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Article
Disease-associated astrocyte epigenetic
memory promotes CNS pathology

0.08 )

https://doi.org/10.1038/541586-024-07187-5 Hong-Gyun Lee', Joseph M. Rone', Zhaorong Li'?, Camilo Faust Akl', Seung Won Shin?,
Joon-Hyuk Lee’, Lucas E. Flausing', Florian Pernin®, Chun-Cheih Chac', Kilian L. Kleemann®,
Lena Srun’, Tomer lllouz", Federico Glovannoni', Marc Charabati’, Liliana M. Sanmarco’,
Jessica E. Kenison', Gavin Piester'?, Stephanie E. J. Zandee”, Jack P. Antel®,

Veit Rothhammer'®, Michael A. Wheeler'?, Alexandre Prat’, lain C. Clark® &

Francisce J. Quintana'2#=

Received: 2 August 2023

|
Acute phase response signalling f EP300-NF-xB signalling network
| (sgAcly vs sgScrmbl)

Accepted: 9 February 2024

Published online: 20 March 2024

%) Check or updates Neuroinflammation signalling

Disease-assoclated astrocyte subsets contribute to the pathology of neurologic

diseases, Including multiple sclerosls and experimental autolmmune = 1 1 =
encephalomyelitis'* (EAE), an experimental model for multiple sclerosis. However, IL B Slgnﬂlllng )

lictle Is known about the stability of these astrocyte subsets and their abllity to |
Acetyl-CpA biosynthesis |

Integrate past stimulation events. Here we report the Identification of an epigenetically
controlled memory astrocyte subset that exhibits exacerbated pro-inflammatory
responses upon rechallenge. Specifically, using acombination of single-cell RNA
sequencing, assay for transposase-accessible chromatin with sequencing, chromatin = | . . .

Immunoprecipitation with sequencing, focused Interrogation of cells by nucleic acld Mult'ple ﬁClEl‘OSIS s|gna"|ng -

detectlon and sequencing, and cell-specific in vivo CRISPR-Cas9-based genetic )

perturbation studles we established that astrocyte memory is controlled by the . X :
JAK—STAT signalling -

metabolic enzyme ATP-citrate lyase (ACLY), which produces acetyl coenzyme A
(acetyl-CoA) that Is used by histone acetyltransferase p300 to control chromatin :
accessibility. The number of ACLY‘p300* memory astrocytesis Increased In acute and
chronic EAE models, and thelr genetic Inactivationamellorated EAE. We also detected
the pro-inflammatory memory phenotype In human astrocytes In vitro; single-cell
RNA sequencing and Immunohistochemistry studles detected increased numbers of
ACLYp300° astrocytes In chronic multiple sclerosis lesions. In summary, these studies T T T T
define an epigenetically controlled memory astrocyte subset that promotes CNS 0 1 2 3 4
pathology In EAE and, potentially, multiple sclerosis. These findings may guide novel .

— . ‘

log,, (P value) , :

J P=20x 103
Chemokine signalling ; Z =-0.594

5 © NF-xB: P =495 x 10~
Z=-2.48

therapeutic approaches for multiple sclerosis and other neurologic diseases.

Astrocytes are abundant non-haematopoietic cells of the central
nervous system (CNS) that have important functionsin healthand dis-
ease™ .. Astrocytes participate in key processes that are relevant to CNS
development and homeostasis®. In addition, cytokines, interactions
with CNS-resident and CNS-recruited immune cells, and other factors
trigger astrocyte responses withimportant reles in CNS pathology!®25,
Indeed, several astrocyte subsets have been described in neurologic
diseases' ", For example, we and others have interrogated astrocyte
functional heterogeneity in multiple sclerosis and EAE" *. However, the
stability of these disease-associated astrocyte subsets is unclear, an
important pointwhen considering lifelong chronic neurologic diseases
such as multiple sclerosis.

Immunological memory, the generation of faster and stronger
responses upon repeated antigenic stimulation, is a classic hallmark

ofadaptiveimmunity driven by long-lived antigen-specific Tcellsand B
cells”. Inaddition, innate immune cells including myeloid cells™**and
other cell types™ underge metabolic, epigenetic and transcriptional
adaptations upon stimulation that alter their subsequent responses,
boosting protective immunity against pathogens but also contrib-
uting to pathogenic inflammation®. Although memory T cells and
B cells have been identified, our understanding of innate immune or
non-haematopoietic cellmemory subsets remains limited. In this con-
text, itis stillunknown whether astrocytes display altered responses to
repeated stimulation, how these responses are regulated, and whether
specific astrocyte subsets are involved.

