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Rab25 regulates integrin expression in polarized 
colonic epithelial cells
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ABSTRACT Rab25 is a tumor suppressor for colon cancer in humans and mice. To identify 
elements of intestinal polarity regulated by Rab25, we developed Caco2-BBE cell lines stably 
expressing short hairpin RNA for Rab25 and lines rescuing Rab25 knockdown with reexpres-
sion of rabbit Rab25. Rab25 knockdown decreased α2-, α5-, and β1-integrin expression. We 
observed colocalization and direct association of Rab25 with α5β1-integrins. Rab25 knock-
down also up-regulated claudin-1 expression, increased transepithelial resistance, and in-
creased invasive behavior. Rab25-knockdown cells showed disorganized brush border mi-
crovilli with decreases in villin expression. All of these changes were reversed by reintroduction 
of rabbit Rab25. Rab25 knockdown altered the expression of 29 gene transcripts, including 
the loss of α5-integrin transcripts. Rab25 loss decreased expression of one transcription fac-
tor, ETV4, and overexpression of ETV4 in Rab25-knockdown cells reversed losses of α5β1-
integrin. The results suggest that Rab25 controls intestinal cell polarity through the regula-
tion of gene expression.

INTRODUCTION
Epithelial cells maintain a polarized barrier between the external 
and internal milieus by assembling discrete apical and basolateral 
domains separated by tight and adherens junctions (Marrs et al., 
1995). The polarized domains in the epithelial cells allow trafficking 
of critical cell adhesion molecules to apical or basolateral domains 
and also define regions for elaboration of apical specializations, 
including brush border microvilli (Mellman and Nelson, 2008). 

Perturbations of these polarized functions are believed to induce 
some of the earliest changes that predispose to epithelial-to-
mesenchymal transformation (Royer and Lu, 2011). This process of 
increasing losses in polarity appears to be incremental, such that 
loss of individual components per se is not able to induce dysplas-
tic changes, but multiple coincident aberrations can lead to the 
loss of polarized function and disorganization of the epithelial 
monolayer (Jones et al., 2006). These results all suggest that alter-
ations in membrane protein-trafficking pathways have the poten-
tial to lead to deleterious changes in cell polarity.

The successful establishment of polarized epithelial domains is 
facilitated by discrete intracellular vesicle-trafficking pathways that 
deliver cargoes to appropriate membrane pathways. These path-
ways have been delineated in detail in renal Madin–Darby canine 
kidney (MDCK) cells, for which a number of investigations have 
demonstrated the separation of membrane recycling pathways for 
basolateral recycling, apical recycling, and transcytotic pathways 
between the apical and basolateral membranes (Wang et al., 2000; 
Lapierre et al., 2001, 2012; Tzaban et al., 2009). The Rab small 
GTPases and their effectors are critical regulators of these polarized 
membrane trafficking pathways (Mellman and Nelson, 2008). In ad-
dition to mediation of dynamic intracellular trafficking pathways for 
recycling, Rab proteins are also key mediators of the initiation of 
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to intestinal epithelial cell polarity, using the human colonic Caco2-
BBE and HCA-7 cell lines, which develop highly polarized monolay-
ers when grown on Transwell filters. In particular, Caco2-BBE cells 
comprise a unique model for intestinal cell polarity because they 
develop full polarization expression of resident microvillar structural 
proteins as well as brush border enzymes (Peterson and Mooseker, 
1992). The Caco2-BBE cells were grown on Transwell filters, and the 
protein expression was analyzed at 3, 8, and 15 d of culture on fil-
ters. As previously noted (Peterson and Mooseker, 1992), expres-
sion of the brush border proteins villin-1 and sucrase-isomaltase (SI) 
increased with polarization of Caco2-BBE cells (Figure 1, B and D). 
Caco2-BBE cells expressed low levels of Rab25 on day 3, with in-
creasing levels of expression during polarization over 15 d on Tran-
swells (Figure 1, C and D). No significant changes were observed in 
the expression of other Rab proteins, including Rab11a, Rab5, 
Rab8a, and Rab21 (Supplemental Figure S1A). Because our earlier 
studies implicated Rab25 in the expression of integrins (Nam et al., 
2010), we evaluated integrin expression during polarization. Of in-
terest, as previously noted (Levy et al., 1998), expression of both 
α2-integrin and β1-integrin was highest at 3 d in culture and de-
creased during polarization (Figure 1, B and D). In contrast, expres-
sion of α5-integrin increased during polarization, similar to the pat-
tern for Rab25 (Figure 1, B and D). We observed a similar increase in 
Rab25 and α5-integrin expression during polarization in HCA-7 
cells; however, levels of α2-integrin and β1-integrin remained stable 
throughout 15 d of culture on Transwells (Supplemental Figure 1B). 
These results suggested that increases in Rab25 and α5-integrin ex-
pression might be characteristic of colonic cell polarization.

We next sought to evaluate whether changes in Rab25 protein 
expression were a reflection of changes in gene expression during 
polarization. The reverse transcription (RT)-PCR and quantitative 
PCR analysis (Figure 1, E and F) showed that the expression of Rab25 
mRNA increased significantly on both 8 and 15 d in culture for 
Caco2-BBE cells. Thus Rab25 gene and protein expression were 
both increased during the process of Caco2-BBE cell polarization.

Knockdown of Rab25 alters integrin expression and 
localization in polarized Caco2-BBE cells
The integrins are heterodimeric transmembrane proteins com-
posed of α and β subunits, which heterodimerize in different com-
binations. Increasing evidence indicates that alterations in Rab25 
regulate integrin expression, especially α5- and β1-integrins, both 
in vivo and in vitro (Cheng et al., 2004; Caswell et al., 2007; Nam 
et al., 2010; Lapierre et al., 2011). Therefore we examined the role 
of Rab25 in the regulation of multiple isoforms of α- and β-integrins 
at different stages of polarity. We established Caco2-BBE cell lines 
stably expressing 1) scrambled shRNA (Control), 2) shRNA directed 
against human Rab25 (Rab25KD), and 3) Rab25KD cells with rein-
troduction of rabbit Rab25 (Rescue). In Rab25KD cells, Rab25 
mRNA (Figure 2A) and protein expression (Figure 2B and Supple-
mental Figure S2A) were greatly reduced throughout culture for up 
to 15 d. Rescue with rabbit Rab25 expression did not alter the 
knockdown of endogenous human Rab25 mRNA in the Caco2-BBE 
cells (Figure 2A). The expression of Rabbit Rab25 in Rescue cells 
remained stable throughout 15 d of polarized cell culture (unpub-
lished data). Of note, Rab25 knockdown did not elicit any signifi-
cant changes in the expression of Rab5, Rab8a, Rab11a, or Rab21 
(Supplemental Figure S1C).

We next examined the effects of Rab25 knockdown and rescue 
on the expression of integrins. As seen in Figure 1B, α5-integrin 
expression increased with polarity, but Rab25KD cells showed a 
prominent loss of α5-integrin expression throughout 15 d in culture 

MDCK cell polarity and the establishment of apical specializations 
such as primary cilia (Boehlke et al., 2010; Bryant et al., 2010; Roland 
et al., 2011). Much less is known about trafficking pathways in polar-
ized intestinal epithelial cells. The junctions of polarized intestinal 
epithelial cells are clearly undergoing continuous remodeling medi-
ated by vesicle trafficking (Shen et al., 2008). In addition, correct 
trafficking of integrins to appropriate plasma membrane surfaces is 
required for polarized intestinal epithelial function (Kuwada and Li, 
2000). Furthermore, the recent identification of mutations in myosin 
Vb as the cause of the loss of microvilli in neonates with microvillus 
inclusion disease has highlighted the importance of membrane traf-
ficking pathways in establishing the components of the apical intes-
tinal brush border (Erickson et al., 2008; Muller et al., 2008).

