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Metastasis : the cause of 90% of all cancer deaths
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More than 80% cancers
happen in epithelial organs, i.e.
cells that do NOT movel/invade.



What traits cells need to successfully metastasize?

* Metastasis is a highly inefficient process.

* [t requires dynamic/adaptive changes in:

v" Adhering to their neighbors

v" Ability to migrate and invade

v Evading attacks by immune system

v' Settling down in a new organ and colonizing it
v Resist multiple therapies/drugs given to patients

Thus, to restrict metastasis, we first need a dynamic
and systems-level understanding of the process to
identify how cells alter these multiple traits together




Is genetics the answer? Not always

« Large amount of money spent on cancer genomics, but
no unique signature has emerged for metastasis

An example: Melanoma metastasis
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Cells become metastatic
competent by being
exposed to a new
chemical environment

Phenotypic transition is
not caused by additional
mutations

Golan et al. Mol Cancer 2015



Can cancer proceed without mutations? Perhaps!
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Can a ‘systems’ view help ‘understand’ cancer?

Motility Circuits Cytostasis and
Differentiation
Circuits

. What information does it lack?
NP« Time/spatial scale(s)
* « Strength of regulation
« Direct/indirect
* Nonlinearity of interaction
« Combinatorial effects

Assumptions are hidden in a “black
box” and can have unpleasant
surprises in the clinic (ex: anti-

Viability Circuits

Hanahan & Weinberg, Cell 2011 angiogenesis therapy)

“One day, we imagine that cancer  “And, as before, we continue to

biology and treatment...... will foresee cancer research as an
become a science with a increasingly logical science, in which
conceptual structure and logical myriad phenotypic complexities are
coherence that rivals that of manifestations of a small set of
chemistry or physics.” underlying organizing principles.”

- Hanahan & Weinberg, Cell 2000 - Hanahan & Weinberg, Cell 2011 8



Example of ‘systems’ approach

Engineered systems:

1000+ computers/chips
100s of feedback loops
Design manual available
Largely automated

“‘Bottom-up” approach

Biological systems (E. coli).

1000s of feedback loops
No design manual available
Evolved (not automated)
How do we understand and
“fix” such systems?
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Metastasis : the cause of 90% of all cancer deaths
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We are...

* Not inferring networks by data-mining from
“omics” data

* Not focusing exclusively on one dataset or even
on one type of cancer

* We are attempting to build a conceptual
framework, a quantitative version of the
framework that biologists build to help think
through their data



EMT/MET: The engine of metastasis
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Adhere to neighbors Do NOT adhere to neighbors

Do NOT migrate or invade Migrate and invade

Epithelial (E) Mesenchymal (M)
a—— O —
Mesenchymal-to-Epithelial Epithelial-to-Mesenchymal

Transition (MET) Transition (EMT)

Secondary tumor .
. Primary tumor
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6. Colonization

5. Dormancy

12
Scheel & Weinberg, Semin Cancer Bio 2012



Metastasis: a journey taken in groups

Primary tumor CTC = Circulating Tumor Cell
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Clusters of CTCs form much more metastases than single CTCs

Clusters of CTCs:
« Comprise of 5-8 cells
» Associate with worse patient survival Aceto et al. Cell 2014

* Resist cell death in circulation Bottos & Hynes, Nature 2014
« Are formed before entering the circulation Cheung et al. PNAS 2016



How do clusters reconcile with (binary) EMT?
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Systems biology model for EMT/MET

> .. ] ) I (HGF, NF-xB, Wnt, Notch, p53, TGF-3, HIF1a)
Transcriptional activation

— Transcriptional repression
---1 miR-mediated repression

Lu*, Jolly* et al. PNAS 2013

« Each arrow is a quantitative relationship between the input and output levels
« This has been done for many transcription circuits, e.g. in microorganisms
« We needed to develop a new method for translation regulation



Toggle switch: A systems biology model

A)—[B]

Bistability A
(A, B) = (high, low)
(A, B) = (low, high)

