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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.

http://gut.bmj.com/
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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 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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METHODOLOGY 

Animal models 

To generate specific deletion of Pggt1b and Rac1 genes in intestinal epithelium, Pggt1bflx 87 

and Rac1flx 88 mice were crossbred with VillinCreERT289 mice. Ethanolic tamoxifen (Sigma 

Aldrich) solution was emulsified in sunflower oil, and administered for three consecutive days 

by intraperitoneal (i.p) injection (1 mg/mouse/day). Littermates carrying loxp-flanked target 

gene but not the Cre-recombinase were used as control. Genotyping was performed by PCR 

in ear genomic DNA. Animal studies were conducted in a gender and age-matched manner 

using littermates for each experiment. Both male and female animals were used at the age of 

8-12 weeks. All mice were kept under specific pathogen–free conditions. Mice were routinely 

screened for pathogens according to FELASA guidelines. Animals were euthanized by cervical 

dislocation and biological materials were immediately snap-frozen in liquid nitrogen and kept 

at -80°C until usage. Animal tissues were also, either formalin-fixed to be further embedded in 

Paraffin or embedded in Cryo molds with Tissue Tek for cryostat sectioning.  

DSS-induced colitis 

Mice were fed ad libitum with 2% DSS (MP Biologicals) in drinking water for 7 days. On day 7, 

DSS was withdrawn and substituted by water. Animals were sacrificed on day 10.  

Adoptive lymphocyte transfer colitis 

Immunodeficient Rag1-/- mice received 1 million of CD4+CD25- T cells via i.p route. 

Mononuclear cells were isolated from the spleen of C57/BL6 donor mice and purified using 

MACS technology. Animals were sacrificed three weeks upon cell transfer.  

Mouse mini-endoscopy 

In the case of colon, gut status of mice was monitored by high-resolution mouse video 

endoscopy90. On the other hand, ileum and duodenum tissue from Pggt1bi∆IEC and Rac1i∆IEC 

mice was exteriorized and imaged ex vivo. 
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Intestinal epithelial permeability assessment (FITC-Dextran assay) 

Intestinal permeability was assessed in vivo, measured by transmucosal passage of orally 

administered FITC-Dextran (Sigma-Aldrich; 4000 g/mol average molecular weight), as 

previously described91. In brief, mice were deprived of food and water for 4 hours. Afterwards, 

60 mg FITC-Dextran/100 g body weight was given by oral gavage. Serum was collected 4 

hours after the gavage, and FITC concentration was determined spectrophotometrically using 

FITC-Dextran solution as standard; the measurements were performed with the NOVOstar 

(BMG-LabTech) microplate reader at a wavelength of 485 nm and 510nm. 

Intravital microscopy assessment of cell shedding 

Briefly, mice were anaesthetized by ketamin/xylazin i.p injection, and the intestine was 

exteriorized and opened. The mucosa was topically stained with acriflavine (1 mg/ml), and 

Rhodamine-dextran (10,000 g/mol; 2 mg/ml) was used as luminal dye51. Surgical preparation 

was pinned up on a coverslide and mounted in a chamber for perfusion of saline solution. Time 

sequential Z-stacks images of the villus tip were taken with a confocal microscope (Leica, 

SP8).  

Quantification of epithelial cell shedding 

Epithelial cell shedding was quantified by several techniques. On one side, cell shedding rate 

was quantified by counting of cell shedding events detected by intravital microscopy. The 

number of cell shedding events was normalized by the length of the basal membrane on the 

individual pictures and the time of image acquisition. On the other hand, we have also counted 

the number of leakage and so-called “permeable cells” in two single in vivo images from each 

specimen50. Finally, a similar method was performed in order to quantify the number of arrested 

versus completed cell shedding events. However, in this case we took advantage of actin 

staining with AlexaFluor488-Phalloidin, which allowed us to detect the cytoskeleton protein 

redistribution occurring in early stages of the cell shedding process. We thus quantified the 

overall cell shedding rate, the distribution of different stages of cell shedding and the 

appearance of dextran-permeable cells. 
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Real-time fluorescence deformability cytometry 

Real-time fluorescence deformability cytometry (RT-FDC) measurements were performed as 

previously described53, using an AcCellerator instrument (Zellmechanik Dresden GmbH). 