We previously demonstrated that the epithelial-specific small 
GTPase Rab25 (Goldenring et al., 1993) is a candidate tumor sup-
pressor in the colon (Nam et al., 2010). Other studies also impli-
cated Rab25 in carcinogenesis in other epithelial cancers (Cheng 
et al., 2004, 2006, 2010; Vuoriluoto et al., 2011; Dozynkiewicz et al., 
2012). Human colon cancers demonstrate a stage-independent re-
duction in Rab25 expression (Nam et al., 2010). Moreover, whereas 
Rab25-deficient mice do not manifest a significant intestinal pheno-
type, the combination of Rab25 knockout with either expression of 
mutant APCMin or heterozygous loss of Smad3 induces accelerated 
intestinal neoplasia (Nam et al., 2010). In particular, Rab25−/−;Smad3+/− 
mice develop large, regionally invasive colon cancers. Although 
these studies established Rab25 as a tumor suppressor in the colon, 
they could not address the range of cell polarity changes that might 
account for the induction of neoplasia.

We investigated the molecular mechanisms responsible for the 
aberrant effects of Rab25 loss in enterocytes through the examina-
tion of the knockdown of Rab25 expression in polarized Caco2-
BBE cells. Caco2-BBE cells comprise a critical model of intestinal 
epithelial cells because they polarize and elaborate a mature and 
well-organized microvillar brush border during 15 d of culture on 
permeable Transwell filters (Peterson and Mooseker, 1992). We 
found that short hairpin RNA (shRNA)–mediated knockdown of 
Rab25 expression in Caco2-BBE cells leads to a loss of α5β1-
integrins at the plasma membrane and these changes are reversed 
by reintroduction of rabbit Rab25. Moreover, loss of Rab25 expres-
sion also elicited alterations in claudins, increases in transepithelial 
resistance, increases in soft agar colony formation, and increases in 
cell invasion. Rab25 loss also caused alterations in a discrete set of 
genes, including down-regulation of transcripts for α5-integrin and 
up-regulation of sucrase isomaltase transcripts. Of importance, 
Rab25 loss also down-regulated expression of the transcriptional 
regulator ETV4, and reintroduction of ETV4 into Rab25 knockdown 
cells led to normalization of α5-integrin and sucrase isomaltase ex-
pression. These findings demonstrate that Rab25 regulates intesti-
nal cell polarity through regulation of gene transcription.

RESULTS
Rab25 is up-regulated during polarization 
in Caco2-BBE cells
Although recent studies suggested that Rab25 is a tumor suppres-
sor in mice and humans for colon cancer (Nam et al., 2010), no pre-
vious investigations examined the association of Rab25 with polarity 
and vesicle trafficking in colonic cell lines. We investigated the ex-
pression of Rab25 in eight different colorectal cancer cell lines. 
Figure 1A demonstrates that all of the cell lines with some capacity 
to polarize and differentiate expressed Rab25 protein. In contrast, 
the poorly differentiated SW480 and SW620 lines did not express 
Rab25. We therefore sought to examine whether Rab25 contributes 
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(Figure 2B and Supplemental Figure S2A). Nevertheless, reintroduc-
tion of untagged rabbit Rab25 in Rescue cells restored α5-integrin 
expression to control levels (Figure 2B). It is important to note that 
we prepared the rescued stable line with untagged Rab25 because 

FIGURE 1: Rab25 expression increases with polarity in polarized epithelial cell lines. (A) Endogenous expression of 
Rab25 in colorectal cancer cell lines. Blots were probed with a polyclonal antibody that was specific for human Rab25. 
(B) Protein expression for enterocyte differentiation markers villin-1 and SI and integrins β1, α2, and α5 were analyzed in 
Caco2-BBE cells grown on Transwells for 3, 8, and 15 d. (C) Rab25 protein expression was assessed in protein lysates 
from Caco2-BBE cells grown on Transwells for 3, 8, and 15 d by immunoblot. (D) Densitometric analysis of protein 
expression in Caco2-BBE cells. *p < 0.0001, #p < 0.0005, and $p < 0.01 compared with protein expression at 3 d. 
(E) Rab25 mRNA levels were analyzed by RT-PCR in Caco2-BBE cells plated as described. (F) The Rab25 mRNA 
expression was analyzed by quantitative real-time PCR (normalized to GAPDH) in Caco2-BBE cells in different stages of 
polarization. Values (fold change) are mean ± SD from three separate experiments. **p < 0.0005 compared with mRNA 
expression at 3 d.

we found that expression of mCherry-tagged rabbit Rab25 did not 
rescue the changes induced by Rab25 knockdown (unpublished 
data). Whereas α2-integrin expression decreased with polarity in 
Control cells, Rab25 knockdown elicited further decreases in 
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Because these studies all suggested that loss of Rab25 altered 
integrin protein expression, we evaluated the distribution of integ-
rins by immunofluorescence microscopy. Unfortunately, no specific 
antibodies are available to assess α2-integrin expression with im-
munofluorescence, so we examined the distribution of α5-integrin 
and β1-integrin. Rab25KD cells showed a decrease in overall α5-
integrin expression and a marked decrease in plasma membrane 
α5-integrin at 3, 8, and 15 d in culture (Figure 3A). These decreases 
were abrogated in the Rab25 Rescue cells (Figure 3A). No changes 
were observed for lateral membrane expression of E-cadherin in 
Rab25KD or Rab25 Rescue cells throughout 15 d in culture (Figure 
3B). Similar to the findings for α5-integrin, in Rab25KD cells we also 
observed losses of β1-integrin expression, especially at the plasma 
membrane, which were again rescued with reintroduction of rabbit 
Rab25 (Figure 3C).

Given the changes in integrin expression, we also sought to 
evaluate the expression of mRNA transcripts for α5-integrin and 
β1-integrin. Supplemental Figure S3A demonstrates that knock-
down of Rab25 elicited decreases in α5-integrin mRNA expression 
that were significant at 8 and 15 d of polarized culture. Neverthe-
less, Rab25 Rescue cells showed normal levels of α5-integrin 
mRNA expression. In contrast, we did not see any decreases in 
β1-integrin mRNA in the Rab25KD-Caco2-BBE cell lines during 15 
d of culture (Supplemental Figure S3B). These studies indicated 
that Rab25 might influence gene expression in Caco2-BBE cells.

