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abstract 

The microvillus brush border allows the efficient uptake of nutrients from the intestinal lumen. 
Microvilli development is coupled to the epithelial cell polarity program. Here we demonstrate 
the involvement of apically targeted Ras-related C3 botulinum toxin substrate 1 (rac1) in the 
process of ezrin-mediated microvilli development downstream of cell polarity development.  
We found that rac1 was targeted to the ezrin-rich apical brush border of differentiated enterocytes, 
and this required the rab11a-interacting and recycling endosome-associated motor protein myosin 
Vb. Moreover, rac1 was mislocalized to rab11a-positive recycling endosomes in the supranuclear 
region of enterocytes in patients with microvillus inclusion disease (MVID), a fatal enteropathy 
characterized by MYO5B mutations and microvillus atrophy. We show that loss of rac1 expression 
in intestinal epithelial cells in vitro and in vivo inhibited apical microvilli development, without 
necessarily inhibiting apical plasma membrane polarity as such. As part of the underlying mechanism, 
loss of rac1 prevented the phosphorylation of Threonine-567 in ezrin at the apical cell surface. This 
occurred via a cell-cell adhesion- and nucleotide binding-independent mechanism that involved 
inhibition of the subapical enrichment of the germinal centre kinase III family member MST4, 
which is required to phosphorylate ezrin in intestinal epithelial cells downstream of apical-basal 
polarity establishment. Together, the data reveal a novel function for rac1 in intestinal epithelial 
brush border organization, and implicate rac1 in the poorly understood pathogenesis of MVID. 

introduction

Microvilli are actin-based finger-like cellular projections and densely packed at the 
apical plasma membrane domain of intestinal epithelial cells. Microvilli provide an expanded 
absorptive surface area. More recently, microvilli in these cells were shown to be vesicle 
generating organelles that play an important role in host-microbe interactions (McConnell 
et al, 2009; Shifrin et al, 2012) and plasma membrane repair, and microvilli regulatory 
proteins were shown to display tumour suppressing activities (Masssolini et al, 2012). 
The loss or atrophy of microvilli in the intestine is a defining feature for several disorders 
including enteric pathogen-induced diarrhoea (Iizumi et al, 2007; Dean et al, 2013) and in 
the rate and fatal congenital enteropathy microvillus inclusion disease (MVID, Davidson  
et al, 1978). The emerging functions of apical microvilli and their importance in physiology 
underscore the need to elucidate the mechanisms that control their development.  

The development and organization of microvilli is dynamically regulated by proteins that 
control the interaction of the apical plasma membrane with the cortical actin cytoskeleton. 
These include members of the ezrin-moesin-radixin (ERM) family. Ezrin is the only ERM 
family member expressed in intestinal epithelial cells and localizes exclusively to the apical 
plasma membrane domain (Berryman et al, 1993; Saotome et al, 2004). Loss of ezrin 
expression disrupts the organization of subapical actin cytoskeleton and apical microvilli 
in the mouse intestine (Saotome et al, 2004; Casaletto et al, 2012). The activity of ezrin is 
regulated by its phosphorylation status at Threonine-567 (Bretscher et al,  1997; Fehon 
et al, 2010; Matsui et al, 1998), and the phosphorylation status of ezrin correlates with 
the abundance of apical microvilli. Several kinases have been reported to phosphorylate 
Threonine-567 in ezrin in intestinal epithelial cells, including protein kinase B2/Akt2 (Shiue 
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et al, 2005), atypical protein kinase C (Wald et al, 2008), lymphocyte-oriented kinase (LOK) 
and Ste20-like kinase (SLK) (Viswanatha et al, 2012), and mammalian Ste20-like protein 
kinase 4 (MST4) (ten Klooster et al, 2008; Gloerich et al, 2012; Chapter-3). Some of these 
kinases are associated with the apical plasma membrane (Shiue et al, 2005; Viswanatha 
et al, 2012) whereas MST4 is enriched in the subapical region, presumably together with 
apical endosomes (Gloerich et al, 2012; Chapter 3). The spatial distribution of these kinases, 
ezrin phosphorylation, and microvilli development in the intestine appears intimately 
linked to the epithelial cell polarity program (ten Klooster et al, 2009; Gloerich et al, 
2012), but the molecular machineries that help coordinate this are not well understood. 

