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Major Goals in Genetics
and Genomics

1. Understand the Genetic Basic of
Human Disease

- Provides insights into biological
pathways involved

- e.g. Alzheimers and immune
function e.g. CD33, TREM2

2. Predict Genetic Risk and Prognosis
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Genome Sequencing

=T Twelve have important pathogenic mutations:
First 70 Pe()pl.e * SDHB (2X): high freq. of neuroendocrine
tumors”

* APC (2X): Colon cancer

* BRCA1: Breast & ovarian cancer

* MUTYH: Colon cancer

« SLC7A9: Cystinuria

* RBM20: Dilated cardiomyopathy”

e CHEK2: Breast cancer

* PROC: Affects coagulation

 HNF1A: MODY mutation”

* ABCCS: Hyperinsulinemic hypoglycemia

Rego, ... Snyder et al. Mol. Case Reports 2020
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Genetics involves:

Single gene (Mendelian) MODY genes
(e.g. HNF1a)

Complex disease: Thought to be due to
many genetic changes of small effect

Effect size of each gene variant

Small/—\
TN

Large

Medium

TARDBP, FUS

C9orf72,
TBK1, NEK1,
C21orf2

Mendelian
Number of genes and other factors

Single gene




Genome-Wide Association Studies
(GWAS)
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Genome-Wide Association Studies
(GWAS)
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Polygenic Risk Score

Disease # SNPs
Coronary Artery Disease 6.6M
Atrial Fibrillation 6.7M
Type 2 Diabetes 6.9M
Inflammatory Bowel Disease 6.9M
Breast Cancer 5.2K

Khera et al. Nat Genet. 2018 50: 1219-1224



https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=30104762
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Three Approaches For Analyzing
Complex Disease

1. Rare pathogenic gene variants
2. Common variants from GWAS signals
3. Noncoding rare variants

Li, Pan, Zhang, ...Snyder Cell 2018 Zhang, Cooper-Knock ... Snyder Neuron 2022 Zhang, Cooper-Knock et al , Cell Systems 2022
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Decoding the Genomics of Abdominal Aortic Aneurysm

Jingling L, Du ping Pan,’*5" Sal Zhann, - Joshua M, EI 4 Alicka Deng,”** Lawrance LK, Leung, ™~
! Philip S T!-'nn. 44" and Michasd Snyder”

Abdominal Aortic Aneurysm (AAA) e

Clinical Facts =pidemiology

* Heritability: 70%

» Aged population >50 yo.
» Lifestyle matters

 High blood pressure

* Cholesterol etc

« Asymptomatic at onset - fast growing
* 90% mortality rate upon rupture

» The 10 leading cause of death in US
* No early screening tool




268 AAA cases

133 AAA controls

Identifying Genes Associated with AAA

Call pathogenic

50X i
/ mutations
‘||/| ][N
Whole genome I Hlul\ ngBz
deep sequencing DD D lclzolcla
‘ ‘ ;g% KCNC3
N ¢ \’I_IX
DX DAX
E mutation Identify 60 AAA genes

HEAL:a machine
learning framework

Jingjing LI, Cuiping Pan, Sai Zhang ..

Phil Tsao, Cell 2018
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HEAL accurately predicts AAA risk -> clinical utility

— Genome: 0.690

— EHR: 0.775

Genome+EHR: 0.803
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M E/C FS » Affect 2-4% of US population

* Known to have a genetic
component

* SNP based: Chris Ponting
9.5%

* Few (7-10) genes identified




Cohorts

ME/CFS Disease Sequenced Samples
Cohorts

iPOP 110 (7 MECFS
Maureen Hanson N=113 carriers/cases)
(Cornell) (Cases-66, Controls-47)
hPOP 268
Fereshteh N=364
(Stanford) (Cases-208, Controls-156) Total 378
UK Biobank N=220
(Cases-190, Controls-30)
Total 697

e



ME/CFS
Study design

* HEAL2 extends our
previous model, HEAL,
by aggregating the
mutational burden
across genes and
utilizing a graph neural
network to model gene-
gene interactions,
derived from known
protein-protein
interactions
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HEALZ2 accurately predicts ME/CFS from rare
variants — outperforming HEAL
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HEALZ2 identified 115 ME/CFS genes distinguishing
cases from controls

