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Rab17 regulates apical delivery of hepatic 
transcytotic vesicles

ABSTRACT  A major focus for our laboratory is identifying the molecules and mechanisms 
that regulate basolateral-to-apical transcytosis in polarized hepatocytes. Our most recent 
studies have focused on characterizing the biochemical and functional properties of the small 
rab17 GTPase. We determined that rab17 is a monosumoylated protein and that this modifi-
cation likely mediates selective interactions with the apically located syntaxin 2. Using 
polarized hepatic WIF-B cells exogenously expressing wild-type, dominant active/guanosine 
triphosphate (GTP)-bound, dominant negative/guanosine diphosphate (GDP)-bound, or su-
moylation-deficient/K68R rab17 proteins, we confirmed that rab17 regulates basolateral-to-
apical transcytotic vesicle docking and fusion with the apical surface. We further confirmed 
that transcytosis is impaired from the subapical compartment to the apical surface and that 
GTP-bound and sumoylated rab17 are likely required for apical vesicle docking. Because 
expression of the GTP-bound rab17 led to impaired transcytosis, whereas wild type had no 
effect, we further propose that rab17 GTP hydrolysis is required for vesicle delivery. We also 
determined that transcytosis of three classes of newly synthesized apical residents showed 
similar responses to rab17 mutant expression, indicating that rab17 is a general component 
of the transcytotic machinery required for apically destined vesicle docking and fusion.

INTRODUCTION
Unlike simple epithelial cells that directly target newly synthesized 
glycophosphatidylinositol (GPI)-anchored and single transmem-
brane domain (TMD) proteins from the trans-Golgi network (TGN) to 
the apical membrane, hepatocytes use a more circuitous indirect 

pathway (Bartles et al., 1987; Bartles and Hubbard, 1988; Schell 
et al., 1992; Ihrke et al., 1998; Bastaki et al., 2002; Tuma and 
Hubbard, 2003). In this case, newly synthesized proteins are deliv-
ered from the TGN to the basolateral surface and then selectively 
internalized and delivered to basolateral early endosomes. At the 
endosomes, the proteins are sorted into the transcytotic pathway, 
delivered to the subapical compartment (SAC), and finally sorted 
and delivered to the apical surface (Barr and Hubbard, 1993; Ihrke 
et al., 1993; Tuma and Hubbard, 2003). A major focus of our labora-
tory is to identify the molecules and mechanisms that regulate tran-
scytotic delivery of newly synthesized apical proteins in hepatocytes 
using polarized hepatic WIF-B cells as our model system.

WIF-B cells are an excellent hepatic model system for the study 
of polarized protein trafficking. They enter a terminal differentiation 
program, and after 7–10 d in culture, ∼90% of cells are fully differen-
tiated and exhibit polarized surface domains that are functionally 
and compositionally analogous to the apical and basolateral sur-
faces (Ihrke et al., 1993; Shanks et al., 1994). They display typical 
hepatic polarity where two adjacent cells form bile canalicular 
spaces that are fully sequestered from the external milieu and sub-
stratum (Ihrke et al., 1993; Shanks et al., 1994). Importantly for these 
studies, polarized protein sorting/trafficking pathways are con-
served as they are in hepatocytes in situ. Since the late 1990s, we 
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and our colleagues have characterized WIF-B endocytic and biosyn-
thetic pathways and mapped out the itineraries of recycling recep-
tors, apical and basolateral residents (Tuma et al., 1999, 2001; Tuma 
and Hubbard, 2001, 2003; Nyasae et al., 2003), and have devel-
oped many useful assays for specifically monitoring hepatic protein 
trafficking (Ihrke et al., 1998; Tuma et al., 2001, 2002; Ramnarayanan 
et al., 2007; In et al., 2012, 2014). With such assays in hand, the WIF-
B cells have been used as surrogates for normal hepatocytes by us 
and others in studies of protein trafficking and other fundamental 
hepatic processes in liver health (Meads and Schroer, 1995; 
Chaumontet et al., 1998; Alvarez et al., 1999; Hayes et al., 1999; 
Sturm et al., 2000; Lionne et al., 2001; Neufeld et al., 2002; 
Gradilone et al., 2005; Wakabayashi et al., 2005; Harder et al., 2007; 
Paulusma et al., 2008; Suda et al., 2015) and disease (Graf et al., 
2003; Schaffert et al., 2004; Garuti et al., 2005; Biagini et al., 2006; 
Folmer et al., 2009; Gao et al., 2009; McVicker et al., 2009, 2012; 
Leitch et al., 2010; Pujol et al., 2011; Nyasae et al., 2014).

