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Specific Aims

Emerging evidence suggest that contrary to previous assumption not all cells of the human body have identical
DNA sequence. Besides single nucleotide variation (SNV), dividing cells accumulate larger somatic
structural variants (SVs). These include copy number variations (CNVSs, i.e., duplications and deletions), as
well as inversions and translocations, all involving from few hundreds to several millions nucleotides. In
addition, a high degree of retrotransposon mobilization is thought to occur in the developing human brain.
Larger somatic SVs are likely to intersect genes and/or regulatory elements and may have considerable
phenotypic effects. Furthermore, depending on their allele frequency they are likely to confound the
relationships between genotype and phenotype, if “genotype” is assumed to be uniform throughout the body.
Currently there is no comprehensive estimate of the number and allelic frequency of genomic variation in
somatic _cells. All studies so far have been done on the population level, which is not sensitive enough to
evaluate the full range of somatic variants and precludes a true estimate of their frequency.

Somatic variations are more frequent in proliferating cells and are more likely to occur during the early phases
of embryonic development #*. The human cerebral cortex displays a very high degree of mitotic expansion and
thus is likely to be particularly susceptible to accumulate somatic variations during ontogenesis. While some
somatic variants are likely to be eliminated via negative selection, a portion may persist because they may be
initially neutral or confer adaptive properties to the cells. The accumulation of somatic variation in the brain
may play a role in adaptation, learning and gene-environment interaction and may play a role in shaping
individual susceptibility and resilience to neuropsychiatric disorders. Developmental disorders such as autism
have been found to be associated with higher frequency of de novo CNVs ®*°. However, it is currently unclear
whether these higher rates of de novo CNVs reflect those present in the germline, as commonly assumed, or
rather reflect somatic variants in the blood.

In this proposal we analyze the full extent of somatic mosaicism in the embryonic human cerebral cortex and
basal ganglia by comparing their genomes with genomes of clonal cell populations from these tissues and by
comparing cortex and basal ganglia genomes with another tissue from the same embryo, i.e., the blood. We
will sequence the genomes of tissues and clonal cell populations in order to identify the full range (sizes and
types) of somatic variants and estimate their overall allelic frequency in the brain. Our computational analyses
of the sequence around variants, particularly CNV breakpoints, will also give important clues as to their origin.

Aim 1. Construct a map of somatic variation present in progenitor cells of the cerebral cortex and basal
ganglia and estimate their frequency in brain tissue as well as in the blood.

la. Generate clonal cell populations from the cerebral cortex and basal ganglia of postmortem human embryos
at 14-15 weeks of gestation and obtain the complete genomic DNA sequence of each clone. Using
computational analyses, discover genomic variants manifested in each clone as compared to the original cell
population and to another tissue (blood). Validate variant existence and, for large CNVs, determine their
precise breakpoints by PCR and qPCR.

1b. Using the dataset of validated genomic variants manifested in progenitor clones, utilize an ultra deep
targeted re-sequencing approach, PCR and digitalPCR to determine the presence and allele frequency for
specific genomic variants in the original brain tissue(s) and in the blood.

Aim 2. Determine the impact of somatic variants on mRNA transcripts. Analyze the transcriptome of the
clonal cell populations by RNA-Seq to assess whether clone-manifested genomic variants correspond to
variations in transcripts. Perform gene network analyses to evaluate the effect of somatic genomic variation on
modules of functionally related genes. ldentify the module(s) whose expression profile differs in clonal cell
populations as compared to original brain tissue and determine whether these modules are enriched in somatic
variants. A similar enrichment analysis will be performed across individuals in our dataset and in larger
datasets of developing human brain, with the aim of identifying those somatic variants that may potentially be
causative for expression change in sets of functionally related genes. Our expectation is that these analyses
will allow us to assess whether somatic variation has general implications for processes of brain development.

Aim 3. Investigate the most likely biological origin of somatic variants. Analyze sequence features at
variation sites, correlate variants with recombination hotspots, CpG islands and histone marks to yield a
hypothesis about mechanisms responsible their creation (like recombination, double stranded breaks, etc.)

Together, these specific aims will provide the first comprehensive estimate of the number and allelic
frequency of genomic variation in somatic cells of the brain and will yield hypotheses about mechanisms
responsible for their creation as well as their significance for brain development.
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Research Strategy
Significance

Genomic variants may either be inherited (i.e., generated in the germline) or caused by de novo mutation in
somatic tissues. Emerging evidence suggest widespread genomic mosaicism in somatic lineages. Somatic
variations are believed to be one of the causes of cancer " '?, aging "> and several diseases '>"". While it
has been established """ for many decades that cells in the human body carry somatic variations, their extent
is still to be determined "> '*'®. For example, in recent studies by exome sequencing, multiple low frequency
somatic single nucleotide variant (SNVs) were found to be transmitted into human induced pluripotent stem cell
(hiPSC) lines " %, Similarly, in our ongoing study (see Preliminary Data) in which we examined by whole
genome sequencing the extent of structural variants (SVs) in hiPSC derived from skin fibroblasts, we
discovered that between 50 and 80% of the CNVs found in hiPSC were already present in the fibroblasts of
origin. Moreover, assuming that an hiPSC line is an expansion of a single cell, we estimated that ~38% skin
fibroblast cells carry somatic CNVs, suggesting somatic variability within cells in human body 2".

Differently patterned instances of somatic mosaicism in CNS regions have been shown to be present in
monozygotic twins ?* and throughout different tissues within an individual **?*. Additionally, retrotransposition
of ancient virus-like elements (mostly L1, Alu and SVA) has very recently been proposed as a mechanism for
the occurrence of somatic mosaicism in the mammalian brain ?*> “°. Emerging evidence suggest that substantial
variation in the structure of DNA between different regions of the human brain is mediated by retrotransposon
mobilization and re-insertion into area of the genome that are highlg/ eXPressed. While retrotransposition is now
emerging as an important cause of somatic variation in the brain > 2" ¢ the real extent of this phenomenon is
unclear and whether it might result in changes in gene expression and play a role in cellular differentiation and
ultimately brain function is unknown. Retrotransposon re-insertion can directly change the DNA structure and
can furthermore facilitate additional CNV formation, as retrotransposons have high content of repetitive
sequence elements.

The emergence of new somatic variants and retrotransposon mobilization in neural cells could be
developmentally adaptive by varying the genetic makeup and epigenetic regulation in innovative ways and
allowing selection of favorable mutations during the phase of amplification of neural progenitors cells #’.
However, excessive somatic variation and element mobilization may be detrimental by knocking out genes and
destabilizing the genome. Currently, possible effects of somatic variations on gene expression and cell
phenotypes are unknown.

The mechanisms by which different types of genomic variants arise during development is not clear, however it
is well known that SNVs and indels are created as a result of replication errors and spontaneous mutations %°.
Suggested mechanisms for creating SVs are either replication errors or post-replication chromosome crossin%
over >*%3' hence also mostly related to cell division. Furthermore, the results of Shi et al. ** and Kubo et al.
strongly suggest that cell division as a major rate-limiting factor for retrotransposition. In our discovery study of
novel retrogenes (i.e., those created by retrotransposition of mMRNA) absent from the reference genome (see
Preliminary Data) we observed that retrogenes are created from genes that have the highest expression at
transition from M to G1 phase of the cell cycle. We hypothesize that expression of genes during cell division
gives their mRNA the highest chance of being retrotransposed.