Q DNMT3A
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O + 0.6- GRB
= O PTPN11-_®
L 5 PPP2R2A KCZ
= 204 NLGN2 |
cc ADCY10-MAX '}
C ®©
%’ 20.0+ s ———EEEEEEE T _
Genes

NS @ §<0.02 (ME/CFS gene)



The identified ME/CFS genes are highly

expressed in CNS
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ME/CFS genes are highly expressed in neurons,
smooth muscle cells, and immune cells

Adjusted P< 0.05
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ME/CFS genes are down-regulated in ME/CFS
patients

= 2
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B cell | Granulocyte Monocyte  NKcell T cell Blood Background ME/CFS
[E Background [ ME/CFS Co Comella et al. 2021 Germain et al. 2021

and down-regulated in patient Band T cells



ME/CFS genetically correlated with other

diseases and traits

Genebass SKAT-O (pLoF)

N=4 , 529 Depression
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Sleep disturbance is a key symptom of ME/CFS



Genetics of Complex Disease Using
Machine Learning & GWAS Information
Sai Zhang, Johnathan Cooper-Knock

1. ALS

2. COVID-19 Severity

Zhang, Cooper-Knock .. Michael Snyder Neuron 2022 Zhang et al , Cell Systems 2022 Zhang et al , BioRixv 2024



|dentification of ALS Genes Using Machine Learning (Al)
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log(fold change)

RefMap identifies: 690 ALS genes (over the 7 known previously)
Accounts for 36% of heritability (over the 6% known previously)

E
« Overlap with many well-known ALS genes
CY9orfr2, ATXN2, SIGMAR1 ° <

¥

« Significantly enriched with known ALS genes
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Experimental validation of KANK1

Reduced neuronal
survival

Reproduce patient mutation in Exon
2 iPSC-derived

motor neurons
iPSC s
e KANKT editing |
Ve >~
CRISPR/SpCas9 Differentiation : Abnormal axonal
- _L-— E— function
Exon
> , e, Mislocalization of
| 2iq,, nuclear TDP-43
..o’
e ®
6 - ® |sogenic
A HPRT
- B Exon
8 *ox ** I p=oxig® Y
E *** —_ -3
3 4] - 5 2 P=6%x10
8 * 5w KANK1 ALS mutations cause: o .
= E2 15/ :
g ** ** — o 3
a hypoexcitability 22 -
c 24 { %;) 1 u" ;r:
3 { ' i . . Sd
< ] TDP-43 mislocalization  emp SE 05]
f 2
0 —p—= T T T 0
0 20 40 60 80

Current injection (pA)

Sai Zhang, Johnathan Cooper-Knock .. Neuron 2022



COVID Severity: GWAS + Single-Cell Multiome - Genes
COVID-19 GWAS + lung
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Mapping Target Genes Per Cell Type

6,662 1kb regions =
1,375 genes across 19 cell types
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Heritability Analysis Identifies NK Cells
and Other Immune Cells
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Failed activation of NK cells in the initial stage of SARS-
CoV-2 infection is permissive of viral replication, leading to
fatal hyperinflammation



Single-cell PRS (scPRS)

26,676 T2D cases, 132,532 controls

Personal Genotype
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Graph Neural Network (scPRS)

GWAS Summary Statistics
Controls /ﬁ\/ﬁ\lﬁ\/ﬁ\/ﬁ\
: g ) _ g
Disease E (i = hlxi)
Q . Nbeeh e e
8 ol
Chromosome o :
} 2 g Armm _ ¢
A A Cell 1 = ——— (@) ANBE
A A 0 Cell2 m—m — .
AA o Cell3 —i—i— H EN
O T Cell 4 —B—u—— > H BN
Reference g, g W e Individuals <o
- n L Input Cell-cell similarit ,
DT—“ Cell N ———— — npu elizcetsimuarity Message passing Readout
UMAP1 A Cell-level PRS embedding network
Reference scATAC-seq
(1) Disease Prediction @) Cell Prioritization (8) Variant Fine-mapping & Gene Discovery
ROC .
: 0, Normal Disease
@ 00 O A (R | TS I g Y T e
T ; TF ‘ .
: | Le®a mANAs /00 | o D
:E ’ ./ E‘:%A.&c*; ATCG(A/G)TCCT : Daar
: | — B e = e
3 Q CRE Gene ; i
S < : H ..
F — ) .._X_-
> ) Red: Disease cells Cis-regulation Dysregulation
False positive rate UMAP1 Backgroundcells | (T

