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ABSTRACT

IDENTIFYING MODIFIER GENES IN SMA MODEL MICE

by
Weiting Xu

Spinal Muscular Atrophy (SMA) involves the loss of nerve cells called motor neurons in
the spinal cord and is classified as a motor neuron disease, it affects 1 in 5000-10000
newborns, one of the leading genetic causes of infant death in USA. Mutations in
the SMN1, UBA1, DYNC1H1 and VAPB genes cause spinal muscular atrophy. Extra
copies of the SMN2 gene modify the severity of spinal muscular atrophy. Mutations in
SMN1 (Motor Neuron 1) mainly causes SMA (Autosomal recessive inheritance).
SMN1 gene mutations lead to a shortage of the SMN protein and SMN protein forms
SMN complex which take part in sSnRNP biogenesis and pre-mRNA splicing. Without
SMN protein, motor neurons die, and nerve impulses are not passed between the brain
and muscles. As a result, some muscles cannot perform their normal functions, leading to
weakness and impaired movement. In this research, we used SMA model mice (LL
samples and Sever samples) to identify de novo mutations and modifiers operating in

SMA model mice.
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CHAPTER 1

INTRODUCTION

1.1 Objective and Methods
The objective of this study is to identify Modifier genes in SMA model mice. These tools
include FastQC, Bowtie 2, SAMtools, PICARD, GATK and snpEff. Several features such
as Mapping Reads, Alignment Manipulation, Variants Calling, Ti/Tv Ratio and
Annotation are taken into consideration.

For the Mapping Reads, a table was carried out based on the sequencing reads
alignment to reference sequences. Mapping short reads against a reference genome is
classically the first step of many next-generation sequencing data analyses, and it should
be as accurate as possible[5]. The purpose of mapping is to create an alignment file also
known as a Sequence/Alignment Map (SAM) file for each of samples. The SAM file will
contain one line for each of the reads in your sample denoting the reference sequence
(genes, contigs, or gene regions) to which it maps, the position in the reference sequence,
and a Phred-scaled quality score of the mapping. The SAM files can be used for samples
to extract gene expression information[1].

For Variants Calling, PICARD tools and GATK are taken into consideration.
There are 8 VCF files have been generated to identify sequence variants.

SnpEff is used in Annotation, it is an genetic variant annotation and effect

prediction toolbox. It annotates and predicts the effects of variants on genes (such as



amino acid changes). The inputs are predicted variants (SNPs, insertions, deletions and
MNPs). The input file is obtained as a result of a sequencing experiment, and it is in
variant call format (VCF). SnpEff analyzes the input variants. It annotates the variants

and calculates the effects they produce on known genes.

1.2 Background Information

Spinal muscular atrophy (SMA) is a progressive neurodegenerative disorder caused by
the loss of function of motor neurons[3]. The loss of motor neurons leads to weakness
and wasting (atrophy) of muscles used for activities such as crawling, walking, sitting up,
and controlling head movement. In severe cases of spinal muscular atrophy, the muscles
used for breathing and swallowing are affected.

Four main types of spinal muscular atrophy affect children before the age of 1.
Type | spinal muscular atrophy is a severe form of the disorder that is evident at birth or
within the first few months of life. Affected infants are developmentally delayed, most
are unable to support their head or sit unassisted and have difficulty breathing and
swallowing that may lead to choking or gagging and are unable to sit without support.

Type Il spinal muscular atrophy is characterized by muscle weakness that
develops in children between ages 6 and 12 months. Children with type 1l can sit without
support, although they cannot stand or walk unaided[1].

Type 11l spinal muscular atrophy has milder features that typically develop

between early childhood and adolescence. Individuals with type Il spinal muscular



atrophy can stand and walk unaided, but walking and climbing stairs may become
increasingly difficult. Many affected individuals will require wheelchair assistance later
in life[7].

The signs and symptoms of type IV spinal muscular atrophy often occur after age
30[8]. Affected individuals usually experience mild to moderate muscle weakness, tremor,
twitching, or mild breathing problems. Typically, only muscles close to the center of the
body (proximal muscles), such as the upper arms and legs, are affected in type 1V spinal
muscular atrophy[1][6].