Herewe describe amemory astrocyte subset controlled by epigenetic
changes driven by ACLY- and p300-dependent histone acetylation,
which, following an initial stimulation, display faster and stronger

*Ann Romney Center for Neurclogic Dissases, Brigham and Women's Hospital, Harvard Medical Schocl, Boston, MA, USA, *Broad Instituts of MIT and Harvard, Cambridge, MA, USA.
*Department of Bioenginsering, College of Engineering, California institute for Quantitative Biosciences, (B3, University of California Berkeley, Berkeley, CA, USA. *Heuraimmunology Unit,
Montreal Neurological Institute, Department of Neuralogy and Neurosurgery, McGill University, Montreal, Quebex, Canada. *School of Computing, University of Portsmouth, Portsmouth, UK.
“Depsrtment of Pathology and Laberasory Medicine, University of Rochester Medical Center, Rochester, NY, USA.
de [Université de Montréal (CRCHUM), Montreal, Quebec, Canads. "Department of Neurology, University Hospital, Friedrich-Al

Lsb. Centre de Cantre Hospitalier
der Universi Erlangen, Germany.

L 2du

“(Gene Lay Institute of Immunoiogy Boston, MA, USA_ Se-mail:

Nature | Vol 627 | 28 March 2024 | 865

UCLA Health Jonsson Comprehensive Cancer

center also use Qiagen IPAto interpreted
spatial transcriptome

https://www.uclahealth.org/cancer/researchers/shared-resources/genomics
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Spatial transcriptomics reveals distinct and
conserved tumor core and edge
- - .
architectures that predict survival and
targeted therapy response
e o : s .
a T0HPV (-) OSCC 12 surgically resected 12 slides processed with

Received: 31 October 2022 Rohit Arora™®, Cuhristian Cao“':;, Mehul Kumar‘i_; Sarthak Sinha 04'5,5 patients " Samples collected from 10X Visium Spatial
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The spatial organization of the tumor microenvironment has a profound

impact on biology and therapy response. Here, we perform an integrative

single-cell and spatial transcriptomic analysis on HPV-negative oral squamous 10

cell carcinoma (OSCC) to comprehensively characterize malignant cells in 6

tumor core (TC) and leading edge (LE) transcriptional architectures. We show 3 5 a 5

that the TC and LE are characterized by unique transcriptional profiles, 1 2 3

neighboring cellular compositi and ligand-receptor interactions. We

demonstrate that the gene expression profile associated with the LE is con- I 11 IVA 1 2 4a 0 1 2b 0 1

served across different cancers while the TC is tissue specific, highlighting
common mechanisms underlying tumor progression and invasion. Addition-
ally, we find our LE gene signature is associated with worse clinical outcomes
while TC gene signature is associated with improved prognosis across multiple
cancer types. Finally, using an in silico modeling approach, we describe
spatially-regulated patterns of cell development in OSCC that are predictably
associated with drug response. Our work provides pan-cancer insights into TC
and LE biology and interactive spatial atlases (http://www.pboselab.ca/spatial
OSCC/; httpy//www.pboselab.ca/dynamo_OSCC/) that can be foundational for
developing novel targeted therapies.

"Department of Biochemistry & Molecular Biclogy, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada. 2Temerty Faculty of Medigine,
University of Toronte, Toronto, ON, Canada. *Amie Charbenneau Cancer Institute, Gumming Schoal of Medicine, University of Calgary, Calgary, 4B, Canada.
“Department of Comparative Biclogy and Experimental Medicine, Faculty of Veterinary Medicine, University of Calgary, Galgary, AB, Canada. Center for
Heslth Informatics, University of Calgary, Calgary, AB Canads. ®Institute of Biomedical Enginsering, University of Oxford, Oxford, United Kingdom. "Ohlson
Research nitiative, Cumming S chool of Medicine, University of Calgary, Calgary, AB, Canada. *Section of Otclanyngology Head & Neck Surgery, Department
of Surgery, Cumming School of Medicine, University of Galgary, Calgary, AB, Canade. *Department of Community Health Sciences, Cumming School of
Medicine, Uriversity of Calgary, Calgary, AB, Canads. '®Alberta Children’s Hospital Research Institute, Cumming School of Medicine, University of Calgary,
Calgary, AB, Canada. "Hotchkiss Brain Institute, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada. “Department of Surgery,
Cumming School of Medicine, University of Calgary, Calgary, AB, Canada. *Division of Hematology, Department of Oncology, University of Calgary, Calgary,
AB, Canada. “Department of Pathology and Laboratory Medicine, University of Calgary, Calgary, AB, Ganada. Department of Oncology, Cumming School of
Medicine, University of Calgary, Calgary, AB, Canada. "®Thess authors contributed equally: Rohit Arora, Christian Cao. - e-mail: pbese@ucalgary.ca

