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Since the introduction of NGS, no. of genes implicated in single gene 
disorders has doubled, from ~2000 in 2007 to >4000 in 2014

(from: E.Check-Hayden, Nature 2009)



... because for most common diseases, GWAS has failed to 
identify genetic markers that are of diagnostic relevance  

(from: H.H. Ropers, Am J Hum Genet 81:199, 2007)

- Important role of non-genetic factors (life style [e.g., obesity], epigenetic and 
stochastic factors)

- Most risk alleles are evolutionarily young because of purifying selection (e.g., due 

to highly reduced reproductive fitness, as in ID, autism and SZ); for many common 
diseases, common risk factors cannot exist

- Complex disorders are often heterogenous, not multifactorial (many 
different gene defects cause the same phenotype; true for intellectual disability, but also 
blindness, deafness, autism, schizophrenia, epilepsy etc.)



(Proc Natl Acad Sci USA, early ed., Jan. 2012)

‘Phantom Heritability’ Indicates
Poor Predictive Value of Gene Tests

(Independent Science News, Jan. 10, 2012)

The Emperor is naked!

While prominent supporters of the CD/CV hypothesis have changed their mind about GWAS... 



’Since the >370 authors of this article did not consider reduced reproductive 
fitness as a possible confounder of their meta-analysis, their conclusions 
about the genetic relationship between 5 psychiatric disorders should be 
interpreted with caution.’

HHR, Letter to the Editor, submitted)
子 曰：
Zi(3) yue(1):

眾 惡 之 必 察 焉； 眾 好 之, 必 察 焉。
zhong(4)wu(4)zhi(1), bi(4)cha(2)yan(1); zhong(4)hao(3)zhi(1), bi(4) cha(2)yan(1)

“What the masses condemn, examine critically;  what the masses praise, examine critically.”
(with thanks to Joe Terwilliger, 2011)

... others go on undeterred.......



Am J Hum Genet 93:1072, 2013

‘…..Thus, we could reject a model for the genetic architecture  of type 2 
diabetes where rare non-synonymous variants clustered in a modest number 
of genes (fewer than 20)  are responsible for the majority of disease risk.’

Editorial: ‘…..Although these findings might be seen as discouraging, they 
should be informative for the design and interpretation of future sequencing-
based studies.’

And yet others intend to replace GWAS by genome sequencing to detect major 
genes, not markers, in common diseases- a good idea?

et al

(Ropers, MPIMG 2014)s



Prevalence ~ 2 % (A);
(severe MR [IQ <50]: ~0.4%; (B))

ID (IQ <70): a major socio-economic burden
(lifetime costs 1-2M US$; accounts for 11% of all disease-related costs in 
males, Roeleveld 1998, Gustavsson et al, 2011; most frequent reason for 
referral to genetic services, see also Yang et al, NEJM 2013)

Ropers, MPIMG  Berlin, 2013)



Severe intellectual disability (ID) in Western societies: 
mostly due to single genetic causes 

20-25% chromosomal rearrangements (cytogenetically visible 
and submicroscopic ones) 

10-12% X-linked forms (single gene defects or small del/dups, 
many already known) (Ropers & Hamel, Nat Rev Genet 2005)

16-31% dominant de novo mutations (Rauch et al, Lancet 2012; de Ligt
et al, NEJM 2012)

12-24% recessive defects (Musante & Ropers, TIGS 2013)

~ 25 (8-42) % other (non-exonic, di- or oligogenic, multifactorial, 
maternal alcohol abuse). Other non-genetic causes (e.g. perinatal 
hypoxia, infections, malnutrition) are rare (e.g., see Ropers, Annu Rev 
Genomics Hum Genet 2010)

MPIMG Berlin 121013



Array-based Comparative Genomic Hybridization (Array-CGH)

Potent method to detect copy number  variants 
(CNVs, i.e., deletions or duplications) in clinically

‚suspicious‘ patients
Covered by Statutory German Health Insurance, 

GOP11500, worth 1221.60 €, since Oct. 1st, 2013

Has revealed >200 recurrent, disease-linked CNVs, often with specific 
phenotypes. Account for  ~ 1/3 of the cases (mostly due to non-homologous 
pairing and recombination between flanking repeated sequences), but most disease-
linked CNVs are non-recurrent and unique