In summary, it is very likely that all types of somatic variations occur more frequently in proliferating cells and,
in particular, in early phases of embryonic development during extensive growth. The brain, and in particular
the human cerebral cortex, displays a very high degree of mitotic expansion during a restricted period in
ontogenesis, and thus cortical progenitor cells are likely to be particularly susceptible to accumulate
genomic variants during development. Somatic mutations are likely to play a role in cortical development
and perhaps in disorders of the cerebral cortex. The accumulation of somatic variation in the brain may play a
crucial role in adaptation, learning and gene-environment interactions, and it may be a significant factor in
shaping susceptibilities to neuropsychiatric disorders. Furthermore, persons are likely to be different in their
catalog of variants, suggesting that genomic mosaicism could contribute to interindividual variability.

In this proposal, we analyze the extent of somatic mosaicism in forebrain neural stem cells of mid-fetal
human brain. Somatic variations are difficult to analyze because typically (unless they happen in the early
stages of development), they are present in a subset of cells within a tissue and thus are not easily detectable
when analyzing large pools of cells. In Principle, the ideal approach for the analysis of somatic variation is
single cell sequencing and analysis **. However, this is still extremely challenging as whole genome
amplification (a prerequisite for single cell sequencing) amplifies only about ~6% of a genome. A valuable
alternative is single cell clonal expansion (growing a colony of cells from a single cell) followed by analysis.
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More specifically, in this project we will discover rare genomic variants manifested in clonal population
derived from a single neural stem/progenitor cell, amplified using the neurosphere assay. We will them conduct
follow up experiments to prove the existence

of the variants in the original sample of a

stem/progenitor cells. Additionally, we will = r———t .
compare genomes of different tissues to find
more frequent somatic variants that are

tissue specific. } mm ‘W W" * e, ———
Traditionally, new variants have been S ' s, ———
S

detected with capillary based sequencing *** SR, TSI SISO 1 ST —

and SNP *® or CGH * array applicable for
CNV discovery. Recent advances in DNA
sequencing technology have further enabled
fine-scale identification of all types of variants - wwm ~
in an unbiased and comprehensive manner. ok Il | W«WWM 3
We will, therefore, apply DNA sequencing to IZMWNWW

discover a comprehensive catalog of variants SRR RS
manifested in single cells of the embryonic c

human cerebral cortex and their clonal
derivatives.

Besides understanding the full extent of ol WM
somatic variations, it is important to assess fZW'iMWW ' W‘M
how widespread particular variants are
among tissue within an organism. Variants
established earlier in ontogenesis will be D
common between tissues, while those arising
during organogenesis will be private to a
given tissue or organ. While this project o i |
focuses on the brain, we will determine to W j WWUW rw w W’“
what extent genomic somatic variants "

discovered in the brain (which derive from T romosome x. Mo
neuroectoderm) are private to this tissue or
shared with a tissue of different embryological
origin, i.e., blood (which derives from the
mesoderm). F
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Innovation

Our project contains five points of conceptual Figure 1. Genomic heterogeneity in fibroblasts. Example of
and technical innovation: manifested CNV (duplication) in iPSC, which originates in
fibroblasts in small allele frequency. (A-D) The duplication allele
was present in the fibroblasts at ~20% allele frequency and
escaped detection. Two of the three produced hiPSC were made
o . : . from the cells with the duplication allowing for its confident
retrotransposition  of ancient virus-like detection. (E) Subsequent PCR amplification revealed that the
elements has very re_cently been duplication was indeed present in fibroblasts. (F) Sequencing of
proposed as a mechanism for the ,qpjified band showed that the duplication breakpoints are
occurrence of somatic mosaicism in the  gxactly the same in fibroblasts and the two hiPSC, further proving
mammalian brain. _ that the event was present in fibroblasts and was carried over to
2. No one has yet attempted to examine the  hiPSC. Location of primers for PCR amplification is depicted as
extent of these phenomena in the anexamplein (A).
embryonic human brain. We approach this
question using an innovative experimental
design that will involve isolating clonal populations of neural precursor cells from the embryonic brain to
obtain their complete DNA sequence.
3. Genomic data will be analyzed by recently developed bioinformatics tools allowing the discovery of all
variants (including SVs) by comparing DNA sequence of clonal cell populations with the tissue of origin.

1. The idea of somatic mosaicism is just
emerging. We detected somatic CNVs in
skin  fibroblast (see below), and
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4. We will analyze a new type of genomic variations — novel processed pseudogenes. This type of variation
has not been studied so far.

5. The presence of SVs in the tissue of origin will be ascertained by digital PCR, a recently developed
technology allowing high-resolution analyses of DNA sequence variants.

Preliminary Data
Dlscovermg somatic CNVs. We have previously performed discovery of somatic CNVs in skin fibroblast cells

. Briefly, for each fibroblast sample from 7 individuals we have produced 3 human induced pluripotent stem
ceII (hiPSC) lines. We then sequenced most of those lines along with the corresponding fibroblast samples in
order to compare their genomes. As reprogramming is very inefficient, the resulting hiPSC colonies are very
likely to be produced from a single cell and, thus, represent a clonal cell population. Analysis of their genomes
can unmask variations present in the founder cell but absent from most of other fibroblast cells. Usmg
CNVnator “° software that utilizes the read depth approach, we have predicted CNVs that are manifested in
hiPSC lines (i.e., present in hiPSC lines and absent in fibroblasts), termed line-manifested CNVs (LM-CNVs)
and consisting of deletions, tandem duplications and dispersed duplications. These could be low allele
frequency CNVs in fibroblasts that had been
transmitted to hiPSCs but could also be CNVs
generated de novo during the hiPSC de-
differentiation process and/or hiPSC proliferation.
Using qPCR we have validated 28 of the
predictions.

Two manifested tandem duplications with

o almost the same boundaries were predicted in
0 i o two different lines originated from the same
fibroblast sample (Fig. 1). We hypothesized that
10 these CNVs were the same somatic CNV pre-
existing in fibroblasts. To prove that, we designed
PCR primers (Fig. 1) that would give an
amplification product only if the duplication was
present in tandem in the genome. PCR analysis
revealed that the duplication was indeed present
in both hiPSC and fibroblasts. Because the PCR
amplicon in fibroblast was much weaker than that
in hiPSC, we concluded that this duplication was
present at a small allele frequency in fibroblasts.
Sanger sequencmg of the amplicon |n hiPSCs and fibroblast revealed the exact same breakpoints ?'. By
genotyping this region with CNVnator *°, we estimated that the duplication allele was present in fibroblast W|th
~20% allele frequency, which explains why it had escaped detection.

Using PCR ampilification across CNV junctions, we could confidently detected 7 additional somatic CNVs in
fibroblasts of 4 individuals. From read depth genotyping by CNVnator and qPCR we estimated that all of the
somatic CNVs (except the one discussed above) have much smaller allele frequency than 20%. We, therefore
demonstrated the applicability of single cell clonal expansion for discovering somatic CNVs in a tissue sample.

*
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RPKM for hiPSC with LM-CNV
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RPKM in hiPSC without LM-CNV
Figure 2. Comparison of gene expression (RPKM)
intersecting line-manifested CNVs in iPSCs. Clear tendency
(p-value of 0.02 by Fischer's exact test) of increase in
expression for genes in duplications and decrease in
expression for genes in deletions can be observed.

