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Splicing

GU AGA
exon exonintron

splice donor splice acceptor
branch site

5’ 3’

GU AGA
exon exonintron

5’ 3’U1 U2

exon

intron

5’ GUU1 AU2 AG
exon

3’

exon
5’ AG

exon
3’

A

exon
5’

exon
3’

A
AG

A

U5

U4 U6

GUU1 AU2U5

U4 U6

GUU1 AU2U5

U4 U6

RNA lariat
splicosome

Friday, March 29, 13



Repeated Sequences
...GCGACACACACACACACAGT...simple sequence repeat
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Transposable Genetic 
Elements

8
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LINE 850,000 21
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Alu Sequences

Sen$SK,$et$al.$Am.$J.$Hum.$Genet.,!79:41'53,!2006!
!
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ENCODE Project
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ENCODE Findings
• annotated 20,687 protein-encoding genes

• average 6.3 alternatively spliced isoforms per gene

• 8,801 small RNAs; 9,640 long non-coding 
transcripts

• >80% genome transcribed in some cell type

• >400,000 enhancers and 70,000 promoters

Friday, March 29, 13



Non-Coding RNAs
tRNA transfer RNA protein synthesis

rRNA ribosomal RNA protein synthesis

snRNA small nuclear RNA splicing

snoRNA small nucleolar RNA RNA modification

miRNA micro RNA gene regulation

siRNA small interfering RNA viral defense

lncRNA long non-coding RNA gene regulation/unknown
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Long Non-Coding RNAs
• antisense

• intergenic

• sense overlapping

• sense intronic

• processed transcript

Nature'447:799,'2007'
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Genetic Variation
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Point Mutations
 
TCC CAA ATC GTC CCT CGA GTT 
  ser   gln   ile    val   pro    arg   val 
 
TCC CAG ATC GTC CCT CGA GTT 
  ser   gln    ile   val   pro    arg   val 
 
TCC CAA ATC CTC CCT CGA GTT 
  ser   gln    ile   leu   pro    arg   val 
 
TCC CAA ATC GTC GCT CGA GTT 
  ser   gln    ile   val    ala    arg   val 
  
TCC CAA ATC GTC CCT TGA GTT 
  ser   gln    ile   val   pro   stop 
 
TCC CAG AAT CGT CCC TCG AGT T 
  ser   gln   asn  arg   pro   ser   ser 

wild type sequence 

silent mutation 

conservative mutation 

non-conservative mutation 

stop mutation 

frameshift mutation 
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Indel

ATA-AAA-ACG-AAA-CTG-TGT-CAA-TTA-GTT-       
 Ile    Lys    Thr    Lys    Leu  Cys  Gln   Leu  Val                     

   ATA-AAA-ACG-TTC-AAT-TAG-TT-
    Ile    Lys    Thr   Phe  Asn  Stop

AAA-CTG-TG

T

delete

insert

normal sequence

mutant sequence
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Splicing Mutations
normal splicing

exon skip mutations

splice acceptor mutation

splice donor mutation

exon splice enhancer mutation

splice acceptor mutation

cryptic splice acceptor

truncated exon

splice acceptor mutation

cryptic splice acceptor

inclusion of intron in
processed mRNA

mutation creates new splice acceptor

cryptic splice acceptor (or donor) mutations
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Triplet Repeat 
Expansions

AUG$
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Multiexon Deletion
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transcript 
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out-of-frame exons 

large deletion juxtaposing!
in-frame exons 

shortened dystrophin – 
Becker dystrophy!

truncated !
dystrophin – 
Duchenne dystrophy 

normal dystrophin!

dystrophin gene – letters indicate different exons!

