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Learning objectives

4 Define Chemical Genetics and Chemical Genomics

<4 |dentify advantages of single-cell resolution when examining
therapeutic response

4 Describe scalable and multiplex platforms for Chemical
Genomics

<4 Familiarize yourself with approaches for the analysis of large-
scale perturbation data



CHEMICAL GENETICS:
LIGAND-BASED DISCOVERY
OF GENE FUNCTION

Brent R. Stockwell

Chemical genetics is the study of gene-product function in a cellular or organismal context
using exogenous ligands. In this approach, small molecules that bind directly to proteins are
used to alter protein function, enabling a kinetic analysis of the in vivo consequences of these
changes. Recent advances have strongly enhanced the power of exogenous ligands such
that they can resemble genetic mutations in terms of their general applicability and target
specificity. The growing sophistication of this approach raises the possibility of its application

to any biological process. (2000) Nature Reviews Genetics
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Review article

THE ROLE OF THE MEDICINAL
CHEMIST IN DRUG DISCOVERY —
THEN AND NOW

Joseph G. Lombardino™* and John A. Lowe III*

Abstract | The role of the medicinal chemist in drug discovery has undergone major changes
In the past 25 years, mainly because of the introduction of technologies such as combinatorial
chemistry and structure-based drug design. As medicinal chemists with more than 50 years of
combined experience spanning the past four decades, we discuss this changing role using
examples from our own and others’ experience. This historical perspective could provide insights
In to how to improve the current model for drug discovery by helping the medicinal chemist
regain the creative role that contributed to past successes.

(2004) Nature Reviews Drug Discovery

M Check for updates

Applications of single-cell

RNA sequencing indrug

discovery and development

Bram Van de Sande'", Joon Sang Lee ® 2", Euphemia Mutasa-Gottgens ® *'*" , Bart Naughton ® %, Wendi Bacon ®3°,
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Xiao Chen'?, Mugdha Khaladkar™, Ji Wen ®'%, Andrew Leach ®* & Edgardo Ferran ®?

(2023) Nature Reviews Drug Discovery
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The Chemical Genetics Approach

Approaches that use collections of small
molecules or other treatment modalities to study
gene product function

Leverage large chemical or biomolecule libraries
Function is studied in whole cells or organisms

Coupled to a variety of readouts that allow
parallelization (e.g., viability, reporter expression)

Analogous to genetics, approaches can be
divided into forward- and reverse-chemical
genetics screens

Stockwell, B. (2000) Nature Reviews Genetics



Phenotype-based vs. Target-based Screens

Target-based drug discovery

Forward genetic screen " &_. - — Q.
° Screen for the abi”ty to induce vahdatnon ldevelopment 'Screemng ‘land leads
a phenotype of interest 4V
Phenotype-based drug discovery Target Reverse genetic screen
,."/\d Assay | \Screening Target ° !dentify ligands to a target of
] evelopment | deconvolution interest
\L KL ” '

Image: Payghan, P.V. et. al. (2018) Frontiers in Physics
Stockwell, B. (2000) Nature Reviews Genetics



Microarra

From Chemical Genetics to Chemical Genomics

Drug target validation and identification of secondary drug

t t effects using DNA mi : '
arget effects using microarrays Compendium of Signatures

MATTHEW J. MARTON?, JOSEPH L. DERISI?, HOLLY A. BENNETT', VISHWANATH R. IYER?,
MICHAEL R. MEYER', CHRISTOPHER J. ROBERTS', ROLAND STOUGHTON', JULJA BURCHARD',
DaviID SLADE!, HONGYUE DAI', DouGLAS E. BASSETT, JR'., LELAND H. HARTWELL?,
PATRICK O. BROWN? & STEPHEN H. FRIEND'

cell growth, division, DNA synthesis (67)
i cell rescue, cell defense, aging (25)
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Hughes, T.R. (2000) Cell

<4 Early approaches coupled perturbations to gene expression readouts using DNA
microarrays



Microarra

From Chemical Genetics to Chemical Genomics

Drug target validation and identification of secondary drug
target effects using DNA microarrays

Compendium of Signatures

MATTHEW J. MARTON?, JOSEPH L. DERISI?, HOLLY A. BENNETT', VISHWANATH R. IYER?,
MICHAEL R. MEYER', CHRISTOPHER J. ROBERTS', ROLAND STOUGHTON', JULJA BURCHARD',
DaviID SLADE!, HONGYUE DAI', DouGLAS E. BASSETT, JR'., LELAND H. HARTWELL?,
PATRICK O. BROWN? & STEPHEN H. FRIEND'