Moreover we show that we can achieve breakpoint
iy — oo w— N resolution of CNVs, which can be used for analysis of their
origin. For example, the CNV in Fig. 1 is a tandem
duplication, which strongly suggests recombination as a
mechanism for its creation. However, it is apparent that
sequences around breakpoints are not homologous, and
there is an insertion at breakpomts (Fig. 1F). Therefore,
non-homologous end joining ° is the likely mechanism
responsible for creation of this CNV.

Discovering somatic SNVs. Recent studies have
reported discovery of somatic SNVs " #. Similarly to our
study, they studied hiPS cells and the design of their study
was conceptually similar to the one we used in our
analysis (see above). Using targeted ultra-deep
sequencing they have shown that a large fraction of SNVs
manifested in hiPS lines was actually present as somatic

5 end 3 end

— I — \
Fig.3A Paired-end TE mapping: 5’ (blue) or 3’ (red)
end fragment maps to unique sequence, and the
other fragment (green) to non-unique TE database
sequence.

5 end
Figure 3B: Split-read TE mapping: part of each
informative read can be uniquely mapped (red or
blue), and the other part can be mapped to the TE
database.
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variants in the original somatic tissue samples. These analyses demonstrate that not only CNVs/SVs but also
single nucleotide somatic variants can be discovered through clonal expansion and sequencing.

Effect of LM-CNVs on gene expression. To examine whether LM-CNVs affect expression of the genes that
they intersect, we compared the expression levels (as obtained from deep coverage RNAseq data) of the
genes whose ORFs intersected a CNV in hiPSC lines carrying the LM-CNV vs. hiPSC without the CNV. We
limited our comparison to pairs of hiPSC lines derived from the same person to ensure that the differences
were not the result of interpersonal genomic variability. As we produced three hiPSC lines for each person
while the observed LM-CNVs are typically found in only one hiPSC line, we could make two expression
comparisons per gene. Our selection resulted in 40 genes for which we had 80 data points: 52 for duplications
and 28 for deletions (Fig. 2). For genes in duplicated CNVs the expression typically increased, and this was
found in 36 out of 52 cases (69%). For deletions the trend was weaker but still noticeable; in 16 of 28 cases
(57%) gene expression decreased. Statistical analysis, using Fischer’s exact test, showed that with the p-value
of 0.02 there was a direct association of gene expression with its copy number, i.e., duplication increased
expression while deletion decreased it. We, therefore, demonstrated that with RNAseq we can observe an
effect of CNVs on gene expression.

Somatic mobile element insertion in brain. In recent study *° the authors captured DNA of mobile elements
and flanking regions. The DNA was sequenced by ILLUMINA paired-end sequencing and analyzed with the
aim of finding somatic mobile elements insertions. While this study provides direct evidence for somatic mobile
element insertions the question about its extent is yet to be answered.

Analyses of Retrotransposon insertions: Whole-genome sequencing can detect all types of transposable
elements (TEs) (L1, Alu, SVA, HERV etc.) and at no added cost since we can re-analyze the already existing
whole-genome data for this purpose *' (Figure 3, from *'). TE calling is integrated with the MOSAIK mapping
software, but instead of discarding non-unique sequences, they are mapped to the reference genome in
relation to the database of TE sequences (as well as locations of known TE polymorphisms). We have
participated in the development and testing of methodology to detect TE insertion into the genomic sequence
in whole-genome sequence data *'. The algorithm detected, in 1000 Genomes low-coverage (2-3X) whole-
genome PE sequencing data for 150 individuals and in high-coverage (15-40X) data for 2 parent-child trios
(DNA from cell lines), a total of 7,380 TE insertion sites (85% ALU, 12% L1, 2.5% SVA), of which 69% were
novel, with a ~95% validation rate by PCR, suggesting that computational detection using whole-genome PE
sequencing is the current method of choice. TE sites resembled SNPs in evidence for selection (similar
distribution of frequencies, including 50x fewer events in coding regions than expected by chance) and in the

clustering of allelic frequencies by continental

A) Gene model —_ anceStry
splice junction g NN W NN W Discovering processed pseudogenes
fibrary 2x23 \ \ (retrogenes) from sequencing data. We
Bowtie mapping [ developed a computational pipeline for

discovering from sequencing data novel
processed pseudogenes, i.e., those that are

B) o e g e, s e i eeeecmee | absent from the reference genome, (referred to

Supportea T F T pelow as retrogenes), and have applied it to
w SE analyze data from the 1000 Genomes Project
ek (manuscript is under review). Retrogenes are

created by retrotransposition, so, if extensive
somatic retrotransposition in brain does exist, we
expect to find novel retrogenes. Thus far,
variation in retrogenes has not received any
attention. Our pipeline is the first and unique
attempt for systematic analysis of novel
retrogenes. In brief, we constructed a splice-junction library by joining sequences flanking introns (Fig. 4).
Namely, for each gene, we exhaustively constructed sequences consisting of 25 bases at the 5’-end of each
intron and of 25 bases at the 3’-end of the same and all downstream introns (the number of bases at the
junction is increased with read length). We then mapped gDNA reads that previously could not be mapped to
the reference genome to this splice-junction library. Reads that mapped uniquely to a splice-junction are
retained for the analysis as they are indicative of the junction being present in the studied genome as a
continuous (without intron) sequence, suggesting that a corresponding gene, i.e., a parent gene, has an
orphan retrogene that is not in the reference genome. We have created additional elaborate analysis
procedures (i.e, comparison with null model, detecting insertion points, employing read depth information) to

Figure 4. A) Conceptual pipeline for discovering novel
retrogenes. B) Candidate of parent gene, BCLAF1, with novel
orphan retrogene. Eight splice-junctions are confirmed by
uniquely mapped reads. Novel retrogene is corroborated by
increased read depth in exons.
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select confident discoveries. An example of a discovered novel retrogene is shown in Fig. 4B. When using
data from the 1000 Genomes Project we have discovered hundreds of novel retrogenes in almost a thousand
people from 14 populations. We also found that parent genes for those retrogenes have higher expression
than other genes specifically when cells transition from M to G1 phase of the cell cycle (Fig. 5). We, thus,
hypothesize that their high expression and nuclear membrane disruption during division are conducive to
creation of retrogenes from their mRNA. This h%/pothesis directly implicates cell division in retrotransposition,
which has been suggested by previous studies ** **.

Advantages of clonal sequencing over deep tissue

sequencing. Sequencing of clonal populations has a

number of advantages over deep sequencing of original

tissue. First, it can unmask somatic variants at much smaller

‘ Kkﬁ frequency. Even at 1000x coverage of original tissue

| i\ discovering of variants at <0.1% of allele frequency is
\ 0\3/;:

~=Allgenes  ==Parents for retrogenes Not parents for retrogenes

Average expression

can be split over 30 clones to yield average >30x coverage,
which is enough to discover all variant within a clone, even

impossible, while confident discovery is likely to be archived
for variants with allele frequency >1%. The same coverage

200
% of cell cycle

Figure 5. Average gene expression during cell
cycle. Data from Different curves show
expression during cell cycles for all genes with
data, for genes with variable pseudognees, and
for the remaining genes. 100% of cell cycle
marks transition from M to G1 phase. Genes with
novel pseudogenes have higher expression
around that point.

those that are at extremely low frequency in original tissue.
Second, clonal sequencing provides information about which
variants may co-exist within a single cell. One can observe
co-occurrence of CNVs and/or SNVs and/or mobile element
insertions, as well as high and low allele frequency variants.
Finally, clonal sequencing can also give important
information about the timeline of variant generation. For
example, in our analysis of hiPSC line we observed a
somatic CNV in two lines. For one line it was the only
somatic CNV, while for the other one we detected two more
CNVs. The most likely explanation is that those two were

created after the one shared by both lines.