Our most recent studies have focused on characterizing the 
biochemical and functional properties of the low-molecular-weight 
rab17 GTPase. In the mid-1990s, rab17 was identified as a polar-
ized epithelia-specific rab isoform with enriched expression in liver, 
kidney, and intestine (Lutcke et al., 1993; Lehtonen et al., 1999). Its 
subapical distributions in many different cell types and tissues 
(Lutcke et al., 1993; Hunziker and Peters, 1998; Zacchi et al., 1998; 
Peters and Hunziker, 2001), its copurification with hepatic trans-
cytotic vesicles (Jin et al., 1996), and our findings from split ubiqui-
tin yeast two-hybrid screens that rab17 binds myelin and 
lymphocyte protein 2 (MAL2; a known regulator of hepatic trans-
cytosis) (De Marco et al., 2002; In and Tuma, 2010) have all 
implicated rab17 as a regulator of transcytosis. A role for rab17 in 
transcytosis has been confirmed from studies in polarized mam-
mary gland-derived Eph4 cells and in Madin–Darby canine kidney 
(MDCK) cells (Hunziker and Peters, 1998; Zacchi et al., 1998) but 
with conflicting results. Overexpression of wild-type (WT) rab17 
was found to impair basolateral-to-apical transcytosis in MDCK 
cells, whereas overexpression of the dominant active or dominant 
negative rab17 enhanced transcytosis in the same direction in 
Eph4 cells (Hunziker and Peters, 1998; Zacchi et al., 1998). Despite 
the enriched rab 17 expression in the liver, such transcytosis stud-
ies have not been performed in polarized hepatocytes.

More recently, rab17 expression has been detected in hippo-
campus and in melanocytes (Beaumont et al., 2011; Mori et al., 
2012). Functional studies using hippocampal neurons indicate that 
rab17 mediates cargo delivery to developing dendrites and den-
dritic spines, thereby regulating dendrite formation (Mori et al., 
2012). In melanocytes, rab17 knockdown led to increased intracel-
lular melanin without corresponding changes in melanosome mat-
uration or movement. Because filipodia (the putative melanin re-
lease sites) formation was also impaired, the authors concluded 
that increased melanin content is due to impaired melanosome 
fusion (Beaumont et al., 2011). These newer findings additionally 
implicate rab17 as a mediator of membrane fusion with the cell 
surface. Thus, we hypothesize that rab17 functions in hepatic tran-
scytotic vesicle docking and fusion at the apical membrane by 
interacting with the soluble N-ethylmaleimide–sensitive factor 
activating protein receptor (SNARE)-mediated machinery. This hy-
pothesis is further supported by our recent findings that rab17 
specifically interacts with the apically located syntaxin 2 but not 
syntaxin 3 (also apically located) or syntaxin 4 (basolaterally lo-
cated) (Striz and Tuma, 2016).

To directly test our hypothesis that rab17 mediates hepatic tran-
scytotic vesicle docking and fusion at the apical membrane, we 

monitored the basolateral-to-apical transcytosis of three classes of 
newly synthesized apical residents including 5′ nucleotidase (5′NT) 
(GPI-anchored), aminopeptidase N (APN; single TMD integral 
membrane protein), and polymeric IgA-receptor (pIgA-R; a “profes-
sional” transcytosing protein) in cells expressing wild-type, guano-
sine triphosphate (GTP)-bound/Q77L, guanosine diphosphate 
(GDP)-bound/N132I, and sumo-deficient/K68R rab17. Our data 
confirm a role for rab17 in regulating hepatic basolateral-to-apical 
transcytosis and implicate that rab17 sumoylation and GTP hydroly-
sis are required for docking and fusion of hepatic transcytotic vesi-
cles from the SAC to the apical surface. Because rab17 has been 
implicated as a tumor suppressor in the progression of human hepa-
tocellular carcinoma (Qi et al., 2015; Wang et al., 2015), these results 
are clinically significant and may lead to the development of novel 
therapeutic strategies.