Nature Communications | (2023)14:5029 1
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gene
SPRR2D
SPRR2E
DEFB4A
SPRR2A
LCN2
CRCT1
SLURP2
CNFN
SLURP1
S100A7
SPRR3
SPRR2B
KLK13
LCE3D
KLK6
SPRR1A

avg_log2FC
2.706423338
2.654346543
2.579461176
2.520689273
2.449394678
2.414710712
2.390169921
2.342349982
2.340477642
2.260580342
2.194651151
2.173298475
2.097040487
2.082024046
2.027716246
2.017865872

p_val_adj

O O O OO0 0000000 oo OoOo

n3

Clusters

gene
COL1A1
FN1
COL1A2
TIMP1
COL6A2
COL3Al1
SPARC
VIM
HMGN2
TNC
IGFBP7
FTL
MT2A
PFN1
FBLN2
LGALS1

avg_log2FC

1.119188557
1.077456695
1.047688083
1.040462139

0.98234798
0.916656628
0.902377431

0.87526439
0.791542974
0.778830913
0.716862936
0.653061976
0.612219081
0.546409497
0.472353201
0.668868409

n2

p_val_adj

O OO O OO0 O0O0OO0OOoOOoO oo o

9.25E-299
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File Edit View Window Help

Genes and Chemicals Diseases and Functions ~ Pathways and Lists ~ Datasets and Analyses
| Create New.. Advanced Search |[@
e Search
Comparison Analysis... x
Biomarker Filter... A-ZSort Refresh
Biomarker Comparison Analysis...
MicroRNA Target Filter... e @ Analysis
BioProfiler -
IsoProfiler
My Pathway ALPZENC - My Projects » )
s jenome, » case_study
Path Designer
9 \-2024- 3 CGUST
Filter Dataset 4-05-16 CCGH 2
Upload Dataset... te - 202 » CCGH
Advanced Search 4-2602  » smh_miRBA ®
Projece. RNA mf 5 CMU_Hung_RNAseq &
—— [MRNA- 5 EBARDS q
ompal 2024-04 » exosome miRNA 2
Import Pathway 4hrs - 2 » exosome miRNA
[ B trama_data_unique - 2024-0¢ 5 2023-demo L— -
> B GSE73661-UC VDZ with pval » Isoform
[ Nature_comm_2020_germlin » HTCH_Dr.Liu_2022-12-16
[ Nature_comm_2020_germlin
I 9 » NDMC1020 ital datasets ar
» CGU_20221018
TMU0B16
> BIOMNET
» CMUHuang
» Adpharm
NDMC amer rok i
MNext day, June 30, 12¢
hel il Lentral curopean summer ime: Sawrcay, June 22, uz vl through Sunday,
Top help articles and FAQs Japan Standard Time: Saturday. June 29, 09.00 through Monday, July 1. 04
China CST (Beijing): Saturday, June 29, 23:00 through Monday, July 1, 18:0(
Contacting Support If you are new to IPA or taking a trial please see: |PA Trial Resou
Shortcuts Pave your way to greatness using ad\ d pathway analysis: L
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Read our news and sign up for our newsletter.

Search Google Scholar for publications that cite IPA.

Don't Show at Startup

Dataset Upload - Tumor_core_spatial_genome_DEG.xlsx

1. Select File Format:

2. Contains Column Header:

3. Select Identifier Type:

4. Array platform used for experiments:

Flexible Format

v @

o Yes No

Please assign at least one column below as "ID", and assign the identifier type(s).