Mutations in the SMN1, UBA1, DYNC1H1 and VAPB genes cause spinal muscular
atrophy. Extra copies of the SMN2 gene modify the severity of spinal muscular atrophy.

Mutations in the SMN1 (survival motor neuron 1) gene cause spinal muscular
atrophy types I, II, Ill, and IV. SMN1 gene mutations lead to a shortage of the SMN
protein. Without SMN protein, motor neurons die, and nerve impulses are not passed
between the brain and muscles. As a result, some muscles cannot perform their normal
functions, leading to weakness and impaired movement.

SMNL1 is the primary SMA-related gene. Approximately 95% - 98% of individuals
with a clinical diagnosis of SMA are homozygous for a deletion or gene
conversion of SMN1, typically determined by lack of exon 7 in both copies of SMN1.
Approximately 2% - 5% of individuals with a clinical diagnosis of SMA are compound
heterozygotes  for deletionof at leastSMNlexon7 and an  intragenic

inactivating mutation of SMNL1 that is detectable by sequence analysis[4]. Figure 2.1



shows how SMN21 mutation causes SMA.

Normal Individual SMN1 SMN2
SMN1 90% FL-SMN 10% FL-SMN
Ex7 SMN2 Ex7 transcript transcript;
&6 ] H &8 |y Exs [ H &8} —~ 90% SMN A7
Presente of ESE/ Disruption of ESE/ wAnsap
Absence of ESS Creation of ESS Translation
90% FL-SMN 10% FL-SMN
protein protein; SMN A7
protein degraded
Sufficient FL-SMN protein for survival
and maintenance of motor neurons
SMA Patient ot SMN2
SMN2 10% FL-SMN
Ex7 transcript;
P‘ Ex8 }_/—{ Ex6 I. S 90% SMN A7
Presence of ESE. Disruption of ESE/ transcript
Absence of ESS Creation of ESS Translation
10% FL-SMN
protein; SMN A7
protein degraded

Insufficient FL-SMN protein for survival
and maintenance of motor neurons;
SMA severity dependent on SMN2
copy number

Figure 2.1 The molecular basis of proximal spinal muscular atrophy depicting the two
major genes involved in the disease, SMN1, and the modifier, SMN2,

Source: Monani UR. (2005). Spinal muscular atrophy: a deficiency in a ubiquitous protein; a motor
neuron-specific disease. Neuron. 48(6), 885-96.



CHAPTER 2

DATASET

2.1 SMA Model Mice

In this paper experiment, there are eight samples which are divided into two families in
SMA model mice. We used LL samples (Long Live samples) and sever samples which
came from same parents pair for exome sequencing. Our LL and typical SMA mice are a
mix of the FVB/N and C57BL/6 strains of mice. FVB/N mice offer a system suitable for
most transgenic experiments and subsequent genetic analyses[10]. C57BL/6 is a
common inbred strain of laboratory mouse.lt is the most widely used "genetic
background" for genetically modified mice for use as models of human disease. Figure
2.2 shows our experiment for SMA Model Mice vs Control Mice within different time

range.



Figure 2.2 Appearance results within different time range.

Source: From our cooperation Columbia University Biology Lab

Figure 2.3 shows Kaplan-Meier survival curve analysis and it indicates a highly
significant effect of modifiers in an F1 intercross between C57BI/6 and FVB/N compared

to factors in FVB/N alone (2=7.4; P<0.005).
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Figure 2.3 Kaplan-Meier survival curve analysis.

Source: From our cooperation Columbia University Biology Lab

Table 2.1 shows the probability of LL mutants in each generation. The detailed

information about data in this experiment is

showed in Table 2.2. Family #1: UMO0L,

UMO02 and UMO03 are LL samples, UM05 and UMO7 are sever samples. Family #2:

UM11 and UM12 are LL samples, and UM13 is sever sample.

