Single-cell lineage tracing with
a fTocus on cancer metastasis
Using macsGESTALT

Pinello Lab Journal Club

Friday | June 251, 2021



Overview of today’'s presentation

Paper we are covering today:

Cancer Cell

Single-cell lineage tracing of metastatic cancer
reveals selection of hybrid EMT states

First we will cover some history, background, motivation, and context:
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Overview of today’'s presentation

1. Brief history lesson and overview of tools / datasets / technologies available
2. Overview of GESTALT, the precursor technology to macsGESTALT

3. In-depth coverage of the macsGESTALT paper



Sriet history of fate mapping and lineage tracing

Fate Map

DI W

Fate maps = schematics of developmental potential

Fate mapping and lineage tracing are
related but distinct

Lineage tracing identifies progeny from a
given ancestor cell

Figures adapted from Figures 1, 2 of VanHorn et al., Dev Cell (2020)
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Lineage Tracing Technique
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Era Year Lineage Tracing Technique
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From Figure 2 of VanHorn et al., Dev Cell (2020)
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Era Year Lineage Tracing Technique
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From Figure 2 of VanHorn et al., Dev Cell (2020)
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Era Year Lineage Tracing Technique
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From Figure 2 of VanHorn et al., Dev Cell (2020)
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Jsing somatic mutations

L1 element

Retrotransposition event
Copy-number Sometimes shared between cells
variant
Sometimes shared
between cells

Advantage: already “in the data” or “free"

Cytosine deamination
- . o o @ Two main limitations of using somatic
isrepair od oo N . . . . .
@y — «da%w «J@+ | variation in lineage tracing:
VAR VAN VAR
Cytosine Uracil Thymine
Snglenuclestide  singlesand 1.WGS required ($$35, unscalable)
varian icrosatellite esion

Frequently shared
between cells

e hared Dot hered s 2. Inherent read sparsity of sScRNA-seq

Polymerse slippage

From Figure 4 of Woodworth et al., Nat Rev Gen (2017)



Jsing mtDNA mutations

Graphical Abstract

. Find and measure mitochondrial DNA mutations
Cell

scATAC-seq scRNA-seq

Lineage Tracing in Humans Enabled
by Mitochondrial Mutations

« \

- - e @A)
and Single-Cell Genomics — T
Leif S. Ludwig, 215" Caleb A. Lareau,’23%15 Jacob C. Ulirsch,’2415 Elena Christian," Christoph Muus, -5 Lauren H. Li,"-2 S ScMito_Seq
Karin Pelka,’-%7 Will Ge," Yaara Oren,-8 Alison Brack,! Travis Law,! Christopher Rodman,' Jonathan H. Chen,"-°
Genevieve M. Boland,®1° Nir Hacohen,-¢-7 Orit Rozenblatt-Rosen,’ Martin J. Aryee,’-311 Jason D. Buenrostro,-'2
Aviv Regev,’'%* and Vijay G. Sankaran'-214.16.*

Mitochondrion Mitochondrial Somatic Single cell

DNA mutation methods

Advantages:
1. Again, “free”
2. mtDNA mutation rates > gDNA requency expression
. 2 @x
mutation rates

Use mutations in downstream applications

N < I
3. Readily paired GEX / CA with clonal @\. % 5
lineage information ®v :
4. No WGS or fancy barcoding required Lineage Clonal I Uive
tracing inference dynamics

From Graphical Abstract of Ludwig et al., Cell (2021)
Limitations:
1. Current approaches offer limited coverage of mito genome
2. Potential for horizontal gene transfer in mito genome (unclear to what extent)



GESTALT ([genome editing of synthetic target arrays for lineage tracing)

 This paper sets a precedent for large-scale lineage

tracing - how? Tracing must...
1. Impart unique marks over division Whole-organism lineage tracing by
2. Marks must accumulate over time combinatorial and cumulative

genome editing

Aaron McKenna,'* Gregory M. Findlay,'* James A. Gagnon,>* Marshall S. Horwitz,
Alexander F. Schier,>*>%t Jay Shendure®’t

3. Easy single-cell readout

Genome editing of barcode Reconstruction of cell lineage
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 Applied to cell culture and zebrafish
» Found that most cells in adult organs derive from relatively few embryonic
ancestor cells

From Summary Figure of McKenna et al., Science (2016)



MmacsG

A

Dox inducible
Cas9

gRNA-tRNA
array

Multiplexed
static &
evolving

barcodes

Evolving barcodes (via indel mutagenesis) track sub-clonal phylogenetic information

-
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macsGESTALT genetic constructs
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tRNA
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Multiple copies per cell
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A

Evolving barcodes:
array of 5 CRISPR targets

| J | J

Static
barcodes

—STALT for high-res lineage tracing

B
Induced state
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Static barcodes track clonal information

From Figure 1 of Simeonov et al., Cancer Cell (2021)




MacsGESTALIT for high-res lineage tracing

- Behavior in cells .

