcije raka jajnika u iena s BRCA 1 i

BRCA 2 mutacijama, a kojima jajnici nisu odsrranjeni. Nadalje, profilaktitke kirurike metode poput mas-

tektomije ili obostrane salpingo-ovarijektomije su metode smaniena rizika od oboliievania ili metode sman-

jenja mortaliteta. Uwrdeno )e da nositeljice i BRCA I i BRCA 2 mutaciia postiiu dramatitno poboljianie u

pogledu smrtnosti obostranim uklanjanianjem jajnika i iajovodia - za iak 77o/o do dobi od 70 godina. Ovim

port,rpko- zna&jno se smanju;e i rizik od razvoja i smrti od raka dojke.- za pribliino 50olo. Profllaktidka

Lihteralna mastektomija povezana je s redukcijom rizika od oko 95olo. Medutim, period praien)a iena nakon

takvog postupka je kratak za definitivne za-kliutke. Za vei oboliele iene s BRCA I i BRCA 2 mutaciiama

uklanjanie druge dojke i/ili ostatka iste dojke moie se preporutiti kao oblik sekundarne prevencije- 7-a nos-

iteljice mutacija znaiajan izvor nade iest i razvoi liiekova koji dieluju ciliano na tumorske stanice s oiteienim

BRCA i BRCA 2 genima. Jedni od obetavajuiih su svakako PARP inhibitori (poli(ADP-riboza)polimeraza I )

dije dielovanie su uet pokazale klinidke studije. Kemoprevenciia za iene s BRCA I i 2 muraciiama ukliuduie

selektivne estrogen receptor modulatore ( SERM-ove) kao ito su tamoksifen i ralolsifen te inhibitore aro-

mataze kao ito J. ".,rstiorol. 
T"moksifen u iena stariiih od 35 godina moir reducirati rizik od invazivnog

raka, DCIS ( duktalnog karcinoma in situ), te od lobularnih neoplaziia. Raloksifen u postmenopauzalnih

iena moie reducirati samo riik od invazivnog raka doike. Situacije rizika su definirane u NSABP Pl studiii (

1,660/o u 5 godina). Inhibitor "ro-r,"r. "rr"",.ozol 
u postmenopauzalnih iena znadajno reducira rizik od raka
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.iajnika i raka endometriia, kao i od raka koie, kolorcktalnog raka, hematoloikih malignoma, raka ititniaie
i raka urinarnog trakta. Kemoprevencija se moie preporuditi samo nakon individualnog i sveobuhvatnog
savjetovanja. Swarna dobit strogo ovisi o procienjenom statusu rizika, dobi i postoje6im dimbenicima rizika
ra razvoj nuspoiava.

Kliudne rijeti: nositeljice mutaciia BRCA 1 i BRCA 2 gena, magnetska rezonanca dojki, mamograGja, ultrazvu.k
dojki, profilaktidka mastektomiia, profilaktidka salpino-ovarijekromija, kemoprwencija.
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SURVEILLAN(E OF PATIENTS AND HEALTHY BEARER OF MUTATION BRCA1 AND BRCA2

GENEs

llona SUSAC

Polyclinic Eljuga, Zagreb

'Women who have inherited mutations in the BRCAI or BRCA2 genes have substantially elevated risks of
breast and ovarian cancer.Vomen with BRCA I or BRACA 2 mutations that are suffering from breast or

ovarian cancer have a significantly higher risk of re-dwelopmenr of breast or ovarian cancer, or some other

organ of the body. There are wide variations in services for these patients and clinical interventions and

recommendetions differ between countries of the world. According to the guidelines of the countries that

have developed a national strategy for monitoring women with BRCA I and BRCA 2 mutations, mutation

carriers have various options, including extensive and regular surveillance, chemoprevention and risk-reduc-

ing surgery Earty detecrion of breast cancer for women with BRCA I and BRCA 2 mutations includes the

combination of monthly breast self-examination beginning ar age 18 years; annual or semiannud clinical

breast examination by a health care professional; annual mammography beginning at age 30 years; and annual

