
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Zahra Sharifzadeh,
Pasteur Institute of Iran, Iran

REVIEWED BY

Serge Muyldermans,
Vrije University Brussel, Belgium
Oliver Hantschel,
Philipps-University of Marburg,
Germany

*CORRESPONDENCE
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Tripartite split-GFP assay to
identify selective intracellular
nanobody that suppresses
GTPase RHOA subfamily
downstream signaling
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de Toulouse (CRCT), Toulouse, France, 2Laboratoire de Biologie Médicale Oncologique, IUCT-
Oncopôle, Toulouse, France, 3Le Pôle Technologique du Centre de Recherches en Cancérologie
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Strategies based on intracellular expression of artificial binding domains

present several advantages over manipulating nucleic acid expression or the

use of small molecule inhibitors. Intracellularly-functional nanobodies can be

considered as promising macrodrugs to study key signaling pathways by

interfering with protein-protein interactions. With the aim of studying the

RAS-related small GTPase RHOA family, we previously isolated, from a

synthetic phage display library, nanobodies selective towards the GTP-bound

conformation of RHOA subfamily proteins that lack selectivity between the

highly conserved RHOA-like and RAC subfamilies of GTPases. To identify

RHOA/ROCK pathway inhibitory intracellular nanobodies, we implemented a

stringent, subtractive phage display selection towards RHOA-GTP followed by

a phenotypic screen based on F-actin fiber loss. Intracellular interaction and

intracellular selectivity between RHOA and RAC1 proteins was demonstrated

by adapting the sensitive intracellular protein-protein interaction reporter

based on the tripartite split-GFP method. This strategy led us to identify a

functional intracellular nanobody, hereafter named RH28, that does not cross-

react with the close RAC subfamily and blocks/disrupts the RHOA/ROCK

signaling pathway in several cell lines without further engineering or

functionalization. We confirmed these results by showing, using SPR assays,

the high specificity of the RH28 nanobody towards the GTP-bound

conformation of RHOA subfamily GTPases. In the metastatic melanoma cell

line WM266-4, RH28 expression triggered an elongated cellular phenotype

associated with a loss of cellular contraction properties, demonstrating the

efficient intracellular blocking of RHOA/B/C proteins downstream interactions
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without the need of manipulating endogenous gene expression. This work

paves the way for future therapeutic strategies based on protein-protein

interaction disruption with intracellular antibodies.
KEYWORDS

RHOA GTPase, tripartite split-GFP, nanobodies, RHO-ROCK signaling, single domain
antibody (sdAb)
Introduction

Recombinant antibody technology has so far provided

genetically encoded high affinity reagents for common

immunological assays used in fundamental and applied research

(1–3). Peculiar applications such as tracing or modulating

intracellular proteins in living cells are ascribed to special

antibody fragments or alternative scaffolds that rely on single

chain binding domains (4). Among antibody fragments that can

be used inside the cell, nanobodies have emerged as promising

molecular tools (5, 6). For instance, nanobodies from immunized

animals or from synthetic scaffolds were efficiently engineered to

specifically recognise not only an ectopic protein such as the Green

Fluorescent Protein (GFP) (7, 8), or several linear epitope tags (9,

10), but also endogenous proteins (11, 12). In this regard,

intracellular antibodies (also called intrabodies) present the

advantage to disrupt endogenous protein functions either by

functionalization through targeted protein degradation (13), ER-

rerouting (14), or by competing with endogenous protein partners,

thus offering an alternative strategy to small molecule inhibitors.

Proteins of the RHOA-subfamily (RHOA, RHOB and

RHOC isoforms) are small GTPases belonging to the RAS

superfamily. Likewise, these proteins behave like molecular

switches. Upon stimuli, Guanine nucleotide Exchange Factors

(GEFs) activate a fraction of RHOs (more than 95% of the

cellular RHO proteins are present in the inactive GDP-bound

state (15, 16)), by promoting their GTP loading. This nucleotide

exchange results in a conformational change of the small

GTPase, that is recognized by so-called effector proteins and

triggers downstream cellular response. RHOA-subfamily small

GTPases regulate key signalling pathways implicated in cell

division, cell motility or other cellular processes (17, 18) and

RHOA notably controls the ROCK/acto-myosin pathway that

drives F-actin fiber formation and subcellular region

contractility (19–21). The dysregulations of their expression

and/or activity have been associated with several diseases

including multiple cancers (22, 23), vascular or neurological

disorders (24, 25).

The global inhibition of RHO proteins is currently achieved

by RNA interference or by the use of the ADP-ribosylating
02
bacterial exoenzyme C3 (26, 27). RNA interference can induce

compensation mechanisms with other RHO proteins, making the

resulting cellular phenotypes difficult to interpret with this

strategy (13, 28). The ADP-ribosylating bacterial exoenzyme C3

irreversibly modifies RHO proteins leading to their subsequent

degradation. Moreover, some small molecule inhibitors have been

developed to prevent RHO activation, however by targeting a

limited set of GEF (29). Therefore, there is an unmet need for a

strategy that could specifically inhibit the active GTP-bound

forms of RHO proteins, without perturbation of RHO

expression or RAC activities. We hypothesized that intrabodies

preferentially recognizing the conformational active state of these

proteins thereby competing with endogenous effector binding,

could be an efficient strategy. In this line, we previously generated

from a synthetic phage display library (NaLi-H1) based on a

unique nanobody scaffold, several conformational intrabodies that

preferentially bind the conformational state loaded with GTP of

the RAS-related RHO GTPases RHOA or RHOB (13, 30, 31).

However, the clones so far selected which showed potential

blocking activities did not present enough selectivity towards

the RHOA subfamily over the close RAC1 subfamily, and one

clone that preferentially recognised RHOB was non-blocking

without being functionalized through a domain that recruits a

multicomponent E3-ligase catalytic activity.