Table 2.1 Probability of LL Mutants in Each Generation

Generation Probability of LL Mutants Number of Samples
Per All Mutants
F1xF1 4% 1 out of 25
F2xF2 13.3% 6 out of 45
F3xF3 27.9% 19 out of 68

If modifiers works as autosomal

recessive manner,

1 modifier become

homozygous 25%, 2 modifiers become homozygous 6.25%, 3 modifiers become



homozygous 1.56%.
1. In F1xF1 generation, the probability of LL is 4%. Therefore, we estimated that at
least 2 modifiers (most likely 3 modifiers) are existing is LL mutants.

2. In F2xF2 and F3xF3 generations, probability of LL was increased due to the
biased selection of breeding pairs (the breeding pair which produce LL mice were
more frequently used for breeding.)

3. In F3xF3 generation, probability of LL is above 25%. This is indicating that 2
modifiers (if 3 mods exist) might be already homozygously fixed in breeding pair.

Table 2.2 Description of the SMA Model Mice

LL Samples Sever Samples
Family #1 uMo01, UMO02, UMO03 UMO05, UMO07
Family #2 UM11, UM12 UM13




CHAPTER 3

ALIGNMENT AND COUNTS

3.1 Mapping Reads
Bowtie 2 is an ultrafast and memory-efficient tool for aligning sequencing reads to long
reference sequences. It is particularly good at aligning reads of about 50 up to 100s or
1,000s of characters, and particularly good at aligning to relatively long genomes. Bowtie
2 is often the first step in pipelines for comparative genomics, including for variation
calling, ChlP-seq, RNA-seq, BS-seq. Multiple processors can be used simultaneously to
achieve greater alignment speed.

We use Bowtie 2 for aligning our mouse data to mm9 fasta reference data and
select reads that have a mapping quality of 20 or better (DP > 20) and then count the
amount of those mapped reads and save it in the Table 3.1 Amount of mapped reads. Next
step we use SAMtools to count the amount of mapped reads in target region which
named S0276129 Regions bed file download from SureDesign website and we save the
count number in the Table 3.1 Amount of mapped reads in target region. SAMtools
provide various utilities for manipulating alignments in the SAM format, including

sorting, merging, indexing and generating alignments in a per-position format.



Table 3.1 Summary of the Mapping Reads

ID Amount of mapped reads Amount of mapped reads
in target region
UMo01 48055975 36786262
UMO02 45410389 30674883
UMO03 59372714 47783279
UMO05 42657431 34684432
UMOo7 40806247 30727583
umil 41675811 31039464
UmM12 62132734 48285532
UM13 40781358 31228352

3.2 Evaluation by Ti/Tv Ratio

Ti/Tv ratio is also known as Transition-Transversion ratio. This is a ratio of the number of
transition to transversion substitutions that appear to have occurred since two sequences
separated from a common ancestor. It is also the average rate of transition versus
transversion substitutions in a dataset. What’s more, Ti/Tv ratio is a value, estimated by
reference to a tree that describes the average rate of transition to transversion
substitutions during the evolutionary period covered by the tree. Estimation of the ti/tv
rate bias is important not only to our understanding of the patterns of DNA sequence
evolution, but also to reliable estimation of sequence distance and phylogeny
reconstruction[9].

The Figure 3.2 is an illustration. AG, CT pairs are defined as transitions, while
other pairs are considered as transversions. The Table 3.2 we calculate variants Ti/Tv

Ratio in target region (S0276129 Regions bed file). Expected human Ti/Tv ratio for

10



whole-genome is 2.1 and for whole-exome is 3.0, FP SNPs should have a Ti/Tv of 0.5.
Note that these expectations are only for individual sequencing data. It may not be held
for pooled sequencing data. There is no expected Ti/Tv ratio for mouse now so we just

calculate it for a reference.
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Figure 3.2 Definition of transitions and transversions.

Source: http://en.wikipedia.org/wiki/Transversion Transversion on Wikipedia
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Table 3.2 Ti/Tv Ratio

ID Ti/Tv Ratio in target region
UMo1 2.879739
UMO02 1.754267
UMO03 2.790435
UMO05 2.889236
uMOo7 2.750107
UM11 2.224619
uM12 2.329107
UM13 2.121361

12



CHAPTER 4

RESULTS

4.1 Alignment Manipulation and Variants Calling

After we finish the alignment mapping, the next step is to do the alignment manipulation
and variants calling. We utilize several PICARD tools to summarize the alignments and
use GATK to analyze data. We have 8 VCF files which contains specific variants after
these steps. The Table 4.1 shows the description of each column in VCF file.