breast magnetic resonance imaging beginning at age 25-30 years. Breast magnetic resonance imaging is the

most sensitive diagnostic modaliry in BRCA I and BRCA 2 carriers and should be included in every early

detection programme. Breast magnetic imaging has been shown to increase the sensitivity of malignancy

detection to about 8'lo/o, whereas mammography sensitivity is estimated to be about 40olo in women with a

genetic predisposition and to breast ultrasound with a detection rate of only 42o/o. An additional advantage

of magnetic breasr imaging is the lack of radiation exposure. It should be initiated at age 25 or 5 years prior

ro the age at wich are youngesr affected family member had developed breast cancer. It is generally recom-

mended thar annual screening mammography begin 5 to 10 years earlier than the youngest age at which breast

cancer was diagnosed in a firsr-degree relarive or at age 30 years, whichever comes first. But, most guidelines

recommend annual mammography only in women older than 35 years because of the decreased sensitivity

that in observed in rhe dense breast in young women. Most of the recommendations include ultrasound

breast examinations as an indispensable part of the monitoring of women with BRCA I and BRCA 2 mu-

rations, especially for young women with dense breast tissue. Digital mammography and tomosynthesis has

been shown to be more accurare than film screen mammography in younger women with dense breast rissue

for the detection of breast cancer and is recommended for this population at very high risk. Ovarian cancer

surveillance for BRCA mutation carriers includes screening with annual or semiannual transvaginal pelvic

ultrasonography wirh Doppler imaging beginning at age 35 years or at 5 to 10 years younger than the age at

earliest ovarian cancer diagnosis in the family, along with CA-125 testing.Unfortunately, no evidence shows

reduction in oyarian cancer-related death with pelvic ultrasonography and CA-125 screening in these high-

risk women. However, rhese surveillance strategies continue to be recommended for early cancer detection in

BRCA mutation carriers who have not yet their ovaries removed. Furthermore, risk-reducing surgeries like

mastecromy or bilateral salpingo-oophorectomy are options to decrease the risls of developing cancer and

to lower mortaliry. It found that both BRCA I and 2 mutation carriers achieve a dramatic improvement in

all-cause mortdity by undergoing bilateral salpingo-oophorectomy - a 77o/o improvement through age 70

years' While much of this reduction in dearh comes from prevention of ovarian cancer' some is also due to

a reduction in the incidence and death from breast cancer- by approximately 50olo. Prophylactic bilateral

mastectomy is associated with a reducrion ofbreasr can cer by 95o/o. But follow-up period is too short to draw

de6nite conclusion. For a$ected muration carriers contralateral and ipsilateral prophylactic mastectomy can

be offered as a means od secondary prevention. For mutations carriers hope was raised rhat targeted chemo-

therapy will be available in the near future. Preclinical studies with PARP (poly(ADP-ribose)polymerxe I )

inhibitors showed that BRCAl /2-deficient tumour cells are selectively targeted. Clinical trials are ongoing to

prove rhe clinical applicability and eFeo. First studies conGrm the promising. Chemoprevention fot women

with BRCA 1 and BRCA 2 mutations includes selective estrogen receptor modulators ( SERM, tamoxifen
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and raloxifen and than aromatase inhibitors(Al) anastrozol. Tamoxifen in women older than 35 years can

reduce invasive breast cancet DCIS, and lobular neoplasia. Raloxifen in postrnenopausal women can reduce

invasive breast cancer only. fusk situation as defined in NSABP P1-trial (1.660lo io 5 years). Aromarase in-
hibitors anastrozole significantly reduce risk in postmenopausal women for ovarian and endometrial cancet
as well as skin, colorectal, hematologic, thyroid and urinary tract cancers. Chemopreventive regimes should
only be offered after individua.l and comprehensive counseling. The net bene6t strongly depends on risk status,

age and pre-existing risk factors for side effects.

