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AbsTrACT
Objective Increased apoptotic shedding has been 
linked to intestinal barrier dysfunction and development 
of inflammatory bowel diseases (IBD). In contrast, 
physiological cell shedding allows the renewal of the 
epithelial monolayer without compromising the barrier 
function. Here, we investigated the role of live cell 
extrusion in epithelial barrier alterations in IBD.
Design Taking advantage of conditional GGTase 
and RAC1 knockout mice in intestinal epithelial cells 
(Pggt1biΔIEC and Rac1iΔIEC mice), intravital microscopy, 
immunostaining, mechanobiology, organoid techniques 
and RNA sequencing, we analysed cell shedding 
alterations within the intestinal epithelium. Moreover, 
we examined human gut tissue and intestinal organoids 
from patients with IBD for cell shedding alterations and 
RAC1 function.
results Epithelial Pggt1b deletion led to cytoskeleton 
rearrangement and tight junction redistribution, causing 
cell overcrowding due to arresting of cell shedding that 
finally resulted in epithelial leakage and spontaneous 
mucosal inflammation in the small and to a lesser extent 
in the large intestine. Both in vivo and in vitro studies 
(knockout mice, organoids) identified RAC1 as a GGTase 
target critically involved in prenylation- dependent 
cytoskeleton dynamics, cell mechanics and epithelial 
cell shedding. Moreover, inflamed areas of gut tissue 
from patients with IBD exhibited funnel- like structures, 
signs of arrested cell shedding and impaired RAC1 
function. RAC1 inhibition in human intestinal organoids 
caused actin alterations compatible with arresting of cell 
shedding.
Conclusion Impaired epithelial RAC1 function causes 
cell overcrowding and epithelial leakage thus inducing 
chronic intestinal inflammation. Epithelial RAC1 emerges 
as key regulator of cytoskeletal dynamics, cell mechanics 
and intestinal cell shedding. Modulation of RAC1 might 
be exploited for restoration of epithelial integrity in the 
gut of patients with IBD.

InTrODuCTIOn
In inflammatory bowel diseases (IBD), chronic gut 
inflammation is due to an exacerbated response 
against the microbiota.1 2 Thus, epithelial leakage is 
a hallmark feature in patients with IBD.3 4 Increased 
intestinal permeability in patients in remission5 
and relatives,6 7 and IBD- like phenotypes in mono-
genic diseases affecting epithelial proteins,8 9 evoke 
epithelial disruption as aetiological factor in IBD 
pathogenesis.

significance of this study

What is already known on this subject?
 ⇒ Epithelial barrier function contributes to 
maintenance of gut tissue homeostasis and 
avoids intestinal inflammation.

 ⇒ Pathological cell shedding is associated to 
alterations of epithelial integrity in the context 
of chronic intestinal inflammation.

 ⇒ Although physiological cell shedding controls 
epithelial cell numbers in order to maintain 
epithelial integrity, little is known about its 
involvement in inflammatory bowel disease 
(IBD) pathogenesis.

What are the new findings?
 ⇒ Epithelial intrinsic alterations in GGTase and/
or RAC1- deficient epithelium cause barrier 
breakdown and intestinal inflammation.

 ⇒ Cytoskeleton rearrangement and altered cell 
mechanics in GGTase and RAC1- deficient 
epithelium lead to arresting of cell shedding 
and cell overcrowding.

 ⇒ Signs of arresting of physiological cell shedding 
and overcrowding in intestinal tissue from 
patients with IBD on inflammation.

 ⇒ Epithelial RAC1 function is modulated 
specifically in the epithelial surface of intestinal 
tissue from patients with IBD.
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The renewal of the intestinal epithelium requires a tight regu-
lation between cell extrusion and proliferation, controlling cell 
numbers and barrier integrity.10 Cell shedding is intimately 
connected to cell death; caspase activation occurs prior to shed-
ding in apoptotic cell extrusion,11 or on loss of survival signals 
due to the detachment of live cells.12 Also, cell shedding acts as 
a defence mechanism to get rid of infected13 or mutated14 cells. 
Defective apical extrusion contributes to aggressive tumour hall-
marks,15 and basal extrusion leads to tumour dissemination and 
metastasis.16

Confocal endomicroscopy studies demonstrated the correlation 
between excessive apoptotic cell shedding, permeability defects and 
intestinal inflammation.4 17 18 However, little is known about the 
role of physiological cell shedding in IBD. On Piezo1- driven mech-
anosensations,19–21 S1PR2- mediated Rho- dependent acto- myosin 
contractility causes single live cell extrusion.22 23 Readjustment of 
tight junctions (TJs) restricts the temporary epithelial leakage in 
physiological24 and pathological11 cell shedding. Thus, TJ assembly 
and cytoskeleton dynamics control intestinal permeability,25 and 
their alterations may favour barrier disruption and inflammation. 
Accordingly, changes in the continuity/number of TJ strands have 
been observed in Crohn’s disease26 and ulcerative colitis.27 Also, 
mice with an epithelial deficiency of proteins involved in cytoskel-
eton function elicited increased susceptibility to colitis.28 29

Intimately associated to the cytoskeleton, small Rho GTPases 
regulate epithelial barrier function30 and are critically involved in 
epithelial gap closure.22 31–33 Post- translational prenylation allows the 
anchoring of small GTPases to the cell membrane and their function. 
We previously demonstrated a link between GGTase1- prenylation of 
Rho proteins, epithelial integrity and inflammation.34 In this study, we 
found that abrogated expression of GGTase1 within IECs, primary 
resulted in cytoskeleton rearrangement and apical junction complex 
(AJC) protein redistribution causing cell shedding arresting, leading 
to epithelial leakage and activation of local immune responses. RAC1 
emerged as a GGTase- target critically involved in epithelial cytoskel-
eton dynamics and cell mechanics, whose alterations in IBD play 
a key role in arrested cell shedding and barrier dysfunction. These 
findings open new avenues for therapeutic modulation of epithelial 
restoration in IBD.