Briefly, the intestinal tissue was mechanically dissociated into a single cell suspension and 

incubated for 20 minutes at room temperature with the following antibodies: anti-mouse 

CD326-Alexa Fluor® 488 (1:200) and anti-mouse CD45-Alexa Fluor® 700 (1:1000) 

(BioLegend) diluted in PBS, 2% FBS. Cells were washed with PBS, 2% FBS and resuspended 

in the measurement buffer (0.6% (w/v) Methyl Cellulose in Phosphate Saline Buffer without 

Mg2+ or Ca2+); with adjusted viscosity of 25mPa∙s using a HAAKE Falling Ball Viscometer 

type C (ThermoFischer Scientific). The cell suspension was drawn into a 1 ml Luer-Lok syringe 

(BD Biosciences) attached to a syringe pump and connected by PEEK-tubing (IDEX Health & 

Science LLC) to a microfluidic chip made of PDMS bonded on cover glass. A second syringe 

filled with pure measurement buffer was attached to the chip and used to hydrodynamically 

focus the cells inside the constriction channel. The microfluidic chip consists of a sample inlet, 

a sheath inlet and an outlet connected by a central channel constriction of a 20 x 20 μm square 

cross-section and a length of 300 μm. The total flow rate is 0.06 µl/s, of which the sheath flow 

rate was 0.045 µl/s and the sample flow rate was 0.015 µl/s. The chip was mounted on the 

stage of an inverted high-speed microscope equipped with a CMOS camera. The laser power 

for each fluorophore was adjusted accordingly, based on single stain controls and an unstained 

sample. An image of every cell was captured in a region of interest of 250 x 80 pixels at a 

frame rate of 2,000 fps. Morphological, mechanical and fluorescent parameters were acquired 

in real-time. 

RT-FDC Data analysis 

Cell images were analysed using ShapeOut software92 and OriginPro 2019. For each animal, 

the data were filtered for an area ratio of 1.00-1.06, which is defined as the ratio between the 

area of the convex hull of the contour and the area of the contour of the cell. Manual gating 

was applied to select a pure population of EPCAM positive/CD45 negative cells and to exclude 
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debris, small and out of focus cells. The threshold of the positive fluorescent signal was 

determined by an unstained control sample. The calculation of deformation, a measure of how 

much the cell shape deviates from circularity, was obtained from the image using the projected 

area (A) and cell contour length calculated from the convex hull (l): 

𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =  1 − 2√𝜋𝐴𝑙
Eq. 1 

The calculation of the Young’s modulus was done using a look-up table derived from 

simulations based on the finite elements method93 and the analytical solution94. Statistical 

analysis was performed using linear mixed models95. 

3D Traction force microscopy 

3D Traction Force microscopy is performed as previously described56, with minor 

modifications. Grown organoids are splitted as described above, and embedded in collagen 1 

hydrogels (1.2 mg/ml final concentration). The hydrogels consist of acid-dissolved rat tail (R) 

and bovine skin (G1) collagen (Matrix Bioscience, Germany), mixed at a mass ratio of 1:2 and 

dissolved in a solution of 1 vol part  NaHCO3, 1 vol part  10 × DMEM and 8 vol parts H2O. Silica 

beads (4 µm diameter, Kisker Biotech, Germany) are added to the ice-cold solution at a 

concentration of 4·106 beads/ml.  

1500 µl of the collagen/bead mixture is transferred to each well of a 6-well plate (Corning, USA) 

on ice, and polymerization of the collagen solution is initiated by increasing the pH of the 

solution to 9 by adding NaOH (1 M), and increasing the temperature to 37° C after. The mixture 

is allowed to polymerize for at least 15 min in an incubator while organoids are centrifuged 

(300 rcf for 5 min), excess media is aspirated away, and organoids are gently resuspended in 

another 1500 µl of freshly prepared ice-cold collagen/bead mixture. The mixture, complete with 

suspended organoids, is then transferred drop-by-drop to the 6-well plate using a cut-off pipette 

tip. After organoid seeding, the gel is incubated at 37 °C and 5% CO2 for 1 h. Afterwards, 2 ml 

of pre-warmed cell media containing tamoxifen (0.5 mg/ml) is added to the dish.  
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The dish is then transferred to a microscope (Applied Scientific Instrumentation, USA) placed 

inside a tissue culture incubator to allow for long-term imaging (72 h). Prior to imaging, the 

x,y,z positions of each of the organoids are stored. Depending on the total number of (typically 

100 - 200) organoids in the 6-well plate, searching for the organoids and storing their positions 

takes approximately 1 h. Afterwards, time-lapse imaging is performed using a 4x magnification 

0.13 NA objective (Olympus, Japan) and a CCD camera (Lumenera Infinity 3-6UR, Canada), 

with a time interval of 20 min between images.  