Picard comprises Java-based command-line utilities that manipulate SAM files,
and a Java APl (HTSJDK) for creating new programs that read and write SAM files. Both
SAM text format and SAM binary (BAM) format are supported. We choose several

PICARD tools:

1. CollectAlignmentSummaryMetrics, it reads a SAM or BAM file and writes a file
containing summary alignment metrics.

2. MarkDuplicates, it examines aligned records in the supplied SAM or BAM file to
locate duplicate molecules. All records are then written to the output file with the
duplicate records flagged.

3. AddOrReplaceReadGroups, it replaces all read groups in the INPUT file with a
new read group and assigns all reads to this read group in the OUTPUT. Note that
this step is required by the latest GATK, which no longer supports SAM files
without read groups.

4. BuildBamIndex, generates a BAM index (.bai) file using PICARD.

After the PICARD we do the Variants Detection by GATK. The Genome Analysis

Toolkit (GATK) is a software package developed at the Broad Institute to analyze

13



next-generation sequencing data. The toolkit offers a wide variety of tools, with a primary
focus on variant discovery and genotyping as well as strong emphasis on data quality

assurance. It consists of the following steps:

1. Call variants by UnifiedGenotyper, we use the GATK Unified Genotyper to detect
variants, which is based on a Bayesian genotype likelihood model. The variant
calls are stored in VCF (Variant Call Format).

2. Select variants from a VCF source, a VCF containing many samples and/or
variants will need to be subset in order to facilitate certain analyses (e.g.
comparing and contrasting cases vs. controls). SelectVariants can be used for this
purpose. Given a single VVCF file, one or more samples can be extracted from the
file (based on a complete sample name or a pattern match). Variants can be further
selected by specifying criteria for inclusion. In this experiment we use
SelectVariants to select variants which has “DP > 20 (depth of coverage greater
than 20x).

3. We use intersect function to select variants in target region (S0276129_Regions
bed file). The variant calls are stored in VCF.

Table 4.1 Description of Each Column in Output VCF File

VCF Column Description
1st chromosome number
2nd snp location
3rd ID: unique identifier
4th reference base
5th sample base
6th phred-scaled quality score
7th filter
8th Additional information

14



4.2 Annotation

We use those variants that have DP>20 (depth of coverage greater than 20x) and
intersected reads in target region (S0276129 Regions bed file) to do annotate. We chose

snpEff tool.

SnpEff is a variant annotation and effect prediction tool. It annotates and predicts
the effects of variants on genes (such as amino acid changes). The inputs are predicted
variants (SNPs, insertions, deletions and MNPs). The input file is usually obtained as a
result of a sequencing experiment, and it is usually in variant call format (VCF). SnpEff
analyzes the input variants. It annotates the variants and calculates the effects they
produce on known genes (e.g. amino acid changes). SnpEff updates the header of the
VCF file to reflect additional fields. It also adds the command line options used to
annotate the file as well as SnpEff's version, so we can keep track of what exactly was

done.

4.3 Filtering

We use previous variants VCF file to do filtering to find those variants that will impact
protein functions and follow inheritance model (recessive model). The most recent
analysis which our cooperative team members carried out using a panel of 1500 SNPs at
the Jackson Labs suggests that there is a major modifier of the SMA phenotype on

chromosome 9 of the mouse genome. Accordingly, we have been scouring the genes in

15



this region for variants between FVB/N and C57BI6 for further clues. One caveat of this
strategy is that the modifier arise de novo in our colony of mice. If this is the case, we
will miss it by simply comparing sequences in the publicly available databases. In
essence then, the idea would be to compare sequence variants (initially only protein
coding) on chromosome 9 in our long-lived mice using C57BI6 as the reference sequence
on the one hand and FVB/N as the reference sequence on the other. Anyde
novo alterations in our mice would then become apparent and can be combined with our
SNP analysis data to further home in on potential individual modifiers. Then, the idea

consists of the following steps:

1. Identify chromosome 9 variants in LL samples, i.e., UMO01, UM02, UMO03, UM11,
UM12. Limit these to variants that either alter the coding sequence of the protein
or the splice sites of the gene. So we select chr 9 first from variants get from
Annotation in LL samples and then we select missense variant and
splice_region_variant.