RESULTS
Rab17 regulates basolateral-to-apical transcytosis in 
polarized hepatocytes
In Figure 1A, the typical, polarized hepatic morphology of the 
terminally differentiated WIF-B cells is shown. The phase lucent 
structures formed between two cells are functionally and composi-
tionally analogous to bile canaliculi that are fully sequestered from 
the external milieu with tight junctions separating them from the ba-
solateral domain. To first determine whether overexpression of wild-
type rab17 impairs hepatic transcytosis as observed in MDCK cells, 
we monitored the constitutive basolateral-to-apical trafficking of 
three classes of newly synthesized apical residents: 5′NT (GPI-an-
chored), APN (single TMD), and pIgA-R (“professional” transcytotic 
cargo, i.e., a protein that transcytoses in all epithelial cell types) in 
control (uninfected) or wild-type rab17-expressing cells as we have 
described (Ihrke et al., 1998; Ramnarayanan et al., 2007; In and 
Tuma, 2010; In et al., 2012; Groebner et al., 2014). As we have previ-
ously shown, wild-type rab17 is detected as both a 25-kDa and a 
40-kDa monosumoylated species (Figure 1B) (Striz and Tuma, 2016).

Live cells were basolaterally labeled with antibodies specific to 
external epitopes of the apical proteins for 20 min at 4°C. The cells 
were rewarmed to 37°C, the antibody-antigen complexes were 
chased to the apical surface for either 90 min (for 5′NT) or 60 min (for 
APN and pIgA-R) and the cells were fixed and processed for indirect 
immunofluorescence detection of the trafficked proteins. Because 
tight junctions restrict antibody access to the apical surface, only ba-
solateral labeling was detected after 0 min of chase in control (unin-
fected) or rab17-expressing cells (Figure 1C; unlabeled bile canalicu-
lar spaces are marked with asterisks). After chase, robust and discrete 
apical labeling was observed in both control (uninfected) cells or cells 
expressing wild-type rab17 for all three proteins (secretory compo-
nent is not cleaved from pIgA-R in WIF-B cells [Ihrke et al., 1998; 
Bastaki et al., 2002]) with a reciprocal loss of basolateral labeling in-
dicating successful apical delivery (Figure 1C). To confirm the mor-
phological observations, we measured apical delivery by measuring 
the relative fluorescence intensities of each marker at the apical ver-
sus basolateral surface after the indicated times of chase as we have 
described (Ramnarayanan et al., 2007; In and Tuma, 2010; In et al., 
2012, 2014; Groebner et al., 2014). As shown in Figure 1D, similar 
levels of apical delivery were observed for all three markers in control 
and infected cells, indicating that overexpression of wild-type rab17 
did not impair transcytosis as observed in MDCK cells.

To determine whether hepatic transcytosis exhibited similar 
rab17 nucleotide dependence as observed in polarized Eph4 cells 
(Zacchi et al., 1998), we monitored apical delivery of the same set of 
newly synthesized apical proteins in cells expressing wild-type, 
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FIGURE 1:  Basolateral-to-apical transcytosis is not altered by 
overexpression of wild-type rab17. (A) The characteristic, polarized 
hepatic morphology of WIF-B cells is shown in a phase image. 
(B) Total cell lysates were prepared from uninfected (control) WIF-B 
cells or cells expressing FLAG-tagged WT rab17 and immunoblotted 
with anti-FLAG antibodies. The monosumoylated form of rab 17 is 
indicated (sumo rab17). Molecular weight markers are indicated on 
the left of each immunoblot in kDa. (C) Uninfected cells or cells 
expressing wild-type rab 17 were basolaterally labeled with 
antibodies specific for the extracellular epitopes of the indicated 
apical proteins at 4°C. Cells were additionally infected with 
recombinant adenoviruses expressing pIgA-R in panels e and f 
(C). After excess antibodies were washed away, antibody–antigen 
complexes were chased for 0, 90, or 60 min as indicated at 37°C. Cells 
were fixed, permeabilized, and labeled with secondary antibodies to 
detect the transcytosed proteins. Asterisks mark the unlabeled bile 
canaliculi. Images are representative of at least three experiments. 
Bar = 10 μm. (D) Control (uninfected) WIF-B cells or cells expressing 
wild-type rab17 were basolaterally labeled for the indicated apical 
proteins and chased as described in C. Random fields were visualized 
by indirect immunofluorescence. From micrographs, the average pixel 
intensity of each marker at selected regions of interest placed at the 
apical or basolateral membrane of the same WIF-B cell was measured. 
The averaged background pixel intensity was subtracted from each 
value and the ratio of apical- (ap) to-basolateral (bl) fluorescence 
intensity was determined. Wild-type values were normalized to 
control values that were set to 100%. Values are expressed as the 
mean ± SEM. Measurements were performed on at least three 
independent experiments.