From the time-lapse images, the deformation of the collagen gel around each organoid is 

measured from the silica beads displacement using particle image velocimetry56 96 97. From the 

deformation field, we calculated the contractile force of the organoid as previously described56. 

This calculation is based on a look-up table that predicts the collagen deformation as a function 

of distance from the organoid surface and as a function of the total contractile force of the 

organoid. The look-up table is generated using a finite-element simulation. This simulation 

approximates the organoid as a spheroid. The simulation furthermore requires knowledge of 

the non-linear stress-strain material properties of the collagen, which we measure in a cone-

plate rheometer (TA Instruments Discovery HR-3, USA, strain rate = 1 %/s; geometry 20 mm; 

angle 2°; truncation gap 54 µm; polymerization at 37°C for 30 min) and in a custom-made 

uniaxial stretcher98 as previously described in56 99 100 (Supplementary. Fig. 6). The non-linear 

material properties of the 1.2 mg/ml collagen gels are: linear stiffness (K0) = 1449 Pa, linear 

strain range (λs) = 0.032, exponential stiffening exponent (ds) = 0.055 and exponential buckling 

exponent (d0) = 0.00215.   

From the look-up table, we obtain a force estimate for every position and every radial distance 

around each organoid (typically 3000 positions). Ideally, the force estimates at each position 

are identical, but due to measurement noise and deviations of the organoids from a spherical 

shape, the force estimates are subject to fluctuations and systematic errors especially very 

close to and very far from the organoid surface. We have previously shown that the lowest 

noise of the reconstructed forces and the best agreement between the measured and expected 
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deformation field is in the so-called far-field56. Here, we average the forces at locations around 

the organoid that are between 5 and 10 effective organoid radii away from the organoid center. 

The effective organoid radius is computed from the cross-section area of the organoids at the 

equatorial plane at the first image of the time series. We exclude organoids for which the 

pressure values in this range vary excessively (with a coefficient of variation greater than 40%, 

mostly this is due to force interferences from neighboring organoids). This leaves between 5-

36 organoids per well. We performed measurements for 4 biological replicates per condition. 

Overcrowding 

Murine gut cross-sections were stained with AlexaFluor488-Phalloidin. Using ImageJ, we 

measured cell length (maximum length perpendicular to the basal membrane) and cell 

diameter (perpendicular to the middle point of the cell length).  Five pictures/sample, and a 

minimum of 10 cells/picture were quantified. Afterwards we calculated the ratio between cell 

length and diameter. Electron Microscopy pictures were quantified using a similar method. 

IEC isolation 

Murine gut tissues and human surgical specimens were freshly used for IEC isolation. 

Therefore, tissue was incubated in a solution containing DTT and EDTA101. Purification of IECs 

was performed by Percoll gradient.   

Histology, immunohistochemistry and electron microscopy 

Formalin-fixed paraffin-embedded samples were used for H&E staining and histopathological 

analysis. Scoring was performed in a blinded fashion. We established a score of the 

histological damage in ileum and duodenum. This histological damage score took into account 

three parameters “inflammatory cell infiltrate”, “epithelial changes” and “mucosal architecture”. 

Each parameter was scored (none=0, severe=5) and this results were afterwards summed up 

(maximum score of 15).  

Immunohistochemistry was performed in cryo-sections. Depending on the primary antibody 

used, a TSA Cy3 amplification Kit (Perkin Elmer) was applied. Images were acquired with an 

up-right fluorescence microscopy (Leica DMI6000), or by confocal microscopy (Leica TCS SP8 
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or Leica Stellaris 8). The following primary antibodies were used overnight at 4°C: anti-BrdU 

1:200 (ab6326, Abcam); anti-β-catenin 1:500 (8480, Cell Signaling); anti-Claudin-1 1:500 (71-

7800, ThermoFisher Scientific); anti-Claudin-2 1:500 (28530, Cell Signaling); anti-Claudin-8 

1:200 (40-0700Z, ThermoFisher Scientific); anti-Claudin-18 1:500 (700178, ThermoFisher 

Scientific); anti-Cleaved caspase-3 1:300 (9661, Cell Signaling); anti-E-cadherin 1:500 

(147301, Biolegend); anti-EpCAM (mouse) 1:200 (118207, Biolegend); anti-EpCAM (human) 

1:250 (324201, Biolegend); anti-GGTase-Iβ, 1:100 (sc-18996, Santa Cruz); anti-Ki67 1:500 

(ab16667, Abcam); anti-MPO, 1:250 (ab9535, Abcam); anti-MyosinIIA 1:500 (3403, Cell 