Huang, PloS Biology 2013

Gardner et al. Nature 2000 B
dA (B,)" Production Steps involved:
= kA . : , .
i 84 (B,)" + B" A Solving ODEs, plotting nullclines

Regulation « Stability analysis (Jacobian Matrix)
Sensitivity analysis

Bifurcation analysis

Phase diagrams

aB _ o (Ay)"
dt (A" +A™

Ay, Bg = Threshold concentrations

—k,B Degradation

« Hallmark of cell-fate decision making during embryonic development

« One of the first synthetic bio circuits designed



Theoretical framework for miRNA-based circuits
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T mY, (1)

-m complex
J: miRNA m: mRNA 52 R A P

A 4 A A A A
S N AN
AT AT AT AT AT i

. v W Y Y A

O
O
o
L

A A A A
AT AT AV
" W 7 /4 AV

mRBNA active Translation
ky Km degradation inhibition
Y,
o o g =¥ % L
A J
miRNA degradation mRNA degradation b

Total silencing L (/11 + Y, (10/ k)]
Lu*, Jolly* et al. PNAS 2013

I (HGE, NF-kB, Wnt, Notch, p53, TGF-B, HIF1«) d‘I.L
............................................. l .................. . —7200 g,uzooHS (Z’lz»ﬂzoo )HS (S’Az»ﬂzoo ) B mZYﬂ (‘u200 ) a kﬂzoo ’UZOO m i R-ZOO

1 dt
—
miR-34|_1 R g, H*(Z,2,,, YH* (S, As,, ) —m,Y, (Iy) — k,, m, ZEB mRNA

TN, @z
----- | 4 ; ——=&,M,L(ly) =k, Z ZEB

miR-200 29— BB dr

__________________________________________________________________ d, T s
Production dt = 8y, N7 1, XA st (Hsy 1, M4 miR-
Degradation dC’ZS =g, H*(S. A5, VH (1,2, )~ mY, (11:,)— k,, m SNAIL mRNA

miR regulation

ds
— =g L(l;,)— kS SNAIL 17
TF regulation dt



Tristability in the underlying EMT network
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Hybrid E/M
Adhere AND
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Lu*, Jolly* et al. PNAS 2013



Hybrid E/M can be a stable phenotype

H1975, T=2 months
CDH1 + VIM

Jolly et al. Oncotarget 2016
Jolly et al. Mol Oncol 2017
Satyendra Tripathi,
Sam Hanash (MDACC)

H820 (E) H1975 (E/M) H1299 (M)

ZEB1 + CDH1

o -

H1975




ZEB mRNA (Molecules) '

Co-existence of phenotypes seen experimentally

Theoretical Experimental validation
p red |Ct|0n HP late Quantification of cells in different phenotypic states
T (%) (%) (%)
AS549 82 10.2 7.80
T 1200 § LT73 24.5 28.6 46.9
z @)
1000 1 O
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a00 | sot CD44 —> o4 .. 5 208 306
Tl 1m0 200 20 240 Grosse-Wilde et al. PLoS ONE 2015 5\ yriani et al. Mol Oncol 2016
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George*, Jolly* et al. Cancer Res 2017
Shengnan Xu, Jason A Somarelli (Duke University)
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Quantifying the EMT spectrum of states

Hybrid E/M state(s) also
predicted by other computational
models:

« Xing group (Pittsburgh)
Tian et al. Biophys J 2013
Zhang et al. Sci Signal 2014

« Albert group (Penn State)
Steinway et al. Cancer Res 2014
Steinway et al. NPJ Syst Bio Appl 2014

« Zapperi group (U Milan)
Font-Clos et al. PNAS 2018

* Nie group (UC Irvine)

Hong et al. PLoS Comp Bio 2015

Li et al. Phys Chem Chem Phys 2016
Ta et al. Disc Contin Dyn Syst Ser B

« Huang group (ISB Seattle)
Joo et al. Sci Rep 2018

Ensemble of kinetic
models with fixed circuit
topology but with
randomly selected
parameters also enable
hybrid E/M state(s)
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Identifying ‘phenotypic stablllty factors’ (PSFs)