FKS06 CsA

Hughes, T.R. (2000) Cell

+

Marton et al. established the idea of a chemical signature to classify on/off target
effects of inhibition of calcineurin signaling
Hughes et al. proposed a compendium of signatures for gene loss-of-function in yeast

+



Microarray

From Chemical Genetics to Chemical Genomics
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Subramanian, A. (2017) Cell

Advances have focused on coupling chemical genetics screen to

molecular readouts

scalable



From Chemical Genetics to Chemical Genomics

Plate-seg Drug-seq

_ a Perturbagen treated cells Oligo dispensing
- Concentrate and purify with (384/1536 well plate) — BC1(N) ,,(T) 5\
CDNA column Reverse transcribe with o i N) 10T
N) ..(T)
barcoded, adapler-linked |
- Lyse cells in HTS plate oligo(dT) o
- Transfer to oligo(dT)-coated S
plate for mRNA capture AfhAnRRRAn BC1 BC2 BC3
v o TTTTTTTTTT PCR Tagmentation Sequence to Reads mapping
_____________ pre-amp purification  1~2 million reads/well  demultiplex  Genel| 2 5 3
_____ - - - - - - . N ———
== SS=SS=S=S=S=SSS - Second-strand synthesis Pooling and second strand Read1: barcode, UMI Gene2| 10 0 11
_— o —————— — with adapter-linked random synthesis with adapter-linked Read2: transcript Gene3| 33 42 50
- - i hexamers random hexamers
- Elute mRNA from oligo(dT)- .
coated plate - Purify ds-CDNA with ampure beads e ceeeeeeeees PP — b MRNA AAAAA
- Transfer to new plate for reverse P R e g TIRII SRy e ey e eyl ok
tran scripti on Reverse transcription
E E F ¥ E FE - : AINATRN . m anMNAAN, S aaddsldadd Template switching
o S e o S A - PCR enichment | _NNNNNN-- > _~NNNNKNN-===ccccccoooaa—- > GG AAAAA
—_—— e — - = - Purify amplicons with ampure ' TTTTTNNNNNNNNNN (bc )—
- Add barcoded, adapter-linked beads UMI  Well barcode
. w’ .35  S-Esseeoseseeseseseseeseseemmmewe 11111 114311
oligo(dT) primers to each well NNNNN === )’7 e » lPooling after 1st strand synthesis
- Reverse transcribe - Purify second strand
- Pool barcoded cDNA CONA pool {Pc} AAAAANNNNNNNNNN ( be )—
Y TTTTTNNNNNNNNNN ( bc )—
- Sequence 10 average depth A4 L b L)
- of ~2 million reads/well R = T R i
Remaining steps occur -Readt:barcode = | crneccccccccccccceas . -
in a single sample e agmentation
- Read 2: 3'-end of each gene
Read2
Pooled PCR enrichment N
INNNI (bC)e—
Automated Single pooled sample ! INN (bc)—
Read1

Bush, E.C. (2017) Nature Communications Ye, C. (2018) Nature Communications

4 Unbiased gene expression profiling of drug-induced molecular effects by sample
multiplexing of unique conditions during reverse transcription



Chemical genomics at single-cell resolution

A 4,608 conditions - 24 hours post treatment
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The expanding single-cell chemical genomics toolkit
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Defining the nature of molecular changes

Control cells

Trapnell, C. (2015), Genome Research.

Adapted from: Liu, S., Trapnell, C. (2016) F71000 Research.



Defining the nature of molecular changes

Control cells

Perturb
cells
\ |

Trapnell, C. (2015), Genome Research.

Adapted from: Liu, S., Trapnell, C. (2016) F71000 Research.



Defining the nature of molecular changes

Control cells
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Adapted from: Liu, S., Trapnell, C. (2016) F71000 Research.



Defining the nature of molecular changes

Deconvolve populations

a) Deconvolving heterogeneous cell
populations

b) Trajectory analysis of cell state
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Single-cell approaches shed light on tumor heterogeneity
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Heterogenelty in drug response

Induction of multiple Continuum of cellular
cell states response
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Targeting cancer associated processes

AEE788/Afatinib/
AG1478/Canertinib/
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Hanahan, D. and Weinberg, R.A. (2011) Cell.