Rab25 regulates integrin localization in Caco2-BBE cells
Caswell et al. (2007) demonstrated that overexpressed Rab25 in 
ovarian cancer cells directly interacts with α5β1-integrin. We 
therefore sought to examine whether Rab25 associated directly 
with α5β1-integrin in Caco2-BBE cells. We first compared the dis-
tribution of endogenous Rab25 with endogenous Rab11a. We 
observed only a small overlap of endogenous Rab25-staining 
vesicles with Rab11a (Figure 4A). The Manders coefficients for co-
localization and Pearson’s coefficient were higher than those seen 
for colocalization between the Golgi marker GM130 and Rab25 
but still showed only a minor overlap (Figure 4E). A recent investi-
gation in ovarian cells suggested that Rab25 might associate with 
elements of the late endosomal system (Dozynkiewicz et al., 
2012). We therefore also examined whether Rab25-containing 
vesicles were late endosomes. Figure 4B demonstrates that there 
was little overlap of endogenous Rab25 staining with Rab7 stain-
ing and both the Manders coefficients and Pearson’s coefficient 
were generally lower than those seen with Rab11a (Figure 4E), 
suggesting that the Rab25 vesicles were distinct from Rab7-stain-
ing late endosomes. We next examined whether integrins local-
ized with Rab25 on trafficking vesicles. Figure 4, C and D, shows 
that both α5-integrin and β1-integrin staining was present in 
Rab25-containing vesicles. High Manders coefficients were seen 
with both integrins, with >20% of each associated with Rab25-
containing vesicles. Finally, we examined whether Rab25 directly 
interacted with the integrins in Caco2-BBE cells. For these stud-
ies, we constructed a second Rescue line stably expressing myc-
tagged rabbit Rab25 in Rab25KD cells. Unlike the fluorescent 
protein chimeras, the smaller myc tag allowed rescue. By immu-
noisolating myc-Rab25 from rescued cells and evaluating integrin 
coisolation in Western blots (Figure 4E), we found that both α5-
integrin and β1-integrin were coisolated with myc-Rab25. We also 
determined that immunoprecipitating antibodies against endog-
enous α5-integrin could coisolate myc-Rab25 (Figure 4F). All of 
these studies suggest that Rab25-containing vesicles can traffic 
α5β1-integrins.

expression. However, in the Rab25 Rescue line, α2-integrin levels 
were maintained at the levels seen in Control cells (Figure 2B and 
Supplemental Figure S2B). The maintenance of α2-integrin expres-
sion may reflect the stable expression levels for Rab25 throughout 
the culture period, consistent with expression from pCB6-Rab25. 
Whereas β1-integrin levels also declined in Control cells during 15 d 
of polarization on filters, Rab25KD cells showed significant decreases 
in β1-integrin expression (Figure 2B). The decreases in β1-integrin 
expression were reversed by reintroduction of rabbit Rab25 in Res-
cue cells but only to the levels of Control cells at 3, 8, or 15 d in 
culture (Figure 2B and Supplemental Figure S2B). We also observed 
a decrease in fibronectin expression during culture of cells on filters, 
but this was not significantly altered by either knockdown of Rab25 
expression or Rescue (Figure 2B and Supplemental Figure S2C).

FIGURE 2: Alteration of Rab25 expression alters expression of 
integrins. Caco2-BBE cell lines were prepared stably expressing 
scrambled shRNA (Control, C), shRNA targeting human Rab25 
(KD, K), and Rab25KD cells stably reexpressing rabbit Rab25 (Rescue, 
R). Cells were grown on Transwell filters for 3, 8, and 15 d. 
(A) Quantitative real-time PCR was used to analyze expression of 
endogenous human Rab25. *p < 0.001 compared with days-matched 
Control, #p ≤ 0.0005 compared with expression on day 3. Data are 
representative of three separate experiments. (B) Cell lysates were 
analyzed for human Rab25 (Hu Rab25), integrins β1, α2, and α5, and 
fibronectin by immunoblotting. The membrane was reprobed for 
β-actin as a loading control.
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microscopy (SEM). Figure 5A demonstrates that, compared with the 
well-organized brush border observed in Control cells, the Rab25KD 
cells showed a sparser and more disorganized brush border, with 
clustering of microvillar groups rather than a tightly packed brush 
border. Reintroduction of rabbit Rab25 elicited a return of the more 
organized brush border configuration. Given these findings, we 
next examined the expression and distribution of the brush border 
components villin-1 and sucrase isomaltase. By Western blots, villin 
protein levels were only slightly decreased by Rab25 knockdown at 
all three days studied (Figure 5B and Supplemental Figure S4A). By 
immunofluorescence, we did observe a decrease in villin staining 
in apical region of the cells (Figure 5C). This loss in apical villin was 
restored with reintroduction of Rab25 in Rescue cells.

In contrast with villin, in Rab25KD cells we observed a surprising 
up-regulation of sucrase isomaltase expression, especially at 8 and 
15 d of culture (Figure 5B and Supplemental Figure S4B). In Rescue 
cells, sucrase isomaltase levels returned to those observed in Con-
trol cells. By immunofluorescence, 15 d cultured cells showed ele-
vated SI staining, which was distributed throughout the cytoplasm. 
However, there was an apparent absence of SI in the apical mem-
branes (Figure 5D). Reexpression of Rab25 in Rescue cells reestab-
lished a more normal pattern of SI distribution in the apical mem-
branes. As with the integrins, we also evaluated the effects of Rab25 
knockdown and Rescue on the expression of SI mRNA transcripts 
(Figure 5E). Of interest, Rab25 knockdown elicited a marked eleva-
tion of SI transcript expression that returned to control levels in cells 
rescued with rabbit Rab25 (Figure 5E). The results indicate that 
Rab25 regulates both assembly of the brush border and gene tran-
scription of brush border components.

Rab25 depletion alters claudin expression
Tight junctions provide a continuous intercellular seal, mediate par-
acellular transport, act as fence between apical and basolateral 
membranes, and regulate cell polarity (Shen et al., 2008). Because 
depletion of Rab25 caused perturbation of the apical membrane 
specializations, we evaluated whether loss of Rab25 affected tight 
junction proteins and their function. We first measured the transepi-
thelial resistance (TER) in all three cell lines from day 3 to day 15 
(Figure 6A). The TER values increased from day 3 to day 15 in all 
three cell lines. However, compared with Control cells, we observed 
a prominent increase in TER in Rab25 KD cells after 8 d in culture. 
Rescue cells with rabbit Rab25 expression showed lower TER than 
Controls throughout the 15 d in culture (Figure 6A).

The alterations in TER suggested that Rab25 might regulate tight 
junction components. We therefore analyzed tight junction proteins 
by Western blots (Figure 6B and Supplemental Figure S4, C and D). 
Similar to previous findings (Buzza et al., 2010), the Control Caco2-
BBE cells expressed low levels of claudin-1 in less polarized cells 
(day 3), with increasing amounts observed at 8 and 15 d in culture 
(Figure 6B and Supplemental Figure S4C). In contrast, we observed 
a decrease in the expression of claudin-2 in Control cells during the 
15 d in culture. In the Rab25KD cells, we observed a prominent in-
crease in claudin-1 expression. Overall, levels of claudin-2 expres-
sion during polarizing cell culture showed little significant change 
except at 15 d (Supplemental Figure S4C). In Rab25 Rescue cells, 
we found a decrease of claudin-1 expression toward control levels 
(Figure 6B and Supplemental Figure S4C). In addition, we also ex-
amined the expression of claudin-3, -4, and -7. Expression of clau-
din-3 and claudin-4 was stable throughout the 15 d in culture in 
Control cells. Rab25KD cells showed small, consistent decreases in 
the expression of claudin-3 and claudin-4 that were reversed in the 
Rab25 Rescue cells (Figure 6B and Supplemental Figure S4C). 