Here we present a more selective GTP-bound RHO

nanobody, isolated from the synthetic nanobody library NaLi-

H1, with RHOA subfamily blocking properties (31). After a

competitive phage display strategy designed to enrich the library

towards RHOA-GTP, we performed a phenotypic screening

based on actin fiber loss associated with immunoprecipitation

assays to identify a new nanobody. We further determined its

intracellular selectivity as well as its effector blocking mechanism

by using the tripartite split-GFP sensitive protein-protein

interaction assay (32, 33). We then demonstrated that this

nanobody interferes with the RHOA/ROCK actomyosin

pathway, leading to a phenotypic switch from a rounded to

elongated phenotype with impaired contractility. Overall, such

nanobody appeared as an original and efficient tool to inhibit

intracellularly GTPase activities in normal cells or in diverse

pathological models.
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Material and methods

Plasmids and lentiviral vectors

RHO GTPases and nanobodies were expressed as

recombinant proteins from bacterial expression vectors or

from mammalian expression vectors. 2SHA-RHO mutants

tagged with the twin Streptag II (IBA) were expressed from a

pET vector as previously described (31). Nanobodies from the

NaLi-H1 library, referred to as hs2dAb for humanized synthetic

single domain antibody, are expressed in a pHEN- hs2dAb-6his-

myc-PIII phagemid. Hs2dAb were subcloned NcoI/NotI into the

intrabody expression plasmid pIB-GFP or pIB-mCherry or pIB-

IRES-MTSmCherry (13, 30, 31). Other intracellular nanobody

expressing plasmids, pTRIP-TRE-Ib-myc-IRES-BFP, pIb-myc

and pIb-myc-IRES-BFP, were also previously described (13).

For periplasmic expression, hs2dAb-6his-myc insert was

digested from pIB-GFP and inserted in a modified pHEN6-

VHH-6his, thus creating a periplasmic expression vector

pHEN6-hs2dAb-6his-myc-6his.

Specific plasmids were constructed for the tripartite split-

GFP assays. For carboxy-terminal GFP11 tag fusions, pIb-

hs2dAb-6hismyc-GFP was digested AgeI and Acc65I to

remove the GFP and replaced with a PCR product encoding a

Glycine Serine flexible linker followed by a carboxy-terminal

GFP11 tag. For RHO-GTPases, the pGFP10-RHOA expressing

CA or DN RHOA, RAC1 or CDC42 mutants were generated by

site-directed mutagenesis and cloned into BspeI/XbaI sites of

pcDNA_GFP10-Nter fusion vector previously described (34).

For the pGFP11-RBD, the Rho Binding Domain of Rhotekin was

amplified by PCR from pGST-RBD pGEX (Addgene#15247)

and inserted into NotI/ClaI cloning sites of pcDNA_GFP11-Cter

fusion vector previously described in 19. A pGFP11-RBD-TRE-

GFP10-RHOA lentiviral vector co-expressing 10-RHOA and

RBD-11 was generated by subcloning the pTRE tight RBD-11

cassette into the MluI site of an HIV-1-based lentiviral pTrip-

vector carrying a tetracycline response element (TRE)

(BIVICplatform, IFR 150, CHU Rangueil, Toulouse).
Cell lines, transfection method
and reagents

HeLa (cervical adenocarcinoma), MRC5-SV (human

immortalized fibroblasts), WM266.4 (metastatic melanoma)

cell lines (ATCC) were grown in DMEM (Lonza®)

supplemented with 10% FCS at 37°C in a humidified

incubator with 5% CO2. Transient transfection of DNA

plasmids was performed using the Jet Prime method, as

indicated by the supplier (PolyPlus Transfection®).

Western Blots were probed with the following antibodies:

mouse monoclonal 26C4 anti-RHOA (1/500, O/N, 4°C, Santa
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Cruz Biotechnology®), goat polyclonal anti-myc tag HRP

conjugated (1/3000, 1 hour, Room Temperature RT, Novus

Biologicals®), mouse monoclonal anti-RAC1 (1/1000, O/N,

4°C, Millipore®), Ser19 P-Myosin light chain (1/500, O/N, 4°C

Cell Signaling Technology®), GAPDH (1/2000, O/N, 4°C, Cell

Signaling Technology®), mouse monoclonal Chitin Binding

Domain (1/1000, O/N, 4°C NEB Biosciences®). Anti-myc tag

(clone 9E10) used in immunofluorescence and flow cytometry

experiments was a gift from S. Moutel. Anti-GFP10 rabbit

polyclonal antibodies were obtained after rabbit immunization

wi th synthet i c pept ides corresponding to GFP10

(DLPDDHYLSTQTILSKDLN) (Millegen, France®). Detection

was performed using peroxidase-conjugated secondary

antibodies and chemiluminescence detection kit (Biorad®)

except for Ser19 P-Myosin light chain which was revealed with

Amersham ECL Prime Western Blotting Detection Reagent®.

The production of stable cell lines with tetracycline inducible

(Tet-on) hs2dAb expression was performed with lentiviral

technology. The p-Ib-myc-IRES-BFP lentivirus was produced

according to the tri-transfection procedure using the plasmids

pTRIP-TRE-Ib-myc-IRES-BFP, pLvPack and pLvVSVg

(Sigma®) in 293T cells for viral production. WM266.4 were

previously transduced with the rtTA doxycycline-inducible

transactivator, and then cells were further transduced with the

IB-IRES-BFP lentivirus containing supernatant.

In order to establish the most homogeneous cell lines, for

transduction efficiency, 24h after doxycycline induction, cells

were then sorted on a BD Influx™ cell sorter for their

cytoplasmic BFP fluorescence intensity. Flow cytometry data

were analyzed with Kaluza software (Beckman Coulter®).
Subtractive phage display panning for
isolating RHO-GTP specific hs2dAb

The NaLi-H1 library of humanized synthetic single domain

antibody (31) was used for this study. A subtractive panning

protocol was designed to isolate hs2dAb selective for the RHOA-

GTP-Chitin binding domain from chitinase A1 (CBD) or twin

StrepTag (2S) fusion of RHOA GTPase active mutant (RHOA

L63). Constructions were expressed transiently during 24 hours

in HEK293 cells and captured freshly after cell lysis on magnetic

beads before incubation with the library phages. Chitin magnetic

beads (NEB®) or StrepTactin coated magStrep HC (IBA®) beads

were used. A phage display panning alternating rounds on chitin

beads with rounds on StrepTactin beads was performed during 4

rounds. From the second round of panning, a depletion step on

GDP-loaded wild type RHOA or N19 inactive mutant and on

RHOB L63, RHOC L63, RAC1 L61 active mutants was included.