Approach

Aim 1. Construct a map of somatic variations present in progenitor cells of the cerebral cortex and
basal ganglia and estimate their frequency in the original cell population as well as in other embryonic
tissues.

Aim 1a. Generate clonal cell populations from the cerebral cortex and basal ganglia of postmortem human
embryos at 14-15 weeks of gestation and obtain the complete genomic DNA sequence of each clone. Using
computational analyses discover genomic variations manifested in each clone as compared to the whole,
original cell population validate this information by PCR, gPCR, digitalPCR and determine the exact
breakpoints of SVs.

General design. The following steps are required:

1.  Sample preparation

2. Clonal expansion and sequencing

3.1. Bioinformatics predictions of low-allele frequency (i.e., clone-manifested) variants by comparing whole
genome sequencing data from clonally expanded lines and original brain tissues (Fig. 6)

3.2. Bioinformatics predictions of high allele-frequency variants by comparing data from different tissues and
brain regions

4. Validating predictions

1. Sample collection/preparation. The research outlined in this grant application will be conducted using the
tissue procurement pipeline at Nenad Sestan’s laboratory in the Department of Neurobiology at Yale University
School of Medicine. In the first two years of this project, tissue will be collected after parental or next of kin
consent and with approval by the institutional review boards at the Yale University School of Medicine and of
any other institution from which tissue specimens may be obtained. Appropriate written informed consent will
be obtained and only non-identifying information will recorded for each specimen. The handling of tissue is
performed in accordance with ethical guidelines and regulations for the research use of human brain tissue set
forth by the NIH (http://bioethics.od.nih.gov/humantissue.html) and the WMA Declaration of Helsinki
(www.wma.net/en/30publications/10policies/b3/index.html). To ensure the highest standard for data protection,
no personal identifying information will be collected nor will it be accessible by any of the investigators on this
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project. In addition, we will doubly code in publications all information received to comply with the latest HIPAA
regulations. We will use this non-identifying medical history of the subject from which the brain tissue will be
obtained, or the mother's medical history in the case of pre- and neonatal specimens, for quality control
measures. We will review available ante mortem information, including gender, ethnicity, weight, cause of
death, medications, and relevant medical conditions. This information will be only used to exclude some
postmortem specimens from the study, like those with known history of drug or alcohol abuse, neurological or
psychiatric disorders. Also, available information showing specific agonal conditions, including coma, hypoxia,
pyrexia, seizures, severe dehydration, hypoglycemia, multiple organ failure, head injury, and ingestion of
neurotoxic substances by mother at time of death will also be grounds for exclusion of the postmortem tissue.

2. Clonal expansion and sequencing. The
ventricular and subventricular zone (VZ/SVZ) of
Clonally expanded lines frontal and occipital poles of the cerebral cortical
wall and of the ganglionic eminences of the

Initial brain tissue_ _  _

-» N g ventral telencephalon will be microdissected from
Eé clinically unremarkable mid-fetal brain specimens,
ﬁ?g Line- i.,e., from 13 to 15 post-conceptional weeks
: ~ £ 8 Db manifested (PCW). A total of five fetuses will be collected in
g2f el the first two years of this grant. The following fetal
§s2 T tissues will be freshly harvested: VZ/SVZ from
* the dorsal and the ventral telencephalon, the
i dorsal cortical plate, and a sample of blood.
Other tissues Testing for somatism Neurospheres, which are free-floating clusters of
(PCR, digitalPCR, array capture, progenies of a single neural stem/progenitor cells,

targeted sequencing) will be generated by suspending the cells
b dissociated from the dorsal and the ver:gral
Fig. 6. Conceptual design for analysis of somatic variants. telencephalon VZ/SVZ using a modification ™ of

Clonally expanded neurospheres are produced from single the.orl%nal protogol de\{eloped_by ReynoIdS. and
cells of initial brain tissues. Comparison of sequencing data  VV€iss . Dissociated single primary cells will be
from the clones and initial tissue allows for discovery of line  Cultured at low (clonal) density in a medium
manifested CNVs. Then these CNVs are tested for their lacking adherent substrates and containing

presence in the initial tissue at low allele frequency. necessary growth factors such as epidermal
growth factor and fibroblast growth factor. A

minimum of twenty primary neurospheres will
be dissociated and separately expanded by dissociation and growth as secondary and tertiary neurosphere
preps. Genomic DNA will be extracted from each clonally expanded neurosphere prep and from the
original brain tissue used to generate the neurospheres, as well as from a sample of blood from the same
fetus. DNA will then be subjected to whole genome, high throughput PE DNA sequencing at 30X coverage to
identify all types of genomic variation (CNV/SVs, SNVs, retrotransposon/pseudogene insertion) by
comprehensive computational analyses as described below (Fig. 6).

First, we will discover genomic variants in the 20 clonally expanded neurospehere preparations and the
original dorsal and the ventral telencephalon VZ/SVZ cell population with respect to the reference
genome. Then we will genotype each clonal population with respect to the VZ/SVZ cell population of origin to
find structural DNA variants manifested only in each clone. Currently, we can prepare genomic DNA libraries
suitable for sequencing on the lllumina HiSeq instrument using as little as 50 ng total DNA, which should be
easily obtainable by a clonal population of 50,000 cells. The reason for comparing the degree of mosaicism of
the dorsal and ventral telencephalic VZ/SVZ is that they share the same general location (the telencephalic
vesicle) but the ventral VZ/SVZ represents a region with a lower degree of clonal expansion than the dorsal
cortex.

3.1 Bioinformatics predictions of low-allele frequency somatic variants. We have extensive experience
when working with next-generation sequencing data “>**'. For our analysis we will adopt a pipeline used by
the 1000 Genomes Project for aligning data to the reference genome “®“. In brief, sequencing reads will be
aligned to the latest version of the reference genome, filtered to remove duplicates, realigned around known
indel locations, followed by recalibration of base quality scores. Then, we’ll use a variety of methods based on
different approaches for comprehensive discovery of variants in each sample. Namely, for SNV discovery we
will use GATK °? and output of standard ILLUMINA analysis pipeline, for indel discovery we will use GATK *2,
PINDEL °* and DINDEL **, for mobile element discovery we will use SPANNER *"*® and T-Lex *°, for CNV/SV
discovery we will use CNVnator *>“°, PEMer *°, Pindel **, SRIiC * and AGE **, and for pseudogene discovery
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we will use our existing pipeline (manuscript is under review). We have previously developed or participated in
development of a number of those software: CNVnator **“¢, SPANNER “°, PEMer *°, SRIiC * and AGE **. With
almost all others we had previous experience.