Signaling); anti-MyosinIIB  1:500 (ab24761, Abcam); anti-Rac1 1:500 (ARC03, Cytoskeleton); 

anti-RhoA 1:500 (2117, Cell Signaling); anti-Wave1 1:500 (PA578273, ThermoFisher 

Scientific); anti-Wave2 1:500 (PA560975, ThermoFisher Scientific); anti-ZO-1 1:500 (617300, 

Invitrogen). Biotinylated-Streptavidin antibody pairs were used for detection (1:100-1:200, 30 

minutes at RT). In some cases, direct dye-labelled secondary antibodies were used (1:100, 30 

minutes at RT). Actin fiber staining was performed using Alexa Fluor 488-labelled Phalloidin 

(Jackson Immunology). In situ cell death detection kit (Roche) was used for detection of 

TUNEL positive cells.  

For electron microscopy, glutaraldehyde-fixed material was used. After embedding in Epon 

Araldite, ultrathin sections were cut and analyzed using a Zeiss EM 912 using standard 

protocol102. 

Quantification of immunohistochemistry 

MPO, cleaved caspase 3-TUNEL: number of positive cells/ field was counted using ImageJ 

software. A total of three different images/sample (20x objective) were counted and the 

average cell number was calculated, accordingly. 

RNA isolation and qPCR analysis 

Total RNA was isolated from tissues or IECs, using the Macherey Nagel NucleoSpin RNA kit 

or peqGOLD Total RNA Kit. Synthesis of cDNA was performed using reverse transcriptase. 

Gene expression was measured by real time PCR (Bio-Rad) with SyberGreen and Quantitect 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2021-325520–20.:10 2022;Gut, et al. Martínez-Sánchez LdC



primers (Qiagen). Gene expression was normalized to the housekeeping gene HPRT 

expression. 

RNA Sequencing 

Eukaryotic RNA Sequencing including quality control, library preparation, sequencing and 

bioinformatics analysis, was performed by Novogene. A 250-300 bp insert cDNA library was 

used; Hisat2 and HTSeq were used for Mapping to Reference Genome and Quantification, 

respectively. Differential Expression Analysis was performed using DEGseq/DESeq2/edgeR; 

while Enrichement Analysis of differentially expressed coding genes was performed based on 

GO and KEGG, taking advantage of GOSeq, topGo, hmmscan and KOBAS softwares.     

Immunoblotting 

Protein extracts were obtained by suspension and incubation in mammalian protein extraction 

reagent (ThermoFisher Scientific) supplemented with protease and phosphatase inhibitor 

tablets (Roche). For membrane/cytosol fraction separation, lysis buffer (RIPA) with and without 

detergents, and high speed centrifugation steps were used. Protein extract was cleared by 

centrifugation, protein concentration was measured by Bradford or BCA assays and 

denaturation was performed by boiling in LDS sample buffer (ThermoFisher Scientific). 

Afterwards, proteins were separated by SDS-PAGE gels, blotted onto nitrocellulose or PVDF 

membranes and blocked with 5% non-fat milk. Membranes were incubated overnight at 4°C 

with the following primary antibodies (dilution, 1:1000-1:2000): anti-β-Actin (4967, Cell 

Signaling); anti-Caspase-1 (Casper-1, Adipogen Life Science); anti-β-catenin (8480, Cell 

Signaling); anti-β-Tubulin (2146, Cell Signaling); anti-Claudin-1 (71-7800, ThermoFisher 

Scientific); anti-Claudin2 (28530, Cell Signaling); anti-Claudin-8 (40-0700Z, ThermoFisher 

Scientific); anti-Claudin-18 (700178, ThermoFisher Scientific); anti-Cleaved caspase-3 (9661, 

Cell Signaling); anti-E-cadherin (147301, Biolegend); anti-GAPDH (607902, Biolegend); anti-

Gasdermin D (ab209845, Abcam); anti-GGTase-Iβ, (WH0005229M2, Sigma-Aldrich); anti-

MLKL (orb32399, Biorbyt); anti-Na/K-ATPase (3010, Cell Signaling); anti-Rac1  (ARC03, 

Cytoskeleton); anti-Rap1A (sc-1482, Santa Cruz Biotechnology); anti-Villin (PA5-22072, 
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ThermoFisher Scientific); anti-ZO-1 (617300, Invitrogen). Corresponding HRP-linked 

secondary antibodies were used (incubation for 90 minutes at RT), and chemo luminescence 

was detected by using ECL Western blotting substrate (Thermo Scientific). Protein expression 

was compared to the level of Actin (4967, Cell Signaling). 