MeThODs
Methods are outlined in the online supplemental material 1.

resulTs
Kinetics of barrier alterations and intestinal pathology in 
Pggt1biΔIeC mice
To determine the functional effects and sequence of molec-
ular events of inducible inhibition of prenylation within IECs, 

we analysed intestinal pathology in Pggt1biΔIEC mice over time. 
Deletion of Pggt1b gene occurred 2 days on tamoxifen treat-
ment, leading to decreased GGTase1 expression, and accumu-
lation of non- prenylated proteins in ileum tissue and isolated 
IECs (online supplemental figure 1). Although we could not 
detect any macroscopic sign of intestinal tissue alteration at 
day 6 (high resolution endoscopy), we could observe a trend 
to increased intestinal permeability occurring between days 4 
and 6 (figure 1A). Accordingly, passage of luminal dextran in 
the small intestine could be detected via intravital microscopy 
already at day 4 (figure 1B). In contrast, complete mucosal archi-
tecture destruction in ileum and duodenum could only be seen 
at later time points leading to marked suppression of barrier 
function (day 8), while only mild alterations could be observed 
in the large intestine (figure 1C; online supplemental figure 1). 
Concerning the potential inflammatory response in the intestine 
of Pggt1biΔIEC mice, we could observe increased IL- 6 and TNF-α 
expression in ileum and duodenum only at late time points 
(day 8), but not in the colon (figure 1D; online supplemental 
figure 1), while infiltration of MPO+ neutrophils was evident 
already at day 6 in ileum (figure 1E; online supplemental figure 
1). These data demonstrated epithelial intrinsic phenomena on 
Pggt1b deletion leading to permeability defects and early infil-
tration of neutrophils and supported the initial hypothesis of 
epithelial barrier defects as cause of intestinal pathology due to 
abolished GGTase- mediated prenylation within IECs. Based on 
the severity, we focused in subsequent studies on the phenotype 
affecting the small intestine of Pggt1biΔIEC mice.

Arresting of cell shedding and cell overcrowding in 
Pggt1biΔIeC mice
Considering the previously described intestinal phenotype observed 
in Pggt1biΔIEC mice,34 we analysed cell shedding on tamoxifen- 
induced pggt1b- deletion over time, to identify early epithelial 
intrinsic alterations. Taking advantage of intravital microscopy,35 
we could demonstrate that cell shedding rate in small intestine was 
significantly decreased at early time points after Pggt1b deletion (Day 
2) (figure 2A), coinciding with the initial accumulation of ‘permeable 
IECs’ (figure 2B). These data supported that early cell shedding alter-
ations critically contribute to the intestinal phenotype in Pggt1biΔIEC 
mice and pointed towards impaired or ‘arrested’ cell shedding. As 
previous publications described the appearance of funnel- like shaped 
cells as an early event during cell extrusion occurring due to the baso-
lateral pressure of neighbouring cells,24 the accumulation of these 
funnel- like structures can be interpreted as a surrogate of impaired 
cell extrusion. In addition to E- cadherin and/or ZO- 1 redistribu-
tion,24 funnel- like structures could be identified by actin redistribu-
tion (phalloidin staining) (online supplemental figure 2). Interestingly, 
funnel- like structures showing partially extruded IECs accumulated 
in ileum tissue on day 2 on Pggt1b deletion (figure 2C), correlating to 
a shift between arrested and completed cell shedding events (days 2 
and 4) (online supplemental figure 2). The accumulation of partially 
extruded cells could lead to cell overcrowding, causing squeezing 
and altered cell shape due to increased pressure from neighbouring 
cells.36 We thus wondered whether we could observe overcrowding 
in the epithelium of Pggt1biΔIEC mice. Increased cell density (cells/
length of basement membrane) could be observed on inhibition of 
GGTase- mediated prenylation within IECs in ileum (figure 2C). 
This went along with significantly increased cell length (day 2) and 
length/diameter ratio (day 4) consistent with cell squeezing due to 
overcrowding (online supplemental figure 2). To confirm the shape 
alterations in GGTase- deficient IECs, we performed transmission 
electron microscopy (TEM) analysis of ileum tissue. Elongated 

significance of this study

how might it impact on clinical practice in the foreseeable 
future?

 ⇒ RAC1 function within intestinal epithelial cells (IECs) might 
be exploited in the context of epithelial restoration for the 
diagnosis and/or treatment of patients with IBD.

 ⇒ Epithelial cell mechanics alterations could be used for the 
identification of epithelial leakage in IBD and even for the 
prediction of flares.