FIGURE 2:  Transcytosis is impaired in cells expressing GTP-bound/
Q77L or GDP-bound/N132I rab17. (A) Total cell lysates were prepared 
from WIF-B cells expressing FLAG-tagged WT, GTP-bound/Q77L, or 
GDP-bound/N132I rab17 and immunoblotted with anti-FLAG 
antibodies. The monosumoylated form of rab 17 is indicated (sumo 
rab17). Molecular weight markers are indicated on the left of each 
immunoblot in kDa. (B) Cells expressing wild-type, GTP-bound/Q77L, 
or GDP-bound/N132I rab17 were basolaterally labeled with 
antibodies specific for the extracellular epitopes of the indicated 
apical proteins at 4°C. Cells were additionally infected with 
recombinant adenoviruses expressing pIgA-R in panels g–i. After 
excess antibodies were washed away, antibody–antigen complexes 
were chased for 90 min (a–c) or 60 min (d–i) at 37°C. Cells were fixed, 
permeabilized, and labeled with secondary antibodies to detect the 
transcytosed proteins. Arrows indicate subapically accumulated 
transcytosing proteins in cells expressing mutant rab17. Images are 
representative of at least three experiments. Bar = 10 μm.

GTP-bound/Q77L, or GDP-bound/N132I rab17. As we have previ-
ously shown, both the 25-kDa and 40-kDa rab17 species were de-
tected in cells expressing wild-type or mutant rab17 (Figure 2A). As 
we have also shown previously, sumoylation on the N132I mutant is 

more variable, and in this example is somewhat decreased (Striz and 
Tuma, 2016). Opposite of what was observed in Eph4 cells, expres-
sion of both the dominant negative/N132I and dominant active/
Q77L rab17 led to the subapical accumulation of all three classes of 
chased apical proteins (Figure 2B). When quantitated, the dominant 
negative rab17 led to a significant 30–50% impairment in apical 
delivery compared with cells expressing wild-type rab17, whereas 
the expression of the dominant active/Q77L rab17 led to an even 
greater impairment (ranging from ∼45% to 60%) of the three chased 
proteins relative to wild type (Figure 3). Together these results 
suggest that rab17 function in transcytosis varies among polarized 
epithelial cell types (see Discussion). The observed impairment and 
subapical accumulation of the chased transcytotic cargo in cells ex-
pressing mutant rab17 further suggest that in hepatocytes, rab17 
regulates apical delivery from the SAC and that vesicle delivery is 
not only nucleotide dependent but also may require GTP hydrolysis 
(see Discussion).
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FIGURE 3:  Transcytosis is impaired to a similar extent for different 
classes of apical proteins in cells expressing GTP-bound/Q77L or 
GDP-bound/N132I rab17. WIF-B cells expressing wild-type, GDP-
bound/Q77L, or GDP-bound/N132I rab17 were basolaterally labeled 
for the indicated apical proteins as described in Figure 2 and chased 
for 0, 45, or 90 min (A) or 0, 30, or 60 min (B, C) at 37°C. Cells were 
additionally infected with recombinant adenoviruses expressing 
pIgA-R in C. Cells were fixed, permeabilized, and labeled with 
secondary antibodies to detect the transcytosed proteins. Random 
fields were visualized by indirect immunofluorescence and digitized. 
From micrographs, the average pixel intensity of each marker at 
selected regions of interest placed at the apical or basolateral 
membrane of the same WIF-B cell was measured. The averaged 
background pixel intensity was subtracted from each value and the 
ratio of apical (ap) to basolateral (bl) fluorescence intensity was 
determined. Values are expressed as the mean ± SEM for 5′NT (A), 
APN (B), and pIgA-R (C) and are from at least three independent 
experiments. *p ≤ 0.05, **p ≤ 0.005.