Rab25 alters the development of the brush border
To examine the effects of Rab25 loss on the formation of the apical 
brush border, we examined Control, Rab25KD, and Rab25 Rescue 
cell lines cultured for 15 d on Transwell filters by scanning electron 

FIGURE 3: Rab25 depletion causes a loss of integrins from Caco2-
BBE cells. (A) All three Caco2-BBE cell lines at different stages of 
polarity were fixed with methanol and stained for α5-integrin. X-Z 
confocal fluorescence images are shown and are representative of at 
least three experiments. (B) Cells grown as in A were stained for 
E-cadherin. X-Z confocal fluorescence images are shown and are 
representative of at least three experiments. (C) To test the 
localization for β1-integrin, Caco2-BBE cells were fixed with 
paraformaldehyde and stained for human β1-integrin. X-Z confocal 
fluorescence images are shown above single X-Y sections. The 
experiments were repeated at least three times. Bar, 10 μm.
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tight junctions for claudin-2, claudin-3, and claudin-4 (Supplemental 
Figures S6–S8). Overall, these studies suggest that alterations in the 
ratios between claudin-1 and claudin-2 expression could account for 
the differences in TER observed in Rab25KD cells.

Rab25KD cells show increased colony formation 
and cell invasion
Because alterations in integrins and tight junction proteins can lead 
to changes in cancer cell invasion, we examined these properties in 
the Control, Rab25KD, and Rescue cell lines. In soft agar colony 
formation assays, we observed a twofold increase in the number of 
colonies formed and a significant increase in colony size in Rab25KD 

Claudin-7 expression increased during the 15 d in culture for all 
three cell lines, but expression was not affected by loss of Rab25 
expression (Supplemental Figure S4D). We also did not observe any 
changes in the expression of either ZO-1 or occludin in any of the 
cell lines throughout the 15 d in polarizing culture (Supplemental 
Figure S4D).

We next evaluated the distribution of claudins using immuno-
staining (Supplemental Figures S5–S8). These studies confirmed that 
Rab25KD caused an increase in claudin-1 staining, with more promi-
nent extension of claudin-1 along the lateral membrane compared 
with Control or Rescue cells (Supplemental Figure S5). In contrast, in 
Rab25KD cells, we observed prominent decreases in the staining of 

FIGURE 4: Rab25 associates with α5β1-integrin in Caco2-BBE cells. (A) Caco2-BBE cells were grown on Transwells and 
stained for endogenous expression of Rab25 and Rab11a. For the colocalization of Rab25 with (B) Rab7, (C) α5-integrin, 
and (D) β1-integrin, the BBE cells were grown on Transwells for 8 d, fixed with 4% paraformaldehyde, and stained using 
a TSA Kit. Bars, 10 μm. (E) Colocalization between Rab25 and other immunostains was determined, and the Manders 
comparison coefficients and Pearson coefficient were calculated. (F) Rab25KD cells stably transfected with myc-rabbit 
Rab25 were grown on Transwell filters for 5 d in culture and lysed with 1% CHAPS buffer, and immunoprecipitations 
were performed with anti-myc or nonspecific IgG; immunoisolates were probed on Western blots for α5-integrin, 
β1-integrin, and myc. Input staining at right was for 20% of the lysate used in the immunoprecipitations. (G) Cells were 
lysed as in F, and immunoprecipitations were performed with anti–human α5-integrin or nonspecific IgG; 
immunoisolations were analyzed in Western blots for myc and α5-integrin. Input staining at right was for 20% of the 
lysate used in the immunoprecipitations. Results are representative of three separate experiments.
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decreased in Rab25KD cells and then restored to control levels in 
Rescued cells. We identified only 29 genes with greater-than-four-
fold changes between Control and Rab25KD that were normalized 
in the Rescue cell line (Table 1). Twenty-two transcripts were up-
regulated with loss of Rab25, and seven transcripts were down-
regulated. Among these transcripts, as seen by quantitative PCR, 
α5-integrin was down-regulated and SI was up-regulated. Pathway 
analyses suggested that most of the genes altered by Rab25 
knockdown were related to either glucose metabolism or retinoic 
acid pathways.

Although these findings suggested that Rab25 loss could effect 
significant changes in gene transcription, we found no evidence, by 
either isolation of nuclei or immunofluorescence staining, that Rab25 
traverses into the nucleus in Caco2-BBE cells (unpublished data). 
Among the 29 genes, we identified only one transcription factor: 
ETS translocation variant 4 (ETV4, also known as E1AF or PEA3). We 
examined the expression of ETV4 during polarization of Caco2-BBE 

cells compared with Control cells (Figure 7A). Reintroduction of rab-
bit Rab25 in Rescue cells reversed the effects of Rab25 knockdown. 
In general, Caco2-BBE cells show slow migration in cell invasion as-
says. We studied cell-invasive capacity using an xCELLigence sys-
tem (Roche) for continuous monitoring of the cell migration (Figure 
7B). We did not observe any migration until ∼25 h in culture, after 
which we observed an acceleration in migration by Rab25KD cells 
that was not observed in either Control or Rescue cell lines. These 
findings indicate that loss of Rab25 can promote invasive character-
istics in Caco2-BBE cells.

Modulation of Rab25 alters the gene expression
Because our investigations suggested that loss of Rab25 was as-
sociated with decreases in α5-integrin mRNA expression, we per-
formed gene microarray analysis of mRNA transcripts in Control, 
Rab25KD, and Rescue Caco2-BBE cell lines. We sought to identify 
transcripts whose expression was either significantly increased or 

FIGURE 5: Rab25 loss alters the Caco2-BBE apical brush border. (A) Scanning electron microscopy was used to visualize 
the apical brush border in Control, Rab25KD, and Rab25 Rescue cells. Cells were grown on Transwell filters for 15 d and 
fixed with 3% glutaraldehyde in SEM buffer. Bar, 10 μm (left and middle), 1 μm (right). (B) Protein expression of villin-1 
and the apical membrane-anchored hydrolase SI were analyzed in total cell lysates by Western blot at different stages of 
polarity in Control, Rab25KD, and Rescue cells. (C) The three cell lines were fixed with 4% PFA on the indicated days 
and stained for villin-1. X-Z confocal fluorescence images shown are representative of three separate experiments. Bar, 
10 μm. (D) Control, Rab25KD, and Rescue Caco2-BBE cells were grown for 15 d on Transwell filters, fixed with 4% PFA, 
and stained for SI (red in merge) and F-actin (green in merge). X-Z confocal fluorescence images shown are 
representative of three separate experiments. Bar, 10 μm. (E) RNA was isolated from all three cell lines, and SI mRNA 
expression was analyzed by quantitative RT-PCR. The data are from at least three separate experiments and are 
presented as the mean ± SD. #p < 0.001 compared with 3-d control value, $p ≤ 0.05 compared with 8-d control value, 
*p < 0.0001 compared with days-matched control, and +p < 0.001 compared with Rab25KD.
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DISCUSSION
A number of investigations over the past decade have led to the 
concept that a loss of polarity is a central driver in the early stages of 
carcinogenesis. These changes at cellular junctions can involve the 
mistrafficking of adhesion molecules such as integrins or junctional 
components such as claudins or alterations in the assembly of pro-
teins such as catenins. All of these scenarios lead to losses in polar-
ized function that individually do not induce phenotypic transforma-
tion. Instead, it appears that multiple deficits must be present to 
induce frank carcinogenesis. Previous studies demonstrated that 
Rab25 loss, in combination with other alterations in cell behavior, 
can lead to accelerated tumor formation in the intestine and colon 
(Nam et al., 2010). The results detailed in the present studies indicate 
that Rab25 loss not only can alter trafficking pathways for integrins 