Proteomic assay 

20 µg of total protein from purified IECs were digested using a modified Filter Aided Sample 

Preparation (FASP) method. Three biological replicates were included. Reversed-phase nano-

UPLC separation of tryptic peptides, mass spectrometric analysis using an ion-mobility 

enhanced data-independent analysis workflow was performed as previously described103. All 

samples were analyzed in three technical replicates. 

Intestinal crypt isolation and organoid culture 

Small intestine was aseptically isolated, washed and cut. Intestinal fragments were washed, 

incubated in chelation buffer (containing EDTA) and vigorously resuspended in order to isolate 

intestinal crypts. Crypts were embedded in Matrigel on ice and seeded in pre-warmed surface 

cell culture plates. After polymerization of Matrigel, basal culture medium was added to the 

culture104. The entire medium was changed every 3 days and organoids passaged weekly. 

Organoids were treated in vitro with 0.5 µg/ml tamoxifen. 

Two-dimensional organoid culture 

Intestinal crypts are isolated from mouse small intestine or human tissue and grown in matrigel 

(see above). A 8- or 12-well chamber slide (ibidi) is coated with a thin layer of diluted matrigel 

and incubated at 37°C for minimum 20 minutes. Sufficient organoids (approximately 200) are 

collected in a 15-mL conical tube and washed with cold PBS. Pelleted organoids are 

resuspended with ice-cold 5mM EDTA/ PBS buffer, pipetted thoroughly to release single crypts 

and incubate at 4°C for 1 hour with rotation. Cell suspensions are centrifuged and washed and 

resuspended in human intesticult (Stem cell®) supplemented with Y-27362 (Enzo Life 

Sciences), Primocin (Invitrogen) and Wnt3a conditioned medium or in mouse basal culture 

medium. Medium containing organoids are placed in the pre-coated chamber slide and allowed 
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to firmly attach to the matrigel thin layer until reaching a monolayer in 37°C, 5% CO2 incubator 

(7 – 10 days, after seeding). 

Apical-Out small intestine organoids culture 

Mouse small intestinal organoids are cultivated in mouse intesticult (stem cell) supplemented 

with 25% of Wnt3a medium for 5 days to induce cystic organoids. On the day of experiment, 

sufficient amount of organoids are collected and incubated in ice-cold gentle cell dissociation 

buffer (stem cell) to dislodge the matrigel. Afterward, cell suspensions are spun down, washed, 

resuspended in mouse intesticult medium and seeded in standard cell culture plates.  

Trans-epithelial ressitance measurements 

Trans epithelial resistance (TER) of intestinal epithelial cell lines (HT29 and Caco2 cells) was 

measured by using transwell inserts (0.4μm PCF, 12mm diameter, Merck Millipore). Inserts 

were hydrated for 30 min at room temperature with DMEM (Dulbecco's Modified Eagle 

Medium) prior to seeding of 150,000 cells/insert in 300µl. Growth culture medium was added 

to the receiver plate well i.e., 600µl. Outer wells were filled with PBS to avoid evaporation. 

Cells were incubated for 72h at 37°C until a monolayer was formed, followed by the 

corresponding treatments for three more days. Resistance was analyzed by Epithelial volt-

ohm meter from Millicell ERS2.  Each experiment was performed in Triplicate. 

Genomic DNA PCR 

Tissue samples/isolated cells were digested/lysed using a buffer containing 0.2% SDS and 

supplemented with proteinase-K. Samples were incubated for at least 6 h at 56°C with gentle 

shaking. After inactivation of the proteinase at 95°C for five minutes, samples containing 

genomic DNA were used for routine PCR using Taq polymerase master mix (Jena 

Biosciences). 
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BrdU cell migration assay 

Mice received an intravenous injection of BrdU (50 mg/kg body weight) 18-24 hours before 

euthanize them. Paraffin sections were then stained with anti-BrdU antibody and 

counterstained with hematoxyilin.  

Study Approval 

Animal protocols were approved by the Institutional Animal Care and Use Committee of the 

University of Erlangen and the Regierung Mittelfranken (Würzburg, Germany). Collection of 

human samples was approved by Ethics Committee of the Department of Medicine of the 

University of Erlangen-Nuremberg (Erlangen, Germany); Reference Number 440_20 B. 

It was not appropriate or possible to involve patients or the public in the design, or conduct, or 

reporting, or dissemination plans of our research. 