2. Determine which of the above variants are common to all LL samples.

3. ldentify chromosome 9 variants in all typical samples, i.e., UMO05, UM07, UM13.
Limit these to variants that either alter the coding sequence of the protein or the
splice sites of the gene. So we select chr 9 first from variants get from Annotation
in typical samples and then we select missense_variant and splice_region_variant.

4. Determine which of the variants identified in step 3 are common to all typical
samples.

5. Identify which of the variants in step 3 are present only in the typical samples and
not in the LL samples. Further identify which of the variants from step 1 are
present in all or a majority of the LL samples but absent in the typical samples.
Here we use R packages to do the intersection and set difference. The Table 4.3
shows variants present only in the typical samples and not in the LL samples; The
Table 4.4 shows variants present in all LL samples but absent in the typical
samples.

16



6. Using variants identified in step 1, determine which of the variants in the LL mice
derive from the FVB/N strain of mice.

7. Remove variants identified in step 1 that derive from the FVB/N strain. This will
leave variants that are most likely de novo mutations, i.e., those that arose in in
our colony of mice. The Table 4.5 shows variants that are most likely de novo
mutations.

8. Determine which of the possible de novo mutations identified in step 7 are
common to all LL samples. Identify which, if any, of these are also present in
the typical samples. The Table 4.6 shows possible de novo mutations identified in
step 7 are common to all LL samples and are also present in the typical samples.

17



CHAPTERS

CONCLUSION
Our LL and typical SMA mice are a mix of the FVB/N and C57BI/6 strains of mice.
Based on our mapping studies and on the incidence of the LL mice, we expect a total of
2-3 modifiers at least one of which is recessively inherited.

As expected, from Table 4.3 we found 55 variants, 18 variants in UMO05, 5
variants in UMO7 and 32 variants in UM13. From Table 4.4 we found 335 variants, 5
variants in UMO01, 224 variants in UMO02, 7 variants in UMO03, 5 variants in UM11 and 94
variants in UM12. From Table 4.5 we found 506 variants, 70 variants in UMO01, 243
variants in UMO02, 20 variants in UMO03, 62 variants in UM11 and 111 variants in UM12.
And from Table 4.6 we only found 2 variants left, these two are possible de novo

mutations and modifiers operating in SMA model mice.

18



APPENDIX A

POSSIBLE de novo MUTATIONS AND MODIFIERS OPERATING IN SMA
MODEL MICE

Possible de novo mutations and modifiers operating in SMA model mice are provided in

the following Tables.

Table A.1 UMO7 Variants Present Only in the Typical Samples and not in the LL
Samples

UMO07
#CHROM POS Gene_Name REF ALT
chr9 49213127 Drd2 C A
chr9 55062707 Fbxo022 C G
chr9 78179006 Gsta2 A C
chr9 87134697 Cepl62 G A
chr9 103917649 Nphp3 T A

19



Table A.2 UMO05 Variants Present Only in the Typical Samples and not in the LL
Samples

UMO05
#CHROM POS Gene_Name REF ALT
chr9 38238446 OIfro0l C G
chr9 56108186 Peakl C A
chr9 56108188 Peakl C T
chr9 86489810 Mel A G
chr9 92164821 Plscrl G C
chr9 95582036 Pcolce2 G A
chr9 95593325 Pcolce2 T C
chr9 95765989 Atr C G
chr9 96233950 Atplb3 C T
chr9 96234031 Atplb3 T C
chr9 96234041 Atplb3 C T
chr9 96587156 Zbth38 G A
chr9 96587405 Zbth38 C T
chr9 97355119 Clstn2 A C
chr9 97355144 Clstn2 T G
chr9 99231120 Esyt3 C T
chr9 100386717 1120rb A T
chr9 101831601 Ephbl C T