For a clonal cell population, the list of clone-manifested variants will be a subset of the variants calls, which
don’t overlap and have no evidence of existence in the original brain sample. For SNVs, that would mean than
no reads in sequencing data from the original sample supporting a given SNV are found. For CNVs, that would
mean that no discordantly mapped RP and/or no split-read and/or no RD deviation from normal level suggests
a CNV in the original brain sample. Similarly, for a tissue its specific variants will be those having no evidence
of existence in the other tissue. The variant can be clone-manifested because of two reasons: (i) the variant
newly developed during clonal expansion and culturing; (i) the variant was present at low allelic frequency in
the original tissue and thus not detectable.

3.2 Bioinformatics predictions of high-allele frequency somatic variants. High-allele frequency somatic
variants can be found by comparing sequencing data from two tissue samples. We will compare dorsal
VZ/SVZ, ventral VZ/SVZ and the blood, a tissue with different embryonic lineage. All the methodologies,
comparisons, approaches, experiments, and validations described for step 3.1 above and step 4 below can be
applied for such discovery. Namely, the list of sample-manifested variants will be a subset of the variants calls,
which don’t overlap and have no evidence of existence in other tissues.

Table 1. Validation strategies of predicted clone-manifested and tissues specific variants.

Variant type Validation experiment Confirmatory evidence
SNV PCR amplification of locus & Base mismatch in the sequence
capillary sequencing of band
Indel PCR amplification of locus & Indel in the sequence
capillary sequencing of band
CNV/SV PCR amplification across breakpoints & Split sequence alignment corresponding to the
capillary sequencing of band variant (e.g., deletion)
gPCR in the middle of a CNV Deviation from 1 of ratio for copy number
estimates in two compared samples
Retrotransposon PCR amplification across breakpoints & Fraction of the sequence maps to the target
insertion capillary sequencing of band location and the rest is repeat
Processed PCR amplification across exon-exon Split sequence alignment with gaps at introns
pseudogene junction(s) & capillary sequencing
insertion PCR amplification across breakpoints & Fraction of the sequence maps to the target
capillary sequencing location and the rest maps to parent gene

4. Validation and refinement of predicted variants. Candidate clone-manifested CNVs/SVs, SNVs, indels
and retrotransposon/pseudogene insertions discovered by sequencing will be validated by an orthogonal
method, PCR and/or qPCR, in the original DNA from the neurosphere clones and the original cell population
from the cortical VZ/SVZ (Fig. 6) to yield a list of genomic regions that are truly different between clonal
neurospheres and brain sample. The purpose of validation is to arrive at a confident set of clone-manifested
variants. For SNVs and indels (the expected majority of variants) we will validate 100 random events per
sample. Validation results can be used to optimize parameters/cut offs for calling clone-manifested SNVs and
indels. For SVs, MEI and pseudogenes (with prior expectation of just a few events per clone) we will validate
each event. Theoretically, PCR and subsequent gel band sequencing can be applied for validation of any type
of variants: SNVs, indels, CNVs/SVs, mobile element and pseudogene insertions (Table 1). However, the
success of PCR for validation of CNVs/SVs can be compromised by off-target primer placements due to
uncertainty in breakpoint location. We will design multiple pair of primers for large variants to address this issue.
Additionally, we will validate CNVs with gPCR. The results will also provide us with an estimate of how often
CNVs/SVs could not be validated with regular PCR due to primer mis-placement. In our analysis of somatic
CNVs in fibroblast using hiPS lines we were able to design workable PCR primers for 68% of CNVs validated
with qPCR. We anticipate that in the proposed research this fraction will be higher as we will have deeper
sequencing of each sample, which allows determining CNV boundaries more precisely. We, therefore,
anticipate that for most real clone-manifested variants we will be able to conduct a successful PCR. For each
successful PCR we will also sequence the resulting band with Sanger sequencing. This will be an ultimate
proof of a variant existence and, for large CNVs, will allow us to determine their precise breakpoints k47
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Expected results: The results of completing this sub-aim will be a set of tissues for 5 embryos, which can be
used for analysis of somatic variants in the whole body (not just brain). Another result is the set
confident/validated clone-manifested and tissue specific variants in brain with a majority of them resolved at a
single basepair level.

Aim 1b. Using the dataset of validated genomic variants manifested in progenitor clones, utilize target ultra
deep sequencing approach, PCR and digitalPCR to determine the presence and allele frequency for specific
somatic variations in the original brain cell population and in at least another embryonic tissue lineage such as
the blood.

General design. It is crucial to determine the somatic nature and allele frequency of all discovered SVs.
Somatic variation in cultured cell populations may not necessarily be present in endogenous cells, as it may be
merely a product of in vitro expansion and the associated mitoses. To discriminate between genomic variation
generated in vitro and variation due to mosaicism of the cell population from the VZ/SVZ within the brain, we
will genotype the genomic variants in the original tissue used to prepare the cell suspension for clonal
analyses using the most sensitive techniques available.

In addition to testing the presence of SVs in the original sample of cortical and basal ganglia VZ/VZ used to
prepare the cell suspension, we will assess their presence in the superficial part of the cortex (cortical plate), in
which early-generated neurons, arising from neural stem cells in the cortical and basal ganglia VZ/SVZ,
respectively, migrate to form the cortical laminar structure. A sample of microdissected cortical plate of frontal
and occipital cortices and basal ganglia will be retained at the time of the original embryo dissection. We will
confirm that the genomic mosaicism found in cells generated in vitro is also found in postmitotic cortical and
striatal neurons and thus is derived by in vivo mitoses. Furthermore, to determine whether the same genomic
events are present in other tissues, we will assess whether validated genomic variants found in the brain are
also present in the blood obtained from the same fetus. In total, we will assess the presence of clone-
manifested variants in 4 tissues: VZ/SVZ of the cerebral cortex, VZ/SVZ of the basal ganglia, cortical
plate and blood.

Establishing the somatic nature of clone-manifested variants. For validated clone-manifested variants we
will determine their presence and frequency in the brain samples with targeted ultra deep sequencing, PCR
and digitalPCR approaches (Fig. 3). We intend to apply all three techniques, as none of them along is
universal. Targeted sequencing can be applied for analysis of all variants but it can miss very low allele
frequency variants. For example, for variants at 0.1% allele frequency at least 1000x coverage of targeted
regions is required. Also, estimate of variant frequency can be biased due to variable capture efficiency.
Control experiments would allow correcting for the bias but it will also increase the cost. PCR and digitalPCR
are not suited for assessing low frequency SNVs and indels as the non-variant allele would also be amplified
(except in rare cases when the primer would include the variant). However, PCR and digitalPCR could be more
sensitive than targeted sequencing to assess low frequency CNVs/SVs, processed pseudogenes and
retrotransposons i.e., when amplifying across breakpoints (Fig. 1E). Our primary choice between PCR and
digitalPCR will be the latter (as it allows not only observing but also estimating the frequency for low frequency
variants). However, there is a subtle difference in primer design for successful application of each technique.
DigitalPCR is best performed for short amplicons (<100bp) with high affinity hybridization probes, while PCR
results are best observed for larger amplicons (>100 bp) and require no hybridization probe. Therefore,
depending on nucleotide content, PCR can be more sensitive for detection of low allele frequency variants.

