




13Martínez-Sánchez LdC, et al. Gut 2022;0:1–20. doi:10.1136/gutjnl-2021-325520

Inflammatory bowel disease

Alterations of the epithelial RAC1 pathway in IBD
Analysis of RAC1 subcellular localisation showed that apical 
membrane localization within IECs in the epithelial surface 
shifted towards the cytosol and/or nucleus in cells located at 
the crypt bottom in non-IBD tissue (figure 11A). This suggested 
a potential different RAC1 function for the regulation of 

epithelial extrusion (surface epithelium) and cell proliferation 
(crypt bottom). Interestingly, we could observe a shift in the 
RAC1 apical localization in patients with IBD, both in those 
in remission or with active disease and a decreased expres-
sion on inflammation, both indicative of RAC1 dysfunction 
(figure 11A).

Figure 10  Analysis of cell shedding and overcrowding in small intestine sections from human patients with IBD. (A–C) F-actin fibre staining using 
AlexaFluor488-phalloidin (green) (n=13, total; n=5, Control; n=8, CD). (A) Representative pictures (top); yellow arrows indicate epithelial gaps; 
orange arrow indicates microerosions. (B,C) Quantification. (B) Gap length (% of epithelial length), and mean gap length (µm/gap). (C) Funnel-
like structures (red triangles) (% of total cells) and calculated length/diameter ratio (AU). (D,E) 2D/monolayer organoids generated from human 
intestinal crypts (three patients), and treated with NSC-23766 (100 µM) or a cytokine cocktail (IL-1β 10 ng/mL, IL-6 10 ng/mL and TNF-α; 20 ng/mL). 
(D) Phalloidin staining. (E) E-cadherin staining. Paired t-test. *P≤0.050. IBD, inflammatory bowel disease.
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To confirm the potential relevance of RAC1-dependent 
pathway for the maintenance of gut epithelial integrity, we 
analysed WAVE proteins and RAC1-downstream pathway acti-
vation. In vivo, specially WAVE2 and also WAVE1 expression 
were significantly reduced in ileum tissue early on Rac1 dele-
tion in IECs from Rac1iΔIEC mice (online supplemental figure 5), 
suggesting that the presence of RAC1 is indispensable for the 
expression and/or stability of WAVE proteins. Strikingly, alter-
ations in WAVE proteins could also be observed in the epithe-
lium of patients with IBD. Patients with IBD showed decreased 
epithelial WAVE1 expression (figure  11B). Moreover, homog-
enous epithelial WAVE2 expression was absent at the surface 
of the epithelium on inflammation, while no change could be 
observed downwards the villus/crypt axis and in the crypts, 
indicating specific RAC1 dysfunction at the epithelial surface 
(figure 11C). Interestingly, we could observe WAVE2 decreased 
expression in large intestine epithelium from animals suffering 
from experimental colitis, such as dextran sodium sulfate 
(DSS) (figure  12A) or adoptive lymphocyte transfer colitis 
(figure 12B); this correlated with the inflammation degree and 

was mainly observed at the epithelial surface. Western blot anal-
ysis confirmed the downregulation of WAVE2 in IECs isolated 
from mice suffering from DSS-induced colitis (figure  12A). 
Since Wasf1 and Wasf2 gene expression was not altered in colon 
IECs from DSS or TC mice, nor in small intestine GGTase- or 
RAC1-deficient organoids (online supplemental figure 8), we 
assumed that RAC1-dependent regulation of Wave proteins is 
mediated via protein stability and/or post-translational mecha-
nisms. Since WAVE protein stability is regulated via proteasomic 
degradation,49 we then tested the effect of inhibition of protea-
some (MG-132) on WAVE degradation and the impact on cell 
shedding alterations. The accumulation of arrested cell shedding 
events in RAC1-deficient small intestine organoids was partially 
rescued on MG132 proteasome inhibition (figure  13A). Simi-
larly, accumulation of funnel-like structures on treatment with 
the RAC1 inhibitor NSC-23766 was associated with decreased 
WAVE2 expression in human organoids (figure  13B,C). This 
actin alteration was only partially rescued on MG132 treatment, 
which is in agreement with the fact that proteasome inhibition 
did not rescue WAVE2 expression on NSC23766-mediated 

Figure 11  Analysis of RAC1 pathway in human IBD. (A) RAC1 immunostaining (white), counterstained with EpCAM (green) and Hoechst (blue). 
Representative pictures, showing expression and subcellular localisation at the epithelial surface (top) and crypts (bottom) (n=20, total; n=9, Control; 
n=11, IBD).  Wave1 (B) and Wave2 (C) immunostaining (red) (Wave1, n=13, total; n=5, Control; n=8, IBD); (Wave2, n=17, total; n=6, Control; n=11, 
IBD).
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RAC1 inhibition in human organoids (figure 13B,C). Together, 
these data demonstrated that RAC1 function and downstream 
pathway can contribute to cytoskeleton rearrangement within 
IECs, specially at the epithelial surface and/or villus tip, for 
maintenance of epithelial integrity in the gut of patients with 
IBD, in a mechanism related to cell shedding alterations.