syntaxin 2 into the same subapical structures (Striz and Tuma, 2016). 
To determine whether the subapical structures that accumulated 
transcytosing apical proteins were also positive for syntaxin 2, we 
immunolabeled cells expressing GTP-bound/Q77L for steady-state 
syntaxin 2 distributions vs. 5′NT chased for 90 min. In uninfected 
control cells, both syntaxin 2 and trafficked 5′NT colocalized at the 
apical surface (Figure 4A). As predicted, transcytosing 5′NT accu-
mulated in syntaxin 2–positive, subapical structures in Q77L rab17-
expressing cells (arrowheads) with a Mander’s coefficient of 0.77 ± 
0.03, confirming a high degree of colocalization (Figure 4A).

The extreme proximity of the apical structures to the apical sur-
face implies the transcytosing apical residents were derived from or 
are present in the SAC. To confirm this prediction, we monitored 
colocalization of trafficked apical residents with markers of the two 
hepatic transcytotic intermediates (basolateral early endosomes 
and SAC) (Tuma and Hubbard, 2003) and with a marker for apical 
endosomes. To first rule out that the structures were basolateral 
early endosomes (the first transcytotic intermediate encountered 
after basolateral internalization; Tuma and Hubbard, 2003), we mon-
itored cotrafficking of basolaterally internalized 5′NT with asialogly-
coprotein receptor (ASGP-R). After 60 min of chase, no overlap 
between the two proteins was observed in control (uninfected) cells 
as expected (Figure 4B), which was confirmed by a low Mander’s 
coefficient of colocalization (0.07 ± 0.01) (Figure 4F). No colocaliza-
tion was observed in cells expressing GTP-bound/Q77L (Figure 4B) 
with Mander’s coefficients nearly identical to control (0.08 ± 01), 
confirming the compartments with accumulated apical proteins are 
not basolateral early endosomes. To rule out accumulation in apical 
endosomes, we colabeled basolaterally internalized APN with 
steady-state early endosomal antigen 1 (EEA1). The characteristic 
punctate staining for EEA1 that we have described previously (Tuma 
et al., 2001) was observed in uninfected and the rab mutant express-
ing cells (Figure 4C). Merged images reveal no colocalization be-
tween EEA1 and APN. This was further confirmed with low Mander’s 
coefficients determined for control (0.15 ± 0.03) that were not 
changed in cells expressing Q77L rab17 (0.15 ± 0.01) (Figure 4F).

To confirm that the subapical puncta are derived from or are pres-
ent in the SAC, we cotrafficked basolaterally internalized APN and 
endolyn-78 (Figure 4D). Although at steady-state endolyn-78 is a ly-
sosomal resident, basolaterally retrieved endolyn-78 populations are 
delivered to the SAC en route to lysosomes (Ihrke et al., 1998). This 
itinerary allows us to specifically identify the SAC by monitoring the 
distribution of basolaterally internalized endolyn-78 after 60 min of 
chase as described (Ihrke et al., 1998). In uninfected control cells, 
APN localized mainly to the apical surface after 60 min of chase with 
only a small detectable overlap with endolyn-78 located in the SAC. 
A low-to-moderate Mander’s coefficient of 0.19 ± 0.01 confirmed 
this observation (Figure 4F). In contrast, in GTP-bound/Q77L 
rab17-expressing cells, the subapically accumulated APN labeling 
significantly overlapped with endolyn-78 in the SAC (Figure 4D). 
Additionally, the Mander’s coefficients increased approximately 
threefold in the mutant-expressing cells to 0.66 ± 0.02 (Figure 4F) 
confirming that the identity of the subapical structures as the SAC. 
For control, we monitored the steady-state distributions of the three 
markers in cells expressing wild-type or GTP-bound/Q77L rab17. As 
shown in Figure 4E, the steady-state distributions of ASGP-R, endo-
lyn-78, and EEA1 did not change in cells expressing Q77L rab17 (or 
K68R rab17; see Figure 6 later in this article), confirming their suit-
ability as specific compartment markers in mutant-expressing cells. 
From these results, we conclude that rab17 mediates vesicle docking 
and fusion from the SAC to the apical surface and that this process is 
GTP dependent (see Discussion).