Numbers indicate 1st, 2nd, or 3rd position in a triplet codon 
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Chromosome 
Microdeletion

normal sequence
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LCR Mispairing
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DNA Repair
C G A G T T C A G C A 

G C T C A A G T C G T

C G A G T T C A G C A 

G C T C A A G T C G T

C                                   A 

G C T C A A G T C G T

C G A G T T C A G C A 

G C T C A A G T C G T

thymidine dimer cut by endonuclease bases removed 
by helicase new bases added

ligase

C G A G T T UU A G C A 

G C T C A A G T C G T

aberrant DNA base

C G A G T T        A G C A 

G C T C A A G T C G T

base removed 
by glycosylase

C G A G T T        A G C A 

G C T C A A G T C G T

sugar phosphate
removed by endonuclease

C G A G T T C A G C A 

G C T C A A G T C G T

replace base and ligate

Nucleotide Excision Repair

Base Excision Repair

newly synthesized strand

base mismatch nick in DNA strand

MutS protein MutL protein remove newly 
synthesized segment !ll in gap and ligate

Mismatch Repair
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Frequency of Mutation

If there are 108 sperm per ejaculate, in principle every base 
could be mutated in at least one sperm cell and each germ cell 

has around 10 mutations 
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Human Mendelian 
Phenotypes

h"p://omim.org/sta/s/cs/entry4

h"p://www.genome.gov/Pages/News/PaceofDiseaseGeneDiscovery.pdf:
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Approach to Genetic 
Disorders

Phenotype) Physiology)
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Genetic Linkage
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Polymorphism

11"

Polymorphism:"occurrence"of"at"least"two"alleles"at"a"locus"having"a"
frequency"of"at"least"1%"

Type" Descrip<on"

VNTR" 14A100"bp"repeat"unit"with"variable"number"
of"repeats"

STR" di,"tri,"tetranucleo<de"repeats"

SNP" Single"base"change"

CNV" Copy"number"varia<on"

Friday, March 29, 13



Linkage

Independent Assortment Complete Linkage

10% Recombination Likelihood Ratio
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LOD Analysis

θ

Family Sibs Recombinants Nonrecombinants 0 0.1 0.2 0.3 0.4
1 12 2 10 1.15 1.25 1.02 0.60
2 9 2 7  - ∞  0.39 0.96 0.58 0.36
3 8 2 6     - ∞

     - ∞

0.13 0.43 0.43 0.28
4 10 2 8  - ∞  0.64 0.84 0.73 0.44
5 7 1 6  - ∞ 0.83 0.83 0.65 0.38

Total - ∞ 3.14 4.31 3.41 2.0646   7 39
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Haplotype Analysis
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Linkage Disequilibrium

h"p://estrip.org/ar/cles/read//nypliny/449209
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Positional Cloning

!!

!!

!!
!!

!!

!!

Friday, March 29, 13



Genome Browser
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Candidate Genes

Nature Genetics 36, 400 - 404 (2004) 
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Massively Parallel 
Sequencing
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Exome vs. Genome 
Sequencing
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diseases. However, it provided only a proof of concept, as the causal 
gene for FSS had previously been identified10. A more recent report 
describes the application of exome sequencing to make an unantici-
pated genetic diagnosis of congenital chloride diarrhea3.

To evaluate the effectiveness of this strategy with a mendelian condi-
tion of unknown cause, we sought to find the gene for a rare multiple 
malformation disorder named Miller syndrome11, the cause of which 
has been intractable to standard approaches of discovery12. The clinical 
characteristics of Miller syndrome include severe micrognathia, cleft 
lip and/or palate, hypoplasia or aplasia of the posterior elements of the 
limbs, coloboma of the eyelids and supernumerary nipples (Fig. 1a,b). 
Miller syndrome has been hypothesized to be an autosomal recessive 
disorder. However, only three multiplex families, each consisting of 
two affected siblings born to unaffected, nonconsanguineous parents, 
have been described among a total of ~30 reported cases of Miller 
syndrome for which substantial clinical information is available11,13–17. 
Accordingly, there has been speculation that Miller syndrome is an 
autosomal dominant disorder18 and the rare occurrence of affected 
siblings is the result of germline mosaicism. Although we thought it 
likely that Miller syndrome is recessive, we also considered a dominant 
model of inheritance.