The Rho family of small GTPases, which includes Rho, Cdc42 and Rac1, are well 
known for their function in organizing actin-based plasma membrane protrusions 
as well as in epithelial cell polarity. Moreover, Rho and Cdc42 have been linked to 
ezrin phosphorylation and apical microvilli development. For instance, Rho signaling 
via Rho kinase is well-known to stimulate ezrin phosphorylation (Hughs and Fehon, 
2007), and ectopic expression of a constitutive active Rho mutant in fibroblasts - via 
phosphatidylinositol 4-phosphate 5-kinase - induces ezrin phosphorylation and the 
formation of microvilli (Matsui et al, 1999). The ectopic expression of Cdc42 did not 
stimulate the formation of microvilli in fibroblasts (Matsui et al, 1999), but loss of Cdc42 
expression in the mouse intestine resulted in microvillus atrophy and the appearance 
of microvillus inclusions in the cytoplasm (Sakamori et al, 2012; Melendez et al, 2013). 
This suggests that the function of Rho proteins with regard to actin-mediated plasma 
membrane remodelling may depend on the cellular context, e.g., fibroblast or epithelial 
cells. Whether rac1 also plays a role in apical microvilli development is not clear. As with 
Cdc42, the ectopic expression of constitutive active rac1 mutants in fibroblast did not 
induce microvilli (Matsui et al, 1999). However, the expression level of rac1 was shown to 
correlate with the terminal differentiation of small intestinal epithelial cells in adult mice 
(Stappenbeck and Gordon, 2001), and rac1 was recovered in brush border membrane 
vesicle preparations from the rat and human small intestine (Boucher and Rivard, 2003). 
Furthermore, enteropathic Escherichia coli, which secrete effector proteins (type III 
secretion) into the cytosol of enterocytes, disrupts microvilli (Lu and Walker, 2001) and 
targets rac1 (Stebbins and Galan, 2000; Keestra et al, 2013; Keestra and Baumler, 2013). 

These indirect associations between Rac1 and apical microvilli prompted us to 
investigate the potential involvement of Rac1 in the development of microvilli in intestinal 
epithelial cells. 

Results

Rac1 localization in polarized intestinal epithelial cells in 
vivo and in vitro

We first examined the subcellular distribution of Rac1 in intestinal epithelial cells. Rac1 
predominantly localized at the apical brush border membrane in intestinal epithelial cells 
in control duodenal biopsies (Fig. 1A), as well as in polarized intestinal epithelial Caco-2 cell 



CHAPTER 484

monolayers (Fig. 1B, C). In Caco-2 cells, Rac1 co-distributed with ezrin and Threonine-567 
phosphorylated ezrin in microvilli structures (Fig. 1C and D, respectively, yellow signal). 
The localization of Rac1 at the intestinal epithelial brush border is in agreement with 
the previously reported recovery of Rac1 in intestinal brush border membrane vesicle 
preparations (Boucher and Rivard, 2003). 
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Figure 1.  Localization of Rac1 in 
intestinal epithelial cells. 
A) Control human intestinal 
duodenum biopsy shows apical 
staining for Rac1 (green) and 
nucleus (blue). Region of high 
magnification inset is indicated 
by box with dotted line.
B) Polarized inestinal epithelial 
cell line Caco2 show apical 
staining for Rac1 (green) and 
nucleus (blue). An orthogonal 
(x-z) section view is presented. 
C) Colocalization of Rac1 (green) 
and Ezrin (red) in polarized 
Caco2 cells as seen in orthogonal 
section (x-z) view. 
D) Colocalization of Rac1 (D1 
green) and ezrin (D2 red) in the 
apical domain of polarized Caco2 
cells as seen from top view (x-y). 
High magnification inset (D4) 
from overlayed picture (D3) is 
marked with dotted white line.  
Scale 10µm

the rab11a effector protein myosin vb controls the apical 
localization of Rac1

In contrast to polarized Caco-2 cells, Rac1 localized to intracellular juxtanuclear 
compartments in nonpolarized Caco-2 cells (Fig. 2A). A fraction of these compartments co-
distributed with rab11a (Fig. 2A, yellow signal), which is a marker of recycling endosomes 
(RE) (Ullrich et al, 1996; Casanova et al, 1999; Sheff et al, 1999). Quantitative analysis of the 
double labeling was done by intensity correlation analysis (ICA). ICA addresses the staining 
relationship between two probes which is represented as the product of the differences 
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from the mean (PDM) for each pixel (Li et al, 2004) (Fig. 2A). PDM values are positive 
when in an image the intensity of two fluorescent probes vary together (dependently), 
whereas negative PDM values reflect pixel intensities that vary asynchronously. The visibly 
subcellular co-appearance of Rac1 and rab11a in conjunction with the quantitative analyses 
(Fig. 2A) demonstrated that significant fractions of Rac1 and rab11a co-distributed at the 
light microscopic level in discrete structures in the juxtanuclear domain of the enterocytes.