Rab17 regulates transcyotic vesicle delivery from the SAC 
to the apical surface
From our previous studies, we determined that expression of GTP-
bound/Q77L led to the steady-state redistribution of 5′NT and 
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FIGURE 4:  Transcytosing proteins accumulate in syntaxin 2–positive 
SAC structures in cells expressing GTP-bound/Q77L rab17. 
(A) Control (uninfected) WIF-B cells or cells expressing GTP-bound/
Q77L rab17 were basolaterally labeled with antibodies against 5′NT 
and antigen-antibody complexes were chased for 60 min. Cells were 
fixed and double labeled for steady-state syntaxin 2 distributions. 
Merged images are shown in panels c and f Arrows indicate 
subapically accumulated transcytosing proteins in cells expressing 
mutant rab17. Bar = 10 μm. Mander’s coefficients of colocalization are 
indicated on the right. Values are expressed as the mean ± SEM from 
at least three independent experiments. Control (uninfected) WIF-B 
cells or cells expressing GTP-bound/Q77L rab17 were basolaterally 
labeled for 5′NT and ASGP-R (B) or APN (C) or APN and endolyn-78 
(D) and allowed to continuously chase for 60 min. Cells were fixed and 
stained for the corresponding trafficked antibody–antigen complexes. 
In C, cells were labeled for steady-state distributions of EEA1. 
Merged images are shown for each. Arrows indicate subapically 
accumulated transcytosing proteins in cells expressing mutant rab17. 
Bar = 10 µm. In E, control (uninfected) WIF-B cells or cells expressing 
GTP-bound/Q77L or sumo-deficient/K68R rab17 were labeled for the 
steady-state distributions of ASGP-R, EEA1, and endolyn-78 as 
indicated. No changes in distributions were observed for any of the 
proteins confirming the validity of their use as compartment markers. 
Bar = 10 µm. In F, Mander’s coefficients of colocalization for the 
experiments shown in B, C, and D are shown. Values are expressed as 
the mean ± SEM from at least three independent experiments. BL EE, 
basolateral early endosome; AP EE, apical early endosome; SAC, 
subapical compartment.

Rab17 monosumoylation is required for optimal 
apical delivery
To determine whether rab17 sumoylation is required for rab17 func-
tion in in transcytosis, we monitored the constitutive basolateral-to-
apical trafficking of the same set of newly synthesized proteins in 

cells expressing a sumo-deficient rab17 mutant (K68R). As observed 
for cells expressing the GTP/GDP-bound rab17 mutants, robust ba-
solateral labeling of all three markers was observed at 0 min of 
chase in cells expressing K68R rab17 (Figure 5, A, C and E). After 
chase, all three trafficked proteins were all detected in subapical 
structures (Figure 5, A, C and E), indicating a similar block in traffick-
ing from the SAC to the apical surface. When quantitated, there was 
a significant decrease in delivery for all three classes of apical resi-
dents in sumo-deficient/K68R rab17-expressing cells. When com-
pared with uninfected control cells, APN and 5′NT transcytosis was 
impaired by ∼50% in K68R-expressing cells (50.4 ± 9.4% and 55.4 ± 
8.3% of control, respectively) (Figure 5, B and D). Delivery of pIgA-R 
was impaired to even a greater extent to only 39.2 ± 8.0% of control 
(Figure 5F).

Because sumoylation is decreased by ∼30% in the K68R mutant 
(Figure 6A) (Striz and Tuma, 2016) and in (Figure 6A) rab17. We next 
monitored transcytosis in cells treated with anacardic acid, an inhibi-
tor of the first step of the three-step sumoylation process. Cells were 
pretreated with 5 μM anacardic acid for 60 min at 37°C before anti-
body labeling, and the assay was performed in the continued pres-
ence of the drug, conditions we established previously that led to a 
significant decrease in wild-type rab17 sumoylation by ∼60%, a 
twofold-greater decrease than observed for the K68R mutant. (Striz 
and Tuma, 2016). As for cells expressing K68R rab17, the subapical 
accumulation of transcytosing proteins was observed in treated cells 
(Figure 6B), and when quantitated, delivery was impaired to 50.1 ± 
6.1% of control. In cells expressing K68R rab17 that were addition-
ally treated with anacardic acid, no further decrease (55% of control) 
in apical delivery was observed (unpublished data). This result cou-
pled with the remarkable similarity in values for the K68R- and ana-
cardic acid-induced impairment in apical delivery further suggest 
that lysine 68 is the major, functional sumoylated residue in rab17 
(see Discussion).