RESULTS
Exome sequencing identifies a candidate gene for Miller 
syndrome
We sequenced exomes in a total of two siblings with Miller syndrome 
(kindred 1 in Table 1) and two additional unrelated affected individu-
als (kindreds 2 and 3 in Table 1), totaling four affected individuals in 
three independent kindreds. An average of 5.1 Gb of sequence was 
generated per affected individual as single-end, 76-bp reads. After 
discarding reads that had duplicated start sites, we achieved ~40-fold 
coverage of the 26.6-Mb mappable, targeted exome defined by Ng et 
al.2 (Table 2). About 97% of targeted bases were sufficiently covered 
to pass our thresholds for variant calling. To distinguish potentially 
pathogenic mutations from other variants, we focused only on non-
synonymous (NS) variants, splice acceptor and donor site mutations 
(SS), and short coding insertions or deletions (indels; I), anticipating 
that synonymous variants would be far less likely to be pathogenic. 
We also predicted that the variants responsible for Miller syndrome 
would be rare and therefore likely to be previously unidentified. A 
new variant was defined as one that did not exist in the datasets used 
for comparison, namely dbSNP129, exome data from eight HapMap 
individuals sequenced in our previous study2, and both groups com-
bined (Table 1).

Each sibling (A and B) in kindred 1 was found to have at least a sin-
gle NS/SS/I variant in ~4,600 genes and two or more NS/SS/I variants 

in ~2,800 genes. In our dominant model, each sibling was required to 
have at least one new NS/SS/I variant in the same gene, and filtering 
these variants against dbSNP129 and eight HapMap exomes reduced 
the candidate gene pool ~40-fold compared to the full CCDS gene set. 
In our recessive model, each sibling was required to have at least two 
new NS/SS/I variants in the same gene, and the candidate pool was 
reduced >500-fold compared to the full CCDS gene set. Both siblings 
were predicted to share the causal variant for Miller syndrome, so 
we next considered candidate genes shared between them. Under our 
dominant model, this reduced the pool of candidate genes to 228, 
and under our recessive model, the number of candidate genes was 
reduced to 9.

a c

db

Figure 1  Clinical characteristics of an individual with Miller syndrome 
and an individual with methotrexate embryopathy. (a,b) A 9-year-old boy 
with Miller syndrome caused by mutations in DHODH. Facial anomalies 
(a) include cupped ears, coloboma of the lower eyelids, prominent nose, 
micrognathia and absence of the fifth digits of the feet (b). (c,d) A 
26-year-old man with methotrexate embryopathy. Note the cupped ears, 
hypertelorism, sparse eyebrows and prominent nose (c) accompanied by 
absence of the fourth and fifth digits of the feet (d). c and d are reprinted 
with permission from ref. 30.

Table 1  Direct identification of the gene for a mendelian disorder by exome resequencing
       Kindred 1-A     Kindred 1-B           Kindred 1 (A+B)             Kindreds 1+2           Kindreds 1+2+3

Filter Dominant Recessive Dominant Recessive Dominant Recessive Dominant Recessive Dominant Recessive

NS/SS/I 4,670 2,863 4,687 2,859 3,940 2,362 3,099 1,810 2,654 1,525

Not in dbSNP129 641 102 647 114 369 53 105 25 63 21

Not in HapMap 8 898 123 923 128 506 46 117 7 38 4

Not in either 456 31 464 33 228 9 26 1* 8 1*

Predicted damaging 204 6 204 12 83 1 5 0 2 0

Each cell indicates the number of genes with nonsynonymous (NS) variants, splice acceptor and donor site mutations (SS) and coding indels (I). Filtering either by requiring the 
presence of NS/SS/I variants in siblings (kindred 1 (A+B)) or of multiple unrelated individuals (columns) or by excluding annotated variants (rows) identifies 26 and 8 candidate 
genes under a dominant model and only a single candidate gene, DHODH, under a recessive model (light gray cells). Exclusion of mutations predicted to be benign using PolyPhen 
(row 5) increases sensitivity under a dominant model but excludes DHODH under a recessive model because a variant in kindred 1 is predicted to be benign. A single candidate 
gene is identified in kindred 1 under a recessive model and excluding benign mutations (dark gray cell), but this candidate is excluded in comparisons with unrelated cases of 
Miller syndrome. Mutations in this candidate, DNAH5, were found to cause a primary ciliary dyskinesia in kindred 1. The asterisk indicates that a second gene, CDC27, was also 
identified as a candidate gene, but this is due to the presence of multiple copies of a processed pseudogene that recurrently gave rise to a false positive signal in exome analyses.
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diseases. However, it provided only a proof of concept, as the causal 
gene for FSS had previously been identified10. A more recent report 
describes the application of exome sequencing to make an unantici-
pated genetic diagnosis of congenital chloride diarrhea3.