Statistics 

Statistical analysis and number of biological/technical replicates are described in the 

corresponding figure legends. 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2021-325520–20.:10 2022;Gut, et al. Martínez-Sánchez LdC



SUPPLEMENTAL FIGURE LEGENDS 

Suppl. Figure 1: Time course phenotype in GGTase conditional KO mice, Pggt1biΔIEC mice.  
A. Genomic DNA PCR detecting floxed and tamoxifen-induced deleted (Delta) Pggt1b gene in ileum 

(left) and duodenum (right) tissue. Representative pictures, seven independent experiments. B. Pggt1b 

gene expression (RT-qPCR) in ileum tissue (left; n = 6/group) and IECs (right; n = 3/group). C. Western 

blot analysis of GGTase-IB and non-prenylated Rap1A (accumulation of non prenylated proteins) in 

ileum (left; n = 6/group) and isolated IECs (right, n = 3/group). Representative pictures (top), and 

quantification (bottom). β-actin has been used as loading control. D. Histology analysis of colon and 

duodenum tissue using H&E staining. Representative pictures (top), and corresponding score (bottom). 

Six and four independent experiments, colon and duodenum, respectively. E. Gene expression of IL-6 

and TNF-α in colon and duodenum tissue (RT-qPCR; 4 independent experiments). F. MPO 

immunofluorescence staining in cross-sections from colon and duodenum. Representative pictures 

(left), and corresponding quantification (right); (3 independent experiments, colon and duodenum). Data 

are expressed as mean ± SEM. One-way ANOVA, Dunnett´s multiple comparisons test. * P value ≤ 

0.050; ** P value ≤ 0.001; *** P value ≤ 0.0001. 

Suppl. Figure 2: Cell shedding 
A. Identification of funnel-like structures using Actin staining (Alexa-Fluor488 phalloidin) in combination 

with E-cadherin or ZO-1 (red signal). Representative pictures from ileum in WT mice. White arrows 

indicate funnel-like structures. B-D. F-actin fiber staining using AlexaFluor488-phalloidin (green). B. 

Exemplary pictures showing funnel-like structures, early and late cell shedding events in mouse (left) 

and human (right) small intestine tissue. High resolution conofocal microscopy (Stellaris). C-D. 

Quantification out ot 6 independent experiments. C. Early (top) and completed (bottom) cell shedding 

events. Multiple paired t-test. D. Cell length and diameter, and calculated length/diameter ratio. Mixed-

effects analysis. Data are expressed as mean ± SEM. * P value ≤ 0.050. 

Suppl. Figure 3: Cytoskeleton rearrangement 
A. S1p2r gene expression in ileum tissue, RT-qPCR analysis. Four independent experiments. B. RT-

FDC. Gating strategy (top) and quantification of cell size and deformation (bottom). C-E. Gene 

expression analysis of AJC proteins in Ileum from control and Pggt1biΔIEC mice at different time points 

after tamoxifen treatment (RT-qPCR). Four independent experiments. C. Tight junctions: Claudin-1, -2, 

-3, -4, -5, 7, -8, -18; Occludin-1; JAM-1, -2, -3; ZO-1, ZO-2, ZO-3. D. Adherens junctions: E-cadherin; β-

catenin; catenin delta-1. E. Desmosomes: Desmocolin-2; Desmoglein-2; Desmoplakin; Plakophlin-2, -
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3, -4; Plakoglobin. F-J. Expression and redistribution of selected candidate AJC proteins in ileum tissue; 

immunostaining (left, red signal) and western blot (right). Minimum three independent experiments. F. 

Claudin-8. Three independent experiments. G. Claudin-18. Six independent experiments. H. ZO-1. Five 

independent experiments. I. β-catenin. Five independent experiments. One-way ANOVA, Dunnett´s 

multiple comparisons test (B-D), or unpaired t-test (E). * P value ≤ 0.050. 

Suppl. Figure 4: Epithelial cell turnover 
A. TUNEL (green) and cleaved caspase-3 (red) staining in ileum cross-sections from control and 

Pggt1biΔIEC mice at different time points. Quantification of apoptotic (TUNEL+Cl.Casp3+) and non 

apoptotic (TUNEL+ Cl. Casp-3-) dead cells. 6 independent experiments. B. Mlkl gene expression 

measured by RT-qPCR in ileum tissue (left; n = 6) and isolated IECs (right; n = 3). C. Gsdm and Dfna5 

gene expression in ileum tissue (RT-qPCR analysis). Four independent experiments. D. Ki67 gene 

expression (RT-qPCR, 6 independent experiments) (left); and representative pictures from 

immunostaining in ileum tissue (minimum, n=5/group) (right). E. Cell migration along the villus-crypt 

axis, detected by BrdU incorportation assay. Representative pictures (n = 2/group). Data are expressed 

as mean ± SEM. One-way ANOVA, Dunnett´s multiple comparisons test, except where indicated. ** P 

value ≤ 0.001. 