Assign additional columns as ID to improve mapping caverage if desired.

Mot specified/applicable

v Select relevant array platform as a reference set for data analysis.

5. Use the dropdown menus to specify the column names that contain identifiers and observations. For observations, select the appropriate measurement value type.

Raw Data(363)  Dataset Summary (360)  Metadata

Edit Observation Names Infer Observations ()

1D/Observation Name D v || avatog2fC v || avg log2FC v
ExprlogRa.. ~ | Exprp-value ~
Measurement/Annotation Gene Symb... v
1 gene avg_log2FC p_val_adj
2 SPRRZ2D 2706423338 0
3 SPRRZE 2.6543465429999995 0
4 DEFB4A 2.5794611760000001 O
5 SPRRZA 2.5206892729999999 0
6 LCNZ 2449394678 0
7 CRCT1 24147107120000002 O
8 SLURP2 2380169921 0
9 CNFN 2342349982 0
10 SLURP1 2.3404776420000002 0
1" S100AT 2.2605803419999999 0
12 SPRR3 2.194651151 0
13 SPRRZB 2.1732984750000002 0
14 KLK13 2.0970404870000001 O
15 LCE3D 2.0820240459999999 0
16 KLK& 2.0277162459999998 0
17 SPRR1A 2.0178658719999998 0
18 S100A12 1.9998280559999999 0
19 LCE3E 1.820669684 0
20 CSTA 1.789919528 0
21 SLCBAT4 1.7496272260000001 O
22 S100A9 1.737970397 0
23 KLK12 1.7283063970000001 O
24 KLKT 1726511224 0
25 SPRR2F 1.7137438540000001 O
26 SPRR2G 1.7127803829999995 0
27 HOPX 1.688770675 0
28 Fi3 1.653903093 0
29 PRS52T 1.6356224720000001 O
30 ECM1 1.6081023320000001 O
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File Edit View Window Help

Genes and Chemicals  Diseases and Functions ~ Pathwaysand Lists  Datasets and Analyses

Create New...

Create Core Analysis

Annotated Dataset: Tumor_core_spatial_genome_DEG
Preview Dataset Tumor_core_spatial genome_DEG

Selected Dataset: Tumor_core_spatial genome DEG
Mapped IDs (360)  Unmapped IDs (2) Al IDs (362

AddToryPathuay | Addtomyiee e Based on this dataset, which Core Analysis type would you like to run?

x

Expr Log Ratio X Exprp- . "

1100 ooeoo | Expression Analysis v

0480 491E-21

0397 0.00E00

i e On which measurement type would you like to base the analysis?

0327 2.73E-2¢

0472 e | Exprlog Ratio  ~ | This measurement will be used to calculate

o o directionality (z-scores) in the analysis and will be

0439 352624 displayed in color on pathways and networks. If you

0647 237E-2¢ . .

= T choose a non-directional measurement (e.g. p-value)

30 110 24 then z-scores will not be calculated.

0539 0.00E00

0319 4.66E-1¢

0.252 3.13E-2¢

1.029 0.00E00

1.604 0.00E00

0477 5.78E-1¢

0.387 342E-2:

1.047 0.00E00

0.802 0.00E00

0552 1.96E-2(

0435 0.00E00

0.261 5.90E-1C

0344 6.94E-2(

0307 0.00E00

0409 2.11E-1§

0828 0.00E00

0367 6.97E-2%

0.500 5.59E-2(

0555 1.77€-28

0314 7ME-1E

0.806 9.86E-2¢

0.545 6.52E-2¢ Back Next
0.660 1.30E-2¢

0639 6.68E-295 Céorf132 Céorf132 chromosome 6 open reading frame 132 Other

0611 461E-243 CALML3 CALML3 calmodulin like 3 Cytoplasm

1520 0.00E00 CALMLS CALMLS calmodulin like 5 Cytoplasm

0812 0.00E00 CARHSP1 CARHSP1 calcium regulated heat stable protein 1 Cytoplasm

0528 0.00E00 cCL20 ccL20 C-C motif chemokine ligand 20 Extracellular Space
0561 0.00E00 CCNG2 CCNG2 cyclin G2 Nucleus