cells. No antibodies are available against ETV4 for immunoblot 
analysis, so we evaluated ETV4 expression by IF. Of interest, the 
expression of ETV4 immunostaining (Supplemental Figure S9) de-
creased with polarity. By immunostaining, Rab25 KD cells had lower 
expression of ETV4 in the nucleus. Rescue of Rab25 elicited an in-
crease in nuclear ETV4 staining (Supplemental Figure S9). We there-
fore examined whether ETV4 could be the downstream target of the 
loss of Rab25 by overexpressing mCherry-ETV4 in Rab25 KD cells 
(Figure 8) and evaluating rescue of the Rab25KD phenotype. Over-
expression of ETV4 caused a reduction of SI protein and an increase 
in α5- and β1-integrins expression similar to that observed in cells 
rescued with either untagged or Myc-tagged rabbit Rab25 (Figure 
8). These results suggest that Rab25 controls gene transcription of 
these critical polarity proteins through the regulation of ETV4 
expression.

FIGURE 6: Rab25 depletion alters the transepithelial resistance and 
claudin expression. (A) TER was measured in all cell lines from day 3 to 
day 15 on Transwell filters. During this period, the media were 
changed every day, and TER was measured in 24-well Transwell 
inserts. Results are expressed in ohm-cm2 and are representative of 
three separate experiments. (B) Equal amounts of total protein lysates 
(20 μg) from Control, Rab25KD, and Rescue cells were analyzed by 
Western blots for tight junction proteins. The blots were subsequently 
stripped and reprobed for β-actin as a loading control. The results are 
representative of three separate experiments.

FIGURE 7: Rab25 loss promotes soft agar colony formation and 
increases the cell migration in Caco2-BBE cells. (A) Control, Rab25KD, 
and Rescue cell lines were mixed with 0.6% low-melting agarose in 
DMEM media. Cells were allowed to grow for 21 d. After 21 d, 
colonies were counted using a GelCount colony counter. Rab25KD 
cells showed significant increases in the number, as well as in the 
diameter, of colonies compared with Control and Rescue cells. 
*p ≤ 0.005 compared with number of colony formed in control, and 
#p ≤ 0.0001 compared with size of the colony formed in control. 
(B) The three Caco2-BBE cell lines were plated in the top chambers of 
xCELLigence CIM Plates with serum-free media and serum-containing 
media and loaded into the lower chamber. The cells were incubated in 
the RTCA DP Analyzer inside the incubator and measurements were 
taken every 15 min for 55 h. The representative traces from one 
experiment show that Rab25KD cells showed increased migration 
after 24 h, whereas Control and Rescue cells showed more indolent 
migration throughout. The experiments were performed in triplicate.
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properties (Kuwada and Li, 2000). The overexpression of α5β1-
integrin in HT29 colon carcinoma cells dramatically reduced tum-
origenicity (Varner et al., 1995). Although the different tumor sup-
pressor and tumor promoter activities of Rab25 are not clear, 
Norman and colleagues suggested that when CLIC3 is expressed, 
Rab25 is a tumor promoter, whereas it acts as a tumor suppressor in 
cells lacking CLIC3 expression (Dozynkiewicz et al., 2012). Indeed, 
we found only low levels of CLIC3 expressed in Caco2-BBE cells 
(unpublished data). Nevertheless, in both ovarian and intestinal sys-
tems, there appears to be consistent data that Rab25 can associate 
directly with α5β1-integrin. Caswell et al. (2007) found evidence for 
a direct association of overexpressed Rab25 in ovarian cells. In our 
present investigations, we also observed an association of Rab25 
with α5β1-integrins in Caco2-BBE cells. These results suggest that 
Rab25 mediates context-dependent trafficking decisions that 

and claudins, but can also influence gene expression of a discrete 
set of transcripts relevant to the maintenance of polarity.

The loss of aspects of cellular polarity is a major determinant of 
cell behavior. Previous studies (Bretscher, 1992; Roberts et al., 2001; 
Pellinen et al., 2006) showed that most of the integrins are internal-
ized from the membrane into recycling compartments and recycled 
back to cell surface using small GTPases. Other studies (Cheng 
et al., 2004; Caswell et al., 2007) implicated Rab25 as a tumor pro-
moter in ovarian cancer cells, in which increases in Rab25 expres-
sion cause changes in α5β1-integrins. In contrast, we observed that 
membrane localization of β1-integrin in enterocytes is disrupted in 
Rab25-knockout mice (Nam et al., 2010). Previous studies also 
showed that loss of β1-integrin in the intestinal enterocytes pro-
motes intestinal tumor formation in the mouse and knockdown of 
β1-integrin expression in Caco2 cells leads to increased invasive 

Probe Fold change Gene GenBank Gene description

8091811 4.66 SI BC132834 Sucrase isomaltase

8007429 3.41 G6PC U01120 Glucose-6-phosphatase, catalytic subunit

8162884 3.01 ALDOB AK290795 Aldolase B, fructose-bisphosphate

8103326 2.97 FGG BC007044 Fibrinogen γ chain

8017766 2.90 APOH BC026283 Apolipoprotein H

8095646 2.80 AFP BC027881 α-Fetoprotein

8008172 2.64 B4GALNT2 BC113675 β-1,4-N-Acetyl-galactosaminyl transferase 2

8020795 2.43 TTR D00096 Transthyretin

8127072 2.39 GSTA1 BC053578 Glutathione S-transferase α1

8100758 2.38 UGT2B7 J05428 UDP glucuronosyltransferase 2 family, polypeptide B7

8097910 2.33 FGB BC107766 Fibrinogen β chain

8160670 2.24 AQP3 AK095363 Aquaporin 3

7932326 2.22 CUBN AF034611 Cubilin

8162502 2.18 FBP1 BC012927 Fructose-1,6-bisphosphatase 1

8103311 2.16 FGA M58569 Fibrinogen α chain

7909441 2.15 G0S2 BC009694 G0/g1switch 2

7940341 2.08 MS4A10 BC137259 Membrane-spanning 4-domains, subfamily A, member 10

8178115 2.08 CFB|C2 BC004143 Complement factor B

7936871 2.07 OAT BC016928 Ornithine aminotransferase

7945158 2.03 — — U6 spliceosomal RNA

8118345 2.01 CFB|C2 BC004143 Complement factor B

7935116 2.00 RBP4 BC020633 Retinol-binding protein 4, plasma

8059852 –2.00 MSL3L2 AK301707 Male-specific lethal 3-like 2

7909568 –2.03 DTL AK292343 Denticleless homologue

7921099 –2.04 CRABP2 BC001109 Cellular retinoic acid–binding protein 2

8095744 –2.09 AREG BC009799 Amphiregulin

8015806 –2.19 ETV4 BC016623 ETS variant 4

7963786 –2.49 ITGA5 BC008786 Integrin, α5 (fibronectin receptor, α polypeptide)

8048205 –3.09 IGFBP2 BC004312 Insulin-like growth factor–binding protein 2, 36 kDa

Control, Rab25KD, and Rescue Caco2-BBE cell lines were grown on six-well Transwells for 8 d. Total RNA was isolated using TRIzol and treated with RNase-free 
DNase. The replicate total RNA samples from separate experiments were submitted for gene expression analysis by Affymetrix microarrays. Gene transcripts were 
identified with greater-than-fourfold changes between Control and Rab25KD cells that were reversed in the rabbit Rab25 Rescue cells.