For the targeted ultra deep sequencing approach, we will first design a capture array with probes targeting the
regions around validated clone-manifested variants and then sequence captured DNA material with Illumina
MiSeq 2x250 bp reads to extremely high (~1000x) coverage. For this analysis we will prepare short insert
libraries of ~400 bp, so that 3’-ends of 250 bps paired reads overlap allowing constructing a single longer read
of ~400bp in length. Alignment of these reads will be used to show the presence of variants in the original brain
sample, in the same way we intended to use the result of capillary sequencing after PCR (Table 1). Clone-
manifested CNVs/SVs and pseudogene/retrotransposon insertions showing no evidence of being somatic in
brain samples after targeted sequencing will be tested with digitalPCR and PCR. We will also apply these
techniques to a subset of SNVs and indels by use restriction enzyme cutting at reference allele site, thus after
amplification we should be able to see two short bands for cut reference allele and a long band for non-
reference, i.e., somatic, allele. Results of digitalPCR and PCR analysis will be also used to estimate sensitivity
and precision of array capture experiment in predicting allele frequency of somatic variants.

For the targeted ultra deep sequencing approach, we have performed array capture experiment for CNV
validation in the pilot phase of the 1000 Genomes Project “°, where we targeted ~14 Mbp of genome with 2.1M
oligo Nimblegen custom array. For the proposed project, most of the tested variant will be known with basepair
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resolution (except of some CNVs/SVs for which breakpoints can be off by up to 1 Kbp), so we estimate that on
average we will need to target with probes ~500 bp around each variant. Previously, only a few ' clone-
manifested SNVs in coding genomic regions were observed. Scaling up to genome size gives <100 and
account for possible negative selection in coding regions yields <200 somatic SNVs per cell. All other types
of variants are typically significantly less frequent. For example, in our previous analysis we saw only a few
line-manifested CNVs per hiPSC lines ?'. So, we conservatively estimate that there will be <200 clone-
manifested variants in each clonal population. Forty clones will be sequenced for each individual (20 from
cerebral cortex and 20 from basal ganglia) which projects to 6 Mbp of sequence to be captured in total, Thus,
through this estimate, we predict that a single array would be enough to capture sequence around all clone-
manifested variants from clonal neurospheres preparations from each brain. Thus, only one capture array
design per individual is needed, where it will be applied to four tissues. From our previous experience only half
of sequencing reads are from targeted regions. Taking this into account one can estimate that targeting 6 Mbp
on array will enrich targeted regions by 250 folds. The next generation of MiSeq sequenator
(http://www.illumina.com/Documents/products/datasheets/datasheet miseq.pdf) will produce ~25 million 2x250
bps reads per run, which would allow to archive ~1000x coverage of targeted regions. The machines will be
available for commercial use at the end of 2012 while upgrade at the Yale Center for Genomic Analysis would
follow thereafter.

Our estimation of the number of somatic variant per clone is based on observed mosaics in adult skin. It can
well be (and we think this is the more likely scenario) that there are significantly fewer somatic variants in
embryos, as its cells did not divide that many times and were not exposed to the environment. So, in case the
number of putative somatic variants is on the order of 10 or less, we will attempt digitalPCR and PCR for all of
them in four tissues for each individual.

Potential challenges and solutions. If the number of candidate clone-manifested variants will turn out to be
still too large to conduct a PCR validation for each one of them, then we will validate variants of interest, i.e.,
those overlapping known genomics functional/annotated elements, overlapping differentially expressed genes
in clones vs. tissues, and all SVs. We will also apply a “population filter” to select more confident variants. The
idea of the filter is to look at occurrence of putative clone-manifested variants in other clones. If a variant is
present in many other clones then it is likely a false positive, i.e., a variant present in the original tissue but not
discovered there for some reason. Also, we will select a random and manageable subset of variants for
validation to estimate the FDR of our analysis. Using validation results we will optimize the computational
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Fig. 7. Linear distribution of gene expression for diluted
sample with ddPCR machine QX100 (a) and qPCR from
CFX 384 (b). Raw data without normalization by the internal
control, showing the absolute amount of cDNAs in each
sample. Note that blue bar indicated the amount of undiluted
cDNA and red bar indicated the amount of 1/5 diluted cDNA
following PCR amplification.

Commercial use of next generation MiSeq
sequenator can be delayed. In such case we will
use the current generation that we already have
access to. It can generate ~14 million 2x150
reads per run, which allow constructing reads
(from overlapping 3’-ends) of up to 250 bps. With
current generation we would have to do two runs,
which would slightly increase the cost of
establishing the somatic nature of variants. It
should be also noticed that we are not going to use MiSeq until the second year of the project. Thus, there is a
significant lag of time from the beginning of the project until the time we need MiSeq, which increases the
likelihood of next generation MiSeq being available for use. A possible alternative is using lonTorrent machines
and Amplicon Sequencing in particular (i.e., sequencing selectively amplified regions:
http://www.iontorrent.com/lib/images/PDFs/amplicon_application_note 040411.pdf).

PCR. Specific primers will be designed to reveal bands that are diagnostic of the events to be genotyped, i.e.,
to target both sides of adjacent region of the deleted or to target the 5’ and 3’ end of the duplicated region. In
this way specific products will be amplified only when deletions or duplications are present. Genomic DNA from
the HapMap cell line GM12878 will be used as negative control. When necessary, a second round of PCR with
30 cycles was performed to further increase the signals for low allele frequency events. All specifically
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amplified PCR bands will be run on 2 % E-gel (Invitrogen, CA), gel extracted by MinElute gel purification Kit
(Qiagen, MD), and sequenced using both forward and reverse primers.

Digital PCR. Digital PCR is conceptually similar to regular PCR. In essence it is parallel PCR in many (tens of
thousands) single cells, the number of cells with the observed amplification giving a sense about how frequent
the particular locus is. In addition to a pair of amplification primers it requires a primer for a fluorophore, which
can be designed with standard tools like Primer3. DNA from tissue will be the signal. DNA from clones where a
variant was discovered will be used for normalization. Genomic DNA from the HapMap cell line GM12878 will
be used as negative control. We will use the BioradQX100 Droplet Digital PCR (ddPCR) system, which
provides a near absolute measure of target DNA molecules for quantitative PCR amplifications. The droplet
generator partitions samples into 20,000 nanoliter-sized droplets. After PCR on a thermal cycler, droplets from
every sample are streamed in single file on the QX droplet reader. The PCR-positive and PCR-negative
droplets are counted to provide absolute quantification of target DNA in digital form (Fig. 7).

Expected results: The results of completing this sub-aim will be the estimation, for a given set of somatic
genomic variants, the number and allele frequency of these variants in the original tissue. Furthermore we will
estimate whether this frequency is higher in dorsal as compared to ventral germinal layers. Additionally we will
estimate of how many variants discovered and validated in the brain are also present in the blood, which will
allow to indirectly estimate when they arose in ontogenesis.

Aim 2. Determine the impact of somatic variants on mRNA transcripts. Due to complex hierarchy of
transcriptional regulation it is challenging to decipher the effect of each individual variant on the expression of a
particular gene or set of genes. We, therefore, in a first instance, will aim at determining the overall effect of the
variants on gene expression. The simplest cases for such analysis are CNVs. A prior expectation is that
expression for genes that intersect duplications will increase while expression for genes that intersect deletions
will decrease. In relation to analysis of hiPSC, we showed that indeed there is such statistically significant
correlation (preliminary data and Fig. 2). We will perform a similar analysis for somatic CNVs discovered in the
proposed study.