I (HGE, NF-kB, Wnt, Notch, p53, TGF-f3, HIF1a)
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600

Other PSFs:

« OVOL2

(Jia*, Jolly* et al.
Oncotarget 2015;
Watanabe et al. Dev
Cell 2014;

Hong et al. PLoS
Comp Biol 2015)

e ANP63a

(Jolly et al. NPJ Br
Cancer 2017;
Dang et al. Cancer
Res 2015)

- NUMB

(Bocci*, Jolly* et al. J
R Soc Interface 2017)

* NRF2

(Bocci et al.,;
bioRxiv: 390237)



Knockdown of PSFs can drive a complete EMT

siOVOL2
Network motifs

“ for identifying
additional PSFs
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Satyendra Tripathi, Sam Hanash (MDACC) Jolly et al. Oncotarget 2016
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Spontaneous switching among phenotypes
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Can we explain these features of the population dynamics of EMT?
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Tripathi, Levine & Jolly, bioRxiv: 592691



Is EMT always reversible?

Theoretical prediction

Withdrawl of Isig dosages
-

Time (days)
20 18 16 14 12 10

—O—E
—e—Hybrid E /

10.8

©
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o
>
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Addition of Isig dosages

Tripathi, Levine & Jolly, bioRixiv: 592691

Experimental validation

MCF10A Z-CAD

RFP+ Cells GFP+ Cells

+TGFR + 16
d 9d 120

Jia, Deshmukh, Mani, Jolly & Levine, bioRxiv: 651620

Cells may get ‘locked’ in mesenchymal state, losing phenotypic plasticity



How EMT alters tumor-initiation ability (stemness)?

The Epithelial-Mesenchymal i)
Transition Generates Cells with
Properties of Stem Cells

sloyiew |\

Sendurai A. Mani,"31%* Wenjun Guo,'® Mai-Jing Liao,"'° Elinor Ng. Eaton,’ Ayyakkannu Ayyanan,* Alicia Y. Zhou,'? »
Mary Brooks,! Ferenc Reinhard,! Cheng Cheng Zhang,’ Michail Shipitsin,5€ Lauren L. Campbell,57 Kornelia Polyak,5:6.7 (O]
Cathrin Brisken,* Jing Yang,® and Robert A. Weinberg?:2.8.* f
£
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window
O

Stemness g 8
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Mani et al. Cell 2008

Epithelial-mesenchymal transition ii)
can suppress major attributes of human
epithelial tumor-initiating cells

Toni Celia-Terrassa,' Oscar Meca-Cortés,' Francesca Mateo,! Alexia Martinez de Paz,'
Nuria Rubio,? Anna Arnal-Estapé, Brian J. Ell,* Raquel Bermudo,s¢ Alba Diaz,®
Marta Guerra-Rebollo,2 Juan José Lozano,” Conchi Estaras,® Catalina Ulloa,!
Daniel Alvarez-Simén,! Jordi Mila,? Ramén Vilella,? Rosanna Paciucci,’®
Marian Martinez-Balbas,® Antonio Garcia de Herreros,'' Roger R. Gomis,?'? Yibin Kang,*
Jerénimo Blanco,? Pedro L. Fernandez,5%'3 and Timothy M. Thomson!

Celia-Terrassa et al. J Clin Invest 2012 40 [ o':
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E markers

—
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Stemness

Breast Cancer Stem Cells Transition between Epithelial and Mesenchymal
window

States Reflective of their Normal Counterparts

siayiew |\

Suling Liu,'-%* Yang Cong,*° Dong Wang,' Yu Sun,’' Lu Deng,' Yajing Liu,? Rachel Martin-Trevino,?