Some CNVs are disease-causing, others predispose to disease, with high 
odds ratios (OR)

MPIMG Berlin, 101113



Intellectual 
Disability
Ullmann et al. 2007
Hannes et al. 2009
Mefford et al., 2009

Epilepsy
Mefford et al., 2010
Heinzen et al., 2010
De Kovel et al., 2010

Schizophrenia
Ingason et al., 2011

Magri et al., 2010
Ikeda et al., 2010
Kirov et al., 2009

ADHD
Williams et al., 2010

Autism
Ullmann et al. 2007
Hannes et al. 2009

16p13.11

Deletion

Duplication

LIS1 (PAFAH1B)

NDE1

DISC1

16p13.11 deletions and duplications: among the most 
common CNVs seen in MR and related conditions (OR for ID: ~10)

(courtesy R. Ullmann, MPIMG Berlin 2011)



XLID genes identified by, or in collaboration with, the EURO-MRX 
Consortium (*1995; de Brouwer et al., 2007)

IGOLD Consortium: Sanger sequencing of ~all X-chromosomal genes 
reveals 9 novel XLID genes (Tarpey et al, 2009)
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XLID genes identified until 2009

(MPIMG Berlin, 2009)



Solexa/Illumina Genome Analyzer

High-throughput – low cost sequencing revolutionizes 
genome research and genetic health care

MPIMG Berlin, 2007(?)



Exon sequencing in 248 unrelated families reveals 13 
novel genes for X-linked intellectual disability; total 
no. of known XLID genes: 110

- Up to 70% of XLID families carry mutations in these genes

- Missing mutations may hide in UTRs, introns and extragenic 
regulatory regions 

- Total no. of ID genes: probably <155 ( based on no. of XLID genes 
identified by us and by Tarpey et al, Nature Genet. 2009)

(Kalscheuer et al, presented at the 15th Int. FraX and Mental Retardation Workshop, Berlin 2011)



(regulates gene for combined methylmalonic aciduria and 
homocystinuria on chr. 1p34)



Global Prevalence of consanguinity

Parental consanguinity (2nd cousins or closer): rare in industrialized 
countries, common in North Africa, Near and Middle East
2-3fold  elevated rate of miscarriages, developmental disorders, mental 
retardation, probably due to recessive gene defects
>8.5% of children worldwide have consanguinous parents

ID and other early-onset disorders are significantly more 
common in countries of the ‚consanguinity belt‘

http://www.consang.net/index.php/Image:Globalcolorsmall.jpg
http://www.consang.net/index.php/Image:Globalcolorsmall.jpg


~250 with non-syndromic MR:
(no other clinical feature, FraX negative,
normal karyotype)

>450 consanguineous Iranian 
families (>200 with 3 and more patients)

(Ropers et al, MPIMG Berlin, and H.Najmabadi et al, Tehran, 2014)
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Novel molecular defects underlying syndromic and non-syndromic ID

Gene Location Function Ethnicity Reference

GRIK2 6q16.3 Involved in the transmission of light signals from the retina to the hypothalamus, 
Involved in the maturation of microcircuits and network formation in brain areas Iranian

Motazacker MM et  al. 
Am J Hum Genet  2007; 

81: 792–798

TUSC3 8p22 Putative Mg2+ transporter, required for cellular Mg2+ uptake. Indispensable for 
normal vertebrate embryonic development.

Iranian, 
French

Garshasbi M et al. Am J 
Hum Genet 2008; 82, 

1158–1164

VLDLR 9p24 Part of the reelin signaling pathway, which is involved in neuroblast migration in 
the cerebral cortex and cerebellum

Iranian, 
Canadian, 
Turkish

Abbasi Moheb L et al. 
Euro J Hum Genet 
2008; 16: 270–273

TRAPPC9 8q24.3 Enhancer of the cytokine-induced NF-(kappa)B signaling pathway, having an 
essential function in post mitotic neurons as opposed to neural progenitors 

Iranian, 
Pakistani, 
Tunisian, 

Israeli

Mir A at al. Am J Hum 
Genet 2009; 85: 909-

915 

SRD5A3 4q12 Polyprenol reductase with a crucial role in N-linked protein glycosylation  that is 
required for converting polyprenol to dolichol.