GWAS data from McCarty et al 2017;

snATAC data from Chiou et al 2021 Nature

Zhang et al 2025 Nature Biotech



scPRS prioritizes T2D-critical cells
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scPRS identifies T2D risk genes and pathways

I Biological process Molecular function

Negative regulation of cytoplasmic |
franslation

Pancreas development s

RNA polymerase Il complex binding {

GCGhigh alpha RNA polymerase core enzyme binding s

Beta Cell genes, 1 9 Out Of Basal RNA polymerase Il transcription |
machinery binding

29 (65.5%) are new. Potassium channel activity s

Nuclear receptor binding {

Protein phosphatase binding 4

RNA polymerase Il-specific DNA-binding |
transcription factor binding

[=F

Alpha cell genes, 32 out of 0 0 R
45 (71.1%) are new.

Response to hexose «
Positive regulation of insulin secretion s

Response to glucose §

Positive regulation of peptide hormone |
secretion

Cell cycle G1/S phase transition +

Regulation of cyclin-dependent protein |
kinase activity

high
|NS 9 beta G1/S transition of mitotic cell cycle 4

Regulation of cell-matrix adhesion 1
Protein K48-linked ubiquitination s

\ Positive regulation of protein secretion s

D
31

20 40
Odds ratio

on




1. Novel Al approaches have led to new genes involved in
AAA, ME/CFS, ALS, Long COVID
—Increase in heretability explained (e.g ALS 6% > 36%)

2. Bycombine Al approaches with single cell data we can
identify relevant cell types Severe COVID: NK & T-cells;

Diabetes: alpha cells

3. Afocus on cell-specific genetic drivers has enabled us to
find genetic associations where traditional approaches

are underpowered. ,

/
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ME/CFS is genetically correlated with long
COVID19

' COVID19 GWAS
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ME/CFS genes lower expressed in patient
cytotoxic T cells
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268 AAA cases

133 AAA controls

Identifying Genes Associated with AAA
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Non-coding mutations which increase motor neuron
expression of CCDC 146 shorten ALS survival

Whole-genome

@ Functional Genomics @ Survival analysis sequencing
e fRV-based gene burden \\\M lﬁE
: ABC model gene _ e N=6,715 e
N ATAC-seq o @
= H3K27ac Ch IP-seq § B . g
i — CRE 'g - ’E
i RNA-seq '8 . I o
Hi-C —_
= = g~ = Mg
Cox 26 .,
model covariates E .
/\ 1 : e Sex
Effect 1 P c ln=1I" Age at blood draw
Bt ed clion +TcCAAGCTAC = 5% = fgadionsol
S cE e Age at death
TTCCAGGCTAC u;) . 5§ e CO9ORF72
£ |——*] . Site of onset
R o, W -
NeuroNet Functional variant L - o elc
Time

We identified non-coding rare variants which are functional within motor neurons and
are linked to ALS survival



Rare variant burden testing using non-coding variants
prioritised by NeuroNet
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We identified non-coding
variants linked to ALS
survival but there was

some ambiguity regarding

target genes which
required experimental

Interrogation.

Non-coding variants are

associated with >50%
reduction in ALS survival.




The chr7:76,009,472:C>T variant increases CCDC146 expression
in MN and exacerbates ALS-associated phenotypes
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ALS-associated survival defects in iPSC-derived neurons are
completely rescued by ASO which reduces CCDC 146 expression
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The ASO effectively reduces
CCDC146 expression

We tested an ASO knockdown
of CCDC146 in a 3D cultures of

patient-derived neurons.
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ASO against murine ccdc 146 rescues motor phenotypes
and extends survival in an aggressive mouse model of
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Knockdown of CCDC146 is likely to be well tolerated

* Humans and mice without CCDC146 present with non-syndromic
male infertility only (Muronova et al, 2024, eLife).

* ASO against CCDC146 was NOT toxic in 3D cultures of neurons

derived from neurologically normal individuals, compared to
scrambled ASO.

* ASO against murine ccdc146 is NOT toxic in non-transgenic mice.
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