To evaluate the effectiveness of this strategy with a mendelian condi-
tion of unknown cause, we sought to find the gene for a rare multiple 
malformation disorder named Miller syndrome11, the cause of which 
has been intractable to standard approaches of discovery12. The clinical 
characteristics of Miller syndrome include severe micrognathia, cleft 
lip and/or palate, hypoplasia or aplasia of the posterior elements of the 
limbs, coloboma of the eyelids and supernumerary nipples (Fig. 1a,b). 
Miller syndrome has been hypothesized to be an autosomal recessive 
disorder. However, only three multiplex families, each consisting of 
two affected siblings born to unaffected, nonconsanguineous parents, 
have been described among a total of ~30 reported cases of Miller 
syndrome for which substantial clinical information is available11,13–17. 
Accordingly, there has been speculation that Miller syndrome is an 
autosomal dominant disorder18 and the rare occurrence of affected 
siblings is the result of germline mosaicism. Although we thought it 
likely that Miller syndrome is recessive, we also considered a dominant 
model of inheritance.

RESULTS
Exome sequencing identifies a candidate gene for Miller 
syndrome
We sequenced exomes in a total of two siblings with Miller syndrome 
(kindred 1 in Table 1) and two additional unrelated affected individu-
als (kindreds 2 and 3 in Table 1), totaling four affected individuals in 
three independent kindreds. An average of 5.1 Gb of sequence was 
generated per affected individual as single-end, 76-bp reads. After 
discarding reads that had duplicated start sites, we achieved ~40-fold 
coverage of the 26.6-Mb mappable, targeted exome defined by Ng et 
al.2 (Table 2). About 97% of targeted bases were sufficiently covered 
to pass our thresholds for variant calling. To distinguish potentially 
pathogenic mutations from other variants, we focused only on non-
synonymous (NS) variants, splice acceptor and donor site mutations 
(SS), and short coding insertions or deletions (indels; I), anticipating 
that synonymous variants would be far less likely to be pathogenic. 
We also predicted that the variants responsible for Miller syndrome 
would be rare and therefore likely to be previously unidentified. A 
new variant was defined as one that did not exist in the datasets used 
for comparison, namely dbSNP129, exome data from eight HapMap 
individuals sequenced in our previous study2, and both groups com-
bined (Table 1).

Each sibling (A and B) in kindred 1 was found to have at least a sin-
gle NS/SS/I variant in ~4,600 genes and two or more NS/SS/I variants 

in ~2,800 genes. In our dominant model, each sibling was required to 
have at least one new NS/SS/I variant in the same gene, and filtering 
these variants against dbSNP129 and eight HapMap exomes reduced 
the candidate gene pool ~40-fold compared to the full CCDS gene set. 
In our recessive model, each sibling was required to have at least two 
new NS/SS/I variants in the same gene, and the candidate pool was 
reduced >500-fold compared to the full CCDS gene set. Both siblings 
were predicted to share the causal variant for Miller syndrome, so 
we next considered candidate genes shared between them. Under our 
dominant model, this reduced the pool of candidate genes to 228, 
and under our recessive model, the number of candidate genes was 
reduced to 9.

a c
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Figure 1  Clinical characteristics of an individual with Miller syndrome 
and an individual with methotrexate embryopathy. (a,b) A 9-year-old boy 
with Miller syndrome caused by mutations in DHODH. Facial anomalies 
(a) include cupped ears, coloboma of the lower eyelids, prominent nose, 
micrognathia and absence of the fifth digits of the feet (b). (c,d) A 
26-year-old man with methotrexate embryopathy. Note the cupped ears, 
hypertelorism, sparse eyebrows and prominent nose (c) accompanied by 
absence of the fourth and fifth digits of the feet (d). c and d are reprinted 
with permission from ref. 30.