TABLE 1: Rab25-regulated gene transcripts.



Volume 24 March 15, 2013 Rab25 regulates colonic cell polarity | 827 

tight junctions. In MDCK cells, expression of a mutant of Rab11-FIP2 
with a serine-to-glutamate mutation that mimics phosphorylation by 
MARK2/Parlb causes a loss of both E-cadherin from adherens junc-
tions and occludin from tight junctions (Lapierre et al., 2012). Of in-
terest, the cells expressing the S227E mutation do not display any 
changes in transepithelial resistance, in part because they show an 
increase in claudin-1 and a decrease in claudin-2 expression. In the 
present studies, we did not observe significant alterations in adhe-
rens junction proteins with loss of Rab25, but we did find an increase 
in the expression of claudin-1 compared with a prominent decrease 
in the expression of claudin-2 and to a lesser extent decreases in 
claudin-3 and -4 in Rab25-knockdown cells. However, we did not 
observe localization of claudins in Rab25-containing vesicles, so it is 
not clear how vesicle-trafficking pathways are involved in these 
changes in junctional properties. The increased expression of 
claudin-1, as well as the decreased expression of claudin-2, is ex-
pected to lead to a decrease in monolayer permeability through the 
formation of cation-selective ion channels at the tight junctions with 
particular affinity for the sodium ions and a resultant increase in tran-
sepithelial resistance (Hou et al., 2006; Van Itallie and Anderson, 
2006). Thus Rab25KD Caco2-BBE cells also demonstrated in-
creased transepithelial resistance. In addition, Rab25KD Caco2-BBE 
cells also displayed increased soft agar colony formation and inva-
sive cell behavior. Although these properties might seem counterin-
tuitive, previous investigations noted that, as observed for Rab25 
loss (Nam et al., 2010), increases in claudin-1 expression were noted 
previously in human colon cancers independent of tumor stage 
(Shiou et al., 2007; Krishnan et al., 2010). Thus alterations in barrier 
junctions, combined with changes in integrins, may lead to invasive 
properties due to changes in the distribution and function of junc-
tional components. In this case, tighter junctional associations of 
cells during invasion may lead to a more efficient cell invasion 
front.

In addition to direct interactions of Rab25 with α5β1-integrins 
that would be expected to influence trafficking, we also observed a 
prominent influence of Rab25 on the expression of α5-integrin 
mRNA transcripts. Rab25 did not influence the mRNA expression of 
β1-integrin but did lead to a decrease in total β1-integrin protein 
expression and loss of β1-integrin protein expression at plasma 
membrane surfaces, similar to that observed in Rab25-deficient 
mice (Nam et al., 2010). We also found that β1-integrin protein 
expression decreased with the assumption of mature polarity 
(Schreider et al., 2002), whereas α5-integrin and Rab25 protein ex-
pression increased during maturation of the polarized monolayer. 
These results suggest that alterations in β1-integrin might be sec-
ondary to the major regulation of α5-integrin gene expression as 
the primary focus for the influence of Rab25 in intestinal cells. No 
such mechanism has been observed in other systems, such as ovar-
ian cancer, that manifest nonpolarized epithelial phenotypes.

Previously, Rab proteins were not associated strongly with 
changes in gene regulation. A recent report noted an increase in a 
number of metabolic genes in association with overexpression of 
Rab25 in ovarian cancer cells (Cheng et al., 2012). Little if any evi-
dence exists for translocation of Rab small GTPases to the nucleus. 
Indeed, we have not been able to find any evidence for Rab25 relo-
cation to the nucleus in Caco2-BBE cells (unpublished data ). Never-
theless, our findings do indicate that loss of Rab25 leads to discrete 
changes in gene expression. Loss of Rab25 leads to both up-regula-
tion and down-regulation of genes involved in polarity. The most 
prominent of these changes are the loss of transcripts for α5-integrin 
and the marked up-regulation of transcripts for SI. Loss of Rab25 
causes the down-regulation of the expression of the transcriptional 

manifest in cell-specific decisions in cargo presentation at epithelial 
cell surfaces.

Of importance, whereas both Rab11a and Rab11-FIP1C/RCP 
were implicated in the regulation of α5β1-integrin trafficking 
(Caswell and Norman, 2006; Caswell et al., 2007; Lobert et al., 
2010), Rab25 loss did not influence the expression or distribution 
of either Rab11a or Rab11-FIP1C/RCP (unpublished data). Previous 
studies in breast cancer cells demonstrated that α2β1 recycling is 
mediated by Rab21 (Pellinen et al., 2006, 2008). We did not 
observe any change in Rab21 in the Rab25 KD cell line. We also 
observed reductions in the expression of α2-integrin in Rab25KD 
Caco2-BBE cells. All of these findings support a complex and 
dynamic relationship of targeted trafficking events in polarized 
epithelial cells.

Recent investigations demonstrated that elements of the recy-
cling system regulate the protein composition of the adherens and 

FIGURE 8: Rab25 regulates protein expression through expression of 
the transcription factor ETV4. (A) Control, Rab25KD, and Rab25KD 
cells rescued with either untagged rabbit Rab25 (R) or myc-tagged 
rabbit Rab25 (M) were plated on six-well Transwells. For ETV4 
expression, the Rab25KD cells were transiently transfected with 
mCherry-ETV4 (E). After 8 d in culture, the cells were lysed with RIPA 
and analyzed by Western blot for endogenous human Rab25, 
β1-integrin, α5-integrin, and SI. The membrane was reprobed for myc 
and mCherry to demonstrate expression of the myc-Rab25 and 
mCherry-ETV4, respectively. (B) Quantitative analysis of three 
separate experiments. *p < 0.001, #p < 0.05 compared with control 
value.
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Ab50533; Abcam, Cambridge, MA); Myc-Tag for WB and immuno-
precipitation (1:3000/1:50; Vanderbilt Antibody and Protein 
Resource; VAPR9E10); and affinity-purified rabbit anti-Rab8a for 
WB (1:3000; Roland et al., 2007). The secondary antibodies (Cy3, 
Cy5, and horseradish peroxidase conjugated) were obtained from 
Jackson ImmunoResearch Laboratories (West Grove, PA). Agar 
was from Lonza (Rockland, ME) and High Capacity cDNA Reverse 
Transcription Kits were purchased from Applied Biosystems (Foster 
City, CA).