0525 0.00E00 o177 o177 CD177 molecule Cytoplasm

1.243 0.00E00 D24 D24 CD24 molecule Plasma Membrane
0494 1.73E-241 CDS5 CD55 CDS5 molecule (Cromer blood group) Plasma Membrane
0316 1.29E-133 D68 CD68 CD68 molecule Plasma Membrane
0.356 2.26E-156 CDA CDA cytidine deaminase Nucleus

0/360

Duplicates. Gene/Protein/Chemical identifiers marked with an asterisk indicate that multiple identifiers in the dataset file map to a single gene/chemical in the Global Molecular Network.
"0" - Override »/Protein/Chemical i i marked as "Override” are displayed with italic text.
"A" - Gene/Protein/Chemical ID marked as Absent. The gene/protein/chemical will not be used as a focus molecule or appear in networks unless you also explicitly override this flag with the Override column.

X Type(s)
other
transporter
peptidase
enzyme
enzyme

G-protein coupled receptor

other

other

other

enzyme

enzyme

enzyme

enzyme

enzyme

transcription regulator
other

enzyme

enzyme

transporter

other

peptidase

other

transporter
transporter

other

transporter

other

transcription regulator
other

transcription regulator
other

other

other

other

other

other

other

other

other

transcription regulator
cytokine

other

other

other

other

other

enzyme

= a X
Provide Feedback | Support Gene Chen  Close IPA

QIAGEN Land Explorer @088

Symbol | A2ML1 - EHF (1/4) v
X Drug(s) x
y isone, isone, hydro...
cedazurid Core Anal e dea...
Biomarker Filter
Filter Dataset
microRNA Target Filter
BioProfiler
IsoProfiler
Edit Dataset Settings Analyze/Filter Dataset ¥ Close
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Create Expression Analysis - [analysis : Tumor_core_spatial_genome_DEG]

Set Cutoffs  Biological Filters

se cutoffs to select a set of molecules from your dataset to analyze. Ideally choose between 100 and 3000
significantly regulated molecules, and not more than 8000. Include both up-regulated and down-regulated, if possible, to
obtain causal predictions.

Set Cutoffs

Dataset Column  Measurement Value Type  Range Cutoff

Three Step

1. Set Cutoff

2. Biological Filter
3. Run Analysis

Create Expression Analysis - [analysis : Tumor_core_spatial_genome_DEG]

Set Cutoffs  Biological Filters

> General Settings Population of genes to consider for p-value calculations:

L

Metwarks Interaction & Ca... Reference Set  Ingenuity Knowledge Base (Genes Only) e

. . Relationships to consider:
Mode Types biologic drug... P

Affects networks and upstream regulator analysis

Data Sources All @) Direct and Indirect Relationships

Direct Relationshi
miRNA Confidence Experi... irect Relationships

Species Human

Tissues & Cell Lines

olo|o(o|o|o|ole

Mutation All

Sawve As Default

Advanced 359 analysis-ready molecules (0 Down and 359 Up)

Optional Analyses:

v My Project
v | My Pathways
< My Lists

Run Analysis

—— Sample to Insight
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Summary  Graphical Summary ~ Pathways  Upstream Analysis

Tumor Core Analysis Result Overview

af\ Gt B (R 8 (U

ression Analysis - Tumor_core_spatial_genome_DEG - 2024-06-14 06:24 T+

Diseases & Functions

Regulator Effects

Networks

Lists

Analysis Match

Molecules

Export: [X@ @ B

 Experiment Metadata

> Analysis Settings

. Top Canonical Pathways

Name

Keratinization

Neuroprotective Role of THOP1 in Alzheimer's Disease
Neutrophil degranulation

SPINK1 Pancreatic Cancer Pathway

Intrinsic Prothrombin Activation Pathway

p-value
. 1.66E-30
«  3.36E-14
. 3.94E-10
1.30E-09
1.78E-08

Overlap
18.7%
16.8% 9/1
63% )/A76
20.0% 11/5¢
220% /41

. Top Upstream Regulators

“/ Upstream Regulators

Name
EHF
TNF
IgG
KRT14
FOXC1

v Causal Network

Name

EHF

HCK

JAK (family)
EHF

IKBKG

p-value

8.15E-29
6.90E-25
4.60E-22
2.98E-21
3.67€-20

p-value

3.90E-32
4.05e-31
1.02€-29
1.25E-27
8.92€-27

Predicted Activation

Predicted Activation

. Top Diseases and Bio Functions

—— Sample to Insight

" Diseases and Disorders

Name

Dermatological Diseases and Conditions
Organismal Injury and Abnormalities
Inflammatory Disease

