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Intercellular signaling...

...in the tumor microenvironment

. The interaction of
tumor cells with their
microenvironment is
known to modulate
: the genetic and
St o epigenetic events
that determine the
Fibroblass development of
cancer...

Mesenchymal
stem cells

Immune cells Tumor cells

Blood Vessel



Intercellular signaling...
...I1s highjacked by tumor cells!

Tumor cells highjack the
Hies ® e signaling cues (cytokines,
. \ chemokines, growth factors,
e | o N | etc.) that stromal cells use to
(& s communicate and use them to

a :
¢ .
Y ) .\«') ey /‘ boost their own growth,
L .) B o val and i .
[ | Ny /\ survival and invasion...

Tumor cells
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Dysregulated
Intracellular signaling...




Same ligand, same receptor, different
cell type...different response?

(A) heart muscle cell W‘v’\ (B) salivary gland cell

receptor LRy
protein SECRETION

°— = |
\ ?
\

acetylcholine /W\J

DECREASED FREQUENCY
OF CONTRACTION

Different intracellular signaling machinery!



Tumors adapt by making changes in
the intracellular signaling machinery...

¥ Growth factors ’
» Integrins

Same receptor, multiple pathways... « v e
| I—A—W

Tyrosine kinase receptor dimer > Receplocligand

1=]

AKT/PKB Y <
| @ | * | ERK12 mTORC1/2 )}
@ l MEK1/MEK2 \ /
1 MOVOX
MAPKp44/42 - Cell proliferation
Transcription - Cell adhesion
- Cell migration
Decreased Apoptosis Cell Proliferation - Anti-apoptosis

Different receptors, shared pathways...

- TsC1/2

- Angiogenesis

Changes in the abundance, activity, subcellular localization, etc., of signaling proteins...



Small GTPases

A. thaliana

S. cerevisiae H. sapiens

Ran
Ras GTPases

GTPases o

Monomeric GTP-binding proteins with a molecular
mass of 20-40 kDa.



The prototype...Ras GTPase

RAS pathway * Ras (Rat sarcoma) was first identified as
the transforming principle of the Harvey
(p120GAP, mrn.( )@Wﬁ;gﬁg% and Kirsten strains of rat sarcoma viruses.

C} Harvey, JJ (1964) Nature.
a—‘/:':'" \‘ Kirsten, W.H., Mayer, L.A. (1967) J.Natl.Cancer Inst.
6 @ ‘ | * Endogenous cellular Ras genes were

subsequently identified in human cells.
\ a [

e bt s oy Popress * There are three Ras genes in humans:
v' HRAS
) v’ KRAS
Mutated in v NRAS

>40% of cancers



Small GTPases: The molecular switches

By cycling between an inactive
(GDP-bound) and an active
(GTP-bound) state, small
GTPases act as molecular
switches that turn on and off
signal transduction downstream
of cell surface receptors.

EXTRACELLULAR g

SPACE inactive Ras protein active Ras protein

E \Effector

CYTOSOL

activated receptor
tyrosine kinase

Grb-2 adaptor protein



Ras structural switch

Effector-binding regions Inactive: Switch regions apart
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GEFs & GAPs: how they work?

GDP-bound state

Nature Reviews | Molecular Cell Biology



GEFs & GAPs: how they work?

switch| <@ S switch I

G domain

Glyl2
(often mutated to Val)

Guanine-binding

GTP-bound state GTP hydrolysis

f
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8 8

Nucleotide exchange GDP-bound state

Nature Reviews | Molecular Cell Biology



Assessing the level of Ras activation
The RBD pulldown assay

Schematic architecture of the human c-Raf kinase

Autoinhibitory Hinge region Protein kinase domain

domain block (highly flexible) (catalytic domain)
(regulatory) S
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71 k linear motif binding
motif
Ras binding C1 domain f k
domain (binds lipids:  Kinase domain,  Kinase domain,
(selectively — e.g. ceramide)  N-terminallobe  C-terminal lobe
binds to
GTP-Ras)

Upon the selective binding of GTP-Ras to Raf RBD, the
intramolecular interaction of the inhibitory domain and
the kinase domain is relieved, rendering the enzyme
active.