Multiplex single-cell perturbation genomics

Map the transcriptional Regulation of treatment
response to therapy iInduced transcription
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Massively multiplex chemical transcriptomics at
single-cell resolution

*Srivatsan, S., *McFaline-Figueroa, J.L., *Ramani, V. et al. (2020). Science.




High throughput screens (HTS) allow for multiplex
perturbation screens
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High throughput screens (HTS) allow for multiplex
perturbation screens
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High throughput screens (HTS) allow for multiplex
perturbation screens
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HTS is largely coupled to gross phenotypic or
extremely specific molecular readouts
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Transcriptomic readout of HTS screens

Global

Complex
populations

Ye, C. et al. (2018). Nat Comm. - Drug-Seq
Bush, E.C. etal. (2017). Nat Comm. - PLATE-Seq
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Transcriptomic readout of HTS screens

Global
transcriptome

———

Heterogeneous
response

Ye, C. et al. (2018). Nat Comm. - Drug-Seq
Bush, E.C. etal. (2017). Nat Comm. - PLATE-Seq
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Single-cell "hashing” improves sample throughput
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sci-Plex: Single-cell sample multiplexing

Chemically perturb Hash/pool
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HTS single-cell profiling of chemical perturbations

574,457 single-cell transcriptomes 4,608 conditions (wells)
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sci-Plex recovers commonalities of compounds with
similar mechanisms of action
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sci-Plex reveals heterogenelty In drug response

Induction of multiple Continuum of cellular
cell states response
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HDAC inhibitors induce a dose-dependent trajectory
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AS49 MCF7

Pracinostat



Pracinostat
100 nM

AS49 MCF7



Pracinostat
1,000 nM

AS49 MCF7



Pracinostat

10,000 nM
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Pracinostat

10,000 nM
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Pracinostat
10,000 nM

Product Name

Abexinostat
Belinostat
CUDC-101
CuUDC-907
Dacinostat
Entinostat
Givinostat
Mocetinostat
Panobinostat
Pracinostat
Quisinostat
Resminostat
Tacedinaline
TSA
Tucidinostat

®
o
*
o
o
®
®
*

80 -75 -70 -65 -6.0
mean(log10(IC50))




Pracinostat
10,000 nM
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Histone acetylation regulates gene expression
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Histone acetylation regulates gene expression

Closed chromatin Open chromatin

4
2

Kurdastani, S.K. (2014) Curr Opin Genet Dev.



Histone are a reservoirs for cellular acetate

m (HDAC!—HDACH

Acetate
Ac-CoA

tCaeur ¢

O SLC13A3G Citrate FA — Acyl-CoA
l /§SL025A16§>

|Isocitrate

O SLC2A3C— A Ac-CoA

Glucose a-ketoglutarate C 4/ @
Cotst ! 5 SLC25A1C<”

Glutamate




HDAC inhibition induces expression of acetate
metabolism genes

A549 K562 MCF7
3 SLC2A3
CS
|— HDACH SIRT2
Acetate < - SLC25A1
l Tubulin GLS
ACO1
SLC25A16
ACSL3
ACSS2
ACLY
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IDH1
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Ac-CoA
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HDACI trajectory



Ac-CoA precursors rescue the molecular phenotype
induced by HDAC inhibition

AS49 Pracinostat

Pracinostat
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A proportion of the sensitivity to HDAC inhibition is
due to acetate deprivation

High Acetate
Acetate limited

Acetate
Pyvruvate HDACIi
Cell survival Q Cell death




Vignette 1 summary

4 Developed sci-Plex, an inexpensive sample multiplexing strategy
compatible with single-cell RNA-seq

<4 Applied sci-Plex to perform high-throughput chemical
transcriptomics at single-cell resolution

<4 |dentified heterogeneity in drug response of different cell types

<4 Single-cell resolution revealed heterogeneity in response to
microtubule targeting compounds and HDAC inhibitors



f Map the transcriptional \

response to therapy
¢ OH

UL

Defining the transcriptional landscape of

EGFRI response in glioblastoma
Giglio, R. et. al. (2024), bioRxiv

Ross Giglio \ |
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The current standard of care in GBM only marginally
Improves patient survival

Anti-tumor therapy

1

Kinase Genotoxic

directed therapy
S .,

‘ y % " =
: : \ . E
TKI

4 Most common and aggressive primary brain cancer

4 Median survival of 12- 15 months
Stupp, R. et al. (2005). NEJM.



Receptor tyrosine kinases as an opportunity for the
design of potent targeted therapies in glioblastoma

90% overall

50% .

amplification
or mutation

l 66/ comblned

0% P TEN 4| PI3K RAS NF1
zs/o |7

deletion
or mutatonf ~  smeememmaaaaaay e |
AKT BRAF MAPK
500 pathway pathway
(s T vt

Adapted from: Brennan, C.W. et al. (2013), Cell.
Cancer Genome Atlas network. (2008), Nature.