 

Re
la

tiv
e 

ra
c1

 
Ex

pr
es

si
on

rac1 rab11a

+ PDMrab11a / rac1 / nucleus rab11a /
rac1

GFP

rac1

rac1 / GFP / nucleus

Re
la

tiv
e 

ra
c1

 
Ex

pr
es

si
on

rac1

GAPDH

A B C

D

E
rac1

GAPDH

rip11 / Nucleus rac1 / nucleus

rip11   rac1 merge

+ PDMrab11a / nucleus + PDMrac1 / nucleus

rab11a / nucleus Rac1 / nucleus

MVID (c.4366C>T), duodenal villus MVID (c.4366C>T), duodenal crypt

merge

1 2

3 4 5

6 7 8

9 10 11

12

GFPneg

Merge

giantin / nucleus rac1 / nucleus merge merge

MVID (c.4366C>T), duodenal villusF

Figure 2.  Intra-cellular localization of rac1 in intestinal epithelial cells. A) Coloclization of rac1 (green) with 
rab11a (red) in Caco2 cells costained with nucleus (blue). High magnification insets from region indicated 
in white dotted box. Colocalization indicated by yellow arrows and by +PDM image B) Orthogonal view of 
caco2 cells stained for rac1 (red) in cells infected with lentivirus for ShRNA Myosin Vb (green) and costained 
for nucleus (blue). Yellow arrows indicate loss of apical rac1. Box with dotted line indicates an uninfected cell. 
C) Protein expression of rac1 relative to GAPDH in caco2 cells knockdown for myosin vb. D) Colocalization 
analysis in MVID (c.4366C>T) duodenal biopsies, (D1-D6) of rac1 (green) and rab11a (red) and (D7-D12) 
of rac1 (green) and rip11 (red). Colocalization is indicated with yellow arrows and +PDM images of higher 
magnification insets. No coloclization is indicated with white arrows. Curved dotted line shows the apical 
membrane. E) Protein expression by western blot of rac1 relative to GAPDH in intestinal lysates from two 
MVID and one control duodenal lysate. F) Colocalization analysis of rac1 (green) and giantin (red) co-stained 
with nucleus (blue). White arrows show absence of colocalization. Dotted box is high magnification inset, 
dotted line is the apical membrane. Scale 10µm
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Given the co-distribution of Rac1 with rab11a-positive RE in nonpolarized Caco-2 cells, 
together with the established role of rab11a-positive RE in apical plasma membrane-
directed trafficking (Golachowska et al, 2010), we hypothesized that these RE contributed 
to the polarized apical localization of Rac1 in polarized cell monolayers. To investigate 
this hypothesis we used a short hairpin (sh)RNA approach to reduce in Caco-2 cells the 
expression of myosin Vb, which is a key effector of recycling endosome-associated Rab 
proteins including rab11a (Lapierre et al, 2001). In myosin Vb knockdown Caco-2 cells, 
the expression of Rac1 at the apical plasma membrane was significantly reduced (Fig. 2B, 
compared GFP-positive [i.e., infected] cells with GFP-negative [i.e., uninfected cells]).  
The total expression of Rac1 was enhanced in myosin Vb knockdown cells. Importantly, in 
the villus and crypt intestinal epithelial cells of patients with microvillus inclusion disease 
(MVID; Online Mendelian Inheritance In Man 251850), which is a fatal enteropathy 
associated with loss-of-function mutations in the MYO5B gene (Müller et al, 2008; Szperl 
et al, 2011; Golachowska et al, 2012), Rac1 was similarly redistributed from the apical 
plasma membrane domain to intracellular compartments (Fig. 2D1-2 [villus] and D7-8 
[crypt]). Moreover, these intracellular compartments were positive for rab11a (Fig. 2D3-6 
[villus] and D9-12 [crypt]), which we (Szperl et al, 2011; Golachowska et al, 2012) and 
others (Talmon et al, 2012) have previously shown to be redistributed in MVID enterocytes. 
No or little co-localization was detected with the Golgi marker giantin (Fig. 2F). Similar to 
Caco-2 cells in which myosin Vb expression was reduced, in MVID intestinal tissues Rac1 
expression was enhanced when compared to an age-matched control sample (Fig. 2E). 
These combined in vitro and in vivo data suggested that myosin Vb-controlled rab11a-
positive RE mediated the polarized distribution of Rac1 at the apical plasma membrane 
of intestinal epithelial cells. We next addressed the function of Rac1 at the intestinal 
epithelial apical brush border membrane. 