 ⇒ Pharmacological inhibition of RAC1 in patients with IBD 
could have a deleterious effect on epithelial integrity.
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(increased length) and squeezed (decreased diameter) cells could be 
observed 2 days on tamoxifen deletion (figure 3). This is associated 
with enlarged apical actin network and altered AJC (figure 3). Taking 
together, these data suggest an early arresting of cell shedding on 
deletion of Pggt1b within IECs, leading to cell overcrowding.

Cytoskeleton rearrangement and altered cell mechanics in 
Pggt1biΔIeC mice
We then aimed at the description of the molecular mechanism 
behind this impaired cell shedding. Completion of physiological 

cell shedding depends on S1P- mediated cell communication.22 
Since expression of S1P2R was not significantly altered in 
ileum tissue from Pggt1biΔIEC mice (online supplemental figure 
3), we assumed that this signalling checkpoint is not impaired 
on prenylation inhibition. Next, the closure of epithelial gaps 
depends on acto- myosin contractility, involving actin purse- 
string and cell crawling from the neighbouring cells.37 In accor-
dance with the TEM analysis (figure 3), high resolution Stellaris 
confocal microscopy confirmed the alteration of actin cytoskel-
eton within IECs located at the villus tip in ileum from Pggt1biΔIEC 

Figure 1 Intestinal disease due to inhibition of prenylation within IECs over time. (A) Assessment of tissue integrity in vivo/ ex vivo and intestinal 
permeability in vivo. Endoscopy pictures of colon and small intestine tissue (left); transmucosal passage of orally administered FITC- Dextran (4 KDa); 
serum concentration (µg/mL) (right). (B) Representative pictures of intravital microscopy analysis of barrier function of small intestine using luminal 
acriflavine (green) and rhodamineB- dextran (red). (Control, n=8; day 2, n=6; day 4, n=5; day 6, n=5; day 8, n=2). (C) Histology analysis of ileum tissue 
using H&E staining. Representative pictures (left), and corresponding score (right). (D) Gene expression of IL- 6 and TNF-α in ileum tissue (RT- qPCR; 
six independent experiments). (E) MPO immunofluorescence staining in cross- sections from ileum. Representative pictures (left), and corresponding 
quantification (right). Data are expressed as box- plots (Min to Max); seven independent experiments, except where indicated. One- way ANOVA, 
Dunnett’s multiple comparisons test. *P≤0.050; ** P≤0.001. ANOVA, analysis of variance.
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mice: enlarged apical actin network and redistribution of fibres 
(figure 4A). We then analysed myosin structure and could observe 
that MyosinIIA signal is typically stronger in ileum IECs located 
at the villus tip in control mice (figure 4B), where physiolog-
ical cell shedding occurs. However, early on deletion of Pggt1b 
(days 2–4), this signal was equally distributed throughout the 

villus down to the crypt base (figure 4B). Together, we detected 
an early acto- myosin redistribution on inhibition of prenylation 
within IECs.

As cytoskeleton rearrangement and ‘squeezed’ cell shape 
suggested that GGTase- deficient IECs have also altered cell 
mechanics, we analysed freshly isolated IECs from the small 

Figure 2 Cell shedding alterations and overcrowding in GGTase- deficient small intestine (time course study). (A,B) Intravital microscopy analysis of 
cell shedding using luminal acriflavine (green) and rhodamineB- dextran (red). (Control, n=8; day 2, n=6; day 4, n=5; day 6, n=5). Multiple unpaired 
t- test (A) Representative pictures of time sequences; white ellipses indicate cell shedding events in progress; turquoise ellipses indicate completed 
cell shedding events, cell is shown to be in the lumen, out of the epithelial layer. In some cases, the Z- position has been corrected based on changes 
in the focus plane during image acquisition due to tissue contraction or peristalsis. Quantification of cell shedding rate considering exclusively 
events which are completed during the duration of the image acquisition; (number of cell shedding events/time/length) (top), and in a single villus 
(events/minute) (bottom), at a determined focus plane near the lumen (five villi/video; two videos/mouse). (B) Representative pictures of single villus 
from intravital microscopy experiment (left); orange arrows indicate permeable cells. Quantification of permeable cells (dextran is detected inside 
the cell) (events/villus; 10 villi/picture; two pictures/mouse). (C) F- actin fibre staining using AlexaFluor488- phalloidin in ileum tissue (green). Seven 
independent experiments. Mixed effect analysis. Representative pictures (left); quantification of funnel- like structures, indicated by white arrows (top 
right); quantification of cell density (number of cells/µm of basement membrane length) (bottom right). Data are expressed as box- plots (Min to Max). 
*P≤0.050; ***P≤0.0001.
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intestine via real time fluorescence deformability cytometry 
(RT- FDC).38 We found that shortly on Pggt1b deletion (day 
3), GGTase- deficient IECs (EpCAM+CD45-) are characterised 
by a decreased Young’s modulus, indicative of an increased 
deformability (figure 4C; online supplemental figure 3). These 
observations are in agreement with cell- intrinsic phenomena 
(cytoskeleton alterations) leading to alterations of mechanical 
properties of individual cells (RT- FDC data), potentially contrib-
uting to epithelial leakage in mice carrying GGTase- deficient 
epithelium.