The adequate amount of antigen coated beads was incubated for

2 hours with the phage library (1013 phages diluted in 1 mL of

PBS + 0.1% Tween 20 + 2% non-fat milk). Phages were
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previously adsorbed on empty streptavidin-coated magnetic

beads (to remove nonspecific binders). Phages bound to

streptavidin-coated beads or chitin beads were recovered on a

magnet. Beads were washed 10 times (round 1), 15 times (round

2) and 25 times including long washes of one hour (rounds 3 and

4) with PBS-Tween 0.1%. Bound phages were eluted using

triethylamine (Sigma Aldrich®) and E. coli (TG1 strain) were

infected with the eluted phages. For rounds 2, 3 and 4, only 1012

phages were used as input.
Pull down assays

Co-precipitations of intracellular nanobodies (myc-tagged

hs2dAb) with CA RHOA mutants were performed after

transient co-transfection of pCBD-RHOA L63 with pIb-myc

in HeLa cells. After 24 hours, cleared cell lysates containing

CBD-RHO mutants in buffer (50 mM Tris pH 7.4. 500 mM

NaCl, 10 mMMgCl2, 1% TritonX100, protease and phosphatase

inhibitors supplemented) were incubated with chitin beads

(NEB Biolabs®) for 1 hour at 4°C. Co-precipitation was

revealed by RHOA antibody and myc antibody.

Co-precipitations of intrabodies (myc-tagged hs2dAb) with

endogenous mammalian RHO proteins were performed after

doxycycline induction of pIb-myc-IRES-BFP in WM266.4 cells.

Cleared cell lysates were then incubated with His tag purification

beads (Roche®) during 45 minutes at 4°C for Ni-NTA IMAC

pull down. Beads were then washed thrice in washing buffer

(Tris pH 7.4 50 mM, NaCl 150 mM, MgCl2 10 mM, 0.1%

Tween20), and immunoprecipitates were then analyzed by

Western blotting and revealed by RHOA antibody and

myc antibody.
Immunofluorescence staining

Transfected cells grown on coverslips were fixed in 3.7%

paraformaldehyde and permeabilized with PBS-Triton 0.1%,

blocked with PBS-BSA 8%, incubated with primary antibody

mouse monoclonal anti-myc tag (9E10 clone 1/800, O/N, 4°C)

then Pacific blue mouse secondary antibodies (1/400, 1 hour, RT,

BD Bioscience®). Alexa 568-Phalloidin (1/40, 1 hour, RT,

Invitrogen®) was used to reveal actin stress fibers. All

coverslips were mounted in Mowiol. Data acquisition was

carried out on a Zeiss Axiovert inverted microscope and figure

montage using Image J.
In cell interaction using the tripartite
split-GFP assay

MRC5 cells expressing the GFP1-9 fragment (GFP1-

9_MRC5) were cotransfected with plasmids expressing either
Frontiers in Immunology 04
GFP10 tagged constitutively active RHOA L63, RAC1 L61 or

CDC42 L61 mutants or inactive RHOA N19 mutant, and with

GFP11 tagged hs2dAb, RBD or PAK-BD. 20 hours after

transfection, cells were fixed with 3.7% PFA (Sigma-Aldrich®)

and permeabilized with 0.1% triton X100 (Sigma-Aldrich®).

Cells were subsequently co-stained with 9E10 anti-myc

monoclonal (1/3000, 4°C, 1h30min) antibody and with anti-

GFP10 fragment antibody (1/1000, 4°C, 1h30min). Secondary

antibodies were respectively mouse APC and rabbit Pacific blue

(1/100, 1H, 4°C, BD Biosciences®) (1/200, 1H, 4°C BD

Biosciences®). GFP fluorescence was measured using FACS

MACS Quant 10 cytometer®. At least 20,000 gated events

were counted for each sample and analysed using Kaluza

analysis software (Beckman Coulter®). GFP fluorescence was

measured using FACS MACS Quant 10 cytometer®. The

geometric mean from the GFP channel was determined from

the gating region corresponding to double GFP10 and GFP11

positive labelling that correlate to GFP10 RHO mutants and

hs2dAb expression levels respectively.

The GFP fluorescence was also imaged on a Zeiss Axiovert

inverted microscope. For immunofluorescence experiment,

transfected cells were fixed in 3.7% paraformaldehyde and

permeabilized with PBS-Triton 0.1%, blocked with PBS-BSA

8%, incubated with primary antibody mouse monoclonal anti-

myc tag (9E10 clone 1/800, O/N, 4°C) and anti-GFP10 fragment

antibody (1/1000, O/N, 4°C) then respectively with Pacific blue

mouse secondary antibodies (1/400, 1 hour, RT, BD

Bioscience®) and Alexa 568-anti mouse secondary antibody

(1/400, 1 hour, RT, BD Bioscience®).

For intracellular competition experiments, hs2dAb N-

terminally fused to mCherry were co-transfected with a tet-on

inducible bidirectional promoter vector expressing GFP10-

RHOAWT and GFP11-RBD in MRC5_GFP1-9 cells, a cell line

referred to as triSFP-RHOA. 20 hours after transfection, GFP10-

RHOAWT and GFP11-RBD expression were induced with

doxycycline. 16 hours later, GFP fluorescence and hs2dAb

expression were measured using FACS MACS Quant VYB

cytometer. At least 20,000 gated events were counted for each

sample and analysed using FlowJo analysis software.
Recombinant protein expression
and purification

RHO GTPase production. 2SHA-RHO were expressed in

BL21 E.coli cells from a pET vector. Transformed bacteria cells

were used to grow 3mL LB-carbenicillin (100 µg/ml) cultures

overnight at 37°C prior to inoculation in baffled flasks

containing 1 L of the same media. Cells were allowed to grow

at 37°C until OD600 reached 0.5-0.7. Cells were then induced

with IPTG at a final concentration of 100 µM and grown for an

additional 20 hours at 25°C. Cells were harvested by

centrifugation at 4000g for 20 min at 4°C. The pellets were re-
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suspended in lysis buffer (50 mM Tris HCl, pH 8, 150 mMNaCl,

5 mM MgCl2, 0.1% triton, 1 mM DTT, lysozyme and DNase I

1X, protease inhibitors) and lysed by sonication on ice prior to

centrifugation (30 min, 15000 g, 4°C). StrepTactin SuperFlow

Plus (IBA®) matrix was equilibrated in buffer A (50 mM Tris

HCl, pH 8, 150 mM NaCl, 5 mM MgCl2) and was incubated

with supernatant for 2 hours at 4°C. Then supernatant and

matrix were loaded on a simple column in order to maximise

capture of 2SHA-RHO proteins. Matrix was washed by 15 mL of

washing buffer (300 mM Nacl, 50 mM tris pH8, 5 mM MgCl2,

0.1% tween20). RHO proteins were then eluted in buffer A

containing 10 mM Biotin (Sigma®). Dialysis was performed

overnight against buffer A containing 15% glycerol.