Rac1 controls t567-phosphorylation of ezrin and apical 
microvilli development in vitro and in vivo

Patients with microvillus inclusion disease (MVID) cannot absorb nutrients from the 
intestinal lumen (Cutz et al, 1989). Their intestinal epithelial cells show microvillus 
atrophy, microvillus inclusions, and intracellular retention of apical membrane proteins 
(Cutz et al, 1989; Phillips and Schmitz, 1992). Given the established role of Rac1 as an 
organizer of the actin cytoskeleton, we investigated the role of Rac1 in apical microvilli 
organization. Knockdown of Rac1 in Caco-2 cells with shRNA (Fig. 3A) reduced the apical 
expression of the microvillus-associated protein marker villin (Fig. 3B, compared GFP-
positive cells [i.e., infected] with the boxed GFP-negative [i.e., uninfected/ control] cells). 
Rac1 knockdown did not inhibit the typical monolayer architecture of the cells (Fig. 3B, C). 
The knockdown of Rac1 in Caco-2 cells inhibited the T567-phosphorylation of ezrin, a key 
event in microvillus development and organization in vivo and in vitro (Soatome et al, 2004; 
Wald et al, 2008; ten Klooster et al, 2010; Casaletto et al, 2012), as evidenced by both 
immunofluorescence (Fig. 3C) and Western blot (Fig. 3D) analyses. Importantly, these results 
with RNA interference in Caco-2 cells were corroborated in mice in which the RAC1 gene 
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was selectively knocked out in the intestine (see Methods). Thus, duodenal enterocytes of 
homozygous RAC1-/- (Fig. 4B) but not heterozygous RAC1-/+ mice (Fig. 4A) showed loss of 
ezrin T567 phosphorylation at the apical surface and brush border atrophy (Fig. 4C). These 
effects of Rac1 loss-of-function phenocopied the impaired apical ezrin phosphorylation 
and microvilli development in Caco-2 cells after knockdown of myosin Vb and in MVID 
enterocytes (Chapter 3). We next addressed the mechanism via which loss of Rac1 function 
impaired the phosphorylation of ezrin and the organization of microvilli at the apical surface.
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Rac1 controls apical ezrin phosphorylation and microvilli 
development independently of cell-cell adhesion

Rac1 is well known to regulate E-cadherin-mediated cell-cell adhesion (Takaishi et al, 
1997; Fukuta and Kaibuchi, 2001; Ehrich et al, 2002; Lindqvist et al, 2010; van Duijn et al, 
2010; Nethke et al, 2012). E-cadherin-mediated cell-cell adhesion, in turn, is involved in 
apical plasma membrane polarity development (Nejsum and Nelson, 2009; Kaplan et al, 
2009). In order to investigate to what extent the role of Rac1 in microvilli development 
was linked to the role of Rac1 in cell-cell adhesion, we used the genetically engineered 
intestinal epithelial cell line LS471T-W4 (Baas et al, 2004; ten Klooster et al, 2009; Gloerich 
et al, 2012). LS174T-W4 cells can be induced with doxycycline (Dox) to express STRADα 
(Baas et al, 2004). STRADα in complex with the scaffolding protein MO25 is stabilized in 
a conformation that can activate the polarity protein LKB1 (Filippi et al, 2011) which, in 
turn, leads to the development of apical-basal polarity and apical brush borders even 
in the absence of cell-cell adhesion (Baas et al, 2004; ten Klooster et al, 2009; Gloerich 
et al, 2012). In doxycycline-induced LS174T-W4 cells, Rac1 prominently localized to the 
basal cell cortex of LS174T-W4 cells (Fig. 5A) but a fraction of Rac1 also localized with 
T567-phosphorylated ezrin at the apical plasma membrane (Fig. 5A, positive PDM images 
show colocalization in apical domain). Knockdown of Rac1 in LS174T-W4 cells (Fig. 5B) 