Iranian, 
Emirati, 
Turkish, 
Polish

Kahrizi K at al. Euro J  
Hum Genet  

2011;19:115–117

ZC3H14 14q31.3 May contribute to control of gene expression in human cells through binding 
poly(A) RNA Iranian Pak CH et al., PNAS 

2011

ST3GAL3 1p34.1
Transfers sialic acid to terminal positions on the carbohydrate groups of 

glycoproteins and glycolipids that are key determinants for a variety of cellular 
recognition processes

Iranian Kuss  AW et al., Am J 
Hum Genet 2011

NSUN2 5p15.31
RNA methyltransferase that methylates tRNAs, and possibly RNA polymerase III 

transcripts. May act downstream of Myc to regulate epidermal cell growth and 
proliferation

Iranian Abbasi Moheb L et al., 
Am J Hum Genet 2012

ZNF526 19q13.2 Involved in transcriptional regulation, role in regulation of translation Iranian Abbasi Moheb L et al., 
ESHG  meeting 2011



Nature 478:57-63, Oct. 6th, 2011

Recent study quadruplicates the number of known genes 
for non-syndromic recessive mental retardation
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31

Drosophila

Human

ASCL1

Mouse

Follow-up: validation of ARID candidate genes; WGS in families without 
plausible variants; WES in second cohort (>300 consanguineous ARID 
families: no sign of saturation!)

(courtesy L. Musante and ‚Cougar‘ Hao Hu, MPIMG Berlin, 02/2014)



Next Generation Sequencing: three different flavors

-Panel Sequencing (PS)
Several dozen to several thousand genes, custom-made 
enrichment kits, very high coverage, very high sensitivity
and specificity, low costs (mostly < 1000 €), no 
‚unsolicited findings‘

-Whole Exome Sequencing (WES)
Exonic sequences of all ~22k protein-coding genes, 
Commercial kits available, coverage/sensitivity/specificity
lower than for PS, higher costs (>1500 €); not confined
to known genes, Trio-WES  novel mutations. 

-Whole Genome Sequencing (WGS)
Includes non-coding parts of all genes and intergenic 
regions; no enrichment - more even coverage. 
Attractive commercial services, but time-
consuming. Rapid sequencing protocols for NICU

April 29th , 2013
See Homepage
BBAW

MPIMG Berlin 101113



Clinical Whole-Exome Sequencing 
for the Diagnosis of Mendelian Disorders

(Yang et al,  NEJM 369:1502-1511, 2013)

‚First 250 consecutive probands for whom referring clinicians ordered whole-
exome sequencing..... Approximately 80% were children with neurologic 
phenotypes.‘

62 of these carried mutations in known disease genes ‘that were highly likely 
to be causative‘ (diagnostic success rate 25%), including 4 patients with two 
non-overlapping disorders.

66 diseases in total, 36 autosomal dominant (54,5%), 20 autosomal recessive 
(30.3%), 10 X-linked (15.2%). 



(Sci. Transl. Med. 2011)

‚Healthy individuals harbour on average 2.8 known 
recessive severe childhood disease mutations‘

‚27% of mutations cited in the literature are common 
polymorphisms or misannotated‘



‚Diagnostic‘ WES in 81 healthy volunteers reveals 271 presumably 
pathogenic autosomal recessive variants (3.3 per individual)

(PNAS online 2013)



In isolated patient with syndromic ID, WGS 
reveals de novo stop mutation in ‚novel‘ ASXL3 

gene; no other plausible change in entire genome

2nd patient identified by Baylor colleagues

Patients with Bohring-Opitz syndrome have de novo truncating mutations in
related ASXL1 gene – but not all...(Hoischen et al, Nature Genet 2011)

Promoting NGS as health care tool: 
partnering with parents and media



(Genome Med 2013)
(OMIM: ‚Bainbridge-Ropers syndrome‘) 





22.11.2013

* Myriad Genetics loses patents for breast cancer diagnosis, but market 
value of company soares – because of its publicity campaign highlighting 
the importance of its proprietary database for assessing the disease 
relevance of BRCA 1 and 2 mutations

* BGI, world-largest genome sequencing provider, announces plans to 
sequence 1 million patients (‚we will sequence the world‘). Motivation? 
Establishment of similar database, but covering all human genes? 
Commercial intentions? 