Inactive state

Flexible
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Assessing the level of Ras activation
The RBD pulldown assay

PCR amplified gene fragment

m_ (GST N
Gene for GST
Transcription '
I >

Gene for fusion protein

proteinin a cell.

o<
) ‘%C Express fusion
[ o =
<

Glutathione-S-
transferase (GST) is a
small enzyme (purple)
that binds glutathione

Glutathione
Agarose

Figure 9-12b part 1
Lehninger Principles of Sioch

s
.
J
-
Istry, Fifth Edition
© 2008 W.H.Freeman and Company
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Assessing the level of Ras activation
The RBD pulldown assay
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Ras superfamily...

More than 150 members

16 members

Rab+Ran
BRABZINS RAB42 71 members
RAB4A B
RAB16 . RAB39,8
T RAB10,12 RAB3D k e 14 RAB 5. RAB19 RAB1S
Ras+ u RAB12 RABIAC, \. RAB2 P‘ | [RAB1YAB
ndsH 201475 RABSA B \ Ll o, TR
QGK NKIRAS2 \
RGK NKIRAS1 !
35 members RASLIR :
RASD2 20
RASD1 - RAB24
DIRAS1 2\ ~RAB41
ARHI~. 2 RABBA-C
RHEB RHEBLT \ ~—RAB7,78
RRAD -~ RABO9A B
GEM~_ - _RAN
REM1 —_ _ RABL2A B
‘ REM2 == X
i RASLItA 2
} RASL11B___
| RASLté_E — = — RAB38
HE —
\ — RAB34,36
\ RAP2A B.C _ —3‘::28;15
\ RAPIAB = B =
\ RITI 2 __ ARFRP2
\ g — ARLS
R:::;Z«;__ — ARL11
H.KNRAS = \ Less conserved ARLY
- —TRIM23
ERAS~ N\ T T ;; Aﬁggss
Miro L v Highly conserved SARFeS
A \\\ ~ ARL12
2 members \_RHOT1™ / / o \\ & SRARLS 8
RHOBTB - / //'ll x' ." / }\ > Annl
1 76 188/189
) I-
Arf
CAAX
) ) . 30 members
Switchl Switchll Hypervariable
Rho (effector loop) region
23 members N GNAT2 * / &NAIT-3 TGNAZ GNAT4 "~
GNAT1-3 GNAQ GNAT11
GNAO1 Ga

Colicelli, Science STKE., 2004



Ras subfamily

Ras

Arf

Rab

Miro

Ran

Rho

Ras superfamily...

Cancer Cell Division s
\\u_x}jﬂ’-z JATE6 BasolateralAMembrane
*RabS )
Rab4 Endosome
- - - Rabll .:\P-}«'\."Al'ﬂ Ap[cal
Biological function Cox® Vembrane >
w1 @
ysosome
Cell grOWth GRIP/ [ Rab6 T
RPLANL GGa/Arfl  lapajaret  VAP-1B/Ar
AHRFRP1 11 rd . )
Vesicular transport —

Membrane trafficking

GRIF-1/TRAK2
Mitochondria transport

microtubules

Nuclear transport
|

cytoskeletal dynamics,
cell motility...and more!
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The Rho family of small GTPases...

Cell e

Wolurne 41, lzsue 1, May 19385, Pages 3140

Article

A novel ras-related gene family

Fascal Madaule, Richard Axeal

Howeard Hughes Medical Institute and Instiute of Cancer Research College of Physicians and Surgeons Columbia University
Mewe York, Mewe York 10032 34

Fittpe il choi o gate2 dnist fri 0.1 01 G0092-8674 (96)90055-3, How to Cite or Link Using DOl
47 Permizzions & Reprints

;HOBTB1 2/ - // /l/
Rho GTPase family cannonical members: RNDW/R%/
* RhoA
* Racl Rho
* Cdc42

23 members

...These are the most well-characterized ...