Population of n clones and x barcodes
Random number of static
- {1 -
- barcodes are integrated
— =4 into each clonal lineage
Clone 1:
4 barcode
copies — =1 /- =1
& 2 2
| {13 | L {13
— a4 — -4
Evolving barcodes edits / \ / \
are inherited with each
cell division
— i -1
{8 x
Clone n:
2 barcode
copies

—— . -1 | —— — -1

VAR VAR

From Figure 1 of Simeonov et al., Cancer Cell (2021)



macsGESTALT for high-res lineage tracing

Analysis workflow

E

Clone discovery via Subclonal reconstruction via Integration with
static barcode presence evolving barcodes transcriptional & functional
information

UMAP 2
o.’
®
(1 .‘g
¥y

UMAP 1

From Figure 1 of Simeonov et al., Cancer Cell (2021)



VWhat Is metastasis and M|

e Metastasis = most cancer deaths

Cancer spreads to other
parts of the body

~ Lung .
”}: '~ metastasis
H

 EMT ~ metastasis

¥

x

« EMT thought to play a role across
many cancer types

Source: National Cancer Institute

Cancer cells

Cancer cells in
lymph system—_£=

Metastatic— /)
tumor

2

I\
|
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Vost metastases arise from rare clones

Experiment: combine macsGESTALT with scRNA-seq

A CTCs
Orthotopic Enaraft & i FACS sort
KraSG1ZD’ 53R172H 71 L \ ngra SO
@ PDAC Celllys injection @ expand for Lung mets GFP+
} ~30K 1 week g PDAC cells
Integrate B — Liver mets
@ macsGESTALT Start dox Primary tumor sc-Seq
. @ & record cancer Surgical site @ transcriptome
metastasis & barcodes

Peritoneal
mets

From Figure 2 of Simeonov et al., Cancer Cell (2021)

PDAC is very deadly (5-year survival rate of 9%)
KPCY mouse tumor model cell line transplanted into non-tumor-bearing mice

Good model for two reasons:
(1) This model exhibits consistent metastasis kinetics

(2) Good model of human disease (Kras GoF and p53 LoF are the most common drivers of
human PDAC)

(3) minimal in vitro cell line culture time
(4) pancreatic focal lesion disseminates to the same sites as in human PDAC (incl. liver and lung)



Vost metastases arise from rare clones

Clonal reconstruction via static (purple) barcodes:

Circle size = % contribution to harvest site

Circle color = enrichment compared to primary tumor

B Clones numbered by size in the primary tumor

Leiden
Aggression

Primary tumor 18707
Liver mets
Lung mets ;lH)— I "0
Peritoneal mets ; ®
Surgical site L ! T 1 I
CTCs 5 10 15 20 25 30 35 40 45 50 55
- (b2 (fold enrichment) Clone percentof st Moyse2 clones
10 O 0O o o
= 0 =2 50 25 10 1

Mouse1 clones

Highly enriched in disseminated harvest site (dark red)

Large portion
of the harvest

site is clonal Highly depleted from

the harvest site

“51% of clones (48/95) failed to metastasize at all, suggesting that mutations
in Kras and p53 alone do not ensure metastatic success.”

From Figure 2 of Simeonov et al., Cancer Cell (2021)

60

65




Vost metastases arise from rare clones

M1.13

UMAP2

From Figures 2 of Simeonov et al., Cancer Cell (2021)



Vost metastases arise from rare clones

Aggression: Il High CIMid [1Low

I J

81 clones

85% of clones were
non-aggressive

Just two clones dominate most of the cell population!

From Figures 2 of Simeonov et al., Cancer Cell (2021)

Cumulative fraction

Mouse1

-+ Primary

Dissem.