Kcy words: BRCA I and BRACA 2 carriers, breast magnetic resonance, mammography, breast ultrasound,
risk-reduction mastectomy, risk-reduction salpingo-oophorectomy, chemoprevention.
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PSI HOLOSKI ASPEKTI GENETSKOG SAVJETOVANJA

Ljiljana SERMAN

Zavod za biologiju, Medicinski fakultet, Sveuiililste u Zagrebu, Zagreb, Hrvatska
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Emocionalno obojane poruke brlt se razumiju i dulje pamte stoga se s paciientima trebamo uskladiti na kogni-

tivnoj i emocionalnoj razini. To je razlog Sto posliednjih 10 godina, psiholoiki aspekti genetskog savietovanja,

postaju ravnopravni informativnom dijelu. Cilj im je razumieti psiholoiki utinak primanja genetske informaciie

i genetskih rezulrata resriranja za pojedince i obitelii kao i razulnreti dimbenike koii mogu utiecati na donoienje

odluka o testi.anlu. Posebno osjetljivu psiholoiku skupinu tine zdravi pojedinci koji razmiilia)u o prediktivnom

restiraniu pa ie tada vaino razmotriti pitanja poput: Pomaie li dobivena informacija osobi da se lakie nosi s

genetskim problemom?iesu li agende savietnika i sav.ietovarog uskladenefe li dovolino vremena posve6eno

psihosocija-lnim pitanjima?Vaino je provjeriti motivaciiu i rea.listidnost otekivania svakog korisnika generkog

sarjetovanja. Sro ljudi misle o uzrocima raka, a posebno o genetskim uzrocima raka? Sto 6e dobiti genetskim te-

stiranjem? Potrebno je testirati osobna i obiteljska iskustva s rakom. Generalno veiina [iudi misli da se rak dogada

nekome drugome te da je vjeroiatnost obolijevanja od raka vrlo mala, ti. mania nego kod drugih. U obiteljima

gdie je uiestalost malignih bolesti ve6a, obiino precjenjuju taj rizik. Va:ino je provjeriti osobna uvieren.ia o raku,

o&oga je paciient dobioinFormaciiu, vidjetiposmje li krivauvjeren.ia o nasliedivanju raka te ih korigirari.

Dosadainja iskuswa s bolesti na koju se osoba ieli restirati, ima Ii d)ece, percepciia vlastitog rizika, percepci.ia

moguinosti tretmana i prevencije bolesti, percepciia ozbiljnosti bolesti, percepcija vlastitog selfa i tipa privrienost

- koliko se sam mogu nositi s tim, oworenost komunikacije unutar obitelji, sve su to pitania koja se moraju

oworiti u procesu savietovanja.

Na genesko savjetovanie i testiranjese odlutuju osobe s pozitivnom osobnom ili obitellskom anamnezom, osobe

koje traie informaciju kako bi donijeli naibolju odluku za svoje zdravlje ili pojedinci koji iele pomodi drugom

ilanu obirelji u procesu savjetovanja. Financijski razlozi, zabrinutost zbog vlastite reakcije, mogudi utiecaj na

ostale dlanove obitelji kao i problemi sa zdravswenim i iivotnim osiguranjem, razlozi su zaito neke osobe ne

pristaju na testiranie.

Odluti li se paci)ent za genemko testiranje, a u slucaju da rrzultat testirania pokaie & se radi o nositeliu BRCA

mutaciie, tada syakom pacijentu pristupamo individualno poitujuii kompleksne komunikaciiske zahtjeve pri-

opbvanja takve loie vijesti (waka vijest koja &astiino i negativno mijenja pacijentov pogled na buduinost).

Posebno razviieni prorokol u Sest korak za saopienje loie vijesti rzv SPIKE razvio je Baille 2000. godine.