Dysregulated Rho GTPase sighaling in
cancer

Pro-Inflammatory secretion
IL1qa, IL6, IL8, LIF

Monocyte recruitment
and M2 polarization
IL10, IL4

Survival/
Proliferation

Immune
Evasion
TGFB

O:Q
Q

Invasion
Metastasis

Tumour

Initiation GO ‘




Dysregulated Rho GTPase sighaling in
cancer

Rho GTPase mutations /altered expression in cancer

- HNSCC
A
e Y RHOA RHOB CDC42
GBM /T why RHOC
RAC3 VN 78 RAC1P2 RAC1A'®
\
THCA § BRCA
RAC1 ’ RHOA RHOB RHOC
RAC1 RAC3 CDC42
LUAD E40
RHOAS” RHOA!
RHOA RHOB RHOC
RAC1 RAC3 CDC42 GC
RHOAE* RAC 16157 RHOA RAC1
RHOAY“2 RHOARS
HCC RHOAS
cDC42
PAAD
CRC
3 RHOC RAC1
RHOA RHOC RAC1
cDC42 . [EC
_|[RAC1"
PRAD )
RAC1 oV
RAC1%' RAC1°'S" RHOA RHOC
TGCT
RHOA RAC1 CDC42
RAC1G$Z RAC1QG1 RHOAE‘7
SKCM Leukemias
RHOA RHOH RAC1
RHOC CDC42 RAC2 CDC42
RAC172 RAC1"?
RHOAS's RHOA®'
RAC2"® CDC425" RHOAA™®!
SCC Lymphomas
RAC1 RAC1
RHOAR5 RHOAC1S
RHOAS! RHOA"




Regulation of Rho GTPases

Geranylgeranyl modification
Cell membrane

o3 ?“ ““ I5IPIEIIFIIISIISI5352 ,"- T2

H, CH

2 i’ [
H coc-c@ H.COC é(& GAP |—#=H, coc-c@
&

Downstream signaling...



Mutations and dysregulated
expression of RhoGEFs in cancer

Tiam1
required for
colon cancer
growth
- [
Ect2 over-
expressed in Ect2 over-
1 IJng cancer
Vav3 growth
FGD1LOF ‘prostate I
mutations cancer P-Rex1 over-
identified in androgen- expression in
Aarskog-Scott indep i
syndrome dence prostate
T cancer
Tiam1 ALS2 LOF missense OBSCN I Prex1 Trio identified
identified as mutations i i P-Rex2a y
an invasion found in identified in mutations blocks PTEN impairs of Gaq
MCF2/DBL VAV and amyotrophic patient with identified in tumor sup- NRAS-driven mutations in
identified as identified as metastasis lateral hyperek- breast and pressor melanoma uveal
an oncogene an oncogene gene sclerosis plexia colon cancer functi i melanoma
ECT2 Vav over- SOS1 GOF PREX1 over- PREX2 GOF
identified as identified as a Xpressi itati Xp i itati
an oncogene rearranged required for identified in contributes to found in
gene in AML pancreatic Noonan HER2-driven melanoma
cancer growth Syndrome breast cancer T
identified as TIAM1 GOF mdtt:lon:g;kin : L arowi Vav3 over-
Abl fusion mutations FGD4 LOF expression
partner in identified in mutations and Invqlve-
CML renal cell identified in ment in
cancer identified as a Charcot- breast cancer
Ras effector Marie-Tooth
disease

Figure 2. Key discoveries linking Dbl RhoGEFs to human disease
We highlight representative discoveries in the study of RhoGEFs that link their aberrant

function to human disease. Gain-of-function, GOF; loss-of-function, LOF.