Suppl. Figure 5: Generation, validation and phenotype of Rac1iΔIEC mice 
A. Expression of RAC1 and RHOA within small intestine IECs from control and Pggt1biΔIEC mice at Day 

3 upon tamoxifen treatment. Representative blots (left), and band densitometry quantification (right). 

Three experiments; (n = 6, control; n = 9, Pggt1biΔIEC). B. Rac1 gene expression (RT-qPCR) in ileum 

tissue (left; n = 4, Control; n = 5, Rac1iΔIEC) and IECs (right; n = 4, Control; n = 3, Rac1iΔIEC). C. Western 

blot analysis of RAC1 in ileum (left) and isolated IECs (right) (n = 5, Control; n = 7, Rac1iΔIEC). 

Representative pictures (top), and quantification (bottom). D. WAVE 1 and WAVE 2 expression in ileum 

tissue from Rac1iΔIEC mice over time upon tamoxifen treatment. Three (WAVE1) and two (WAVE2) 

independent experiments. E. Body weight of control and Rac1iΔIEC mice over time upon tamoxifen 

treatment (% of original weight) (n = 8, Control; n = 7, Rac1iΔIEC). F. Endsocopy pictures from small and 

large intestine. G. Histology analysis of colon and duodenum ileum tissue using H&E staining; three 

independent experiments. H. Gene expression of TNF-a in colon, ileum and duodenum tissue (Day 6); 

three independent experiments (RT-qPCR) (n = 13/group). I. TUNEL (green) and cleaved caspase-3 

(red) staining in ileum cross-sections from control and Rac1iΔIEC mice (Day 6 upon tamoxifen). 

Representative pictures (left) and quantification (right) of total TUNEL+ (left) and Cl. Casp-3+ (right) (n = 
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6, Control; n = 5, Rac1iΔIEC). J. Ki67 gene expression (RT-qPCR) and immunostaining in ileum tissue 

(Day 6) (RT-qPCR) (n = 8, Control; n = 9, Rac1iΔIEC). Immunostaining (Day 7) (n=5/group). K. Cell 

migration along the villus-crypt axis, detected by BrdU incorportation assay. Representative pictures (n 

= 2/group). L. Western blot analysis of cleaved caspase-3 (n = 4, Control; n = 5, Rac1iΔIEC) and MLKL 

(n = 5, Control; n = 7, Rac1iΔIEC) in ileum tissue and isolated IECs. Representative blots, and 

corresponding quantification. M. Gasdm and Dfna5 gene expression in ileum tissue (RT-qPCR 

analysis). Three independent experiments. N. Detection of Caspase-1 and Gasdermin-D cleavage in 

small intestine IECs (western blot analysis). Representative blots (top), and band densitometry 

quantification (bottom). Four independent experiments. O. Time course. F-actin fiber staining using 

AlexaFluor488-phalloidin (green). 3 independent experiments. Quantification of early (left) and late 

(right) cell shedding events. P. Representative pictures of Myosin IIA staining (red) in ileum tissue. Q. 

Detection of selected candidate AJC proteins in ileum tissue. Immunostaining (red signal). Three 

independent experiments.Claudin-8; Claudin-18; ZO-1; β-catenin. Data are expressed as mean ± SEM.  

Unpaired t-test, except for J. One-way ANOVA, Dunnett´s multiple comparisons test. * P value ≤ 0.050. 

Suppl. Figure 6: Organoids 
A-D. Validation of tamoxifen-induced abolished expression of GGTase1B (A-B) and RAC1 (C-D). A and 

C. Gene expression (RT-qPCR) (n=4/group, Pggt1b; n≥6/group, Rac1). B and D. Protein expression, 

western blot (n=4/group, Pggt1b; n=4, control, n=5, Rac1). E. Morphology of GGTase- and RAC1-

deficient small intestine organoids treated with different cell death pathway inhibitors (Z-VAD 20 µM, 

apoptosis; Necrostatin-1 30 µM, necroptosis; Disulfiram 20 µM, pyroptosis). Representative pictures; 

Day 6, Pggt1biΔIEC; Day 4, Rac1iΔIEC. F. Myosin IIA immunostaining (red). (Pggt1b, four experiments; 

Rac1, three experiments). G. Apical-out organoids, representative pictures of Phalloidin staining 

showing completed/late and arrested/early cell shedding events. H-K. 3D Traction Force microscopy.  