EGFR defines a molecular subtype of IDHwt GBM

GFAP HOECHST

50 uM 50 uM

NPC eGFP NPC EGFR
o © m GFP m EGFR %
o)
& g
QO N — /
—
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< _ | s ]
8 : |
({) |
48 I <ZE o — o : w.o'*“ '
NF1 alteration T | - gl
Immune,c.:ells D - I
Hypoxia N '
‘ | I | | I |
MES-like 0 20 40 60 80 100

Cells

EGFR & AC-like GBM: Netftel, C. et al. (2019), Cell.



Clinical response to a brain penetrant EGFR inhibitor

Baseline

1 month post-osimertinib 2 months post-osimertinib

EGFR status at resection per site

(1)

EGFRAmP/EGFRC628F

EGFRA?89V/ EGFRC628F EGFRAmP/EGFRVI!

Osimertinib
— salvage

therapy

Makhlin, I. et. al. (2019) CNS Oncology.



Mapping the molecular response to EGFR inhibitors

Established

@O

Patient-derived _
neurospheres

< Ty . \’-}?
l! e ‘. - ’ '././

DEVAN, Day 2

Dose
] ]

Shared Off-Target
Gene Module

Plate cells Drug cells Hash nuclel and harvest

CMAP: Subramanian, A., Narayan, R., Corsello, S.M. et al. (2017) Cell.



Comprehensive sci-Plex profiling of EGFR inhibitors

3 Patient-derived Neurosphere 74 EGFR Inhibitors
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Comprehensive sci-Plex profiling of EGFR inhibitors

FDA Approval
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Tumor cell state heterogeneity and selection upon EGFRI
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Tumor cell state heterogeneity and selection upon EGFRI
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Tumor cell state heterogeneity and selection upon EGFRI
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ive gene expression

EGFRI's differentially alter proliferat
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ive gene expression
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Some EGFRI's induce an adaptive resistance program

Chemical Class Reversibility
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Differential activation of programs by EGFRI's

BT333 BT228 BT112

Chemical Class

. acetamide

. aminobenzimidazole
. aminoethylamide

. aminonucleoside . dicarboxylic acid
EGFR-activator

. indole

monoclonal antibody pyridine

aminopyrazine

naturally-derived
PROTAC

pyrimidine

benzoimidazole quinazolinamine

m.—wﬁl—l—;

MTX-211

Osimertinib

l

: EGFR  EGFR PI3K
mE = C
. yProliferation {Proliferation
I B
N B BN B
8= SOONN SN EXIDONOSTOOSIITRL P 0 FOROOCOOON 5 COROOHER0000.000
o) EECBS O BHIOSSESTOFETIRIOLE & SESLEQASSY - SSLEQLY T SSSN £50
N 6 B Bl SO EN BTG FIOENETE S 3 NRAON SIS 820 Q ONQ S h pXZ E TR 220
A O ol O A e == (U<EOI\I% o5 T LONZ E2) =< O (DENU)\—(DCDI—Qi on ™ e
O=5Z2 S g c= Ecod a2 85 8 g a5Ta D <o o 3 0O
wnao 35S 7 T OoGs O = o e O A M O 5 Qo
m S £ oy = @ o
= Z Q SLIJ s
= gI g S Scaled Mean . -
= :
g Adaptive Score 4 2 0 2 4
L]

quinazoline

quinoline

sulfanomide

Olmuti

. tyrphostin

B

Brigatini
EGFRInhibitor

AP26113-analo

T T—r———

Reversibility

. Covalent
. Reversible

Unknown

. Chemical Class
- Reversibility

m

nistein
SU5214

Ty(rfehosth

AG555

Butein

DMSO
0.01 uM
0.1 uM
1 uM
10 uM

DMSO
0.01 uM
0.1 uM
1 uM
10 uM

DMSO
0.01 uM
0.1 uM
1 uM
10 uM



Maximizing GBM sensitivity to inhibition

=

Affects GBM viability?