20



Table A.3 UM13 Variants Present Only in the Typical Samples and not in the LL

Samples
UM13
#CHROM POS Gene_Name REF ALT
chr9 19180243 OlIfr847 G C
chr9 19180247 OlIfr847 A T
chr9 19180248 OlIfr847 G T
chr9 20065163 OlIfr872 C G
chr9 23203898 Bmper T A
chr9 37892652 OlIfr887 T G
chr9 37892653 OIfr887 A G
chr9 37892654 OIfr887 A T
chr9 37892655 OIfr887 C T
chr9 39647108 OIfr971 C T
chr9 39647114 OIfra71 C T
chr9 39681067 OIfr972 T A
chr9 39681072 OIfr972 C G
chr9 39681073 OIfr972 T G
chr9 44317448 Bclol A T
chr9 45510729 Dscamil G T
chr9 45510731 Dscamil A T
chr9 48823237 Usp28 G T
chr9 54863461 Chrna3 G T
chr9 55285397 Al118078 C T
chr9 59513732 Pkm C T
chr9 59513733 Pkm G C
chr9 65642524 Zfp609 C T
chr9 89862738 Rasgrfl C A
chr9 92161439 Plscrl G A
chr9 95609223 Trpcl A T
chr9 100397792 Nckl C A
chr9 103183362 1300017J02Rik C A
chr9 103183365 1300017J02Rik C A
chr9 106760944 Vprbp C A
chr9 108009008 Bsn C T
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Table A.4 UMO1 Variants Present in all LL Samples but Absent in the Typical Samples

UMO01
#CHROM POS Gene_Name REF ALT
chr9 32064570 Arhgap32 C G
chr9 79991493 Senp6 A G
chr9 87141166 Cepl62 T C
chr9 90120887 Thcld2b T C
chr9 122834341 Zfpl05 A C

Table A.5 UMO03 Variants Present in all LL Samples but Absent in the Typical Samples

UMO03
#CHROM POS Gene_Name REF ALT
chr9 20867155 Zglpl C A
chr9 56108190 Peakl C T
chr9 61804006 Paqrb C A
chr9 75195821 Bcl2l10 G A
chr9 75238180 Mapk6é G T
chr9 75238181 Mapk6é G C
chr9 1.23E+08 Zfp105 A C
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Table A.6 UMO02 Variants Present in all LL Samples but Absent in the Typical Samples

UMO02
#CHROM POS Gene_Name REF ALT
chr9 4330888 Kbtbd3 G A
chr9 5321472 Casp4 G T
chr9 5321474 Casp4 C T
chr9 6265244 Ddil C A
chr9 6265245 Ddil A C
chr9 7005535 Dync2hl C G
chr9 7005537 Dync2hl A T
chr9 7142292 Dync2hl C A
chr9 7451731 Mmp3 T A
chr9 7854589 Birc3 C T
chr9 8099848 AK129341 T A
chr9 8652980 Trpc6 G A
chr9 8652983 Trpc6 C A
chr9 9673889 Cntn5 C T
chr9 14604060 Mrella G T
chr9 15122153 Cep295 T A
chr9 15127320 Cep295 G A
chr9 15136690 Cep295 G T
chr9 15136691 Cep295 G A
chr9 15136693 Cep295 T A
chr9 15136694 Cep295 G A
chr9 15140072 Cep295 T A
chr9 15140073 Cep295 C G
chr9 15140075 Cep295 T G
chr9 15719744 Fat3 G T
chr9 15719745 Fat3 G A
chr9 15808505 Fat3 G A
chr9 18105499 Chordcl G A
chr9 18183070 Naalad2 C A
chr9 18249145 Mbd312 G T
chr9 18289497 Mbd311 C T
chr9 18620250 OlIfr828 C A
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19905202
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20576761
20813042
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24279840
31137256
31217945
31217947
32056163
32064402
32203916
35019942
37044551
37833933
38017436
38017438
38137762
38256498
38256501
38256966
38257198
38324354
38401852
38401853
38402124
38402127
38480786