Nanobody purification. Hs2dAb were produced in XL1blue

E.coli grown in TB-ampicillin (100 µg/mL) medium supplemented

with 1% glucose in the start culture and 0.1% glucose during

induction with 1 mM IPTG. After overexpression for 16h at 28°C,

the cells were harvested, suspended in 15 mL ice-cold TES (Tris 100

mM pH 8, EDTA 1 mM, Sucrose 500 mM) and stored at -80°C. 30

mL of a ¼ dilution of TES buffer was added to the re-suspended

pellets prior to vortex briefly and to keep for 30 min at 4°C. After

centrifugation (30min, 13000g, 4°C), the periplasmic extract

containing hs2dAb was purified by affinity chromatography. The

protein extract was incubated 2 hours in the presence of His-Tag

purification beads (Roche®) previously equilibrated with

equilibration buffer (12 mM Tris pH8, 0.125 mM EDTA, 65 mM

Sucrose, 300mMNaCl, 10mM Imidazole pH7). Beads were washed

with 30 ml of washing buffer (10 mM Tris pH8, 150 mM NaCl, 10

mM Imidazole pH7). Hs2dAb were then eluted with elution buffer

(500 mM Imidazole pH7, 25 mM Tris pH6.8, 300 mM NaCl) and

dialysis was performed for 16 hours at 4°C in PBS 10% Glycerol.

OD at 280 nm was measured in order to determine

hs2dAb concentration.
Affinity measurement

Hs2dAb binding studies based on SPR technology were

performed on BIAcore T200 optical biosensor instrument (GE

Healthcare®). Capture of recombinant 6xHis tagged hs2dAb,

expressed in XL1blue and purified as previously reported (35)

was performed on a nitrilotriacetic acid (NTA) sensor chip in

HBS-P+ buffer (10 mMHepes pH 7.4, 150 mMNaCl, and 0.05%

surfactant P20) (GE Healthcare). The four flow cells (Fc) of the

sensor chip were used: one (Fc 1) to monitor nonspecific binding

and to provide background corrections for analyses and the

other three flow cells (Fc 2, 3, and 4) containing immobilized

6xHis tagged hs2dAb for measurement.

For immobilization strategies, flow cells were loaded with nickel

solution (10 mL/min for 60 s) in order to saturate the NTA surface

with Ni2+ and an extra wash was done using running buffer

containing 3mM EDTA after the nickel injection. His-tagged

hs2dAb in running buffer was injected in flow cells at a flow-rate
Frontiers in Immunology 05
of 10 mL/min. Total amount of immobilized hs2dAb was 250-300

resonance units. (RUs; 1 RU corresponds approximately to 1 pg/

mm2 of protein on the sensor chip). A Single-Cycle Kinetics (SCK)

analysis to determine the dissociation equilibrium constant (KD)

was carried out. SCK method prevents potential inaccuracy due to

sensor chip regeneration between cycles which are necessary in the

conventional Multiple Cycle Kinetics (MCK) (36). SCK binding

parameters are evaluated for each injection according to the tools

and fit models of the BIAevaluation software, giving similar values

than MCK. As hs2dAb were smaller proteins than their respective

antigens, hs2dAb were captured on the sensor chip then the

recombinant GTPases were used as analytes and were injected

sequentially with increased concentrations ranging between 3.125

nM to 50 nM in a single cycle without regeneration of the sensor

chip between injections. Binding parameters were obtained by

fitting the overlaid sensorgrams with the 1:1. Langmuir binding

model of the BIAevaluation software version 1.0.
ELISA and G-LISA assays

For ELISA detection of RHO GTPases, wells of StrepTactin-

coated plates (IBA®) were coated with 100 nM of recombinant CA

or DN RHOA, CA RAC1 or CA CDC42 mutants as 2S-HA fused

proteins (200 µl in TBS by well) during 2 hours at RT and then

blocked with 5% milk in TBS-Tween 0.05% (blocking buffer) for 1

hour at RT. Several dilutions of hs2dAb in blocking buffer were

applied to the ELISA plates in duplicates for 1 hour at RT. Next, we

added 1 µg/ml anti-myc HRP antibody (QED Biosciences,

18824P®) in blocking buffer for 1 hour at RT and the reaction

was visualized by the addition of 100 ml chromogenic substrate

(Thermoscientific®, 1-step ultraTMB, 34028) for 1 min. The

reaction was stopped with 50 ml H2SO4 1N and absorbance at

450 nm was measured using FLUOstar OPTIMA microplate

reader. Plates were washed three times with washing buffer (TBS

containing 0.05% (v/v) Tween 20) after each step. All steps are

performed under agitation (400 rpm).

To perform competition experiments using the G-LISA®

procedure, we used G-LISA® RHOA (BK124) and RAC1

(BK128) assays (Cytoskeleton) according to the manufacturer’s

instructions to assess if purified hs2dAb were able to compete

with RBD or PAK domain. We pre-incubated 10-fold serial

dilutions of NR53, RH12 or RH28 for 1 hour with 2S-HA RHOA

or RAC1 before performing the G-LISA assays. Hs2dAb-6His-

myc-6his inputs were controlled in an ELISA after capture on

nickel coated plates as described previously (15).
Quantitative RT-PCR

RH28 and NR27 WM266.4 cells were harvested after 18 and

24 hours of induction with 1µg/ml Doxycycline, and RNA was

extracted following RNeasy Plus minikit (Qiagen) procedure.
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RNA concentration was measured with Nanodrop. Reverse

transcription was carried out on 1 mg of RNA using RT iScript

kit (Biorad). Priming for reverse transcription was done with

combined oligo(dT) and random hexamers.

Quantitative PCRs were performed on cDNA using iQ SyBr

Green kit (Biorad) on a ViiA-7 RT-PCR system (Applied

Biosystems). RHOA transcript was quantified according to the

standard 2−DDCt method after normalization to B2M (beta

2-microglobulin).