To confirm that K68R rab17 impaired transcytosis at the same 
step as expression of the Q77L rab17, we first determined whether 
the subapical structures that accumulated transcytosing apical pro-
teins were also positive for syntaxin 2. As predicted, transcytosing 
5′NT accumulated in syntaxin 2–positive, subapical structures in 
K68R rab17-expressing cells (arrowheads) with a relatively high 
Mander’s coefficient of colocalization (0.54 ± 0.04) (Figure 6C). Also 
as seen in cells expressing Q77L rab17, no colocalization of traffick-
ing proteins was observed with the basolateral early endosomes (r = 
0.07 ± 0.01) (Figure 6D, a) or apical early endosomes (r = 0.11 ± 02) 
(Figure 6D, b), whereas a high degree of colocalization was ob-
served with the SAC marker (r = 0.57 ± 04) (Figure 6D, c). As shown 
in Figure 4E, the steady-state distributions of ASGP-R, endolyn-78, 
and EEA1 did not change in cells expressing or K68R rab17, con-
firming their suitability as specific compartment markers in mutant-
expressing cells. To better model rab17 function in transcytosis 
(see Discussion), we determined whether both the 25- and 40-kDa 
rab17 species could bind GTP, we performed GTP pull downs. As 
shown in Figure 6E, both the 25-kDa rab17 and the 40-kDa mono-
sumoylated rab17 species from both wild-type and the K68R mu-
tant proteins bound GTP. Thus, we conclude that sumoylated rab17 
is required for optimal syntaxin 2–mediated, GTP-dependent apical 
vesicle docking and fusion (see Discussion).

Rab17 selectively regulates transcytosis
To determine whether rab17 selectively regulates apical protein de-
livery, we examined constitutive basolateral secretion and basolat-
eral delivery of newly synthesized pIgA-R, two transport steps 
regulated by MAL2, a rab17 binding partner (In and Tuma, 2010; 
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FIGURE 5:  Transcytosis is impaired to a similar extent for different 
classes of apical proteins in cells expressing sumo-deficient/K68R 
rab17. (A–F) Control (uninfected) cells and cells expressing wild-type 
or sumo-deficient/K68R rab17 were basolaterally labeled with 
antibodies specific for the extracellular epitopes of the indicated 
apical proteins at 4°C. Cells were additionally infected with 
recombinant adenoviruses expressing pIgA-R in E and F. After excess 
antibodies were washed away, antibody–antigen complexes were 
chased for 0, 60 min, or 90 min as indicated (A, C, and E) at 37°C. 
Cells were fixed, permeabilized and labeled with secondary 
antibodies to detect transcytosed APN (A), 5′NT (C) or pIgA-R 
(E). Asterisks are marking unlabeled canaliculi. Images are 
representative of at least three experiments. Bar = 10 μm. 
(B, D, F) Control (uninfected) WIF-B cells or cells expressing wild-type 
or sumo-deficient/K68R rab17 were basolaterally labeled for the 
indicated apical proteins as described in Figure 1 and chased for 0, 
45, or 90 min (B) or 0, 30 or 60 min (D and F) at 37°C. Cells were fixed, 
permeabilized, and labeled with secondary antibodies to detect the 
transcytosed proteins. Random fields were visualized by indirect 
immunofluorescence. From micrographs, the average pixel intensity 
of each marker at selected regions of interest placed at the apical or 
basolateral membrane of the same WIF-B cell was measured. The 
averaged background pixel intensity was subtracted from each value, 
and the ratio of apical (ap) to basolateral (bl) fluorescence intensity 
was determined. Values are expressed as the mean ± SEM for 5′NT 
(B), APN (D), and pIgA-R (F). Measurements were performed on at 
least three independent experiments. *p ≤ 0.05.