Adapted from: | e = :
Rho Signalling at a Glance

Martin Schwartz

............................................................................................................................................
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Rho GTPases & actin cytoskeleton

* GTPase activity-deficient mutant (GIn to Leu at codon 61)

Microinjection of constitutively active Rho GTPases into Swiss 3T3 fibroblasts
induce specific responses in the organisation of the actin filament system

non-injected vinculin

from A. Hall, Science, 1998.



Rho GTPases & actin cytoskeleton

* GTPase activity-deficient mutant (GIn to Leu at codon 61)

Microinjection of constitutively active Rho GTPases into Swiss 3T3 fibroblasts
induce specific responses in the organisation of the actin filament system

vinculin
Sy v

non-injected vinculin

__vinculin

from A. Hall, Science, 1998. La melllpodia Fllopodia



Assessing Rho GTPase activation level

Treat cells
Q
. : a Cdc42
’: S - e - *\ Q— o
l_ - —
O T
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£ ©
‘llv - o (@©
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PD



Assessing Rho GTPase activation level

Treat cells
€ >
4 S - e & -&

l Harvest and lyse

V, #Tee v

“"RBD
Rhotekin

=
E Incubate
£ o wash

elute

¢ Blot

GTP/S GOP
Active '

GTPase™ P \- — ’

Rho GTPase
activation

Cdc42
RhoA
Racl

Time(ms):0 2.5 5 10 20 TGFB (pulse)

a- RhoA a-Cdcd2

a- Racl

= o

& w» . |PD




Rho GTPases, ERMs & Receptors

Uropod
| CD44 ¥ Eaciin —» Contractile force
 \ — ECM — Expansive force
Actomyosin ' Intercalation of
i & confined region Hydrostatic pressure
. — t
Integrin Myosin I propagation
e @ 3 3 RHOA-mediated
§ | contractility
T @ 3 Direction of
| migration RAC- and CDC42-
Septin——# | » mediated protrusiveness
. Plasma
 membrane :>

Filament
Jstiding

Ps_»eudopodit_xm

Plasmé

Racl S Y + % 4 membrane

Rho GTPase
activation

Nature Reviews | Immunology
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Signalling downstream of Cdc42 and Racl

a % ARP2/3
[a) (_a;::m g protein
N-WASP
@ mDia2
Fascin
= Actin filaments
Lamellipodium mell
/(::CBCH G'FF;;:?\ Rac GTP
Activation of [wase | [iRSps3] [mDiaz] . [PAK WAVE | [mDa2]  [PAK —
actin polymerization by % 7 v [complex } Activation of
N-WASP/IRSp53 *or " [LvK] Aij}: | LIMK actin polymerization by
A vl Skl 1 WAVE complex
[Cofiin] Cofin]
b= i s
Actin A Actin
Actin polymerization turnover | ,Aq,i,rl,p(?‘yr”,c,r,i,zf?:,i,o,ﬁ_‘ turnover |
[Lamellipodia [ Flopodia | Lamellipodia
Filopdial
actin-spikes Nature Reviews | Molecular Cell Biology




Signalling downstream of Cdc42 and Racl

i %, =, Integria - S ARP2/3
R i ; @ Capping protein
o @B - vnse
X . \_* GEF )¢ O.L'::s:
E \ARP2/3

= Actin filaments

Plasma
membrane

Nature Revit

.. . M -

b <:C:6C~4%97 RGD RGD RGD
/ / | Blo Q
Activation of [Wase | [1Rsp53] [mbiai ==
actin polymerization by \ / [ Activation of
N-WASP/IRSp53 A Vincain actin polymerization by
LS WAVE complex
/ \ 0 \ DFAK

Actin p:;-l,'r"enzation Transmembrane integrins
cluster to form complex and
\ \ dynamic structures called
v _ k focal points. ~Actin Cytoskeleton

[Eelpod Flop Tamelioads!