Figure 4. Intestine specific rac1 knockout 
mouse. A) Staining of ezrin or phospo-
ERM (green) and actin (red) in dueodenum 
section in RAC1+/+ control mice and in 
RAC1-/- mice (B). C) Transission electron 
micrograph of enterocytes in RAC1+/+ 
and RAC1-/- mice showing microvilli 
disorganisation. Scale 500 nm
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Figure 5.  Rac1 in cell adhesion defective cell line. A) Colocalization of rac1 (green) and phosphor-ERM (red) 
costained with nucleus (blue) in polarized LS174T-W4 cells. Yellow arrows indicate colocalization also shown 
by +PDM image. B) Protein expression showing downregulation of rac1 relative to GAPDH in cells having rac1 
ShRNA compared to controls. C) Loss of apical phospho-ERM (red) but not rab11 (blue) in LS174T-W4 cells 
having lentivirus infection indicated by GFP (green). White arrows indicate the position of the apical domain. 
D) Quantification showing lower number of cells having phospho-ERM in the apical domain in control and rac1 
downregulated cells. E) Segmented line plots along the periphery of the cells starting from an area opposite 
to the apical domain, indicated by a graph of intensity against pixel distance. Phospho-ERM (red) and rab11 
(green) in control cells (renilla) or cells with rac1 knockdown. The intensity peak of phosphor-ERM indicates 
the apical domain which is absent in knockdown cells F) Protein expression of phospho-ERM and ezrin before 
and after doxycycline addition compared between rac1 knockdown and control cells in LS174T-W4 cells. 
The graph is plotted shows reduction of fold increase in phosphor-ERM in rac1 knock-down cells. G)  Apical 
localization of 5’ nucleotidase and ezrin (red) in cells infected with lentivirus carrying ShRNA rac1 (green). H) 
No difference in number of cells (in percentage relative to control) of rac1 knockdown cells having rab11a in 
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inhibited the T567-phosphorylation of ezrin, as evidenced by both immunofluorescence 
microscopy (Fig. 5C, compared GFP-positive cell [i.e., infected] with GFP-negative cell  
[i.e., uninfected/ control], 5D (quantification of 5C) and 5E, fluorescence intensity line plots 
of cell perimeter), and Western blot (Fig. 5F) analyses. Notably, the knockdown of Rac1 
did not inhibit apical polarity development as evidenced by the restricted localization of 
ezrin itself (Fig. 5G), that of the resident apical plasma membrane protein 5’-nucleotidase 
(NT) (Fig. 5G), and that of the apical RE marker Rab11a (Fig. 5C, E, H) to the apical domain. 
Furthermore, expression of guanine nucleotide cycling-deficient Rac1 mutants did not 
inhibit ezrin phosphorylation in LS174T-W4 cells (Fig. 6). These data demonstrated that 
Rac1 regulated ezrin T567 phosphorylation at the apical plasma membrane domain in  
a manner that was independent of guanine nucleotide cycling, cell-cell adhesion and apical 
plasma membrane polarity. Therefore, we hypothesized that the role of Rac1 in ezrin 
phosphorylation likely involved the regulation of a local event at the apical plasma membrane 
domain. We next addressed the potential involvement of ezrin-phosphorylating kinases.    
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Rac1 controls the subapical enrichment of the ezrin-
phosphorylating kinase mst4

Ezrin phosphorylation is achieved by kinases. It was recently demonstrated that, in 
LS174T-W4 cells, the Mo25-binding Ste20 protein kinase MST4 is required for ezrin 
phosphorylation and the development of apical microvilli (ten Klooster et al, 2009; Gloerich 
et al, 2012). The induction of apical-basal polarity and microvilli development in LS174T-W4 
cells upon STRADα expression correlated with the enrichment of rab11a-positive RE in the 
subapical domain (Fig. 5C). In polarized LS174T-W4 cells, MST4 co-distributed with rab11a 
at the apical domain of the cells (Fig. 7A, GFP-negative [i.e., uninfected/ control] cells).  
The knockdown of Rac1 in LS174T-W4 cells did not prevent the enrichment of rab11a-

A B
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Blue dotted lines from apical to basal are the paths used in polarized cells to draw fluorescence intensity 
line plots as seen in (B) where rab11 (green plot) and MST4 (blue plot) both are apical in uninfected (upper) 
and MST4 is not apical in infected cells (lower). C) Quantification showing lower percentage of cells that 
have subapically localized MST4 after rac1 kd as against in control LS174T-W4 cells. D) Western blot showing 
unchanged proportion of phospho-MST4 or total MST4 in rac1 kd cells. E-F) Western blot and protein band 
quantification showing reduced MST4 protein after downregulation with ShRNA. G) LS174T-W4 cells with 
MST4 knockdown show reduced apical staining of phospho-ERM (green) but unchanged apical rab11a (red). 
Nucleus is stained with DAPI (blue).  Scale 5µm.