Primers used for determination of RHOA transcript are the

following: RHOA_sens: 5’-TGGAAGATGGCATAACCTGTC

and RHOA_anti-sens 5’- AACTGGTGGCTCCTCTGG;

B2M_sens : 5 ’ -ACCCCCACTGAAAAAGATGA and

B2M _anti-sens 5’-ATCTTCAAACCTCCATGATG
Cell culture in a 3D matrix

Cells were embedded in a 3D matrix constituted of collagen

type I (1.5 mg/ml, Corning®) in EMEM (Eagle’s Minimal

Essential Medium; 2 ×, Lonza®) at a concentration of 1,5 ×

105 cells/ml. Drops (30 ml) were placed for 1 hour upside down

at 37 °C to allow solidification of the matrix. The complete

medium was then added and hs2dAb expression was induced by

doxycycline. 6 hours later, cell morphology was observed under

a Nikon inverted microscope and drops were harvested,

collagenase I (100 U/mL final concentration, ThermoFisher®)

added and cells centrifuged. Pelleted cells were then lysed in

RIPA buffer containing phosphatase and protease inhibitors.
Gel contraction assay

A total of 0.5M cells were embedded in a 3D matrix

constituted of collagen type I (3.1 mg/ml, Corning®) in

EMEM (Eagle’s Minimal Essential Medium; 2 ×, Lonza) and

plated in a 24-wells plate. After one hour of polymerisation at

37°C, the gel was gently dissociated from the edge of the well

with a 200µl-pipet tip and the expression of hs2dAb induced by

adding doxycycline to the cell culture medium. The plates were

scanned after 72 hours and the area of the gel and the plate were

measured and quantified with ImageJ software. For each well,

the percentage of gel contraction was calculated using the

formula 100 − [(area of the gel/area of an empty well) × 100].
Statistical analysis

Reported values represent mean ± standard deviation (SD)

of at least three independent experiments. Unless otherwise

stated, student paired t-tests were performed for comparison
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with GraphPad Prism 9. *, p<0.05; **, p<0.01; ***, p<0.001; ****,

p< 0.0001.
Results

Phenotypic screening selection of
RHOA-GTP blocking intrabodies

The goal of the present study was the selection of a blocking

intrabody more selective towards RHOA subfamily. After four

rounds of phage display against RHOA in its GTP-bound

conformation (see methods), 30 ELISA-positive families of

clones were isolated (Supplementary Figure 1), including new

sequences as well as a few copies of the previously identified

RH12 (RHO binder H12). To screen for intracellular binders of

RHOA-GTP family, this novel set of GTP-bound RHO

nanobodies was subcloned into a mammalian expression

vector with carboxy terminal dual 6xHis and myc tags as

reporters of expression. Their ability to bind active RHOA

conformation while expressed as intracellular nanobodies was

first evaluated by a chitin bead co-immunoprecipitation assay

after co-transfection with a CA RHOA (constitutively active

RHOA L63) mutant bearing a C-terminal CBD (Chitin Binding

Domain) tag (Supplementary Figure 1). We focused on 8 clones

that were efficiently immunoprecipitated with the CA RHOA. As

negative controls, we chose, among a set of nanobodies

originating from previous phage display selections towards

non-related protein targets, two clones referred to as NR27

and NR53 (31).

In order to identify a RHOA subfamily activity-blocking

intrabody, we performed a phenotypic screen based on actin F-

fiber staining after transfection of the nanobody candidates in HeLa

cells. Indeed, in adherent cells, RHO inhibition mediated by the

ADP-ribosylating bacterial exoenzyme C3 (26, 27) or after

expression knockdown (37, 38) induces actin fiber loss and a

dramatic morphological change. As a control of effective RHO

inhibition, we treated HeLa cells with the tat-C3 exoenzyme and

observed in more than 50% of the cells a stretched cellular shape

with a retracted cytoplasm and elongated protrusions

(Supplementary Figure 2). Among the 8 positive CA RHOA

binders, 3 clones, referred to as RH28, RH29 and RH35, induced

a stretched and shrunken cellular phenotype as shown in cells

stained with a homogenous pattern of nanobodies expression

detected in HeLa cells (Supplementary Figure 2). This cellular

shape appeared similar to the one induced by recombinant tat-C3

treatment. In contrast, in NR-expressing control cells or cells with

no detectable expression of RH28, RH29 or RH35 nanobodies, actin

F staining revealed organisation in fibers. Therefore, we

hypothesized that these 3 nanobodies might potentially be

positive hits for blocking the active RHO signalling pathway.
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The tripartite split-GFP assay
demonstrates the intracellular
biochemical selectivity of the selected
intrabodies

We first confirmed the intracellular interaction between the

3 selected clones and the active RHOA conformation using the

tripartite split-GFP protein-protein interaction reporter system

(32). The tripartite split-GFP reporter assay was selected for its

high sensitivity due to its irreversibility and lack of background

fluorescence. In this assay, a GFP variant gene is separated in

three parts: the b-strand 10 (GFP10) is fused to one partner of

the interaction, the b-strand 11 (GFP11) fused to the second

partner, and the remaining amino-terminal b-strand 1 to 9

(GFP1-9) acts as a detector moiety of the interaction, leading

to the formation of a reconstituted GFP (rGFP) that becomes

fluorescent after chromophore maturation (Figure 1A). The

split-GFP system was previously successfully implemented to

monitor active RHO or RAS GTPase interactions with their

respective effector domains in cells (34). Here, the nanobodies

were fused to the GFP-11 tag in amino-terminal while the CA

RHOA mutant was carboxy-terminally fused to the GFP10

fragment. These constructions were expressed in a human

fibroblast MRC5 cell line already validated for its stable and

homogenous expression of the GFP1-9 (34). After 24 hours of

co-transfection within the MRC5_GFP1-9 cell line, the

expression of each moiety and rGFP fluorescence was

quantified. As a positive control of intracellular RHO

interaction, we used the RHOTEKIN effector RHO Binding

Domain (RBD), fused to a C-terminal GFP11 tag (34). Its co-

transfection with CA GFP10-RHOA led to 25% of rGFP positive

cells (Figure 1B and Supplementary Figure 3). Similar

percentages of rGFP positive cells were also detected in cells

co-expressing the CA GFP10-RHOA for the 3 potential RHO-

GTP intrabodies (23%, 21% and 17% for RH28, RH29 and RH35

respectively). Control analysis of co-expression indicated similar

levels of RHO mutants and the various nanobodies in all

experiments (Supplementary Figure 3). In comparison, 1% of

rGFP cells could be detected when co-expressing the CA GFP10-

RHOA and the negative controls NR27 or NR53, demonstrating

thereby the intracellular interaction between each of the 3

intrabodies and the active form of RHOA.

Flow cytometry quantification of the reconstituted GFP

(rGFP) fluorescent signal demonstrated that the high affinity,

already characterized, RH12 nanobody presented a similar signal

intensity and selectivity towards the active RHOA conformation.

(Figure 1B and Supplementary Figure 3). We also assessed the

capability of the 3 hits to selectively recognize the active RHOA

conformation in the intracellular environment by testing the

interaction with a DN (Dominant Negative N19) mutant of

RHOA (Figures 1A, B and Supplementary Figure 3). All of them

appeared selective of the active RHOA conformation since

significantly lower percentages of rGFP cells were observed
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with the DN of RHOA (23% vs. 8.6%; 21% vs 6.6%; 17% vs.