Redistribution of TJs proteins significantly contributes to the 
sealing of the epithelial layer on cell extrusion.11 Alterations on 
the AJC could be observed in GGTase- deficient epithelium via 
TEM (figure 3), In order to describe alterations on intercellular 
junction proteins impairing completion of cell shedding, we 
screened for the expression of up to 25 proteins in ileum tissue. 
Regulated expression of genes encoding for claudin proteins (- 1 
to -2, and -8), occludin and ZO- 1; as well as E- cadherin and 
β-catenin (online supplemental figure 3) suggested potential 
changes of TJ and AJ on deletion of Pggt1b. Intercellular junc-
tion protein function is critically determined by their subcellular 
localization and interaction with the cytoskeleton.39 Indeed, 
at early time points (days 2–4) we could detect redistribution 
of claudin- 2, claudin- 8, claudin- 18, E- cadherin and β-catenin 
(increased signal) at the villus tip, as well as diminished staining 
for claudin- 1 and ZO- 1 in ileum cross- sections; regulated protein 
expression could be confirmed via WB for claudin- 2, claudin- 8 
and ZO1 (day 3) (figure 4D; online supplemental figure 3). 
Among alterations within the AJC occurring shortly on Pggt1b 
deletion, some changes can be reverted (days 4–6), such as the 
downregulation of ZO1 or upregulation of claudin- 2, while 
other changes persisted over time, such as decreased claudin- 1 or 
increased expression of claudin- 18, E- cadherin or β-catenin. In 
fact, redistribution of E- cadherin confirmed the accumulation of 

funnel- like structures (online supplemental figure 2). Together, 
our data showed cytoskeleton rearrangement, cell shape and 
mechanics alterations and AJC protein redistribution in IECs 
from Pggt1biΔIEC mice.

Intestinal pathology in Pggt1biΔIeC mice is not primarily 
caused by caspase-mediated pathological cell shedding
Epithelial leakage in Pggt1biΔIEC mice can be considered as a conse-
quence of cytoskeleton rearrangement and TJ disassembly. However, 
the appearance of permeable IECs could be caused by cell death.40 41 
To determine whether arresting of cell shedding in Pggt1biΔIEC mice 
is associated to modulation of cell death, we studied its kinetics on 
Pggt1b deletion. No significant changes in total cell death (TUNEL+ 
cells) or cleaved caspase- 3+ cells were observed in the ileum of Pggt-
1biΔIEC mice over time (figure 5A). Despite this, a clear trend towards 
accumulation of dead cells could be observed at late time points, 
when epithelial integrity was disrupted. Moreover, the analysis of 
cleaved caspase- 3 activation within dying cells indicated a potential 
shift between apoptosis (TUNEL+ Casp3+) and non- apoptotic death 
(TUNEL+ Casp3-) (online supplemental figure 4). Accordingly, we 
could observe decreased cleavage of caspase- 3 in small intestine IECs 
early on Pggt1b deletion (day 3) (figure 5B,C). These observations 
suggested that induction of cell death (pathological cell extrusion) 
might not be involved in the initial events leading to the intestinal 
phenotype and cell shedding alterations on inhibition of GGTase- 
prenylation, but might occur as an amplifying event which further 
aggravates tissue damage at late time points. We then wondered 
whether necroptosis, as an alternative cell death pathway is operating 
in the absence of GGTase within IECs. However, despite induced 
gene expression of mlkl in the ileum of Pggt1biΔIEC mice over time 
(online supplemental figure 4), we could not detect increased MLKL 
protein expression at early time points (figure 5B,C). It has been 
recently suggested that Gasdermin- E- dependent pyroptotic cell death 

Figure 3 TEM analysis of ileum tissue from control and Pggt1biΔIEC mice (days 2 and 4). Quantification of cell diameter and cell length/diameter 
ratio (left); representative pictures (right). Cell shape is indicated by dotted turquoise lines; red arrows indicate cell diameter (between two lateral 
membranes) and yellow arrows indicate cell length (between basal and apical membrane). Within the AJC, tight junction zone is indicated by red 
asterisks, while yellow asterisks indicate Adherens junction zone. One sample/group. Data are expressed as box- plots (Min to Max). *P≤0.050. AJC, 
apical junction complex; TEM, transmission electron microscopy.
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plays a relevant role on cell extrusion.42 Considering other alterna-
tive cell death pathways linked to membrane integrity disruption, 
we have also analysed activation of pyroptosis41 in small intestine 
from Pggt1biΔIEC mice. Regulated gene expression of Gasdermin- D 
and Gasdermin- E could not be detected at any time point on GGTase 
deletion (online supplemental figure 4). However, small intestine 
tissue destruction at late time is associated with cleavage of Caspase- 1 
and Gasdermin- D within IECs, indicating activation of pyropototic 
cell death as a secondary mechanism (figure 5D). Thus, impaired 
caspase- 3 expression or direct inhibition of apoptosis as well as the 

potential activation of an alternative cell death pathway (necroptosis 
and/or pyroptosis) might be considered as a secondary mechanism 
on cytoskeleton rearrangement in GGTase- deficient epithelium. 
Considering the intimate regulation between cell death and extru-
sion, further studies are needed in order to decipher the link between 
cytoskeleton rearrangement and altered cell mechanics and modula-
tion of apoptosis and/or pyroptosis.