positive RE at the apical domain (Fig. 7A, GFP-positive [i.e., infected] cells, and line plots), 
consistent with the notion that Rac1 knockdown did not inhibit apical plasma membrane 
development as such (c.f., Fig. 5G, H). However, in contrast to control cells, in Rac1-
depleted cells MST4 failed to co-distribute with rab11a in the apical domain and appeared 
to be localized to the cytoplasm (Fig. 7A). Analyses of the fluorescence intensity profiles 
along apical-basal line plots confirmed that MST4 fluorescence was shifted away from the 
clearly apical peak of rab11a fluorescence (Fig. 7B). Quantification of the percentage of 
cells with an clear apical peak of MST4 fluorescence revealed a significant reduction of his 
percentage after Rac1 knockdown (Fig. 7C). The impaired apical delivery of MST4 did not 
coincide with a reduction in the fraction of (auto) phosphorylated (i.e., active (Preisinger 
et al, 2004)) MST4 (Fig. 7D). Also in Caco-2 cells, MST4 was also redistributed from  
a mostly apical distribution pattern in control cells (Fig. 8A, parental/control on the left side 
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and in the boxed area highlighting the GFP-negative/uninfected cells on the right side) to 
a diffuse staining pattern in Rac1 knockdown cells (Fig. 8A, right panel, GFP-positive cells). 
Knockdown of MST4 in LS174T-W4 cells (Fig. 7E, F) confirmed that MST4 contributed 
to ezrin T567 phosphorylation at the apical domain of LS174T-W4 cells, as evidenced 
by immunofluorescence microscopy (Fig. 7G). Also in Caco-2 cells, knockdown of MST4  
(Fig. 8B) inhibited ezrin phosphorylation at the apical surface (Fig. 8C). Together these data 
indicate that Rac1 is required for the subapical enrichment of the ezrin-phosphorylating 
kinase MST4 in polarized intestinal epithelial cells. 
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Figure 8.  A) Partial colocalization (left side) of apical rac1 (red) with MST4 (green) in polarized Caco2 cells as 
seen in side view (x-z). The colocalization is indicated by yellow arrows and +PDM image of side view. Rac1 
downregulation (right side) in lentiviral transduced GFP expressing polarized Caco2 (green) show redistribution 
of MST4 (red). Nucleus is costained by DAPI (blue) B-C) Western blot quantification showing downregulation of 
MST4 (B) relative to GAPDH and reduction of phospho-ERM (green) in MST4 knockdown Caco2 cells (C) as seen 
by top view (x-y image) and side view (x-z). Cells are costained with actin (red) and nucleus (blue). Scale 10µm

discussion

Our results demonstrate that Rac1, a member of the Rho family of small GTPases, displayed 
a strikingly polarized localization at the apical plasma membrane of intestinal epithelial 
cells, both in vivo in human and mouse duodenal biopsies and in vitro in cultured intestinal 
epithelial Caco-2 cells. Our data suggest that during intestinal epithelial cell polarization  
a fraction of Rac1 co-distributed with rab11a-positive recycling endosomes and, in  
a myosin Vb-dependent manner, was delivered to the apical plasma membrane domain. 
This is in line with earlier studies that have implicated the recycling endosomal system 
in the local, polarized distribution of the small GTPase cdc42 and Rac1 in migrating 
fibroblasts (Osmani et al, 2010), and extends this emerging concept to polarized epithelial 
cells. Importantly, loss-of-function of myosin Vb in MVID patients correlated with the 
absence of Rac1 at the apical plasma membrane and the retention of Rac1 in rab11a-
positve recycling endosomes, thus underscoring a functional link between the endosomal 
system and the polarized distribution of Rac1 in these cells.  

The subapical enrichment of rab11a-positive recycling endosomes is important for the 
targeted delivery of resident apical plasma membrane components and the (developing) 
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apical plasma membrane domain (reviewed in Golachowska et al, 2010). Consistent 
with the defect in apical protein delivery in MVID enterocytes, rab11a-positive recycling 
endosomes are redistributed from a subapical to a supranuclear position in these cells 
(Szperl et al, 2011; Golachowska et al, 2012; Chapter-3). The knockdown of Rac1 in 
intestinal epithelial cells when cultured on a solid substratum did not prevent the subapical 
enrichment of rab11a and did not inhibit apical plasma membrane polarity. Therefore 
under these conditions Rac1 does not appear to be required for the subapical position of 
rab11a-positive recycling endosomes and apical polarity as such, and likely has another 
function once delivered to the apical domain. It should be noted here that interfering 
with Rac1 expression or activity was previously shown to perturb the development of 
a central apical lumen and apical-basal polarity orientation in three-dimensional Madin 
Darby canine kidney (MDCK) cell cultures (O-Brien et al, 2001; Yagi et al, 2012), whereas 
no gross defects in cell polarity or monolayer organization were observed when these 
cells were cultured on a solid substratum (Jou et al, 2000; O-Brien et al, 2001). Although 
three-dimensional cultures are believed to more accurately reflect the in vivo situation 
(Baker and Chen, 2012), gross defects in epithelial cell monolayer organization, formation 
of compositionally distinct lumenal and basal surface domains in the epithelial cell lining, 
or defects in gut lumen development are not observed the intestines of MVID patients, 
mice expresssing Rac1 guanine nucleotide cycling mutants in the intestine (Stappenbeck 
and Gordon, 2000), or in intestine-specific Rac1 knockout mice (this study; Myant et al, 
2013) display. Caco-2 cell monolayers on a solid substratum thus represent a more reliable 
model for investigating the function of Rac1 and myosin Vb, at least in the intestine.           