OIfr832
OIfr854
OIfr859
OIfr859
OIfr859
Olfr77
Olfr77
OIfr868
OIfr872
Col5a3
Mrpl4
Mrpl4
Icaml
Dpy19I1
Prdm10
Nfrkb
Nfrkb
Arhgap32
Arhgap32
Kcnjl
Srpr
Slc37a2
OIfr883
OIfr893
OIfr893
OlIfr25
OIfro02
OIfro02
OIfro02
OIfro02
OIfro08
OIfr913
OIfra13
OIfr913
OIfr913
OIfr918
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Ice2
Ice2
Bnip2
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Table A.7 UM11 Variants Present in all LL Samples but Absent in the Typical Samples

UMi11
#CHROM POS Gene_Name REF ALT
chr9 32064570 Arhgap32 C G
chr9 79991493 Senp6 A G
chr9 87141166 Cepl62 T C
chr9 90120887 Thcld2b T C
chr9 1.23E+08 Zfp105 A C
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Table A.8 UM12 Variants Present in all LL Samples but Absent in the Typical Samples

UM12
#CHROM POS Gene_Name REF ALT
chr9 3458760 Cwf19I12 G A
chr9 4472124 Gria4 G A
chr9 4472125 Gria4 C A
chr9 6265403 Ddil C A
chr9 7447622 Mmp3 T A
chr9 7447625 Mmp3 A C
chr9 14888710 Hephll A G
chr9 18679785 OIfr830 G C
chr9 18680357 OIfr830 C A
chr9 18680364 OIfr830 A T
chr9 18839764 OIfr835 T A
chr9 19905445 OIfr868 G A
chr9 20090340 OIfr39 C T
chr9 37663042 Olfr877 C A
chr9 37705250 OlIfr145 A T
chr9 37705253 OlIfr145 A G
chr9 37705255 OlIfr145 A T
chr9 37727015 OIfr878 T A
chr9 37892427 Olfr887 G A
chr9 37892918 OIfr887 A T
chr9 37892919 OIfr887 C T
chr9 37916766 OIfr888 G C
chr9 37916769 OIfr888 G A
chr9 37916770 OIfr888 C A
chr9 37916773 OIfr888 G T
chr9 37916774 OIfr888 C G
chr9 38017396 OIfr893 T A
chr9 38061670 OlIfr143 A G
chr9 38061709 OlIfr143 G A
chr9 38137186 OlIfr25 G A
chr9 38137187 OlIfr25 C T
chr9 38156679 OIfr898 A C
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Table B.9 UMOL1 Variants Are Most Likely de novo Mutations