Besides cell death and extrusion, gut epithelial turnover is deter-
mined by stem cell proliferation in crypts and migration of IECs along 
the crypt/villus axis. Similar to cell death activation and inflammation, 

Figure 4 Cytoskeleton rearrangement and altered cell mechanics in small intestine on deletion of Pggt1b. (A) F- actin fibre staining using 
AlexaFluor488- phalloidin in ileum tissue (green). High resolution confocal microscopy (Leica Stellaris). Representative pictures of a maximum 
projection (system optimised z- stack). Yellow arrows indicate apical actin network; orange arrows indicate redistribution of actin fibres. Three 
independent experiments. (B) Representative pictures of Myosin IIA staining (red) in ileum tissue (five independent experiments). Confocal microscopy 
(Leica SP8). (C) RT- FDC analysis from small intestine IECs (n=4/group). (D) Expression and redistribution of selected candidate AJC proteins in ileum 
tissue (claudin- 1, claudin- 2 and E- cadherin). Immunostaining (top, red signal) and western blot (bottom). Band densitometry quantification (right). 
Minimum five independent experiments. Data are expressed as box- plots (Min to Max). One- way ANOVA, Dunnett’s multiple comparisons test. 
*P≤0.050. AJC, apical junction complex; ANOVA, analysis of variance; RT- FDC, real time fluorescence deformability cytometry.
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decreased proliferation in ileum indicated by significant downregula-
tion of Ki67 expression, could only be observed when tissue destruc-
tion is patent (online supplemental figure 4). Taking advantage of 
BrdU incorporation assays, we could not observe a different migra-
tion behaviour of IECs in ileum from Control and Pggt1biΔIEC mice 
(online supplemental figure 4). These data confirmed that alteration 
of cell death, proliferation and migration do not represent primary 
mechanisms leading to the breakdown of intestinal homeostasis in 
mice lacking GGTase within IECs.

Prenylation targets in cytoskeleton/epithelial cell shedding 
regulation
Aiming at the identification of prenylation targets whose 
function is regulated on inactivation of epithelial GGTase, we 
analysed membrane- bound proteins via MS (day 6). Various 
prenylated GTPases were downregulated in the membrane frac-
tion from small intestine IECs from Pggt1biΔIEC mice, such as 
RAP1A, RHOG, RAP1B and RAC1 (table 1). Based on its func-
tion as cytoskeleton regulator and the tight connection to RHOA 

Figure 5 Cell death activation on inhibition of prenylation within small intestinal epithelium. (A) TUNEL (green) and cleaved caspase- 3 (red) 
staining in ileum cross- sections from control and Pggt1biΔIEC mice at different time points. Representative pictures (top) and quantification (bottom) of 
TUNEL+ (left) and Cl. Casp- 3+/villus (right). Six independent experiments. (B,C) Western blot analysis of cleaved caspase- 3 and MLKL. Representative 
blots (top) and band densitometry quantification (bottom). (B) Ileum tissue (Cl. Casp- 3; n=8, control; n=10, Pggt1biΔIEC) (MLKL; n=6, control; n=7, 
Pggt1biΔIEC). (C) Small intestine isolated IECs (Cl. Casp- 3; n=8, control; n=10, Pggt1biΔIEC) (MLKL; n=6, control; n=7, Pggt1biΔIEC). (D) Detection of 
Caspase- 1 and Gasdermin- D cleavage in small intestine IECs (western blot analysis). Representative blots (left) and band densitometry quantification 
(right). Four independent experiments. Data are expressed as box- plots (Min to Max). One- way ANOVA, Dunnett’s multiple comparisons test 
(A,D). Unpaired t test (B,C). *P≤0.050.
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in the context of epithelial wound closure,43 RAC1 appeared 
as an attractive candidate for our study. Interestingly, despite 
unaltered protein expression, an accumulation of RAC1 within 
the cytosol was noted shortly on deletion of Pggt1b (day 3), 
suggesting an early dysfunction of this protein in small intestine 
IECs (figure 6A; online supplemental figure 5). In contrast, no 
alteration on RHOA at early time points could be observed.