Determining gene expression from RNAseq data. Our existing RNAseq workflow is described briefly as foIIows
Tophat *° is used to align the data against the human genome (hGRCS?/hg19) the Gencode v11 annotation °
% and dynamlcally constructed exons and splice libraries. The output in BAM format *° is processed by
BedTools % to compute the raw read counts for each gene. We then quantlfy expression by Reads Per
Kilobase of transcript per million mapped fragments (RPKM) using RSEQtools®'. The raw counts are used for
determining differentially expressed genes by DESeq®, an R package that uses negative binomial dlstrlbutlon
to model read counts per gene and the Benjamini-Hochberg method for adjusting for multiple comparisons °

Overall, our hypothesis is that somatic variants lead to differential expression of genes in their vicinity. More
specifically, we will compare expression of genes in clonal and in the original cell populations. To test for
this, we will first assign potentially influential variants to each gene. Here we will simply extend annotated
genes coordinates by 2 kbp downstream and upstream, and every variant within such regions will be
“‘potentially influential” for the gene. We will then perform an enrichment analysis of whether genes with
“‘potentially influential” variants are more often differentially expressed then genes without such variants with
respect to the original population. We also expect that genes with frame shifting indels/MEIs and SNVs leading
to stop codons (disrupting splice-site or introducing stop codon) will have decreased expression due to
nonsense-mediated decay (NMD). We will, thus, test for an enrichment of down regulated genes among those
having such SNVs and indels/MEls.

We will also attempt to predict an effect of “potentially influential” variants that are likely to reside in the
promoter region of an assigned gene, i.e., upstream from the transcription start site. The analysis will be
focused on the identification of transcription factor (TF) binding motifs that are created/lost/changed as a result
of introducing a variant. In particular, we will look at whether a variants ( e.g. SNVs) leads to a predicted
increase/decrease in TF binding affinity from Position Welghted Matrix ( PWM) ‘. We WI|| focus on analysis of
motifs for TF uniformly active across heterogeneous tissues in the human body (such that Pol2, SMAD1, ETS1,
JUN, CREB, ATF3) and TFs that are enriched in the brain (such as FOXG1, FEZF2, LHX2, NEUROG2). Given
the predicted effect of variants on the gene expression, we will correlate it with the measured expression the
way we do for CNVs, i.e., perform an enrichment analysis on many genes.

Observing such enrichments/correlations will potentially allow us to suggest how and through which
mechanism (eg gene duplication/deletion, TF binding site creation/deletion, etc.) somatic variants affect
MRNA expression. We are confident in our abilities to perform such an analysis as we did it previously in
various studies where we: correlated gene expression with CNV (ref ?' and preliminary data), studied allele
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specific expression and binding within ENCODE project °" ®°

Genomes Project *® %, and analyzed the effect of variants on coding and non-coding genomic elements
Some technical details of our analysis are given below.

, surveyed loss-of-function variants within 19%9

Impact of somatic variants on functional gene co-expression modules. Cells have complex regulatory networks,
and the effect of genomic variants on gene expression is not always straightforward. In particular, a variant can
introduce only a minor change to gene expression while this change can be amplified in a cascade of
downstream regulatory events. To partially overcome these problems we will adopt an additional strategy, i.e.,
we will evaluate the effects of somatic genomic variants on gene co-expression networks, a powerful tool for
network inference and data reduction . Specifically, in each individual, we will use the WGCNA package ® to
process gene expression data from all the brain regions, in clonally extended cell and the original cell
population. WGCNA relies on the correlation strength between co-expressed genes to reduce the whole set of
gene transcripts to a much smaller set of “modules”. These “modules” are defined by sets of genes whose
expression profiles are correlated across samples. The overall expression level of each module will be
described by its first principal component (the module eigengene). Modules’ eigengene will be tested for
differential expression between clonally extended cell populations against the original cell population, to
identify the module(s) whose expression profile is likely affected by the genetic variants.

The genes in each module will be enriched for gene ontology (GO) classes and biological pathways to assess
the biological significance of the module(s). We will use Ingenuity (http://www.ingenuity.com), DAVID
(http://david.abcc.ncifcrf.gov) and MetaCore™ (https://portal.genego.com) software and databases for this
purpose. These analyses will allow us to derive the most significant biological pathways for list of genes that
participate in a network module.

We will then select those modules that are differentially expressed between clonally extended cell populations
and the original brain tissues within each brain, and further determine whether transcripts belonging to each
module are significantly enriched with genes harboring potentially influential genomic variants, similarly
to what we will do for genes (see above). Collectively, these analyses will allow us to derive the most
significant gene networks and biological pathways whose differential expression correlate with specific somatic
variants in each individual. These genomic variants that are significantly associated with transcript
modules will then be selected for further analyses. The modules derived from the various individuals may
underline completely independent or, more likely, overlapping functions. We will therefore test for consensus
modules across individuals to identify possible common biological functions affected by the individual’'s SVs.

In addition to minimizing the issue of multiple comparisons, modular analysis will likely increase our ability to
determine the biological significance of the detected genomic somatic variants. The prediction from this
analysis is that we will identify sets of co-expressed transcripts that are significantly associated with genomic
variants in clonal cell populations where these genomic variant(s) were discovered. Although enrichment does
not necessarily mean causation, these analyses will allow us to focus on those somatic variants that may
be associated, or even be causative for expression change in modules of functionally related genes.

We will further compare differentially expressed modules enriched in somatic variants with modules of co-
expressed genes in developing brain using larger datasets available from the Sestan lab. The Sestan
laboratory has generated and analyzed RNA-Seq and DNA methylation data for the BrainSpan project
(www.BrainSpan.org) "> "', Since the modules of co-expressed genes from these larger datasets are likely to
contain a wider representation of transcripts expressed in developing brain across a larger number of
individuals, we will further determine which modules in the BrainSpan project datasets are enriched with genes
containing somatic variants, as determined by the prior step in our analyses. Our expectation is that these
analyses will allow us to draw correlations across individuals, i.e., investigate whether somatic variation has
general implications for processes of brain development. In the future, we will validate the modules/pathways
arising from the present analysis, by first identifying key regulators in each relevant module/pathway, for
instance by classifying genes by their degree of connectivity (“‘hub” genes), then by selectively
perturbing/blocking their activity (e.g. RNAI, etc.) and assessing the impact of such operation on the cellular
phenotype.

Statistical analysis. For each gene/module and its “potentially influential” somatic variant(s), we will compare
expression of the gene/module in the pair clone — original population, where a variant was discovered. Given a
set of variants (e.g., CNVs, mRNA disrupting SNVs/indels, etc.) each such comparison will be a data point.
These data points will be used for statistical analysis. For enrichment analysis (e.g. for differential expression
of genes with “potentially influential” variants) we will apply test for comparison of two proportions. We will first
assign potentially influential variants to each gene as described above and then we will then perform an
enrichment analysis of whether genes with “potentially influential” variants are more often differentially
expressed then genes without such variants within the differentially expressed module(s). We will also test for
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an enrichment of down regulated modules among those having frame shifting indels/MEls and SNVs leading to
stop codons. When there are two possible outcomes of our predictions (e.g., increase in expression of
duplicated genes and decrease in expression in deleted genes) we will use Fischer's exact test to access
statistical significance. The resulting p-values will be correct for multiple-hypothesis testing (i.e., number of
correlations analyzed).