Inflammatory Response

Immunological Disease

Molecular and Cellular Functions

Name

Cellular Development
Post-Translational Modification
Cellular Movement

Cell-To-Cell Signaling and Interaction

Fallidae Aenalabs e d Aemaimatian

L

——

L S
LR
D i

p-value range

~=e  1.65E-02 - 1.47E-67

“*s  1.65E-02-147E-67
= 1.65E-02 - 1.73E-23
»  1.65E-02-1.73E-23
»  1.65E-02 - 3.25E-18

p-value range
+  1.65€-02 - 2.92E-17
1.65E-02 - 6.33E-15
1.65E-02 - 7.21E-09

- 1.65E-02 - 7.74E-09

14GE AY 7 74C N0

# Molecules
287
354
137
121
124

# Molecules
143
27
109
75

an
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Analysis: Tumor_core_spatial_genome_DEG - 2024-06-14 06:24 T4

Growth Factor Signaling

Cellular Growth, Proliferation and Development

i
]

Pathogen Induced Cytokine Storm §gnaling Pathway
S100 Family Signaling Pathway

leuroprotective Role of THOP1 in Alzheimer's Disease

SP-RON Signaling In Cancer Cells Pathway
Transport of small molecules ° -
Transcriptional Regulation MSP-RON Signaling In Macrophages Pathway
s P i ° IL-33 Signaling Pathway
ensory Ferception Role of Hypercytok ia/hyperch ia in the Pathogenesis of Influenza
Cellular responses to stimuli L 1) IL-17 Signaling that
St vay
Neurotransmitters and Other Nervous System Signaling N P36 MAPK Signaling
T Role of IL-17A in Psoriasis
Drug ADME - EIF2 Signaling
Hemostasis @ I Dendritic Cell Maturation 10
Signal Transduction H Pulmonary Fibrosis Idiopathic Slglﬁalmg l?éth\nlray .
Role Of Osteoclasts In Rheumatoid Arthritis Signaling Pathway
Metabolic Clusters E Oxidative Phosphorylation d
Apoptosis GP6 Signaling Pathway
L Neutrophil Extracellular Trap Signaling Pathwa
Metabolism ®» A5 £ ~geng Y o
Necroptosis Signaling Pathway
Gene expression (Transcription) @ ® HIF1a Signaling
Degradation/Utilization/Assimilation cum ® Acute Phase Response Signaling i
Osteoarthritis Pathway
Ingenuity Toxicity List Pathways @ Q Integrin Signaling

Circadian Clock

Humoral Immune Response

Cell-Cell communication

Organismal Growth and Development
Nuclear Receptor Signaling

Biosynthesis

Intracellular and Second Messenger Signaling
Pathogen-Influenced Signaling

Cytokine Signaling

Cellular Immune Response

Cellular Stress and Injury

S100 Family signaling p:

17l

-10
Estrogen Receptor Signaling

ILK Signaling

HOTAIR Regulatory Pathway

MicroRNA Biogenesis Signaling Pathway
Tumor Microenvironment Pathway
HER-2 Signaling in Breast Cancer

IL-10 Signaling

Sirtuin Signaling Pathway

Natural Killer Cell Signaling

LXR/RXR Activation

SPINK1 Pancreatic Cancer Pathway

i Mitochondrial Dysfunction
Coronavirus Pathogenesis Pathway
.

group

_ o Tumor core | Leading edge |
Cardiovascular Signaling
Cancer
Immune System B
Disease-Specific Pathways ® «
Developmental Biology ]

© 2000-2024 QIAGEN. All rights reserved.
Sample to Insight

\ Pathogen Induced Cytokine Storm Signaling Pathway

4 5 6 7 8 9 10 1 12 13 14

15 16 17 18 19 20 21
-log(p-value)

22 23

24 25 26 27 28 29 30
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Paihogen Induced Cytokine Storm Signaling Pathway
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QIAGEN IPA — access to manually-curated knowledge base

» Perform expression analysis and compare cell clusters
® Discover novel biological mechanisms

B |dentify cell type-specific biomarkers and key regulators/targets
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