In order to identify the role of RAC1 as GGTase target in the 
context of epithelial integrity, we generated inducible condi-
tional knockout mice of RAC1 in IECs (Rac1iΔIEC mice) (online 
supplemental figure 5). Strikingly, these newly generated mice 
showed a similar phenotype than Pggt1biΔIEC mice with intes-
tinal pathology, body weight loss and tissue architecture destruc-
tion, affecting specially the small intestine, and being much 
milder in the case of colon (figure 6B; online supplemental 
figure 5). Rac1iΔIEC mice exhibited barrier function breakdown 
(figure 6C,D), deregulated expression of pro- inflammatory 
cytokines in ileum tissue (ie, TNF-α) (online supplemental figure 
5), an early decreased cell shedding rate and accumulation of 
permeable cells in the small intestine (figure 6D). Mechanisti-
cally, cell death activation, decreased proliferation or altered cell 
migration along the crypt- villus axis in ileum could be excluded 
as primary key mechanisms on inhibition of Rac1 expression 
within IECs (online supplemental figure 5). Remarkably, we 
could also observe a decreased cleavage of caspase- 3 in Rac1iΔIEC 
mice (Day 3), but no regulation of MLKL expression within 
ileum and small intestine IECs (online supplemental figure 5). 
We could not detect signs of pyroptotic cell death in RAC- 1 defi-
cient IECs over time (online supplemental figure 5). In contrast, 
signs of cell shedding arresting and overcrowding could be 
observed in the ileum from Rac1iΔIEC mice (figure 6E; online 
supplemental figure 5). TEM analysis of IECs from the ileum 
confirmed the elongated epithelial cell shape and alterations of 
AJC (figure 7A). We observed as well a redistribution of actin 
fibres (figure 7B) and cytosolic accumulation and redistribution 
of MyosinIIA from the villus tip downwards to the crypt bottom 
(online supplemental figure 5), mimicking the cytoskeleton rear-
rangement observed in Pggt1biΔIEC mice. According to the AJC 
alterations, early on deletion of rac1, expression of claudin- 1, 
claudin- 2, claudin- 8, E- cadherin, ZO- 1 and β-catenin increased, 
while claudin- 18 shifted from the membrane to the nucleus 
in ileum IECs (figure 7C; online supplemental figure 5). Alto-
gether, RAC1 is an important target of GGTase within IECs for 
early cytoskeletal alterations leading to cell shedding arresting.

rAC1-dependent epithelial intrinsic mechanisms
To characterise RAC1- dependent epithelial intrinsic mechanisms, 
we took advantage of small intestinal organoid cultures. Both 
GGTase- deficient and RAC1- deficient organoids (online supple-
mental figure 6) showed decreased cell viability (figure 8A), 
indicating epithelial disruption despite the absence of epithelial- 
extrinsic mediators. We wondered whether interfering with 
cell death might impair epithelial disruption in vitro. Epithe-
lial damage was delayed but not fully rescued on treatment 
with a combination of caspase and necroptosome inhibitors 

(Z- VAD+Necrostatin- 1) in GGTase and RAC1- deficient organ-
oids, while the latter also responded to those inhibitors sepa-
rately. No effect could be observed on treatment with the 
pyroptosis inhibitor Disulfiram (online supplemental figure 6). 
According to our data in vivo (figure 5), these results confirmed 
the involvement of cell death induction (apoptosis and/or necro-
ptosis) as a contributing but not a major mechanism in epithelial 
disruption due to GGTase or RAC1 inhibition. Strikingly, cyto-
skeleton rearrangement on inhibition of GGTase- prenylation or 
RAC1 also occurred in organoids. Actin fibre redistribution to 
the lateral and basal membrane goes along with accumulation 
of funnel- like structures (figure 8B). Moreover, Myosin IIA was 
shifted towards the cytosol in the absence of GGTase or RAC1 in 
organoids (online supplemental figure 6). We observed that clau-
din- 2, claudin- 18 and β-catenin expression were increased, while 
E- cadherin was decreased on prenylation inhibition (figure 8C). 
In RAC1- deficient organoids, we also confirmed increased 
expression of claudin- 2 and β-catenin as well as decreased E- cad-
herin and ZO- 1 expression, while claudin- 1 and claudin- 18 
were not altered (figure 8D). Redistribution of actin fibres was 
also observed in apical- out organoids, as well as the accumu-
lation of funnel- like structures in GGTase- deficient organoids 
(figure 8E; online supplemental figure 6). We then wondered 
whether cell mechanics is changed in those organoids as well. 
We took advantage of 3D traction force microscopy to quantify 
organoid- generated contractile forces (contractility or contrac-
tile pressure) in collagen- 1 gels, measuring the force- induced 
matrix deformations.44 45 Representative control organoid 
shows steadily increasing inward- directed matrix deformation, 
indicative of force increase; whereas representative Pggt1biΔIEC 
and Rac1iΔIEC organoids show outward- directed deformations, 
indicative of force relaxation (figure 9A–C; online supplemental 
figure 6). This diverging behaviour started approximately 48 
hours after tamoxifen treatment, when the targeted protein is 
absent and the cell phenotype begins to change (online supple-
mental figure 6). Together, these data demonstrated altered 
cell mechanics within GGTase- and RAC1- deficient epithelium 
(organoid cultures).

Our organoid data showed that epithelial intrinsic alter-
ations on GGTase or RAC1 deletion in a system devoid of 
non- epithelial factors lead to cytoskeleton rearrangement 
and alterations of epithelial integrity. In order to have a 
closer look into these epithelial alterations, we performed 
an RNASeq analysis in RAC1- deficient small intestine 
organoids and compared them to wild- type organoids 
(online supplemental figure 6). In RAC1- deficient organ-
oids, 137 genes were differentially expressed. Regulated 
expression of candidate genes was confirmed via RT- qPCR 
analysis (Adm2, Hif3a, Cxcl10, Klf2), in RAC1- deficient 
and GGTase- deficient organoids. Gene ontology anno-
tation suggested that transcriptome changes on epithe-
lial RAC1 deletion are associated to alterations of the 
response to bacterium and mechanical stimulus and immune 
response. Focusing on cellular components, cell surface, 
cell membrane, actin cytoskeleton and apical intercellular 