Li Shang,® Sean P. McDermott,® Melissa D. Landis,* Suhyung Hong,* April Adams,* Rosemarie D’Angelo,?
Christophe Ginestier,> Emmanuelle Charafe-Jauffret,> Shawn G. Clouthier,? Daniel Birnbaum,>

Stephen T. Wong,?> Ming Zhan,>” Jenny C. Chang,*’ and Max S. Wicha*7*

Liu et al. Stem Cell Reports 2013

Stemness
window

E markers
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Hybrid E/M cells can form many more tumors

Theoretical prediction

: [ LIN28 mRNA |
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[C-MYC } [ LIN28 protein ]
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Jolly et al. J R Soc Interface 2014
Jolly*, Jia* et al. Oncotarget 2015
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Experimental validation
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Hybrid E/M cells can form many more tumors

Acquisition of a hybrid E/M state is essential for
tumorigenicity of basal breast cancer cells

Cornelia Kroger?, Alexander Afeyan®®, Jasmin Mraz<, Elinor Ng Eaton?, Ferenc Reinhardt®, Yevgenia L. Khodor®,
Prathapan Thiru?, Brian Bierie?, Xin Ye®®, Christopher B. Burge®, and Robert A. Weinberg®"9!

Kroger et al. PNAS 2019

Heterogeneity of Human Breast Stem and Progenitor Cells as Revealed

by Transcriptional Profiling Colacino et al. Stem Cell Reports 2018
Justin A. Colacino,’-%3* Ebrahim Azizi,?* Michael D. Brooks,** Ramdane Harouaka,**

Shamileh Fouladdel,?# Sean P. McDermott,># Michael Lee,* David Hill,* Julie Madden,> Julie Boerner,>

Michele L. Cote,>:° Maureen A. Sartor,>” Laura S. Rozek,-*> and Max S. Wicha®4*
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Jolly et al. Front Oncol 2015 28
Bierie et al. PNAS 2017 Jolly et al. Pharmacol Ther 2018



In vivo spontaneous EMT model highlights the
aggressive behavior of hybrid E/M phenotype(s)

Epithelial-cell EMT = Mesenchymal-cell
characteristics characteristics
CD51 O\ NPl 1 2s
CD106 ‘ //’-; e A A
Vimentin EpCAM — r /(4 ; } /] &?; | >
Keratin-14

Most metastatic
cells

tuum,

"r -\T;. 1101 D ”,‘

Transitionstates that  Jumasmeyso
allow cancer to spread

Cancers of epithelial -cell origin often contain some tumour cells that have
acquired traits of mesenchymal cells. How this leads to cancer spread has now
been illuminated in mouse models. SEE ARTICLE R463




Hybrid E/M phenotype may form CTC clusters

F’fim tumor CTC = Circulating Tumor Cell

~J
o O
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CTC  Single
cluster CTC

o
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Normalized metastatic
potential (fold change)

Single CTCs~ CTC-clusters

o U

Clusters of CTCs form much more metastases than single CTCs

Clusters of CTCs:

» Comoprise of 5-8 cells

« Associate with worse patient survival

» Resist cell death in circulation Aceto et al. Cell 2014

» Are formed before entering the circulation Bottos & Hynes, Nature 2014,
Cheung et al. PNAS 2016



How are CTC clusters formed?

I (HGF, NF-xB, Wnt, Notch, p53, TGF-B, HIF1«)
l 701 *
fwmwwmmwwmwi ........... : £3 6
Y . S ] i £ 50
I |— swai - Cell-Cell Signaling £z 4«
: S
. £g 10

miR-200 }T ZEB E 0 _

................................................................... e F e

EX|stence of H brld

y Clusters of CTCs

E/M Phenotype

Cell-cell communication may help coordinate the spatial
proximity of hybrid E/M cells to form CTC clusters
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Crosstalk between EMT and Notch pathways

Notch signaling activates EMT

 iNigB) - - -

A glycosylation
% by Fringe (¥)

Notch circuit
SR

microRNAs inhibit Notch signaling

Can cell-cell communication via Notch signaling enable forming CTC clusters?
32



Notch-Jagged signaling can form CTC clusters
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Theoretical prediction
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JAG1 knockdown diminishes emboli formation
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Why do hybrid E/M cells matter in the clinic?
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Single-cell migration is very rare, if any, in cancer