DISCUSSION
Here, we demonstrated that cytoskeleton rearrangement and 
cell shedding disturbances represent causative phenomena 
triggering increased permeability, finally resulting in intestinal 

inflammation and destruction of tissue architecture. Thus, 
epithelial leakage on arresting of physiological cell shedding trig-
gers intestinal inflammation. Early cytoskeleton rearrangement 
on inhibition of epithelial GGTase-prenylation in Pggt1biΔIEC 
mice34 impaired completion of cell extrusion, causing arresting 
of cell shedding, overcrowding and the appearance of ‘perme-
able’ cells (figure 14). This phenotype mainly affected the small 
intestine and to a lesser extent the colon. The novelty of our 
study lies on the fact that epithelial changes in GGTase-deficient 
and RAC1-deficient epithelium are triggered exclusively by cell 
intrinsic phenomena, nevertheless, also resulting in intestinal 

Figure 12  Analysis of RAC1 pathway in experimental colitis. WAVE1 and WAVE2 expression in mouse experimental colitis models. (A) DSS-induced 
colitis. Representative pictures from immunostaining in colon samples (left), and WB from isolated IECs (right). Immunostaining (n=10, total; n=5, 
Control; n=5); WB (n=13, total; n=6, Control; n=7, DSS). (B) Adoptive lymphocyte TC. Representative pictures from immunostaining in colon samples 
(n=14, total; n=6, Control; n=8). Data are expressed as mean±SEM. Unpaired t-test. *P≤0.050. TC, transfer colitis.

 on M
arch 10, 2022 at U

niversity of E
ast A

nglia Library. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2021-325520 on 3 M
arch 2022. D

ow
nloaded from

 

http://gut.bmj.com/


16 Martínez-Sánchez LdC, et al. Gut 2022;0:1–20. doi:10.1136/gutjnl-2021-325520

Inflammatory bowel disease

inflammation. Like TNF-induced epithelial alterations,50 intes-
tinal tissue from Pggt1biΔIEC and Rac1iΔIEC mice showed cyto-
skeleton/TJ alterations and subsequent epithelial destruction 
and barrier breakdown. RAC1 and GGTase-deficient organoids 

showed cytoskeleton rearrangement and loss of epithelial integ-
rity, indicative of primary epithelial alterations in the absence 
of extrinsic factors. Interestingly, AJC protein redistribution on 
prenylation inhibition or RAC1 deficiency mirrored epithelial 

Figure 13  Interfering with RAC1 pathway in organoids. (A) RAC1-deficient small intestine organoids treated with the proteasome inhibitor MG132 
(1 µM). Phalloidin staining. Three experiments. (B,C) Human organoids treated with the RAC1 inhibitor NSC-23766 (100 µM) with or without the 
proteasome inhibitor MG132 (n=3). (B) Phalloidin staining. (C) Wave2 staining.
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dysfunction in human intestinal inflammation, that is, changes 
in claudin-1,51 claudin-2,52 claudin-826 to claudin-18,53 E-cad-
herin,54 β-catenin and ZO-1.55 Together, our data highlight 
RAC1 as a GGTase-target contributing to epithelial integrity and 
intestinal homeostasis.

Translationally, our study revealed a potential correlation 
between alteration of physiological cell shedding and epithe-
lial RAC1 pathway and intestinal inflammation in IBD. In our 
human cohort, signs of barrier dysfunction (epithelial gaps) go 
along with the accumulation of funnel-like structures and elon-
gated cell shapes in inflamed areas of the gut of patients with 
IBD, suggesting an association between inflammation in IBD and 
arrested shedding and cell overcrowding. Strikingly, this could 
also be linked to epithelial leakage, as indicated by elevated 
serum FABP2 levels and alterations of E-cadherin. Furthermore, 
the fact that NSC-23766-induced RAC1 inhibition caused cyto-
skeleton rearrangement and TJ disassembly (human organoids) 
and impaired transepithelial resistance (human epithelial cell 
lines) confirmed the breakdown of epithelial barrier function on 
epithelial intrinsic mechanisms, such as altered cell mechanics 
due to inhibition of prenylation or RAC1. Notably, our analysis 
of patient material for the first time showed that, beyond patho-
logical cell shedding, control of live cell extrusion might play 
a pivotal role in the pathogenesis of chronic intestinal inflam-
mation and should be further explored in the context of IBD. 