We hypothesized that the function of Rac1 at the apical domain could be related 
to the development of apical plasma membrane microvilli. Indeed, our immunolabeling 
experiments revealed that Rac1 co-localized with microvilli markers in Caco-2 cells, 
and a characteristic feature of MVID enterocytes other than the intracellular retention 
of resident apical proteins is microvillus atrophy (Davidson et al, 1978). Moreover, the 
molecular mechanism that mediates the development of apical plasma membrane 
microvilli can be uncoupled from the development of apical-basal polarity as such (ten 
Klooster et al, 2009; Gloerich et al, 2012). In other words, epithelial cells can form apical 
plasma membrane domains that include resident apical proteins and exclude basolateral 
proteins yet are devoid of microvilli. The phosphorylation of Threonine-567 in the actin-
plasma membrane linker protein ezrin is a key event in its activation and in the proper 
organization of apical microvilli in intestinal epithelial cells (Saotome et al, 2004; Casaletto 
et al, 2012). In intestinal epithelial cells, the phosphorylation of ezrin at the apical surface 
was shown to require the delivery of the kinase MST4 from the Golgi apparatus, where 
MST4 was reported to be activated through auto-phosphorylation of a conserved threonine 
(Preisinger et al, 2004), to the apical domain (ten Klooster et al, 2009; Gloerich et al, 
2012) where it co-distributes with rab11a (Chapter 3). Indeed, the observed inhibition of 
ezrin phosphorylation following the knockdown of MST4 in two intestinal epithelial cell 
lines used in our study confirmed the role of MST4 in ezrin phosphorylation. Furthermore, 
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our data demonstrate that Rac1 played a critical role in the enrichment of MST4 in the 
apical domain of intestinal epithelial cells and, accordingly, significantly contributed to 
the phosphorylation of Threonine-567 in ezrin at the apical surface. This was confirmed 
in small intestinal epithelial cells of conditional intestine-specific homozygous Rac1 
knockout mice in which, when compared to heterozygous mice, a clear reduction in ezrin 
phosphorylation and atrophic and disorganized apical microvilli was observed. Also in 
MVID enterocytes, where we found Rac1 to be mislocalized away from the apical domain 
(this study), ezrin phosphorylation was significantly reduced (Chapter 3). The exact 
mechanism by which Rac1 mediates the subapical enrichment of MST4 remains to be 
elucidated. Our results in single polarized intestinal epithelial LS174T-W4 cells demonstrate 
that the effect of Rac1 is independent on cell-cell adhesion, a process in which Rac1 also 
plays an important role (O’brien et al 2001; Wu et al 2008). Furthermore, expression of 
nucleotide-binding mutants of Rac1 did not reproduce the effect on MST4 distribution 
and ezrin phosphorylation that was observed after Rac1 knockdown, suggesting that it is 
the expression/ presence of Rac1 at the apical domain rather than its nucleotide cycling 
that is important. Our data indicate that MST4 was not retained in the Golgi apparatus or 
other distinguishable intracellular structures, and the phosphorylation status of MST4 was 
not affected. Rather, MST4 displayed a diffuse cytoplasmic staining pattern following the 
knockdown of Rac1. Possibly, Rac1 mediates the (stable) recruitment of MST4 to subapical 
rab11a-positive endosomes. Future work should be aimed at the identification of proteins 
that localize at the apical domain and bind Rac1 independently of its nucleotide binding 
status (Lam and Hordijk, 2012), and investigate a potential action of Rac1 and MST4 in  
a protein complex at rab11a-positive subapical recycling endosomes.     

Taken together, our data demonstrate an important role for Rac1 at the apical domain 
of intestinal epithelial cells in the development of apical microvilli independent of apical 
plasma membrane formation as such, and implicate Rac1 as a new player involved in 
a specific phenotypic hallmark of the MVID enterocyte and in the poorly understood 
pathogenesis of MVID.   

methods

cell culture

LS417T-W4 and Caco-2 cell culture was as described previously (Gloerich et al,  2012; ten 
Klooster et al,  2009). 

immunofluorescence labelling of tissues and cells

Cells were fixed with 3.7% PFA at room temperature for 20 min. Cells were incubated 
with 0.1M glycine in PBS for 20 min, permeabilized with 0.2% TritonX-100 for 10 min and 
blocked with 3% FCS in PBS for 1 h and incubated with primary antibodies at 37oC for 
2 h, except for anti-rab11a antibodies (4oC for 16 h). Cells were incubated with Cy5- or 
AlexaFluor-488/543-conjugated secondary antibodies and DRAQ5/DAPI at 37oC for 30 
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min. Sections of formalin-fixed samples were deparaffinised, rehydrated, washed with 
PBS and subjected to epitope retrieval with citric acid pH6.0 in a microwave for 20 min. 
Non-specific binding sites were blocked with 5% FCS in PBS overnight. Primary antibodies 
(Table S1) were diluted in blocking solution with 0.05% Tween-20 at 37oC for 2h followed 
by incubation with AlexaFluor-488- or -543-conjugated secondary antibodies. All slides 
were mounted with DAKO mounting medium. 