Co-expression of nuclear ZEB1 and membranous
E-cad - a ‘partial EMT’ status of ‘tumor buds’

Hybrid E/M may be more aggressive than a complete EMT

Bronsert et al. J Pathol 2014 35
Grigore®, Jolly* et al. J Clin Med 2016



Hybrid E/M: the ‘fittest’ for metastasis?

e

Complete EMT ¢"7 :W

Mesenchymal (M)
: E Partial EMT g
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(carcinomas)

LA

Secondary tumor
No MET (macrometastases)

Circulation

United cancer cells stand, divided they falll

« Cells can help each other develop resistance against cell death

« Clusters can navigate more effectively

« Hybrid E/M cells can more easily initiate new tumors

« Hybrid E/M cells can generate more heterogeneity driving cooperation

Jolly et al. BBA Rev Cancer 2018



Conclusion

Existing
framework:

Hybrid E/M state is transient, and the more the
EMT, the more aggressive the cancer

Tam and Weinberg, Nat Med 2013, Savagner P Curr Opin Dev Biol 2015

Proposed
framework:

Hybrid E/M state is stable and
may be more aggressive than a complete EMT

Jolly et al. Front Oncol 2015, Jolly et al. Oncotarget 2016

with biophysical models. Computational modeling, including
those that consider the mutual inhibitory loops between several
microRNAs (miRNAs) and EMT transcriptional drivers like Snail1
and Zeb1, also accepts an intermediate hybrid EMT state that
could favor the progress of developmental programs and meta-
static potential (Jolly et al., 2015; Lu et al., 2013; Tian et al., 2013;
Zhang et al., 2014). The inclusion of additional reciprocal inhibi-
tory loops that involve other transcription factors (e.g., Zeb1 with
Ovol2 and Grhl2) and the description of these as phenotypic sta-
bility factors indicates that the network is capable of generating
additional intermediate stabilized states that, therefore, are not
necessarily metastable (Hong et al., 2015; Jolly et al., 2016).

Nieto MA, Thiery JP, Cell 2016

“Instead, there is growing evidence that a
cell that has undergone only a partial EMT,
thereby expressing both retained epithelial
and acquired mesenchymal traits, is best
positioned to acquire stem-like properties
(Grosse-Wilde et al., 2015; Jolly et al.,
2015 a,b, Andriani et al., 2016)”

Pattabiraman & Weinberg, CSHL Quant Bio 2017
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Ongoing questions/debate

Epithelial - to-mesenchymal transition Zheng et al. Nature 2015
is dispensable for metastasis but induces Fischer ef al. Nature 2015
chemoresistance in pancreatic cancer Krebs et al. Nat Cell Biol 2017

Xiaofeng Zheng'*, Julienne L. Carstens', Jiha Kim', Matthew Scheible', Judith Kaye', Hikaru Sugimoto', Chia-Chin Wu?,
Valerie S. LeBleu' & Raghu Kalluri**

A) EMT landscape B) EMT-TF,
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 EMT is a highly non-linear and multi-dimensional process

« Connections between genetics and biophysics of EMT are still being elucidated
Jolly et al. Mol Oncol 2017



Fifty (or more) shades of cellular plasticity

A box contains 6 white balls, 3 red balls, and 3 blue balls. In how many
ways can one pick one white ball, one red ball, and one blue ball?

* No. of EMT states >=6 s
Pastushenko et al. Nature 2018 D

Huang et al. EMBO Mol Med 2014 KA RN R [ Wir
Schliekelman et al. Cancer Res 2015 ) ) (B2 (W20 N2 )

Yu et al. Science 2013 a1
Blddle et al_ EB[OMedICIne 2016 enature
Varankar et al., bioRxiv: 307934
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Stemness
window

* No. of stem-like states >= 3
Liu et al. Stem Cell Reports 2014
Colacino et al. Stem Cell Reports 2018
Ruscetti et al. Oncogene 2015, 2016
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