Table 1  Direct identification of the gene for a mendelian disorder by exome resequencing
       Kindred 1-A     Kindred 1-B           Kindred 1 (A+B)             Kindreds 1+2           Kindreds 1+2+3

Filter Dominant Recessive Dominant Recessive Dominant Recessive Dominant Recessive Dominant Recessive

NS/SS/I 4,670 2,863 4,687 2,859 3,940 2,362 3,099 1,810 2,654 1,525

Not in dbSNP129 641 102 647 114 369 53 105 25 63 21

Not in HapMap 8 898 123 923 128 506 46 117 7 38 4

Not in either 456 31 464 33 228 9 26 1* 8 1*

Predicted damaging 204 6 204 12 83 1 5 0 2 0

Each cell indicates the number of genes with nonsynonymous (NS) variants, splice acceptor and donor site mutations (SS) and coding indels (I). Filtering either by requiring the 
presence of NS/SS/I variants in siblings (kindred 1 (A+B)) or of multiple unrelated individuals (columns) or by excluding annotated variants (rows) identifies 26 and 8 candidate 
genes under a dominant model and only a single candidate gene, DHODH, under a recessive model (light gray cells). Exclusion of mutations predicted to be benign using PolyPhen 
(row 5) increases sensitivity under a dominant model but excludes DHODH under a recessive model because a variant in kindred 1 is predicted to be benign. A single candidate 
gene is identified in kindred 1 under a recessive model and excluding benign mutations (dark gray cell), but this candidate is excluded in comparisons with unrelated cases of 
Miller syndrome. Mutations in this candidate, DNAH5, were found to cause a primary ciliary dyskinesia in kindred 1. The asterisk indicates that a second gene, CDC27, was also 
identified as a candidate gene, but this is due to the presence of multiple copies of a processed pseudogene that recurrently gave rise to a false positive signal in exome analyses.
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To further exclude candidate genes containing nonpathogenic vari-
ants, we next compared the candidate genes from both siblings in 
kindred 1 to those in two unrelated individuals with Miller syndrome 
(kindreds 2 and 3). Using both dbSNP129 and the eight HapMap 
exomes as filters, comparison between the affected siblings in kindred 
1 and the unrelated case in kindred 2 reduced the number of candidate 
genes to 26 under our dominant model. Under the autosomal recessive 
model, this comparison revealed that only a single gene, DHODH, 
which encodes the enzyme dihydroorotate dehydrogenase, was a 
shared candidate. Thus, comparison of exome data from two affected 
siblings and one unrelated affected individual was sufficient to identify 
DHODH as the sole candidate gene for Miller syndrome under our 
recessive model. Comparison between the siblings in kindred 1 and the 
unrelated cases in kindreds 2 and 3 reduced the number of candidate 
genes to eight under a dominant model, while retaining DHODH as 
the sole candidate under the recessive model.

We calculated a Bonferroni-corrected P value for the null hypothesis 
of seeing no deviation from the expected frequency of two variants 
in the same gene in three out of three unrelated, affected individuals 
over the ~17,000 genes in CCDS2008. Assuming all genes are of the 
same length and have the same mutation rate, the rate of new NS/SS/I 
variants per gene was 0.0309 (~526 new NS/SS/I variants per 17,000 
genes). If the variants occur independently of one another, two vari-
ants occur in the same gene at a rate of (0.0309)2, or 9.57  10–4, so 
the P value is calculated as ((9.57  10–4)3  17,000), or ~0.000015. 
Hence, even after correcting for searching across all genes, the result 
remains highly significant.

We also (i) examined the effect on the size of the candidate gene list 
when analyzing the exomes of affected individuals in various pairwise 
or three-way combinations and (ii) examined the potential conse-
quences of genetic heterogeneity by relaxing selection criteria such 
that only a subset of the exomes of affected individuals were required 
to contain new variants in a given gene for it to be considered as a 
candidate gene (Table 3). Heterogeneity clearly increases the number 
of candidate genes that must be considered under any fixed number of 
exomes analyzed. However, this can likely be overcome by the inclusion 
of a greater number of cases with mutations in the same gene.