Table 1 Mass spectrometry analysis of membrane- bound proteins in GGTase- deficient IECs (day 6) (Proteins belonging to small GTPases)

symbol name ratio log2ratio (Control/KO) P value (t- test)

Rap1A Ras- related protein Rap- 1a 4.51474933 2.174645888 9.0826E−09

RhoG Rho- related GTP- binding protein RhoG 2.87985853 1.525997941 4.4012E−15

Rap1B Ras- related protein Rap- 1b 1.94032413 0.956297677 4.4201E−10

Rac1 Ras- related C3 botulinum toxin substrate 1 1.94010883 0.95613758 1.3254E−07
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Figure 6 RAC1 function within small intestine IECs is crucial for the maintenance of intestinal homeostasis. (A) Subcellular localisation of RAC1 
and RHOA within small intestine IECs from control and Pggt1biΔIEC mice at day 3 on tamoxifen treatment. Cytosolic proteins are separated via 
centrifugation gradient and small GTPases are detected via western blotting. Representative blots (left) and band densitometry quantification 
(right). Three experiments (n=6, control; n=8, Pggt1biΔIEC). (B–E). Phenotype of Rac1iΔIEC mice. (B–D) Intestinal pathology and cell shedding 
alterations in Rac1iΔIEC mice. (B) Histology analysis of ileum tissue using H&E staining (day 7). Representative pictures (left) and histology score 
(right) (n=10, control; n=6, Rac1iΔIEC). (C) Assessment of intestinal permeability in vivo. Transmucosal passage of orally administered FITC- Dextran; 
serum concentration (µg/mL) (n=6, Control; n=11, Rac1iΔIEC). (D) Intravital microscopy analysis of cell shedding using luminal acriflavine (green) and 
rhodamineB- dextran (red) in small intestine. Representative pictures (left); and quantification of cell shedding rate (number of cell shedding events 
occurring over time in a single villus at a determined focus plane (events/minute/µm), and permeable cells (dextran is detected inside the cell) (events/
villus). (n=8, Control; n=3, day 3; n=6, day 6). (E) Time course study. Three independent experiments. F- actin fibre staining using AlexaFluor488- 
phalloidin (green) in ileum tissue. Representative pictures (left); and quantification of funnel- like structures, indicated by white arrows (% of total 
cell shedding events) (top right); quantification of cell length/diameter ratio (bottom right). One- way ANOVA, Dunnett’s multiple comparisons test or 
unpaired t test. *P≤0.050; **P≤0.001; ***P≤0.0001. ANOVA, analysis of variance.
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junctions are altered in RAC1- deficient organoids (online 
supplemental figure 6). At the pathway level (KEGG annota-
tion), several inflammation- related pathways were regulated 
in RAC1- deficient epithelium, such as TNF, NFkB, MAPK, 
TLR and IL17 signalling, cell adhesion and leucocyte migra-
tion or tight junctions. Moreover, GSEA demonstrated that 
cell adhesion, chemokine activity and TNF/IL17 signalling 
are modulated in RAC1- deficient epithelium. The RNASeq 
analysis confirmed our suggested mechanism: cytoskeleton 
alterations leading to apical actin rearrangement and AJC 

redistribution would cause epithelial leakage and an altered 
immune response against components of the microbiota or 
mechanical stimulation.

Cell shedding alterations in IbD
To provide further information about the role of cell shedding for 
human intestinal inflammation, we analysed cell shedding in small 
intestine samples from patients with IBD (active and non- active 
disease) and patients without IBD. We correlated alteration of barrier 

Figure 7 Cytoskeleton rearrangement in RAC1- deficient intestinal epithelium. (A) Electron microscopy analysis of ileum tissue. Representative 
pictures. Cell shape is indicated by dotted turquoise lines; red arrows indicate cell diameter (between two lateral membranes) and yellow arrows 
indicate cell length (between basal and apical membrane). Within the AJC, tight junction zone is indicated by red asterisks; while yellow asterisks 
indicate Adherens junction zone. One sample/group. (B) F- actin fibre staining using AlexaFluor488- phalloidin (green). High resolution confocal 
microscopy (Leica Stellaris). Maximum projection (system optimised z- stack). Yellow arrows indicate apical actin network; orange arrows indicate 
actin fibres. (C) Detection of selected candidate AJC proteins in ileum tissue (claudin- 1, claudin- 2, E- cadherin). Immunostaining (red signal). Three 
independent experiments. AJC, apical junction complex.
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function, as determined by Watson scoring4 17 with signs of cell shed-
ding arresting and/or overcrowding (figure 10). Inflammation went 
along with significantly increased epithelial gap density (% gap/total 
epithelial length) and gap length (mean length, µm) (figure 10A,B), 

confirming the epithelial leakage on inflammation. Along with this, 
the epithelium from inflamed areas showed a significant accumu-
lation of funnel- like structures (online supplemental figure 2) and 
a trend to accumulated early cell shedding events (figure 10A,C; 