H. Stress-strain relationship of a 1.2 mg/ml collagen gel measured in a cone-plate rheometer (mean±sd 

from 8 samples). The dashed line is the fit of the semi-affine finite-element network model to the data. 

I. Vertical contraction of a 1.2 mg/ml collagen gel (reduction in thickness) in response to a uniaxial 

horizontal stretch (mean±sd from 3 samples). The dashed line is the fit of the semi-affine finite-element 

network model to the data, with the same parameters as specified in the methods section.  J. Inward-

directed  matrix deformations around a contractile organoid at different time points. K. Force 

reconstruction using a lookup-table of matrix deformations as a function of radial distance and contractile 

pressure. Deformations and distances are normalized by the effective organoid radius. Black lines show 
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the predictions of a non-linear finite-element model for different contractile pressure values. Circles show 

the measured matrix deformations at different distances from the spheroid surface and for different time 

points. The best agreement between the measured and expected deformation field is in the far-field 

region between 5 and 10 effective organoid radii away from the organoid center (red dashed lines). L. 

Tamoxifen-induced deletion of RAC1 in small intestine organoids; time course. M-S. RNA Sequencing 

from RAC1-deficient small intestine organoids (day 3 upon tamoxifen induction). M. Pearson correlation 

between samples. N. Venn diagram of sequenced genes. O. Heat map of differentially expressed genes 

(left); top ten up- and down-regulated genes. P-Q. qPCR analysis of gene expression from candidate 

genes identified in the RNASeq analysis (Adm2, hif3a, CXCL10, Klf2) (n=4/group;). P. RAC1-deficient 

organoids. Q. GGTase-deficient organoids. R-S. Gene Set enrichment Analysis (GSEA). Top 20 

regulated pathways and Endplots for selected pathways.  R. Gene Ontology (GO). S. KEGG.  

Data are expressed as box-plots (Min. to Max). Adm2 expression was not detected in 3 out of 4 

GGTase-deficient organoids. Paired t-test. * P value ≤ 0.050; ** P value ≤ 0.001; *** P value ≤ 0.0001.  

Suppl. Figure 7: Cell shedding in IBD  
A. F-actin fiber staining using AlexaFluor488-phalloidin (green) (n = 13, total; n = 5, Control; n = 8, CD). 

Quantification of early and late cell shedding events (% of total cells). B. FABP2 concentration in serum 

samples from the blood of IBD patients (n = 55; n = 9, Control; n = 24, CD; n = 22 UC; not detected 

FABP2, 1 Control, 1 CD, 2 UC samples). C.  Correlation study between FABP2 serum concentration 

(ELISA), and funnel-like structures (phalloidin staining) and E-cadherin expression (immunostaining, 

red) in gut tissue (n = 6). Representive pictures (top). Correlation graphs, linear regression fit (bottom). 

D. Expression and rearrangement of selected AJC proteins in 2D organoids generated from small 

intestine crypts from human patients and treated with a cyotkine cocktail (IL-1β 10 ng/ml, IL-6 10 ng/ml  

and TNF-α; 20 ng/ml). Representative pictures. E. Cytoskeleton rearrangement and epithelial barrier 

function in HT29 and Caco2 cells treated with NSC-23766 (100 µM), GGTI-298 (5 µM) or a cytokines 

cocktail (IL-1β 10 ng/ml, IL-6 10 ng/ml  and TNF-α; 20 ng/ml). Trans-epithelial resistance measurement 

in transwell inserts using volt-ohm meter from Millicell ERS2 (left). Representative pictures of actin fiber 

distribution using phalloidin staining (right). * P value ≤ 0.050. 

Suppl. Figure 8: Human relevance of epithelial RAC1 function in IBD 
A-B. Wasf1 and Wasf2 expression in IECs isolated from mice subjected to mouse experimental colitis 

(RT-qPCR). B. DSS-induced colitis (n=5, Control; n=4, DSS). C. Adoptive lymphocyte transfer colitis. 

(n=5, Control; n=7, DSS). C. Wasf1 and Wasf2 expression in small intestine organoids developed from 
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crypts isolated from Pggt1biΔIEC and Rac1iΔIEC mice (RT-qPCR) (n = 4/group). Unpaired (A, B), and 

paired (C) t-test.  
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Suppl. Fig. 5: Rac1 conditional knock-out mice
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