Tijekom cijelog procesa savjetovanja, mora se poltivati ne-direktivni pristup ito znati da savjetnik ne smiie ut-

jecati na odluku klijenta/pacijenta. Ona mora biti potpuno autonomna, a sliiedi tek nakon ito ie osoba dobila

we potrebne informacije u emocionalno podriavajuiem savietovanju. Poznavanie psihodinamike omogu6it 6e

savierniku konstrukrivni uvid u vlastite nedostatke kako bi jacaniem woiih egosnaga omogudio adekvatnu painju

i pomoi obiteljima koje savjetuje.U svakom dijelu savietovanja neophodno je postiii atmosferu u koioi kli)ent/

pacijent mole izraziti svoju zabrinutost, postavljati pitanja i reagirati te osietiti da ga ie savietnik tuo i odgovorio

na pravi natin.
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INFORMIRANI PRISTANAK

Ana BOROVECKI

Skola narodnog Zdravlja uA. Stampar,, Medicinski fakultet, Sveuaili5te u Zagrebu

INFORMED CONSENT

Ana BoRoVECKI

Skola narodnog Zdravlja <A. Stampar>, Medicinski fakultet, Sveuailiate u Zagrebu

ABSTRACT:

It is crucial to properly and futly implement informed consent process in the course ofgenetic testing. The pro-

cess imelf is important and it is ofthe essence to explain to the patient in the language that he or she understands

and in detail all the advantages and disadvantages ofthe test that will be used.

Ir is necessary to ask the patient whether he or she warts to be informed about the test results or he or she

would like that someone else wanr to be informed in his or her place. It is also important to krow which family

members with the consent ofthe patient will be informed about the test results. The form for informed consent

should be wrirten in understandable language tailored to patients who are under 10 years ofeducation. The rea-

son for rhis is that in Croatia according to the census among the population older than 15 years ofage, 30.8olo

have completed primary school, 52.60lo high school, and 76.4o/o have higher education. This contribution gives

an overview of the form for informed consent for genetic testing for breast cancer'
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SAZEIAI(

Informirani pristanak kljuino )e adekvatno i u potpunosti provesri tijekom genetskih testiran)a. Pri tome je vaian

sam proces informiranog pristanka gdie je potrebno iro detdlniie i paciientu razumljivim rjeinikom obiasniri

sve prednosti i nedostatke testa koii ie se upotrijebiti .

Potrebno je i pacijenta pitati da li on ieli biti informiran o rezultatima testa ili 6e se informirati nekog drugog

te koje dlanove obitelji informirati uz dopuiten)e pacijenta o rgzultatima testirania. Sam formular za informirani

pristanka treba biti pisan razumljivim jezikom prilagodenim pacijentima koji imaiu do l0 godina ikolovanja. Jer

u Hrvatskoj prema popisu stanovniiwa medu stanoyniiwom srarijim od l5 godina, niih 30,8 o/o ima zavrienu

osnovnu ikolu, 52,6 o/o srednju ikolu, a visokoobrazovanih Hrvata je 76,4 o/o. Ova izlagaqa predstavlia formular

za informirani pristanka za genetsko testiranje za rak doike.
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MOLE(UTAR DIAGNOSTICS OF SPINAI MUSCULAR ATROPHY BY MLPA METHOD IN

(ROATIAN SUBJECTS

Ljubit Ht, Merkler A', Acman Bariiit Ar, Sertit J'
rClinical Department of Laboratory Diagnostics, University Hospital Centre Zagreb, Zagreb, Croatia

Background and aim: Spinal muscular atrophy (SMA) is an autosomal recessive disease with an incidence of
4-10 per 100,000 live births. [t is caused by mutations in the SMNI gene ofwhich the absence ofexon 7 is the

mosrirequenr change in the population. SMA is characterised by progressive muscle weaknes resulting from

degeneration oflower motor neurons in the spinal cord and the brain stem nuclei' Time ofonset ofthe disease

ranges from before birth to young adulthood. The aim ofthis study was to con6rm SMA clinical diagnosis or to

detect SMA carrier status by analyzing DNA samples of subiects with SMA rymptoms or family history

Subjects and methods: MLPA method was used to determine copy numbers of SMNI and SMN2 genes in total

number of486 subiects. Indications for SMA genogping were having SMA clinical symptoms, susPection of

being a SMA carrier, prenatal diagnosis. Samples were analysed on 3l30xl Generic Andyser capillary electro-

phoresis insrrument by Applied Biorystems.