10% respectively).

To further confirm the intracellular selectivity, we expressed

in E.coli and purified the three nanobodies and compared their

binding affinities for RHOA mutants by SPR (Supplementary

Figure 4). All of them had a KD in the sub-nanomolar range for

CA RHOA but no measurable binding of DN RHOA was

observed, which is consistent with the results obtained in-

cellulo. To assess whether these hits also bind the two other

isoforms of the RHOA subfamily, RHOB and RHOC, we

measured their KD values for the CA mutants (Supplementary

Figure 4). RH28, RH29 and RH35 displayed nanomolar range

affinities for all members of RHOA subfamily which share more

than 95% amino acid identities when excluding the carboxy-

terminal hypervariable domain (39).

In this assay, we also evaluate the affinities towards the CA

mutants of RAC1 GTPase and found that RH29 and RH35

nanobodies, but not RH28, could also bind RAC1 with

equilibrium dissociation constant in the range of 10 to 20 nM

(Supplementary Figure 4). This result suggested that RH28 is the

only clone highly selective towards RHOA subfamily active

proteins. RH28 selectivity towards the active RHOA

conformation was additionally confirmed by measuring the

capacity to detect RHO GTPases in ELISA. RH28 recognized

the CA mutant of RHOA while no signal was observed with CA

mutants of the phylogenetically closest RHO GTPase members

of RHOA subfamily, RAC1 and CDC42 (Supplementary

Figure 5).

Considering potential discrepancies between in vitro

measurements and biochemical interactions in the complexity

of the intracellular environment, we assayed the selectivity of the

RH28 among the 3 close subfamilies of RHO GTPases in cells by

quantifying the rGFP signal obtained with RAC1 and CDC42, in

their active state. As expected, the RBD tested with CA RAC1 or

CA CDC42 led to a significantly lower amount of rGFP cells in

comparison to the CA RHOA (28% vs. 2.6% and 28% vs. 1.7%),

confirming that intracellularly, the RBD did not recognize the

active forms of RAC1 nor CDC42. We validated the PAK

domain as a positive control for RAC1 and CDC42 selective

interaction since we observed a higher number of rGFP cells in

comparison to RHOA (9.9% vs. 1.6% and 11.8% vs. 1.6%).

Similarly to the natural RBD, the RH28 showed a clear

selectivity towards CA RHOA and no cross reactivity with

neither CA RAC1 nor CA CDC42 (26.4% vs. 4.4% and

26.4% vs. 2.8%) (Figure 2A and Supplementary Figure 6). We

confirmed this result on the wild-type form of RHO GTPases

(Figure 2B and Supplementary Figure 6). These results

demonstrated that, in cells, the RH28 clone does not bind the

closest GTPases related to RHOA even when they are expressed

at a higher level than endogenous proteins. This result was also

supported by the capacity of the myc tagged RH28 nanobody to

immunoprecipitate the endogenous RHOA protein (data not

shown). Collectively, these results led us to conclude that RH28
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is an artificial biomolecular domain highly selective of the GTP-

bound conformation of RHOA-like subfamily. We confirmed

that the RH28 domain (produced in E.coli and purified)

performed also in conventional RHOA immunoprecipitation

assays after cytochalasin D or serum stimulation (data

not shown).
RH28 competes with RHOA subfamily
effector binding

RHOA subfamily global inhibition was extensively studied

in various cellular models using the tat-C3 exoenzyme or more

selectively by RNA interference. In adherent cultured epithelial

cells, the main phenotype is linked to the RHOA/ROCK

pathway inhibition that lead to actomyosin contractility defect,

actin fiber disorganization, and focal adhesion disassembly (40,

41). To assess if the phenotype associated with RH28 expression

in the initial screen effectively reflects RHOA inhibition, we

analyzed actin cytoskeleton in human fibroblast MRC5 cell line
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that displays high density of actin stress fibers in 2D cell culture.

Phalloidin staining of cells expressing NR27 nanobody

highlights the cellular shape surrounded by strong cortical

actin fibers and a high density of stress fibers crossing

throughout the cell. In contrast, RH28 expression abolished

totally actin fibers and induced stretched elongated cells with

only subtle actin staining decorating multiple protrusions at the

periphery (Supplementary Figure 7), an effect that phenocopied

RHOA/ROCK pathway inhibition upon either C3 or ROCK

inhibitor treatments (42).

To evaluate whether the RH28-mediated actomyosin

perturbation was effectively linked with RHOA inhibition, we

tested the RH28 capacity to compete with CA RHOA and the

RHOTEKIN RBD interaction in the triSFP RHOA activation

reporter cells, a cell line previously generated to sense RHOA

activity with the tripartite split-GFP assay (34). In this cellular

model (MRC5_GFP1-9 expressing the CA GFP10-RHOA and

GFP11-RBD under the control of doxycycline), we transiently

transfected mCherry fusions of different nanobodies and the

RBD (Figure 3A). Flow cytometry quantification of the rGFP
A

B

FIGURE 1

The tripartite split GFP assay demonstrates the intracellular interaction and the selective recognition of the active RHO conformation by the
selected intrabodies. (A) Principle of the tripartite split-GFP complementation assay adapted to assess hs2dAb/RHO interaction. b-strand 10
(GFP10) and b-strand 11 (GFP11) are fused to RHOA mutants (either DN RHOA N19 or CA RHOA L63) and hs2dAb, respectively. These
constructions are transfected in a MRC5 cell line that constitutively expresses the detector fragment GFP1–9 (b-strands 1–9). When protein
interaction occurs, GFP10 and GFP11 strands are tethered and then spontaneously associate with GFP1–9 fragment to form a full-length GFP. If
the two proteins do not interact, GFP10 and GFP11 are not tethered and entropy is too high to allow complementation with GFP1–9. (B)
Percentage of reconstituted GFP (rGFP) fluorescent cells analyzed by flow cytometry for the indicated transfection conditions. P-values were
calculated using a Student’s t test. **, p<0.01.
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fluorescence level, corresponding to CA RHOA and RBD

interaction amount within each cell, was performed 48 hours

after intrabody transfection in mCherry positive cells. We

compared the rGFP fluorescence intensity among the different

quartiles of mCherry expression levels in transfected cells

(Figure 3B and Supplementary Figure 8A). As expected, we

observed a decrease in rGFP fluorescence reaching 20% between

the lowest and the highest quartile (rGFP geomean in mCherry

last quartile 2356 vs. 3103 in first quartile) when RBD-mCherry

was transiently transfected (Figure 3B). Indeed, in this assay,

RBD-mCherry was supposed to behave as a direct competitor of

CA-GFP10-RHOA and GFP11-RBD interaction. In the RH28-

mCherry condition, we also observed significant rGFP

fluorescence decrease in a similar range (rGFP geomean in

mCherry last quartile 2272 vs. 3020 in first quartile) despite

the fact that RH28-mCherry expression appeared lower than the

RBD-mCherry (Supplementary Figure 8A). By contrast, the

non-RHO nanobodies NR27 and NR53 did not affect rGFP

fluorescence even for the highest expression levels in the 4th

quartile, which confirms that they do not compete with RHOA

activity and that the dose-dependent decay induced by RH28 is

associated with its binding properties. This result suggests that

the RH28 may efficiently impede the GFP11-RBD binding to

CA-GFP10-RHOA, similarly to the RBD itself.