The segregation between physiological and pathological cell 
shedding is tightly connected to apoptosis.56 Since TJs expression 
regulates caspase activity and apoptotic cell death,57 we hypoth-
esised that cytoskeleton rearrangement and TJs redistribution 
might cause the observed decreased caspase-3 cleavage both 
in GGTase1B- and RAC1-deficient epithelium on arrested cell 
shedding. Moreover, the shift between apoptosis and caspase-
independent cell death suggested the potential activation of 
alternative cell death pathways in GGTase- or RAC1-deficient 
epithelium. Our findings are in agreement with the contribu-
tion of cell death activation to the intestinal damage in GGTase 
and/or RAC1-deficient mice, but our data demonstrate that this 
should be considered as additional mechanism contributing to 
further epithelial damage and tissue destruction.

Transcriptomic changes in RAC1-deficient intestinal organ-
oids were associated with a modulated response to mechan-
ical stimulus, proposing a key function for mechanobiology in 
RAC1-mediated epithelial integrity. Actually, GGTase-deficient 
and RAC1-deficient IECs showed alterations of cell shape 
(TEM), while inhibition of prenylation correlated with changes 
in IEC deformability (RT-FDC). 3D traction force microscopy 
analysis suggested the existence of an interplay between changes 
in epithelial cytoskeleton and ECM mechanics. In contrast to 
WT organoids, those generated from Pggt1biΔIEC and Rac1iΔIEC 
mice showed outward-directed matrix deformations, indica-
tive of force relaxation. Thus, cytoskeleton rearrangement in 

Figure 14  Mechanism behind intestinal inflammation induced by inhibition of GGTase1 or RAC1 within intestinal epithelial cells. Figure has been 
created with BioRender.com.
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GGTase- and RAC1-deficient epithelium impacts on IEC and/or 
ECM mechanics. Furthermore, cytoskeleton dynamics can also 
directly impact on gene transcription.58 In our RNASeq analysis, 
several chemokines promoting immune cell recruitment appeared 
among the most regulated genes in RAC1-deficient organoids 
(CXCL-1, CXCL-2 and CXCL-10). Together, RAC1-dependent 
epithelial cell mechanics emerged as a crucial epithelial-intrinsic 
mechanism to understand the interplay between IECs and its 
extracellular environment and how this impacts on epithelial-
immune communication. Contributing to gut tissue homeostasis, 
epithelial cell mechanics should be further studied in the context 
of human diseases, such as IBD.

The difference in severity of intestinal disease in Pggt1biΔIEC 
and RhoAΔIEC mice34 suggested the existence of a compensa-
tory functional overlapping between RHOA and other prenyla-
tion targets. Accordingly, impaired RAC1 function mimicked 
epithelial alteration on inhibition of prenylation. Several studies 
aimed at deciphering the contribution of RHOA/RAC1/CDC42-
dependent acto-myosin ‘purse string’ and RAC1-mediated cell 
crawling to epithelial gap closure.31 37 Considering the gap 
geometry, negative curvature promotes RHOA-dependent actin 
ring closure, while positive curvatures dictates RAC1-mediated 
cell crawling.59 In agreement with our data, epithelial cell extru-
sion would be rather regulated by RAC1 function due to convex 
geometry at the villus tip. Also, it has been shown that RAC1-
dependent cytoskeleton rearrangement controls crypt/villus 
compartmentalisation in mouse small intestine, while the absence 
of RAC1 lead to disturbed intestinal architecture.60 These obser-
vations concurred with our data on RAC1-dependent epithelial 
integrity and maintenance of gut tissue structure in vivo.

Along the villus/crypt axis, ubiquitous RAC1 appears at the crypt 
bottom and transient- amplyifing area (TAA), while membrane/
cytosol protein is restricted to the villus. Interestingly, the subcellular 
shift of RAC1 as well as the downregulation of epithelial WAVE2 
expression on inflammation in IBD is also restricted to the epithelial 
surface, and potentially associated to specific alterations of membrane 
RAC1. RAC1 can also translocate to the nucleus and participate in 
cell cycle regulation and nuclear cytoskeletal features,61 thereby 
controlling cancer progression.62 Still unknown is how prenylation 
can differentially affect membrane/nuclear localisation of activated 
RAC1 and regulate epithelial barrier in inflammation or hyperprolif-
eration in cancer, respectively.

Validating the relevance of RAC1 in intestinal homeostasis, alter-
ations on genes encoding for Rac proteins63 64 and RAC1 signalling65 
have been associated to IBD. Also, azathioprine-dependent Vav/
RAC1 targeting induces T cell apoptosis, and is therefore currently 
used as a treatment for patients with IBD.66 Despite specific RAC1 
inhibitors,67 68 others69 and our data postulate RAC1 activation can 
contribute to protect epithelial integrity. Thus, modulation of RAC1 
function can pave the way to the identification of biomarkers for 
diagnosis, prediction and/or prevention of flares in IBD,70 and be 
exploited for epithelial restoration.71 72 Nevertheless, potentially 
opposite effects in IECs and immune cells underscores the relevance 
of cell-specific studies to optimise pharmacological targeting of Rho 
GTPases.34 73 74
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