Fluorescence microscopy and analysis:

Specimens were examined and images were taken with a TCS SP2 AOBS CLSM (Leica).  
Image analysis and histogram adjustments were performed with MacBiophotonics ImageJ. 
To isolate brighter features, output images were processed using Gaussian Filter plugin 
(value 0.7) in MBP ImageJ. Student’s t-test was used to determine statistical significance 
between conditions.  PDM images were obtained by processing raw images for shot noise, 
background subtraction by median filter, thresholding (as shown in Pollock et al 2010) 
and using Intensity correlation analysis (ICA) plugin (with crosshair of 3 pixels). Line plots 
for W4 cells were measured btw drawing a straight line from apical cap to the opposite 
basolateral membrane via the nucleus. Fluorescent intensities of phosphorylated ERM 
/ rab11a in apical domain were quantified by generating segmented line ROIs along the 
periphery of the cells starting from basolateral region opposite the apical cap. The line 
plots for LS174t-W4 cells were made by connecting dots of means with SEM error bars in 
Graphpad prism.  

Knockdown experiments

The shRNA target sequence of human MYO5B cDNA (target sequence 
GGCTGCAGAAGGTGAAATA) and targeting RAC1 (AACCTTTGTACGCTTTGCTCA) was ligated 
into pHR’trip vector using AcsI and SbfI restriction sites. Gene MST4 was targeted using 
GATCCAAAGAAAGTACAGAAT sequence by ligating into the pLKO vector. A target sequence 
in the Luciferase gene was used as a control. HEK 293T were transfected using FuGENE6 
(Roche) with 3 µg pCMV Δ8.91, 0.7 µg VSV-G, and 3 µg of knockdown vector constructs. 
After 24 hours medium was changed with complete DMEM medium and after 12 hours 
supernatant containing lentiviral particles was harvested and either stored at -80°C. Caco-
2 and W4 cells were transduced with lentivirus diluted in DMEM with 10% FCS. Expression 
of GFP in cells was indicative for successful transduction, as also evidenced by reduced 
myosin Vb mRNA or reduced Rac1 protein on the western blot. In other experiments, 
Caco-2 cells were plated on Transwell filters (Corning, 0.4-micron pore size) and 48 h later 
transduced with knockdown virus in the presence of polybrene for 16 h, and cultured 
for another 4 days. LS417T-W4 cells were transduced with lentivirus for knockdown 
(supplementary Fig. S1A) on two consecutive days and after 48 hours, trypsinized and 
plated in the presence (or absence) of doxycycline for 16 h.  
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cell transfection

LS174T-W4 cells were transfected with pcDNA-eGFP-Rac1-CA (Addgene 12981), pcDNA-
eGFP-Rac1-DN (Addgene 12982) using Lipofectamine2000 (Invitrogen) following the 
manufacturer’s protocols. The cells were split the next day and plated with doxycycline.   

qRt-pcR

RNA was extracted from cells following the manufacturer’s instructions (Invisorb Spin Cell 
RNA mini kit, Westburg). cDNA was synthesized using poly-dT primer and SuperscriptII 
reverse transcriptase (Invitrogen) following the manufacturer’s protocol. qRT primers 
were designed by using Primer-3 (http://frodo.wi.mit.edu) (Table S1). Reactions were run 
on an ABI7500 (Applied Biosystems). Cycling conditions comprised 15 min polymerase 
activation at 95°C and 40 cycles at 95°C for 15 sec and 60°C for 30 sec. 

Western blot analysis

Cells were lysed using ice-cold lysis buffer (RIPA: 150mM sodium chloride, 1% Triton X 100, 
0.5% Sodium deoxycholate, 0.1% SDS, 50mM Tris pH 8.0) with protease inhibitors (Sigma). 
Protein concentration was determined (Biorad). For Western blotting of phospho-ERM, 
cells were lysed by directly adding 100ul of 2XSDS-Laemlli buffer on ice for 10 min, after 
which the lysate was boiled for 5 min, centrifuged at 13.000 RPM and stored at -80oC. 
30µg protein were separated on a 12% polyacrylamide gel and blotted onto nitrocellulose 
membrane. Blots were blocked with 3% bovine serum albumin blocking solution for 1 h, 
incubated with primary appropriate secondary antibodies, and analyzed on an Odyssey 
Licor infrared scanner.   
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