Most variants underlying rare mendelian diseases either affect highly 

conserved sequence and/or are predicted to 
be deleterious. Accordingly, we also sought 
to investigate to what extent the pool of can-

didate genes could be reduced by combining variant filtering with 
predictions of whether NS/SS/I variants were damaging. This strategy 
further reduced the pool of candidate genes for each of the compari-
sons made previously (Table 1). However, DHODH was not identified 
as a candidate under a recessive model in any of these comparisons. 
Review of predicted biophysical consequences of DHODH variants 
revealed that the effect of one variant, G605A, found in both siblings in 
kindred 1, was classified as benign. As a result, DHODH was eliminated 
from further consideration as a candidate under a recessive model in 
kindred 1 and in all subsequent comparisons. However, because the 
other variant found in kindred 1, G454A, was predicted to be damag-
ing, as was every other new DHODH variant identified in this study, 
DHODH was still one of only two candidate genes for Miller syn-
drome under a dominant model in a comparison of kindreds 1, 2 and 3  
(Table 1). Nevertheless, the recessive model was favored over the domi-
nant model for Miller syndrome based on the observation that each 
case was a compound heterozygote for new DHODH mutations and 
five of six mutations were predicted to be damaging.

Combinatorial filtering supplemented by PolyPhen predictions ini-
tially identified a second candidate gene, DNAH5, in kindred 1 under 
a recessive model (Table 1). However, this candidate was excluded in 
subsequent comparisons to kindreds 2 and 3. DNAH5 encodes a dynein 
heavy chain found in cilia, and mutations in DNAH5 are a well-known 
cause of primary ciliary dyskinesia (PCD; MIM#608644), a disorder 
characterized by recurrent sinopulmonary infections, bronchiecta-
sis and chronic lung disease. This was of particular interest because 
some of the clinical findings in the siblings in kindred 1 are unique 
among reported cases of Miller syndrome. Specifically, both siblings 
have recurrent lung infections, bronchiectasis and chronic obstructive 
pulmonary disease for which they have received medical management 
in a specialty clinic for individuals with cystic fibrosis. Accordingly, 
exome analysis revealed that both siblings in kindred 1 have, in addi-
tion to Miller syndrome, PCD due to mutations in DNAH5.

Sanger sequencing of implicated gene
To confirm that mutations in DHODH are responsible for Miller syn-
drome, we screened three additional unrelated kindreds (three simplex 
cases) and an affected sibling in kindred 2 by directed Sanger sequenc-
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Figure 2  Genomic structure of the exons 
encoding the open reading frame of DHODH. 
DHODH is composed of nine exons that encode 
untranslated regions (UTR) (orange) and protein 
coding sequence (blue). Arrows indicate the 
locations of 11 different mutations found in 6 
families with Miller syndrome.

Table 2  Summary statistics for exome sequencing of four individuals with Miller syndrome
   Sequencing reads     Called coverage

Kindred-sibling Total Uniquely mapping Overlapping target Nonduplicated Mean coverage Called bases % of CCDS

1-A 62,974,440 52,854,115 25,267,592 17,872,660 36.85 25,720,216 97

1-B 72,539,306 61,940,123 40,335,280 21,971,509 44.24 25,825,104 97

2 63,839,828 55,022,098 29,987,198 19,686,779 40.31 25,790,427 97

3 68,690,600 57,970,901 36,180,596 19,649,281 39.81 25,617,361 96

The total number of unpaired 76-bp sequencing reads per individual is reported (total), along with the number that map uniquely to the human genome (uniquely mapping, 
Maq map score > 0), the number that overlap at least one base of the target space (overlapping target) and the number left after removing reads with duplicate start sites 
(nonduplicated). Mean coverage over the whole of CCDS2008 is also given. Called bases refer to bases passing quality and coverage thresholds (Maq consensus quality 20 and 
read depth 8 ). % of CCDS refers to the fraction of the mappable 26.6 Mb of CCDS2008 (that is, masked for poorly mappable coordinates, as described in Ng et al.2) that is 
called in each exome.

Ng, S., et al.  Nature Genetics 2010;42:30  
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