Results: By analyzing 486 DNA samples, in 38 of them (7.8%) homozygous deletion of exon 7 of sMNl gene

was detected, four of which were prenatal samples. In 45 subjects (9.3olo) carrier status was confirmed by detect-

ing only one copy of exon 7 in the SMNI gene. Two copies of exon 7 in the SMNl gene were detected in 378

subiects (77.8olo) while three SMNI copies were detected in 25 subjects (5'lolo)'

Conclusion: Unlike previously used PCRJRFLP method, MLPA detects SMA carriers by determining SMNl

copy numbers. Ir is also reliable in the contexr of prenatal SMA testing. The limitation of this method is that

it cannor detect other SMNI point mutations, so clinicaly unambiguous cases which remain unsolved by this

testing should be considered for further testing of SMN I gene by sequencing analysis'

Keywords: spinal muscular atrophy, carriers, gene copy number' SMNl
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REPTICATION CHANGES IN B-CELL LYMPHOMAGENESIS

V.TADIC, P BASIC PALKoVIC, B. SASI, M. KLASIC, P. KoRAC

Division of Molecular Blology, Department of Biology, Faculty of Science, U niversity of Zaqreb

Over the last decade it has become evident that tumour development and progression are based equdly on
changes in tumour cells and the interaction of different types of non-tumour artd tumour cells rhat consritute
tumour tissue. Communication network of all these cells is based on soluble signalling molecules or cell-to-
cell contact, and this complex interchange of information directs tumour development and progression. B-cell
lymphomas, as ma.lignart tumours that arise from immune response cells, represenr a specific type of tumour
tissue because of the high content ofother immune cells. Although tumor cells ofspeciGc B-cell lymphoma have

origin in B-cells from the same differentiation stage, their adaptation to the microenvironment changes equilib-
rium ofproteins involved in replication process and makes them differenr &om each other. Replication process

becomes less accurate leading to the accumulation of changes in DNA thar conrribute to tumor progression.

In this study we analyzed expression level of prereplication/replication complex proreins and proteins involved
in chromatin reassembly after the replication. Study was conducted on tissue samples with the diagnosis of
different B-cell lymphomas and control tonsil tissue. Results showed significant DNMTI, MCM2, CDTI and

p300 overexpression as well as GMNN underexpression during B-cell lymphoma progression. These findings
suBgest importance of changes in expression lwels ofgenes involved in replication and chromatin reassembly

for malignant rumor progression.
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MOUSE TERATOMA DEVELOPMENT INHIBITION BY EPIGENETI( AGENTS IN VITRO

KRASIC J" BUUUBASIC R,, BUUUBASIC M',VLAHOVIC M" KATUSIC A1, JURIC-LEKIC G" BULIC-JAKUS FI,

SINCIC N'
,University of Zagreb, School of Medicine, Department of Medical Biology, Laboratory for Epigenetics and Molecular

Medicine, Zagreb, Croatia; rClinical Hospital Dubrava, Clinical Department of Surgery;

rcommunity Health Centre, Zagreb East

AB5TRACI:

Testicular Germ CellTumours (TGCT), although rare, are the most frequent malignancies in young male pop-

ulation and believed to be initiared by epimutations, i.e. aberrant epigenetics, already in utero. Among various,

teratoma is the mosr differentiated TGCT type encompassing all three germ layer derived tissues. Mouse terato-

ma is a well-established in vitro model which may be obtained by cultivatin 97,5-days-old C3H mouse embryos

and represent an ideal system to investigate the effect ofthe most prominent epigenetic drugs and agents.

After embryo isolation, they were treated for two hours with 5-azaq'tidine,Trichostatin A, Valproat' esiNanog'

esiOct3/4 or esiTlrap. Embryos/teratomas treated with esiGFP served as a negative control. The embryos/tera-

tomas were measured on day 0 and for rhe consequent 7 da)$ ofculturing, after which teratomas were scrapped,

Sainte-Marie fixed and paraffin embedded for IHC or processed for stemness gene Oct3l4, Sox2 and Nanog

expression analysis by ddPCR.