Mouse?2

, "' Theoretical perfect
‘ clone size equality

0
Clones ranked by
size in site




Cells retain transcriptional identity after metastasis

A i : .
—houees—prman wmer. | * Clone-site pseudobulk analysis - samples colored by
——Mouse2 25 Peritoneal mets
Mouse2 21~ Primary tumor clone
Mouse2 25 Liver mets
Mouse2 21 Liver mets

Mouse2 21 Peritoneal mets | Samples hierarchically clustered (based on scRNA-

——Mouse2 2 [ung mets

_EMouseziz_P_rimary tumor seq) - cluster preferentially by clone rather than
Mouseg_g_lﬁlgﬁ{orr?g;sl mets I
ouse
Mouse2 23 Liver mets harvest site

Mouse2_23_Primary tumor

—Ilousel 1 CICs
wl : Lung me
{E ousel1_ 1~ Surgical | n ts

Mouse1_1_Peritoneal mets

1 Vlouse1_1_Primary tumor FACS sort
' GFP+
Lung mets @
- ung PDAC cells

B Liver mets

M 1 3 Pri t I _

L‘EMgldg&s_ucg_}ar%yetgmor Primary tumor sc-Seq

Mousel 3 Perioneal mets Surgical site () transcriptome

Mouse2 5 Primary tumor Peritoneal & barcodes

Mouse2 25 Primary tumor mets

Mouse1 5 Peritoneal mets

Mousel 5 Primary tumor

From Figures 2, S3 of Simeonov et al., Cancer Cell (2021)



Cells retain transcriptional identity after metastasis

B -

e Performed InferCNV analysis

osowoiyn

From Figures S3 of Simeonov et al., Cancer Cell (2021)



[ranscriptiona

Mouse 1 reanalyzed alone

UMAP2

» oy
UMAP1 M1.3

Colored by clone (five largest annotated)

From Figure 3 of Simeonov et al., Cancer Cell (2021)

M T continuum in vivo

Epithelial genes Mesenchymal genes

Epcam
B P

Sparc
E - p

10 20 4 81216
Many small, non-aggressive clones

Scri F Zeb2




[ranscriptional eM 1 continuum /in vivo

Trajectory Inference using Monocle3

Most mesenchymal

PseudoEM

-
0 10 20 30

Most epithelial

1001 1w

Muc1

g&k&ﬁ::;%irhi%'

Expression

UMAP2

UMAP1 M1.3 " s

From Figure 3 of Simeonov et al., Cancer Cell (2021)

0 10 20 30
PseudoEMT




[ranscriptional eM 1 continuum /in vivo

o 27/29 clones are epithelial - is this the default transcriptional state?

 scRNA-seq of in vitro cultured cells -> 40 distinct clones

All other
clones

255075

« Compared to PDAC / EMT, in vitro cultured cells strikingly epithelial

Vim Muc1 Cdh1
30.0 -
100 - + 10.0 - 10.0 -
i 3.0+
10 1.0- 1.0-
1 0.1- 0.3

From Figure S5 of Simeonov et al., Cancer Cell (2021)



[ranscriptional eM 1 continuum /in vivo

J K

- E HIH2H3H4 M
Apical surface E i e Remember' not an EMT *SEZ:.
model but a PDAC model s

* Zeb1

I
E * Zeb2 | I

» Cancer proliferation ~ EMT .

Ascl2
= Hnf1

e Possible ties between + Snaiz

Ebf1

common cancer targets like

Ets1

Myc / mTOR / Wnt / e
Notch / etc and EMT Ee

EIf5
Elk1
Etv1 T
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Arnt:Ahr
Atf1
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Sox10 Nl
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Foxk1
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. . . . Foxp1
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Apical surface H1
Oxphos, Fatty acid
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mTOR, UPR H2
G2M, Myc-v1

s9H3qa 000¢ do]

Jojoey Buipuiq yow payouug

Glycolysis, UPR
E2F, G2M, Mitosis H3
Myc-v1 & v2

Glycolysis. Mitosis
EMT, Tgf-B, Tnf-a H4 P
Wnt, Notch, Stat3/5

Hypoxia 4

EMT, Tgf-B, Tnf-a i 0
Hedgehog M
Apoptosis, Hypoxia
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'
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From Figure 3, S5 of Simeonov et al., Cancer Cell (2021)



[ranscriptional eM 1 continuum /in vivo

Extracellular matrix

Epithelial markers mesenchymal genes
E Ocln F Fni G
109 1 101
i R : 1001 2834 ;
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From Figure S4 of Simeonov et al., Cancer Cell (2021)



High-res subclonal lineage reconstruction

A < %7 j A B g 1007 ") Unedited

> 40 - A J,J"\ Deleted 2 50 M Insertion

= N\ — Inserted 2 [ Multi-target del.

i 0 }--‘ - . - \ Ay 0 M Single-target del.