To confirm that the binding site of the RH28 interferes with

the effector binding domain, we set up an in vitro competition
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assay based on the G-LISA RHO activity assay (Figure 3C and

Supplementary Figure 8B). The G-LISA assay is based on the

capture of GTP-bound RHO by RBD-like proteins covalently

linked to the surface of the well. Like RH12, already reported as

depleting the GST-RBD pull down assay (30), RH28

preincubation with 25 nM of recombinant CA 2SHA-RHOA

induced a significant decrease of the signal in a concentration

dependent manner (Figure 3C). We confirmed that no

competition was observed on the RAC1 G-LISA assay

(Supplementary Figure 8C). Altogether, these results suggest

that the RH28 sterically impairs the RBD binding interface of

RHOA proteins and might be a competitor of RHO effectors.
RH28 intrabody efficiently blocks RHOA/
ROCK pathway in melanoma cancer cells

We finally assessed if the blocking properties of the RH28

intrabody could disturb cellular phenotype or functions. In

melanoma, high level of actomyosin contractility due to

RHOA/ROCK pathway has been associated with amoeboid

migration of melanoma cell lines (43) as well as resistance to

shear forces during extravasation (44). In this model, in order to

have a better control over the expression level of intrabodies, we

produced lentiviral cell lines expressing, under the control of

doxycycline inducible promoter, a bicistronic gene encoding
A

B

FIGURE 2

The RH28 is selective for active RHOA conformation in living cells. Percentage of reconstituted GFP (rGFP) fluorescent cells analyzed by flow
cytometry for the indicated transfection conditions. (A) constitutively active mutants (B) wild-type proteins. P-values were calculated using a
Student’s t test.*p<0.05; **p<0.01.
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both the hs2dAb-6his-myc and a BFP fluorescent reporter

through an IRES. After setting up the dose response to

doxycycline to express similar level of RH28 and of the NR27

control we confirmed the functionality of the RH28 expressed in

this model through RHOA immunoprecipitation experiments

(Figure 4A). An increase in RHOA protein level could be

observed upon RH28 expression that cannot be solely
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explained at the mRNA level (Supplementary Figure 9A),

suggesting a potential stabilisation of RHOA induced by the

RH28 nanobody. We further confirmed that the RH28 did not

recognize RAC1 in this model (Supplementary Figures 9B, C).

Moreover, upon RH28 expression, we observed in 2D cell

culture an elongated phenotype that reminds fibroblast

stretching previously observed (Supplementary Figure 7). In
A

B

C

FIGURE 3

RH28 competes with RBD for active RHOA recognition. (A) Principle of the tripartite split-GFP complementation assay adapted to assess
hs2dAb/RBD competition. Hs2dAb were transfected in the triSFP RHOA cell line, 24 hours before doxycycline induction. Among cells that
express hs2dAb, a competition with RBD would lead to a decrease in the intensity of the rGFP fluorescence in mCherry positive cells. (B) For
each hs2dAb, rGFP fluorescence intensity was quantified among the 4 different populations of mCherry positive cells (i.e., among the 4 cell
populations ranked according to increasing levels of hs2dAb (or RBD) expression). (C) RHOA G-LISA competition assay with 10-fold dilutions of
hs2dAb. Results were analyzed with two-way ANOVA model. Absorbance at 485 nm reflects RHOA-GTP captured by the coated RBD. P-values
were calculated using a Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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A B

D

C

FIGURE 4

RH28 intrabody efficiently inhibits actomyosin contractility and blocks RHOA/ROCK pathway in melanoma cancer cells. (A) RH28 selectivity
validation in WM266.4 lentiviral cell line. Expression of RH28 and NR-hs2dAb was induced or not with doxycycline at 1µg/ml. After 20 hours of
induction, cells were harvested and cleared cell lysates were incubated with Ni-NTA beads for 45 min. Endogenous RHOA proteins was
revealed with corresponding antibodies and hs2dAb were revealed with myc-tag antibody. (B) Representative images of cell line morphology in
3D collagen drops after 6 hours of hs2dAb expression. WM266.4 cell lines were seeded in collagen and phenotypes were analyzed 24 hours
post doxycycline induction. At 40X magnification, elongated or rounded cell shape could be observed. Scale bar: 50 µm. (C) Representative
images and quantification of gel contraction after 72 hours of treatment by doxycycline. (D) Representative immunoblot and quantification
analysis of myosin light chain phosphorylation (pMLC2) status in the 3 different cell lines seeded in collagen drops. P-values were calculated
using a Student’s t test.*p<0.05; **p<0.01.
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order to study the cellular behaviour in 3D environment in

which RHO activity plays a more important role than in 2D (45,

46), cells were seeded in collagen drops. In contrast to their

normal spread morphology in 2D, WM266.4 exhibited as

expected a rounded phenotype in this 3D matrix (44, 47). In

comparison to NR controls and to non-induced doxycycline

condition, the RH28 expression uniformly induced a striking

switch from rounded cells to highly elongated cells (Figure 4B).

This phenotype was also associated with a defect in actomyosin

contractility (24% decrease upon RH28 expression) as

demonstrated by an impaired collagen retraction (Figure 4C).