Figure 8 Epithelial intrinsic mechanisms in small intestine organoids. GGTase- deficient and RAC1- deficient organoids generated from small 
intestinal crypts. (A) Cell viability measured by PI incorporation (red). Representative pictures (left), and corresponding quantification (% of dead 
organoids) (right). (Pggt1b, four experiments; Rac1, 3 experiments). (B) F- actin fibre staining using AlexaFluor488- phalloidin (green) (Pggt1b, five 
experiments; Rac1, four experiments). White arrows indicate funnel- like structures or arrested cell shedding events. (C,D). Analysis of candidate AJC 
proteins by immunostaining. Maximum projection from z- stacks (system optimised). (C) GGTase- deficient organoids. Four experiments; except for 
β-catenin and Claudin- 1, three experiments. (D) RAC1- deficient organoids. Three experiments; except for claudin- 2, five experiments. (E) Apical- out 
GGTase- deficient organoids, representative pictures of Phalloidin staining. One experiment. Data are expressed as box- plots (Min to Max). Paired t- 
test. *P≤0.050. AJC, apical junction complex.
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online supplemental figure 7); moreover, cell shape alterations in 
IECs from patients with IBD was demonstrated by significantly 
increased cell length and length/diameter ratio (figure 10A,C) (online 
supplemental figure 7). We then wondered whether this is associ-
ated with epithelial leakage and/or dysfunction. To test this, we then 
selected patients out of another human cohort featured for a correla-
tion between FABP2 serum concentration and E- cadherin alterations 
(epithelial damage),46 and the appearance of funnel- like structures, 
as a surrogate of arrested cell shedding. Interestingly, despite the 
small number of samples, we could observe a positive correlation 
between FABP2/funnel- like structures, while E- cadherin expression 
negatively correlated to the FABP2 concentration (online supple-
mental figure 7). Together, these data indicated a potential associa-
tion between arresting of cell shedding and epithelial leakage in IBD.

Next, we aimed at establishing a link between RAC1- mediated 
cytoskeleton rearrangement and epithelial leakage. Interest-
ingly, human two- dimension organoids47 depicted morpholog-
ical changes and TJ alterations on treatment with a cytokine 
cocktail (TNF-α, IL- 1β, IL- 6), mimicking the proinflammatory 

milieu in the inflamed gut,48 but profound actin redistribution 
could only be observed in the case of small intestine organoids 
(figure 10D,E) (online supplemental figure 7). Strikingly, similar 
epithelial alterations could be observed on treatment with the 
RAC1 inhibitor NSC- 23766 (figure 10D) . On a functional 
level, transepithelial resistance was significantly decreased when 
Caco2 or HT29 cells were treated with NSC- 23766 or GGTI- 
298, respectively, and this correlated with actin redistribution 
(online supplemental figure 7). Hence, we could confirm that 
RAC1- dependent epithelial alterations (cytoskeleton rearrange-
ment) induces a similar breakdown of epithelial barrier function 
to that occurring in the inflamed gut, underscoring the role of 
epithelial intrinsic mechanisms, such as cytoskeleton rearrange-
ment due to inhibition of prenylation or RAC1.

Our data collected in human tissue samples and organoids 
support the link between arresting of cell shedding and over-
crowding due to epithelial cytoskeleton/cell mechanics defects 
and chronic intestinal inflammation in IBD, demonstrating the 
clinical relevance of the identified mechanism in mouse studies.

Figure 9 3D traction- force microscopy in control, GGTase and RAC1- deficient small intestine organoids. (A) Organoid- generated matrix 
deformations between 47 hours and 72 hours of time- lapse imaging (48–73 hours after completion of collagen polymerisation). Representative control 
organoid shows inward- directed matrix deformation, indicative of force increase, whereas representative Pggt1biΔIEC and Rac1iΔIEC organoids show 
outward- directed deformations, indicative of force relaxation. (B) Mean contractility over time for control, Pggt1biΔIEC and Rac1iΔIEC organoids, each 
pair from the same replicate experiment. Grey lines indicate the 47 hours and 72 hours time point for which force development is reported in the 
figures below. The measurement of the Pggt1biΔIEC and corresponding control organoids was carried out over 90 hours to demonstrate that the force 
trends continue. (C) Relative and absolute changes in contractile force and absolute changes in contractile pressure between 47 hours and 72 hours. 
Each point represents the data from an individual organoid, colours represent four biological replicates. Black circles represent the mean value for 
each biological replicate, and black arrows represent the mean value of all organoids. P values are calculated from a two- sided Student’s t- test 
assuming unequal variances. Paired t- test. *P≤0.050.
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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.
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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 epithelial 
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 elongated cell shapes 
in inflamed areas of the gut of patients with IBD, suggesting an asso-
ciation 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 cytoskeleton rearrangement and TJ disas-
sembly (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 pathological cell shedding, control of live cell extrusion 
might play a pivotal role in the pathogenesis of chronic intestinal 
inflammation 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 organoids 
were associated with a modulated response to mechanical stim-
ulus, 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 anal-
ysis 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, indicative of 
force relaxation. Thus, cytoskeleton rearrangement in 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 

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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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. Interest-
ingly, the subcellular shift of RAC1 as well as the downregula-
tion of epithelial WAVE2 expression on inflammation in IBD is 
also restricted to the epithelial surface, and potentially associ-
ated 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 differen-
tially affect membrane/nuclear localisation of activated RAC1 
and regulate epithelial barrier in inflammation or hyperprolifer-
ation in cancer, respectively.

Validating the relevance of RAC1 in intestinal homeostasis, 
alterations 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 epithe-
lial 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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