1 2 3 4 5 1 2 3 4 5
Evolving barcode Target site
Mouse 1 Mouse 2 Both mice
A |Total barcodes 50,269 26,705 76,974 B # of C

Total barcodes with edit 50,132 25,968 76,100 targets
% of barcodes with edit 99.7% 97.2% 98.9% deleted [ ] insertion
Total targets 251,345 133,525 384,870 [ ]1 - [ ] Mutti-target del.
Total targets with edit 246,232 122,013 368,245 D 2 é D Single-target del.
% of targets with edit 98.0% 91.4% 95.7% []3 3
Distinct edits 2,104 1,383 3,487 (633) 18.6% a4
Distinct evolving barcodes 3,886 1,696 5,582 (61) s . : : : .
Distinct barcode-of-barcodes (subclones) 3,997 2,062 6,059 (4) 0 100 200

Edit length (bp)

Recovered on average:
 Mouse 1: 18.5 target sites (3.7 barcodes) / cell

 Mouse 2: 8.5 target sites (1.7 barcodes) / cell

From Figures 4, S6 of Simeonov et al., Cancer Cell (2021)



High-res subclonal lineage reconstruction

C Step 1 6 barcodes (30 target sites) Cells
[T o T T W] [T 1 ] (I [ W ] T T 1:| H
B W OTEE ) e W] [T ] (I [ W ] T T ] DEEENE
Step3| [/ I e o e— — - [ —— | . - e — [/ EEEEN
[T o T T W] [T 1 ] (I [ W ] T T O DDopoEEmE
| | —— ] i —— 0 N
- | i —— ] W W] (W [ e [ eeeaaw ) [ BE
T | N W) [T 1 ] (I W W] (W T T [ eaaw ) [ EEEEEEEEEEEEEN
| | N — ] (I W W (W T T aaaw ] B O
Clade - — — | — ] W W (W [ Tew | [ aeaaw W) [ ] BEEE
M11310 - — — | — ] W W] (W [ Tew ) o w w) [ ] BN
| —— | — ] W W] (W [ Tew ) [ ewsaww ] [ BN
| —— | — ] W W (W [ Tww | W ) [ EEEE
| —— | w—— | W W] (W [ e [ aeaw ) [ B
B ] N W) [T 1 ] (I W W) (W T T (s (\[ | OOEEOE
T ] | | i —— ] e i . — I:_:I)l:l om

Subclone dissemination (E,)
[ T
0 1

M CTC  HE Primary tumor
M Lung M Peritoneal
& Liver  [] Surgical site

Step 1: assemble “barcode of barcodes”
Step 2: group cells into subclones

Step 3: reconstruct phylogenetic relationships between subclones

From Figure 4 of Simeonov et al., Cancer Cell (2021)



High-res subclonal lineage reconstruction

—

Primary

Cumulative
fraction

Dissem.

M1.1 subclones by
size in site

From Figures 4, S6 of Simeonov et al., Cancer Cell (2021)



Peak metastatic aggression corresponds to late-hybrid EMT
states

How does the range of intraclonal EMT states relate to subclonal behavior?

Root clades
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Direct evidence that hybrid EMT states are more metastatic than EMT extremes

From Figures 3, 5 of Simeonov et al., Cancer Cell (2021)



Peak metastatic aggression corresponds to late-hybrid EMT
states

Remember from Figure 3....
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Important theme: this paper provides a lot of evidence that EMT, while its own process is very

Inherent to cancer metastasis - remember we’re studying a cancer model not an EMT model

From Figure 3, 5 of Simeonov et al., Cancer Cell (2021)



Peak metastatic aggression corresponds to late-hybrid EMT
states
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From Figure 5 of Simeonov et al., Cancer Cell (2021)



Complementary process to canonical EMT
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From Figure 6 of Simeonov et al., Cancer Cell (2021)



Complementary process to canonical EMT
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From Figure 6 of Simeonov et al., Cancer Cell (2021)
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Complementary process to canonical EMT
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From Figures 2,6 of Simeonov et al., Cancer Cell (2021)
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Complementary process to canonical EMT
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From Figures 6 of Simeonov et al., Cancer Cell (2021)



\Vajor contributions of macsGESTALT

Graphical abstract

Inject macsGESTALT Lineage reconstruction ¢ maCSG ESTALT |S an |ndUC|b|e Ilneage'

cancer cells into pancreas (cells colored by harvest site)
recorder

* In vivo model of pancreatic cancer
metastasis

A

Lineage recording &
metastasis for 5 weeks

cancer ool
Q} ' { * In EMT, metastatic aggression rises and
| peaks during a late intermediate hybrid

Quantify subclonal Identify transcriptional Relate metastatic phenotypes Stag e
metastatic phenotypes features to transcriptional features

* ID gene sets within EMT hybrid stages
/\ that are predictive of human survival
outcome (in 2 cancers, not in 3)

Epithelial-to-mesenchymal transition

T 1« 5700 genes were found across
metastatic subpopulations

* Finding recurrent drivers across cancers
remains elusive

* Metastatically competent model wherein
most clones do NOT metastasize

Metastatic-ability




Thank you for listening!
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