Rab25 knockdown and DNA constructs
The lentiviral vectors for shRNA targeting human Rab25 and 
scrambled control shRNA were purchased from Open Biosystems 
(Lafayette, CO). The shRNA against Rab25 and control shRNA were 
transfected in HEK293T cells along with packaging vector (pR8.2) 
and ENV plasmid (pMDG.2) using Effectene reagent (Qiagen, 
Valencia, CA). The next day the HEK cells were washed and refed 
with the same media used for the Caco2-BBE cells. After another 
48 h the cell supernatant was collected and filtered through a 
0.45 μM filter. Caco2-BBE cells were infected with 50% lentiviral-
containing media and 50% fresh media with polybrine (5 mg/ml). 
The cells were stably selected (after 72–96 h of infection) using puro-
mycin (2 μg/ml), and stable cell lines were maintained with 1 μg/ml 
puromycin. The Rab25 knockdown was confirmed by immunoblot-
ting using anti–human Rab25 antibodies. The cells stably expressing 
rabbit Rab25 were established by transfection of pCB6-rabbit Rab25 
(Casanova et al., 1999) into Rab25-knockdown cells, and clones 
were selected with 200 μg/ml G418 and 1 μg/ml puromycin. The 
rabbit Rab25 sequenced was recloned into pMYC-C2 vector be-
tween EcoRI and SalI. This myc-tagged rabbit Rab25 expression 
vector was then used to establish stable rescue lines by transfection 
into Rab25-knockdown cells and G418 selection as described.

Immunoblot
The Caco2-BBE-Control, Rab25KD, and Rescue (both untagged 
rabbit Rab25 and myc–rabbit Rab25) cells were plated on six-well 
Transwells for 3, 8, and 15 d and then washed with phosphate-buf-
fered saline (PBS) and lysed in RIPA buffer (50 mM Tris-Cl, pH 7.4, 
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) 
for 10 min at 4°C. The lysate was sonicated for 25 s and centrifuged 
at 16,000 × g for 10 min. The supernatant was transferred to a new 
tube, and protein concentration was determined by bicinchoninic 
acid (BCA) method using the Pierce BCA protein assay reagent 
(Pierce, Rockford, IL). A 20-μg total protein amount was suspended 
in 1× SDS Sample buffer, heated for 10 min at 70°C, resolved on a 
6–12% SDS–PAGE gel (Laemmli, 1970), and transferred to PVDF 
membrane (Millipore). The blots were blocked in 5% DMP/TBS-T 
(5% dry milk powder in Tris-buffered saline, 0.01% Tween-20). The 
blots were incubated for 2 h at room temperature or overnight at 
4°C with primary antibody diluted in 1% DMP/TBS-T. The blots were 
then washed five times for 5 min at room temperature with TBS-T 
(0.01% Tween-20) and incubated for 1 h at room temperature with 
horseradish peroxidase–conjugated secondary antibodies (Jackson 
ImmunoResearch) and washed five times for 5 min at room tempera-
ture with TBS-T (0.01% Tween-20), followed by one wash with just 
TBS. Specific labeling was detected by chemiluminescence reagent 
(Pierce) with detection using BioMax ML film (Kodak, Rochester, NY). 
The film was scanned, and the amount of protein was evaluated by 
densitometry using ImageJ software (National Institutes of Health, 
Bethesda, MD). The relative band intensity for each protein was 
obtained through normalization to the intensity of immunoreactive 
β-actin bands. The statistical significance was calculated using 

regulator ETV4. Reexpression of ETV4 reestablishes the normal 
expression of both α5-integrin and sucrase isomaltase. It therefore 
appears that a regulatory cascade exists for control of ETV4 expres-
sion that is influenced by Rab25, and transcription of ETV4 mRNA is 
an intermediary regulator of polarity in enterocytes. Although the 
results with ETV4 expression in Caco2-BBE cells suggest a tumor 
suppressor role for ETV4, previous studies suggested that ETV4 is 
up-regulated in invasive colon cancer (Jung et al., 2011). Neverthe-
less, other studies identified ETV4 as a key regulator of epithelial cell 
organization during development (Kuure et al., 2010). Thus, as is the 
case with other critical regulators, such as the epidermal growth 
factor (EGF) receptor, expression of ETV4 in the context of the 
differentiated intestinal phenotype may promote polarity, whereas 
expression in the context of a dedifferentiated neoplastic pheno-
type may promote invasive properties.

In summary, the present investigations demonstrate that Rab25 
regulates intestinal epithelial cell polarity through alterations in inte-
grin gene expression. At present, it is not possible to pinpoint the 
connection between Rab25 and the regulation of ETV4 transcrip-
tion. Further studies will be required to identify transcriptional regu-
lators that might associate with Rab25-containing trafficking mem-
branes. One would assume that sequestration of these factors in the 
cytoplasm with Rab25-containing vesicles might account for ETV4 
transcriptional modulation in a manner similar to that observed for 
regulators such as β-catenin. Nevertheless, these studies do dem-
onstrate that vesicular trafficking proteins can both directly influence 
the localization of critical regulators of polarity and affect polarity 
through the modulation of the cellular transcriptional profile.

MATERIALS AND METHODS
Cell culture and reagents
Caco2-BBE cells were a gift from Matthew J. Tyska (Vanderbilt 
University, Nashville, TN). Cell culture dishes and Transwells were 
purchased from Costar (Cambridge, MA). The human colon cancer 
Caco2-BBE and HCA-7 cell lines and HEK293T cells were grown in 
DMEM media with 10% heat-inactivated fetal bovine serum and 1% 
glutamine and penicillin/streptomycin. The cells were cultured on 
Transwell polycarbonate filters for all the experiments, and media 
were changed every day throughout the culture duration. The fol-
lowing antibodies were used in this study: Rab25 for Western blot 
(WB; 1:1000; R4405; Sigma-Aldrich, St. Louis, MO) or affinity-
purified rabbit anti-Rab25 (1:100; Nam et al., 2010) and murine 
monoclonal anti-Rab25 12C3 for immunofluorescence (IF; 1:50; 
Goldenring et al., 1993); α5-integrin for WB (1:2000; 610633; BD 
Biosciences, San Diego, CA) and for IF (1:100; 555651; BD Biosci-
ences); α2-integrin for WB (1:500; 611016; BD Biosciences); β1-
integrin for WB (1:1000; 610467; BD Biosciences) and for IF (1:50; 
MAB1959; Millipore Billerica, MA); fibronectin for WB (1:1000; 
610077; BD Biosciences); β-actin for WB (1:5000; A5316; Sigma-
Aldrich); SI for WB (1:500; HPA011897; Sigma-Aldrich) and rabbit 
anti-SI for IF (1:100; a gift from Matthew J. Tyska); villin-1 for both 
WB and IF (1:1000/1:50; 2369; Cell Signaling, Beverly, MA); 
claudin-1 for both WB and IF (1:2000/1:200; 51-9000; Invitrogen, 
Carlsbad, CA); claudin-2 for both WB and IF (1:1000/1:100; 51-600; 
Invitrogen); claudin-3 for both WB and IF (1:1000/1:100; 34-1700; 
Invitrogen); claudin-4 for both WB and IF (1:2000/1:200; 32-9400; 
Invitrogen); claudin-7 for WB (1:500; 37-4800; Invitrogen); ZO-1 for 
WB (1:500; 61-7300; Invitrogen); occludin for WB (1:1000; 71-1500; 
Invitrogen); DsRed for WB (1:250; 632496; Clontech, Mountain 
View, CA); rabbit anti-Rab11a for both WB and IF (1:2000/1:200; 
Ducharme et al., 2006); Rab5 for WB (1:2500; 3547; Cell Signaling); 
Rab21 for WB (1:2000; R4405; Sigma-Aldrich); Rab7 for IF (1:200; 
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PCR quantitation
The Control, Rab25KD, and Rescue cell lines were plated on six-
well Transwell filters, and total RNA was extracted using TRIzol re-
agent according to the manufacturer’s instructions. One microgram 
of RNA was treated with RQ1 RNase-free DNase (Promega, 
Madison, WI) and used for cDNA synthesis with random hexamers. 
For RT-PCR, cDNA was made using Advantage 2 RT-PCR kit 
(Clontech, Mountain View, CA) according to the manufacturer’s in-
structions. Two microliters of five-times-diluted cDNA was ampli-
fied using gene-specific primers. β-Actin amplification was used as 
control to normalize the transcript expression. For quantitative 
PCR, the cDNA was prepared using High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems) with a mix of random and 
oligo-dT primers according to the manufacturer’s instructions. 
Real-time PCR was performed using a StepOnePlus real-time PCR 
system with Express SYBR Green ER Supermix (Applied Biosys-
tems) and performed in triplicate for each transcript. The real-time 
PCR data were analyzed by the comparative CT method as de-
scribed by Schmittgen and Livak (2008). The primers were pur-
chased from Sigma Genesys (St. Louis, MO) and validated for melt-
ing temperature and efficiency. The primers for the quantitative 
PCR analysis used were as follows:

Rab25 sense primer: 5′-GACCTCAGCCCTGGACTCTAC-3′

Rab25 antisense primer: 5′-TGATGCAACAGGCCCTCTTCTCC-3′

α5-Integrin sense primer: 5′-TGGAGTCCTCACTGTCCAGC-3′

α5-Integrin antisense primer: 5′-TCGCTCAGTGGCTCCT-
TCTC-3′

β1-Integrin sense primer: 5′-ATTGGCCTTGCATTACTGCTG-3′

β1-Integrin antisense primer: 5′-AGCTACCTAACTGTGAC-
TATGG-3′

SI sense primer: 5′-TGGCAAGAAAGAAATTTAGTGGA-3′

SI antisense primer: 5′-TTATTCTCACATTGACAGGATC-3′

Villin-1 sense primer: 5′-AAGAAAGCCAATGAGCAGGAGAAG-3′

Villin-1 antisense primer: 5′-TTCTCAATGCGCCACACCTG-3′

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) sense 
primer: 5′-AGATCCCTCCAAAATCAAGTGG-3′

GAPDH antisense primer: 5′-GGCAGAGATGATGACCCTTTT-3′

Scanning electron microscopy
A total of 100,000 cells were plated and grown on 12-well Tran-
swells. After 15 d in culture, cells were washed three times with 
PBS. The cells were fixed with 3% glutaraldehyde in SEM buffer 
(0.1 M sodium phosphate buffer, pH 7.4, 0.1 M sucrose) at 4°C 
overnight. Cells were washed with SEM buffer twice, treated with 
1% osmium tetroxide (in SEM buffer) on ice for 1 h, and washed 
three times with SEM buffer. The cells were dehydrated with serial 
dilutions of ethanol (35, 50, 70, 95, and 100%) for 15 min each 
and then incubated with hexamethyldisilazane (HMDS). After the 
HMDS treatment, samples were mounted on stubs and coated 
with gold in a sputter coater. The cells were analyzed using an 
FEI Quanta 250 SEM (Vanderbilt Cell Imaging Shared Resource, 
Vanderbilt University).

Transepithelial resistance measurements
The cell lines were plated on 24-well Transwells, and media were 
changed every day. The TER was measured using a Millicell-ERS 
(Millipore) at three different places on each Transwell. The mean was 
recorded, and the results are expressed in ohm−cm2.

an unpaired Student’s t-test with GraphPad software (GraphPad 
Software, La Jolla, CA). The final graph was made using Prism 
software (GraphPad Software).

Immunofluorescence
The Caco2-BBE-Control, Rab25KD, and Rescue cells were plated 
on 12-well Transwells for 3, 8, and 15 d and then washed with PBS 
and fixed. For claudin staining, Transwells were fixed with metha-
nol for 5 min at −20°C. For all other staining, the cells were fixed 
in 4% paraformaldehyde (PFA) for 20 min at room temperature. 
Cells were washed three times with PBS and then blocked/
extracted for 30 min at room temperature in 10% normal goat 
serum (Jackson ImmunoResearch) and 0.3% Triton X-100 in PBS. 
Transwells were incubated for 2 h at room temperature or over-
night at 4°C with primary antibodies diluted in 1% normal donkey 
serum and 0.005% Tween-20 in PBS. Transwells were washed three 
times for 15 min at room temperature with 0.005% Tween-20 in 
PBS (PBS-T), then incubated for 1 h at room temperature with sec-
ondary antibodies diluted as described, washed three times in 
PBS-T and once in PBS, and then rinsed in water and mounted 
with ProLong Gold plus 4′,6-diamidino-2-phenylindole (DAPI; 
Invitrogen).

All images were captured with an Olympus FV1000 confocal mi-
croscope (Olympus, Tokyo, Japan) or a Zeiss 510 LSM confocal mi-
croscope (Carl Zeiss, Jena, Germany; Vanderbilt Cell Imaging Shared 
Resource, Nashville, TN) using a 60× oil immersion objective with a 
numerical aperture of 1.42 and a 5× optical zoom using the micro-
scope’s software. The individual images were converted to tif files 
with the FV1000 or Zeiss LSM software, and then Photoshop (Adobe, 
San Jose, CA) was used to produce the final figures.

For dual staining of Rab25 with α5-integrin, β1-integrin, and 
Rab7 using a TSA Kit (PerkinElmer, Waltham MA), the Caco2-BBE 
cells were plated on 12-well Transwells for 8 d, washed with PBS, 
and fixed in 4% paraformaldehyde for 20 min at room temperature. 
Cells were washed three times with PBS and then block/extracted 
for 30 min at room temperature in 10% normal goat serum (Jackson 
ImmunoResearch) and 0.3% Triton X-100 in PBS. Transwells were 
incubated for 2 h at room temperature or overnight at 4°C with pri-
mary antibodies diluted in 1% normal donkey serum and 0.005% 
Tween-20 in PBS. Transwells were washed three times for 15 min at 
room temperature with 0.005% Tween-20 in PBS-T and then incu-
bated for 1 h at room temperature with secondary antibodies di-
luted as described and washed three times in PBS-T and once in 
PBS. The cells were blocked as described and incubated with Rab25 
antibody (12C3) overnight at 4°C. The cells were washed five times 
for 5 min at room temperature with PBS-T, and then cells were incu-
bated with specific secondary antibody conjugated with horseradish 
peroxidase. The cells washed five times for 5 min. The secondary 
antibody signal was amplified using cyanine-3 fluorophore–labeled 
tyramide amplification reagent for 7 min. The Transwells were 
washed three times for 5 min and rinsed in water and mounted with 
ProLong Gold plus DAPI (Invitrogen).

All images were captured with an Olympus FV1000 confocal 
microscope or a Zeiss 510 LSM confocal microscope as described. 
The colocalization of Rab25 with Rab11a, Rab7, α5-integrin, or β1-
integrin was quantitated and analyzed using Imaris Software, ver-
sion 7.3.1 (Bitplane, Zurich, Switzerland). For each colocalization 
analysis, 5–10 entire X-Y confocal images were analyzed. The thresh-
old values and single time points were selected from two-dimen-
sional scatter plots and histogram modes for both channels. The 
colocalization matrices were built, and Pearson’s r and the Manders 
coefficients were calculated.
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