UMo1
#CHROM POS Gene_Name REF ALT
chr9 32256985 Arhgap32 C G
chr9 55209076 Fbxo022 G A
chr9 55209101 Fbxo22 G T
chr9 55209382 Fbxo22 G A
chr9 55221070 Fbxo22 A C
chr9 55221151 Fbxo22 G T
chr9 75388680 Mapk6 T A
chr9 78053997 Geml C T
chr9 78377563 Ooep C T
chr9 79647575 Col12al A G
chr9 80093551 Senp6 G C
chr9 80116600 Senp6 A C
chr9 80130844 Senp6 G C
chr9 80143686 Senp6 A G
chr9 80316176 Impgl G T
chr9 80394203 Impgl T A
chr9 80465254 Impgl C A
chr9 80465281 Impgl C A
chr9 85719091 Ibtk A G
chr9 85732671 Ibtk C A
chr9 85844637 Tpbg C T
chr9 85844843 Tpbg C A
chr9 86502989 Dopeyl G A
chr9 86562676 Pgm3 C G
chr9 86586988 Mel C T
chr9 86815426 Snap91 A G
chr9 87040451 Cybb5r4 A G
chr9 87057232 Cyb5r4 G A
chr9 87058957 Cyb5r4 G A
chr9 87217153 Cepl62 T C
chr9 87220446 Cepl62 T C
chr9 87225720 Cepl62 C T
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chr9 124124915 Ccr5 C T
chr9 124125315 Ccr5 G T
Table A.10 UMO2 Variants Are Most Likely de novo Mutations
UMO02
#CHROM POS Gene_Name REF ALT
chr9 4330888 Kbtbd3 G A
chr9 5321472 Casp4 G T
chr9 5321474 Casp4 C T
chr9 6265244 Ddil C A
chr9 6265245 Ddil A C
chr9 7005535 Dync2hl C G
chr9 7005537 Dync2hl A T
chr9 7142292 Dync2hl C A
chr9 7451731 Mmp3 T A
chr9 7854589 Birc3 C T
chr9 8099848 AK129341 T A
chr9 8652980 Trpc6 G A
chr9 8652983 Trpc6 C A
chr9 9673889 Cntn5 C T
chr9 14799616 Mrella G T
chr9 15317709 Cep295 T A
chr9 15322876 Cep295 G A
chr9 15332246 Cep295 G T
chr9 15332247 Cep295 G A
chr9 15332249 Cep295 T A
chr9 15332250 Cep295 G A
chr9 15335628 Cep295 T A
chr9 15335629 Cep295 C G
chr9 15335631 Cep295 T G
chr9 15915300 Fat3 G T
chr9 15915301 Fat3 G A
chr9 16004061 Fat3 G A
chr9 18301055 Chordcl G A
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OIfr854
OIfr859
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OIfr872
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Table A.11 UMO3 Variants Are Most Likely de novo Mutations
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UMO03
#CHROM POS Gene_Name REF ALT
chr9 55209076 Fbxo022 G A
chr9 55209101 Fbxo022 G T
chr9 55209382 Fbxo22 G A
chr9 55221070 Fbxo22 A C
chr9 55221151 Fbxo22 G T
chr9 75388680 Mapk6 T A
chr9 122861850 Zfp445 C G
chr9 122861902 Zfp445 A G
chr9 122888831 Zkscan7 T C
chr9 123151098 Clec3b G C
chr9 123151102 Clec3b T C
chr9 124028800 Ccr3 G A
chr9 124028846 Ccr3 A G
chr9 124106378 Ccr2 G A
chr9 124124393 Ccrb G T
chr9 124124686 Ccrb C G
chr9 124124828 Ccr5 C T
chr9 124124840 Ccr5 T C
chr9 124124915 Ccr5 C T
chr9 124125315 Ccrb G T
Table A.12 UM11 Variants Are Most Likely de novo Mutations
UMil
#CHROM POS Gene_Name REF ALT
chr9 4384050 Msantd4 G A
chr9 13620666 Maml2 C G
chr9 16375123 Fat3 T G
chr9 19783342 OIfr58 G T
chr9 19783344 OIfr58 C G
chr9 19783346 OlIfr58 T A
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chr9 75347972 Bcl2110 G A
chr9 78157903 Ick A T
chr9 78478834 Eeflal C T
chr9 78480516 Eeflal C A
chr9 79700278 Col12al G T
chr9 104176665 Dnajcl3 A T
chr9 109192770 Fbxw13 G T
chr9 109494760 Fbxw19 C G
chr9 109494761 Fbxw19 T C
chr9 109722093 Fbxw26 G C
chr9 113915213 Clasp2 G T
chr9 114430321 Glbl T G
chr9 114430325 Glbl T G
chr9 116109988 Tgfbr2 T A
chr9 118115340 Cmcl C A
chr9 119609842 Scnl0a A C
chr9 122856819 Zfp445 A T
chr9 123183722 Cdcpl C G
chr9 123183723 Cdcpl T G
chr9 124125017 Ccr5 T G
Table A.13 UM12 Variants Are Most Likely de novo Mutations
UM12
#CHROM POS Gene_Name REF ALT
chr9 3458760 Cwf19I12 G A
chr9 4472124 Gria4 G A
chr9 4472125 Gria4 C A
chr9 6265403 Ddil C A
chr9 7447622 Mmp3 T A
chr9 7447625 Mmp3 A C
chr9 15084266 Hephll A G
chr9 18875341 OIfr830 G C
chr9 18875913 OIfr830 C A
chr9 18875920 OIfr830 A T
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Table A.14 Possible de novo Mutations Identified in Step 7 Are Common to All LL

Samples and Are Also Present in the Typical Samples

#CHROM POS Gene_Name REF ALT
chr9 55209076 Fbxo22 G A
chr9 55221070 Fbxo22 A C
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