To confirm RHOA/ROCK pathway inhibition, we analyzed the

expression of phosphorylated cofilin and phosphorylated

Myosin Light Chain (pMLC) which is one canonical target

defining ROCK signalling activity (48). Upon RH28 expression

induction in cells grown in 3D collagen drops, elongated cell

phenotype was associated with a significant decrease of

phospho-MLC2 amount (Figure 4D). All together, these

results demonstrate that RH28 functions in an intracellular

context by blocking RHOA downstream signalling through a

direct interference with RHOA-GTP effectors, leading to a

specific cellular phenotype.
Discussion

Small GTPases of RHOA subfamily are master regulators of

cellular processes involving actomyosin dynamics, such as cell

division, cell migration or invasion. In this study we identified

and characterized the nanobody RH28 as an intrabody selective

towards the GTP-bound conformation of RHOA with no

apparent cross reactivity towards RAC1 or CDC42. The RH28

behaves as an artificial RHO Binding Domain combining the

high intracellular stability of nanobodies with inhibitory

properties. This tool opens opportunities to investigate the

fine-tuning of RHOA subfamily activation homeostasis in

various biological contexts.

We previously generated from a synthetic phage display

library based on a unique nanobody scaffold, several intracellular

molecular binders of the GTP-bound RHOA or RHOB

conformers (13, 30, 31). The lack of selectivity of such

molecular tools targeting RHO GTPase activities or pathways

is a key point in the interpretation of the cellular response.

Actually, the highly conserved G domains that switch

conformation between GDP or GTP loading led to the

identification, in our previous work, of several conformational

nanobodies. While expressed as intracellular antibodies, some

hs2dAb were not able to block GTPase signalling while others

were efficient blocking-nanobodies but cross-reacted with the

RAC subfamily of GTPases, the close homologues of the RHOA

subfamily. One pan RHO/RAC-GTP nanobody appeared inert

at a moderate expression level and was engineered as an active

RHO BRET biosensor (30). Another nanobody functionalised
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with a Fbox, referred to as F-B6 (13), was efficiently targeting

RHOB-GTP for protein degradation, albeit through the

dependency of the fused domain that requires a

multicomponent E3-ligase catalytic activity which is not

controlled by the tool itself. Of note, the nanobody referred to

as RH12 with subnanomolar affinity towards RHO/RAC-GTP

(31), displaces the endogenous effectors Rho Binding Domain in

biochemical assays (30), induces a complex phenotype of cell

border shrinkage and further toxicity that impaired cell viability

(30, 31). While this nanobody mediated signalling blockade

appeared encouraging to develop a macrodrug to alter RHO-

GTP function, the lack of selectivity between RHOA-like and

RAC1 subfamilies impeded its development as these two major

RHO GTPases display opposite functions in many cellular

contexts (22, 49–51).

It is challenging to translate the biochemical selectivity of

molecular interaction of proteins or antibodies assessed in vitro

to their behaviour in the intracellular complexity. Intracellular

functionality of domain antibodies or alternative scaffolds have

been assessed by numerous approaches, such as fluorescent two-

hybrid (52) or BRET (30, 53) assays which allow, due to their

reversibility, a dynamic quantification of the protein-protein

interaction. However, these approaches show inherent

background signal that may require tight expression control of

the two components. Here, we used the tripartite split-GFP

protein-protein interaction reporter assay because no signal

background could emanate from the three components. Its

main advantages are the absence of false positive interacting

partners, and the ability to reveal low affinity interactions due to

the irreversibility of the reconstituted GFP (32, 33). Moreover,

the split-GFP system was previously successfully implemented to

monitor active RHO or RAS GTPase interactions with their

respective effector domains in cells (34). The lack of signal

obtained for the RH28 with RAC1 or CDC42 active mutants

thus asserts that this nanobody could not cross react with these

GTPases. Nevertheless, among positive signals, this assay does

not reflect conventional binding kinetic parameters of partners’

interactions. It is noteworthy that the irreversibility of the rGFP

induces accumulation of a signal to a certain extent, thus

revealing low affinity, transient interactions, or strong

interaction with a similar level of quantification. Accordingly,

we observed, in previous development of the assay (32, 34) or

here with the RH12 and the RBD example, that a low signal

discrepancy in this assay reflects a high selectivity quantified in a

reversible biochemical interaction assay such as ELISA or SPR

(15). Actually, although the selectivity of the RH12 towards the

active conformation of RHOA GTPases was quantitatively much

higher than the one of the RHOTEKIN RBD using in-vitro

biochemical assays (15), this strong selectivity discrepancy was

eclipsed in the tripartite split-GFP measurements. Therefore, we

considered here that the binding of RH28, RH29 and RH35,

reflected a strong conformational selectivity towards the active

form of RHOA in cells. We also analysed cross-reactivity with
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RAC1 and CDC42 both in vitro and in cells. Although we did

not formally assess the interaction with the 15 other members of

RHO GTPase subfamilies, the lack of binding of the RH28 to the

two RHOA-subfamily closest members may suggest that it only

interacts with active RHOA/B/C proteins (39).

The phenotype induced by the RH28 expression in cells

appeared more defined than the one resulting of the RH12

blockade (30, 31). Indeed, in HeLa, MRC5 or melanoma

WM266-4 cell lines, cells expressing RH28 displayed a stretched

elongated shape. We reasoned that this phenotype was probably

correlated with the inhibition of the RHOA/ROCK pathway as the

lack of contractility neither antagonizes the RAC1 mediated

protrusion formation nor retracts the rear of migrating cells,

thus elongating the cells by stretching them until adhesion

collapsed. This phenotype was reminiscent of the ROCK

inhibition by 10µM of Y27632 or other ROCK small molecule

inhibitors (51), and we confirmed that this pathway was

downregulated upon RH28 expression as phosphorylated

Myosin Light Chain (pMLC) levels decreased. This marker of

acto-myosin contraction is involved in mechanisms related to

cancer cell plasticity between amoeboid or mesenchymal

phenotypes, which implies different motile behaviours. Recently,

high level of melanoma cell plasticity was demonstrated as a

feature of MAPKi-therapy resistant melanoma (54). Several

studies reported the association of RHOA or RHOB GTPases

with invasive cancer resistance (54–56). ROCK inhibitors have

been reported in preclinical studies to impair migration and

invasion (57), to potentiate the immune system (58) or sensitize

the immune checkpoint blockade response (59). Albeit the

RHOA/ROCK pathway is actively targeted with numerous

ROCK pharmacological inhibitors with a prospect to block

invasion and metastasis in clinical trials (60), to date, none of

them are approved for clinical use in cancer therapy. This may

account to the lack of selectivity of ATP binding pocket kinase

inhibitors that often induce side effects. The advantage of a

nanobody that blocks RHOA-GTP downstream pathway may

reside in the exquisite selectivity of antibody binding interface.

However, the main challenge of biomolecular drugs that target

intracellular activities remains their delivery as recombinant

protein or mRNA inside tumor cells (61).
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