Osimertinib MTX-211



Multi-resolution variational inference (MrVl1)

Sample-unaware cell representation
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ong, J. et al. (2025). Nature Methods.



Ross Giglio Nicholas Hou

Defining EGFRI programs with MrVI
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Grouping EGFRI's by their ability to modulate distinct

molecular responses
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Glioblastoma tumors are immunologically “cold”

TIGS: Tumor immunogenicity score Immune infiltration vs APM
5. B . expression
i : DLBCo
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Association between RTK sighaling and response to PD-1: Zhao et al. Nat Medicine 2019.
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TDC4 is associated with increased APM expression
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TDC4 is associated with increased APM expression

PSMB10

PSMB3
PSMBY
TAP2

TAPBP
PSMB5
PSMB6
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Tyrphostin-9 promotes T-cell mediated tumor cell killing

GBM + Anti-NY-ESO-1 TCR .
NY-ESO-1 CD8+ T-cells
Low APM
0.9

Q Q
f + Tyrphostin9 High APM

Relative GBM Viability
o o
OV @)

O
O

GBM:T-cell
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Vignette 2 summary

4 Profiled EGFRI-induced transcription in patient-derived and natively-
heterogenous GBM models.

<4 |dentified heterogeneity in the induction of molecular programs upon
EGFR inhibition.

4 A subset of tyrphostin family EGFR inhibitors modulates the
expression of APM and sensitizes GBM to T-cell mediated killing.
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Multiplex single-cell chemical genomics reveals
the kinase dependence of the response
targeted therapy

Cell Genomics 2024

to

- = SRy PIK3R4 @1 _CKIV3TR R = YT
| , TR Siqinfi lates (PDK4 S
' TBK1 VRK2 ScliglnPcanﬂ’y modL»la.tes PJ8y PLK3 Siginficantly modulates
P38 K2 , CDKﬂ CAMKK1 adaptive program in 98P L A adaptive program in:
\ i i TN (GRK7 , _
Upkéud ~ 1 GBM line RFTAIRE1 Neké 1 GBM line
CDK9 Né ULK4 PASK Nek9~
| MSK2 ines PCTAIRE1 CHED | |
@S TAIREQEHED ChHK1 @ 0 1o {TaseKRBK {Rhe2iPKBp 2 GEMines = ADrA/Aur2 POSEKP 2 GBM lines
Y P/ ~ (CDK2 (Pimfy \ - SG .
CDK 2 CPith1 AuteIAD/aur ,‘.?,5812 PKN1/PSR(1£(K12 3 GBM lines Pim2 AurC/Aurd SEK3 3 GBM lines
Nek5 ' PEG~1L _(YANK1 PKC
. SPEG~b YANK 1 : P« ngG : - PKCPPKCS |
SPEG (YHNK2 PRCo s & (MAST?2 \BIKCO
([ aa (CHK2 ROCK1
” ' 4 (DWP AGC _ DRAK2 AGC
Ghan ORAKA PKD2 Rk R SgK085
CAMLCK WAMKL2 g A{MRCKp
SOAPK3 R CKP AP ka2 BINK1 (MRCKa
| éCaMK KH2 )
aM K23 K4
KSKd~b 4
MSK2~b
CAMK
(QIK CAMK CEaNK 15
MARK4 —

WIARK3




sci-Plex-GxE: A workflow for combined single-cell
genetic and exposure screens
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Contribution of the human protein kinome to therapy

Induced transcription
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The kinome is dynamic in response to treatment
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Conservation of a putative adaptive resistance program
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Conservation of a putative adaptive resistance program
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Conservation of a putative adaptive resistance program
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Kinase regulation of conserved drug-induced programs

Gene effect
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Effect of combinatorial kinase inhibition on the expression
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Molecular regulation of putative adaptive program

Effect of combinatorial targeting on
compensatory transcription
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Vignette 3 summary

<4 Introduced sci-Plex and sci-Plex-GxE, perturbation multiplexing
strategies compatible with single-cell RNA-seq

4 Performed high-throughput chemical genomic screens for the
regulation of drug-induced transcription

<4 Multiplexed methods revealed kinases involved in regulating the
response to RTK inhibition

<4 Prioritized combinatorial treatments towards fates of interest
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