All ofthe epigenetic drugs and agents significantly reduced teratoma growth, particularly 5-azaC and esiOct3/4

which arrested it entirely. Consistently with growth data, gene expression ana.lysis showed that all drugs and

agents inhibited stemness gene expression, especially esiOct3/ 4 atd 5azaC which depleted it completely. IHC

analysis ofapoprotic activiry showed an interesting pattern, but is still under investigation.

This preliminary data notifi that epigenetic drugs and agents have a significant inhibitory effect on teratoma

growth and abiliry ofreducing stemness in tumour tisue' Indeed' 5azaC and esioct3/4 pointed at the possibility

ihat TGCT cancer stem cells could be deplered by DNA methylation and RNA interference modulators.
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MOLE(ULAR DIAGNOSTI(S OF DUCHENNE-BECKER MUSCUtAR DISTROPHY BY MTPA

METHOD IN UNIVERSITY HOSPITAL CENTRE ZAGREB

MERKLER Ana, UUBIC Hana, ACMAN BARlSlC Ana, CABAN Domagoj, SERIC Jadranka

Department of Laboratory Diagnostics, University Hospital Centre Zagreb, Zagreb, Croatia

Introduction: Duchenne-Becker muscular dystrophy (DMD/BMD) is a result of mutations in DMD gene that
leads to complete or partial deficiency of dystrophin protein. DMD/BMD is an Xiinked disease, males who
inherit the pathogenic variant will be a$ected, and females who inherit rhe parhogenic variant are carriers and

may or may not develop cardiomyopathy. Deletions ofone or more exons are detecred in 60 - 70olo of mutations
in DMD, and 80 - 90olo in BMD. Duplications are present in 5 - l0o/o of DMD or BMD.

Methods: Since year 2012 we analyzed 168 DNA samples using MLPA / capillary electrophoresis.

Results: We detected l5 hemizygous deletions ofone or more exons, and 2 hemizygous duplications, as well as

6 heterozygous deletion and 3 heterozygous duplications. In 3 hmilies deletion or duplication was inherited
from the mothec and in 2 families it was probably de novo deletion, because mother was not the carrier of the

muation.

Conclusion: Due to the large number ofexons that can be anallzed in one reaction, MLPA merhod represents

the gold standard for molecular diagnostics of DMD/BMD.
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VIEW OF ZAGREB

Pogled na Tagreb



Zagreb
Croatian lnstitute for Brain Research
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Your hotel "Dubrovnik" at Ban Jelacic Square
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Lotriiak: One of the oldest
medieval towers (13'h c.)

The most popular romantic
UpperTown promenade

with a view of the (ity

Old €ity Gradec

Baroque Palace of the
Vojkovi(-Oriid-Rauch familY

n the Matoi Street
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Gradec or Gornji grad Kaptol and The Zagreb Charedral
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Stone Gate
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King Tomislav Square with
park and monument to the first

Croatian King

History of Croats. Work of the
great sculptor lvan Meaittovi4

exhibited at the Atrium of the
Museum on Jesuit Square
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Croatian Academy of Science and Arts

Artisticallz wtought iron
fence of the palace in

Opati;ka Street, built in
1835.
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Mimara Museum
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Zrinjevac: Central Zagreb park
with musical pavilion and a
border of high plane-trees.
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University of Zagreb
founded in 1669
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CROATIAN STATE ARCHIVES is one ofthe most beautiful sites ofthe art nouveau architecture in
Croatia, built in 1 913 by the ar<hitect Rudolf Lubynski.

Modern Zagreb at night
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Zagreb Opera House
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Vatroslav Lisinski Concert Hall - Zagreb
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Mirogoj Cemetery frontage
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Welcome to Croatiztn Institute ftlr Brain Reseat'ch
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Mirogoj Cemetery Arcade
in Zagreb

I

I
l'-

!; 'I

I
I

t,tF -: --t r* ir,iI

f

1
t-,1

",

I

V
n

r-tPr. 1! . F.{RDEALI Pr. J.CHELLY



,,?,

-- 
E-,

M I INA
STOMATOL UA

VETERINA
FARMACUA
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Cankarova 13, Zagreb

www.medicinskanaktada.hr