Medical genome sequencing and comprehensive databases:
Key to genetic diagnosis and drug development



‘Illumina’s new HiSeq XTen machine could slash cost of 
sequencing your genome to $1,000’ (January 14th, 2014)

- Novel sequencing system (price US$ 10 million), 4,5x reduction of genome sequencing costs
- Enormous capacity (18.000 genomes/year): ideal for National Genome Sequencing 

Center(s)
- Game changer for diagnosis of rare diseases: ‚sequencing first‘-strategy takes days or 

weeks, error-prone ‚syndromologist-first‘-protocol takes ~7 years (in D)
- Storage of all ‚novel‘ data in central database, waiting for ‚second case‘
- Stakeholders: Healthcare, Life Science, Pharmaceutical Industry – and Governments

(Ropers, MPIMG  Berlin 2014)



~4000 (out of 15.000?) genes implicated in single gene 
disorders: miles to go before we sleep..... 

-‚Genomics England‘(2013-2018): governmental disease-focused 
100k genome project (rare diseases, cancer, infectious diseases); 
a role model? 

- BGI/Complete Genomics plans to perform diagnostic whole-
genome sequencing in 1 million patients (Huanming Yang, ASHG
Boston, 2013) ; Wang Jun‘s plans for largest database, aim: drug
development (South China Morning Post, Dec 16th, 2013)

- introduction of deep seqencing as first-line diagnostic test! One 
central WGS facility with central database serving/run by all 
medical genetics centers at university hospitals, which in turn 
serve as reference centers for other geneticists and specialists

MPIMG Berlin, 190514



Take-home messages

- Common diseases are very heterogeneous  studying large cohorts to 
identify major genetic determinants of disease does not make much sense. 
Most families different genetic entities, to be studied separately

- Genetic defects that do not cause, but predispose to disease (e.g., 16p13.11 
deldups, truncating ASXL3 mutations in Bainbridge-Ropers syndome and healthy individuals)
are likely to be common; major problem for genetic counseling

- WGS for 1000$: implementation as ‚one size fits all‘, first-line diagnostic test 
for all patients with unclear, possibly genetic conditions will immediately solve 
~30% of the cases and dramatically shorten time to diagnosis

- Strong arguments for concentration at central facility serving all medical 
centers (quality and cost control; one central database for variants of unknown  
significance; prerequisite for identification of novel disease-causing variants and disease 
genes)

MPIMG Berlin 190514



Hans-Hilger Ropers, NRC Handelsblad, October 2012

Nature, October 2013





Why not elucidate all monogenic disorders?

Because it is doable, affordable and  immediately beneficial for the relevant families  (family planning, prevention).
Costs can be estimated fairly accurately, much lower than previous GWAS . Splitting costs between Ministries of Health 
and Research should be an option.

In the medical genome sequencing era, elucidation of genetic defects is possible without large  affected families, which are 
rare both in China and in Germany. 

A gene by gene approach like this has a defined start, a defined end , and most involved will live to see its results. 

Still, complexity will pop up everywhere (e.g., incomplete penetrance of many ‚disease-causing  defects‘;  already observed 
in CNVs;  why are males more often affected than females; different manifestations in different populations). Mutations in 
non-coding sequences (introns, UTRs, non-coding RNA genes, intergenic regions)  requiring particularly ‚telling‘ specific  
phenotypes for their identification. Along the same lines: gene-gene interactions, gene regulation.

Phenotyping is much easier in humans than e.g., in mice (where genes are being knocked out in systematic fashion) ;  
requires no additional effort;  model organisms have often different phenotypes or are not affected at all

It will instill blood into Personal Medicine, predictive diagnosis is presently confined to monogenic disorders, cancer and 
pharmacogenetic traits; 

Will shed light on the function of many human genes, often with immediate consequences for drug development , unlike 
associated markers  for complex disorders which have no functional  significance.

Will  also contribute to understanding of many common diseases with monogenic components.  Often life style  is  more 
important than genetic predispositions, and  in view of  the empirical evidence,  studying large cohorts by WGS is at least 
risky.



after Gustavsson  A  et al. (2011) , Eur Neuropsychopharmacol  21(10): 718 –779, Epub 2011 Sep 15 

Estimated indirect costs :  3 x 29,000 = 87,000

Brain disorders cost Europe almost €800 billion (US$1 trillion) a year —
more than cancer,  cardiovascular disease and diabetes put together.
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