Filopdial
actin-spikes

Nature Reviews | Molecular Cell Biology




Signalling downstream of RhoA

—— Racl

ROCK (Rho kinase)

L and mDia2
. Ucleation)

Myosin
Light Chain

LIMKinase

Actin polymerization

Actomyosin fibers Vinculin

Nature Reviews | Molecular Cell Biology
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Actin =.-:.'. <s :',' Ses
) Stress fibres —~—
- Integrin clustering
- (Focal adhesions) —




Rho GTPases & cell migration

3.Focal adhesion maturation:
adhesion complex clustering and
actin fiber anchoring. Rac involved.

4.Cell contraction by actomyosin:
active myosin Il binds to actin
filaments (then termed actomyosin)
and generates actomyosin
contraction. Rho and ROCK involved.

1.Protrusion of the leading edge: actin polymerization at
the leading edge of cell. Rac, Cdc42 and Arp2/3 involved.

A\

~

@)

——
L

/' raligedge
Trailing edge

Leading edge

5.Detachment of the trailing edge:
contractle ~ force  generated by
actomyosin structures (RhoA involved)
and ECM adhesion destabilization (Rac
inhibiton by RhoA) enables trailing
edge detachment and translational
movement.

| Direction of cell movme:|>

2.Cell-matrix interaction and formation of
focal contacts: integrins come into contact
with ECM ligands and cluster in the cell
membrane. Rac involved.

Integrins I Myosin Il

mmmm  Chemokine receptors

== Chemokine

F-actin ~~

Mesenchimal Cell migration...

Lamellipodium

RhoA-GTP ——— Rac1-GTP Cdc42-GTP
¥ &~ T &~ TS
ROCK/MLC Actin Actin Actin Actin
Pl Polymerization Tumover Polymenzation Turnover
Focal Stress w » ~a e
Adhesion  Fibre Lamellipodium Filopodia

TRENDS in Cell Biology




Rho GTPases in Epithelial-
Mesenchymal Transition (EMT)

Atered Rho GTPase Signaling & localization

Downregulation of E-cadherin, ZO1
Cell-cell junction dissolution

Loss of apical-basolateral cell polarity
Actin reorganization

Upregulation of metalloproteases
Increased deposition of extracellular
matrix proteins

Migration and invasion



Rho GTPases in epithelial polarity

Apicobasal polarity . actin and cadherin
RAC & CdC42 LI T [ T recruitment expands

junction

initiate cell-call contact =

small cadherin / |
and catenin
(A)

I
cluster (B} recruitment of mora

cadharins and catenins

Actin
E-cadherin

Together with PAR proteins, RAC and CDC42
promote cell-cell adhesion through the
formation and maturation of adherens (AJ) and
tight (TJ) junctions...

Epithelial Stimuli



Rho GTPases in epithelial polarity

Apical cortex

RhoA

actin remodeling and myosin
recruitment expands the
adherens junction

Apicobasal polarity

Al

L
|

il ),
ff‘ i

{C)  contractile actin and
myosin bundles

Epithelial Stimuli

Actin
E-cadherin

Actin and myosin

Apical junctions

Ads

Apical actomyosin belt:
v'Pulls cells together;

v Promotes barrier function;
v/Stabilizes Tight Junctions;

v'Sustains polarity



Rho GTPases in EMT

Apicobasal polarity @

EMT Stimu II Front-rear polarity
for directed cell
migration
Loss of AB polarity
and reorganisation of Direction of
cell polarity machinery cell movement
Nuclear JR———
} positioning ‘Cdea2
and MTOC = x
redtlantafon \\ Protrusion formation
Par3 ’
- Parb gpKc
| ROCK :
Rear actomyosin — asinll / L eacing edge
I contraction My . e

TGFp signaling has been shown to play an important role in EMT by inhibiting
RhoA and triggering actomyosin ring breakdown and promoting the loss of
apicobasal polarity.