Expected results: Collectively, these analyses will provide another layer of analysis to try to estimate the
potential biological significance of the variant, based upon the most significant gene networks and biological
pathways that correlate with it within and across individuals. This will greatly increase the predictive power of
our analysis and assess the biological significance of the genomic variants.

Aim 3. Investigate the most likely biological origin of somatic variants

Here we will focus on analysis of CNVs and SVs. Obviously insertion of pseudogenes and mobile elements is
the result of retrotransposition. Other SVs, however, can be generated by multiple mechanisms > % 3! we
have previously developed an algorithm for optimal alignment of sequences with SVs *. The strength of the
method is that it guarantees an optimal alignment of sequencing around SV breakpoints without prior
assumption about sequence features around breakpoints. In particular, the algorithm naturally detects micro-

insertions around SV breakpoints (Fig. 1F) and can resolve
z breakpoints masked by long homologous sequences **. When

w X y X
- - performing validation experiments (Fig. 6) with PCR and/or
" f S o targeted resequencing with long reads we will align reads with
our algorithm to derive SV breakpoints. We will conduct similar
* » analysis when establishing somatic nature of CNVs. Matching
Duplication breakpoints from the two analyses will provide additional
L X - Y A confirmatory evidence for our findings.
Deletion Having found precise CNV/SV breakpoints we will use
w_x z our existing pipeline to classify mechanisms generating the

Figure 8. Creation of deletion and tandem
duplication alleles as a result of chromosome

CNVs . In brief, the pipeline looks at sequence features around
SV breakpoints to predict the most likely mechanism generating
the SV: Non-allelic Homologous Recombination (NAHR), mobile

. . 5
cross-over. The fiqure is adopted from " element insertion (MEI), Variable Tandem Repeats (VTR) and

Non-Homologous Rearrangements (NHR). Additionally, just looking at the frequency of each type of CNV
(deletion vs. duplication) gives valuable information about cellular processes underling CNV/SV creation.
Tandem duplications strongly imply chromosomal cross-over, i.e., homologous/non-homologous recombination,
as a CNV creating event. Dispersed duplications were suggested to arise during replication errors or complex
recombination event *> ** 3!, Deletions could be the result of double stranded DNA break or chromosomal
cross-over (Fig. 8). In the latter case a tandem duplication is also created. Note, that both alleles with
duplication and deletion can be present in original brain cell population but only one of them will be present in
each given clone. We will perform an experiment to find out whether at least some of detected duplication can
be the result of cross-over in brain cells. Namely, for each deletion (inversely tandem duplication) we will
assume that there exists a tandem duplication (inversely deletion) in the brain sample. We will then add these
“hypothetical” variants to our test list for establishing somatic nature (see Aim 1), and analyze them with
described experiments (PCR, digitalPCR, and ultra-deep targeted resequencing).

It is more challenging to determine the mechanisms creating somatic SNVs and indels, as they (mechanisms)
have no distinct signatures in sequence. We therefore will analyze whether statistical characteristics of somatic
SNVs/indels are different from the characteristics of germline SNPs/indels. In particular, we will compare their
distribution across genome, distribution within and outside coding regions, aggregation around recombination
hot-spots, and transition to transversion ratios. It may well be that somatic SNVs/indels closely resemble
germline SNVs/indels, then this will be the end point of our analysis. In case they are different will further
characterize somatic SNVs/indels with the aim of better understanding their nature. In particular, we will
attempt identifying clusters of somatic SNVs/indels, bioinformatically correlate their (variants’) distribution with
chromatin structure and histone marks (using existing datasets, e.g., from ENCODE project), and correlate
their distribution with distribution of CNVs/SVs and MEls. Clustering of somatic SNVs and/or indels and/or
CNVs and/or MEIs may identify genomic regions susceptible to somatic variants or even imply common
cellular process(es) leading to their generation.

Expected results: The result of analysis in this aim will be an improved understanding of which mechanism
are responsible for generating somatic CNVs/SVs and whether somatic SNVs/indels are similar to germline
SNPs/indels.
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Resource Sharing Plan

Data that will be collected in this project are: whole genome sequencing data from DNA and RNA extracted
from brain tissue and blood of postmortem human embryos.

Biomaterials are DNA and RNA extracts prepared from clonal cultures derived from primary brain tissue and
directly from fetal tissues.

We plan submitting the data and available biomaterials to a public repository to enable rapid sharing of data
and biospecimens in the scientific community. For example, all sequencing data will be deposited to NCBI
GEO (rnaseq reafs) and dbGAP (dnaseq) as soon as the paper describing the data is submitted

The timetable for deposition of the data and/or biomaterials will be after publication of the research or six
months after the end of the award period, whichever is shorter.

Data will be distributed from the Vaccarino, Sestan and Gerstein laboratories. These laboratories will certify
the quality of all data generated prior to submission to the repository and will review the data for accuracy after
submission. Biospecimens will be distributed by the Vaccarino laboratory at Yale University. We have
budgeted for shipping costs and for personnel (Ms. Tomasini) that that will organize the receipt, storage,
cataloguing and shipment of samples.

We will ensure that any applicable biomaterials will be stored at Yale University in the Vaccarino laboratory
facilities and will be tracked via a web-accessible database where samples are listed without personal
identifiers.

To receive the biomaterials, recipient investigators and their Institutions will be required to sign material
transfer agreements (MTA) in behalf of Yale University. The recipient will be also required to provide written
assurance and evidence that (1) the biomaterials will be used solely in accord with their Institutional review; (2)
that biomaterials will not be further distributed by the recipient without consent of our Program; (3) that
biomaterials will not be used for commercial purposes.

Requests from for-profit corporations to use the cells commercially will be negotiated by our institution's
technology transfer office. All licensing shall be subject to distribution pursuant to our institution's policies and
procedures on royalty income. The technology transfer office will report any invention disclosure submitted to
them to the appropriate Federal Agency.

Our institution and we will adhere to the NIH Grants Policy on Sharing of Unique Research Resources
including the " Policy for Sharing of Data Obtained in NIH Supported or Conducted Genome-Wide Association
Studies (GWAS)" issued in August 28, 2007 (http://grants.nih.gov/grants/quide/notice-files/NOT-OD-07-
088.html) and the “Sharing Human Data via the National Database for Autism Research” to serve the autism
research community as a common platform for exchanging data, tools, and research-related information
(http://ndar.nih.gov). Should any intellectual property arise which requires a patent, we would ensure that the
technology remains widely available to the research community in accordance with the NIH Principles and
Guidelines document.

Research resources generated with funds from this grant will be freely distributed, as available, to qualified
academic investigators for non-commercial research. My institution and | will adhere to the NIH Grants Policy
on Sharing of Unique Research Resources including the "Sharing of Biomedical Research Resources:
Principles and Guidelines for Recipients of NIH Grants and Contracts" issued in December, 1999.
http://ott.od.nih.gov/policy/rt_guide_final.html Specifically material transfers would be made with no more
restrictive terms than in the Simple Letter Agreement or the UBMTA and without reach through requirements.
Should any intellectual property arise which requires a patent, we would ensure that the technology remains
widely available to the research community in accordance with the NIH Principles and Guidelines document.
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