2 IIDI.
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Mesenchymal ;

EMT transcriptional reprogramming by TGF(3

TGF-8
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Snail family
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h

Claudins
Occludin
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Desmoplakin
Plakophilin
Crumbs3
Cytokeratins

|

Fibronectin
Vitronectin
N-cadherin
Collagen
MMPs

Twist, lds

ZEB1/2

ZEB family
ZEB1
ZEB2

Claudins
Z0
E-cadherin
Plakophilin
Crumbs3

—

Vitronectin
N-cadherin
MMPs

—

bHLH family
E12/E47
Twist
lds

f

Claudins
Occludin
E-cadherin
Desmoplakin
Plakoglobin

I

Fibronectin
Vitronectin

N-cadherin
SPARC

ab-integrin

————

v TGFB also induces transcriptional
reprogramming, repressing
epithelial genes and promoting the
expression of mesenchymal proteins;

v’ Changes in expression of
polarization protein also alters the
localization and activity of RAC &
CDC42, promoting loss of lateral cell-
cell adhesions and altering integrin-
mediated cell-matrix adhesion .

v’ This progresses the loss of apical-
basal polarity and promotes EMT!



EMT — MET plasticity in metastasis

~ Intermed
(partial EMT,

Collective Single-cell
migration migration

Plasticity

Metastasis

Therapy resistance

: eforts
Metastatic tumor



Rho GTPases, EMT & metastasis

RhoA RhoA v" Several RhoGEFs have been
Rac1
02242

RhoE/Rnd3

- S

implicated in invasion & metastasis

(e.g., The Racl GEF Tiam1 - T-cell

lymphoma invasion and
metastasis)

RhoC v" Dysregulated activity of several

RhoB
RhoBTB1
RhoBTB2
Ract
RhoA

Cdc42
?

GTPases has been associated with

EMT and invasive behavior.

v' Racl, RhoA activity have been
directly implicated in the invasive

process



Invasive phenotype...

MESENCHYMAL MOTILITY AMOEBOID MOTILITY
v’ Dense/Stiff ECM v’ Loose/Soft ECM
v MMP activation v MMP-independent

v integrin-independent

v’ Integrin engagement
v'GF & citokine potentiated

Parri, et al. (2009) Cancer Res .69: 2072-81



Rho GTPases & cancer metastasis

©
© P—
o R P = : RhoA
8| § <% =3
-4
£
§ t_u I Cdc42
£ ? Polarity, Rac
3| £ adhesion-driven RhOA
< e [ T T SR
»| 8 [Eertion MMP
g Integrin
I signalling
# Cdc42
R  Polarity, Rac
SE tractionat the tip  ?
MMP
Integrin
signalling

Collective migration of MDCK epithelial cells on a fibronectin strip.

Collective Migration:

v" In collective cell invasion cells

maintain cell—cell adhesions.

A leading cell at the tip generates
migratory traction while the rest of
the cells In the group are mostly
dragged passively.

Degradation of the ECM by matrix
metalloproteases (MMPs) is essential
for this kind of collective migration

Leading cells can convert from
mesenchymal to amoeboid migration,
depending on the extracellular
conditions, and from collective to
single-cell, to transverse into blood
and lymph vessels .



Further reading

* Rho GTPase signaling in cancer progression and
dissemination
https://doi.org/10.1152/physrev.00045.2020

e Dysregulation of Rho GTPases in Human Cancers
https://doi.org/10.3390/cancers12051179

e Small GTPases orchestrate cell-cell communication
during collective cell movement
https://doi.org/10.1080/21541248.2017.1366965

* Guanine nucleotide exchange factors for Rho GTPases
(RhoGEFs) as oncogenic effectors and strategic
therapeutic targets in metastatic cancer

https://doi.org/10.1016/j.cellsig.2023.110749



https://doi.org/10.1152/physrev.00045.2020
https://doi.org/10.3390/cancers12051179
https://doi.org/10.1080/21541248.2017.1366965
https://doi.org/10.1016/j.cellsig.2023.110749
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