In et al., 2014). To monitor secretion, we measured albumin release 
into the culture medium by immunoblotting. As shown in Figure 7A, 
similar levels of secreted albumin were detected in cells expressing 
wild-type or mutant rab17, and, when quantitated, overlapping ki-
netics were observed (Figure 7B). To monitor TGN-to-basolateral 
membrane delivery of newly synthesized pIgA-R, we used a method 
we previously described (Ramnarayanan et al., 2007) where the ba-
solaterally labeled population of the receptor is normalized to total 
pIgA-R expressed. As shown in Figure 7C, cells expressing wild-type 
or mutant rab17 showed similar ratios of basolateral-to-total pIgA-R, 
indicating that basolateral delivery was not changed. For compari-
son, we monitored basolateral delivery of newly synthesized APN. 
Although a decrease was observed in the basolateral population of 
APN in cells expressing GDP-bound/N132I rab17, this was not sig-
nificant. Importantly, rab17 expression did not alter expression 
levels of either APN or pIgA-R (Figure 7D). Finally, we monitored the 
steady-state distributions of the basolateral resident protein, HA321, 
in rab17-expressing cells. As shown in Figure 7E, HA321 expression 
was tightly restricted to the basolateral surface with no intracellular/
TGN labeling observed in cells expressing wild-type, GTP-bound/
Q77L, or GDP-bound/N132I rab17. Together these results indicate 
rab17 selectively regulates hepatic transcytotic apical delivery.

DISCUSSION
We have confirmed that rab17 regulates basolateral-to-apical trans-
cytosis at the last step from the SAC to the apical surface in polar-
ized hepatocytes. We further conclude that rab17 regulates apical 
vesicle docking and fusion via interactions with syntaxin 2 and that 
maximal docking is achieved when rab17 is sumoylated and GTP-
bound. Additionally, we propose that GAP-activated GTP hydrolysis 
is required for vesicle fusion with the apical membrane (see below). 
Because trafficking of all three classes of apical residents examined 
showed similar responses to rab17 mutant expression, we conclude 
that rab17 is a general component of the transcytotic machinery 
required for apically destined vesicle docking and fusion.

Our working model
On the basis of our initial characterization of rab17 sumoylation and 
the results presented here, we have constructed a working model 
for rab17 function in apical vesicle docking and fusion (Figure 8). We 
propose that the prenylated, monosumoylated, and GDP-bound 
rab17 is activated by its specific guanine nucleotide exchange factor 
(GEF) at the SAC allowing associations with a budding vesicle 
through interactions with a transcytotic vesicle-associated mem-
brane protein (VAMP) or yet-to-be-identified coat component 
(unpublished data). At the apical surface, monosumoylated, GTP-
bound rab17 mediates vesicle docking via specific interactions with 
syntaxin 2. Somewhat surprisingly, we determined that expression 
of the GTP-bound rab17 led to the subapical accumulation of tran-
scytotic cargo. Because rab17 is sumoylated and GTP-bound when 
associated with syntaxin 2 (Striz and Tuma, 2016) and because wild-
type rab17 expression does not alter apical delivery, the simple pre-
diction is that GTP hydrolysis is required for fusion such that expres-
sion of the GTP-bound, hydrolysis-deficient rab17 prevents vesicle 
delivery. This would explain the subapical accumulation of apical 
vesicles either just adjacent to or docked at the apical surface in 
Q77L/GTP-bound rab17-expressing cells. The codistribution of 
syntaxin 2 with the stalled, rab17-positive vesicles implicates the lat-
ter possibility. Nonetheless, we propose rab17 encounters its 
specific GAP at the apical membrane after vesicle docking thereby 
activating GTP hydrolysis leading to vesicle fusion. Alternatively 
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FIGURE 7:  Rab17 selectively regulates transcytosis. (A, B) Control 
(uninfected) cells or cells expressing wild-type, GTP-bound/Q77L, or 
GDP-bound/N132I rab17 were washed in PBS and reincubated in 
serum-free medium. At 0, 15, 30, and 60 min after reincubation, 
aliquots of media were collected and immunoblotted for albumin 
(A). Densitometric analysis of the immunoreactive species was 
performed and albumin secretion plotted as a percentage of control 
at 60 min (B). Values are expressed as the average ± SEM from at least 
three independent experiments. (C) Cells expressing wild-type, 
GTP-bound/Q77L, GDP-bound/N132I, or sumo-deficient/K68R rab17 
were surface labeled for pIgA-R or APN for 30 min at 4°C. Cells were 
additionally infected with recombinant adenoviruses expressing 
pIgA-R. Lysates were immunoblotted with primary antibodies to 
detect the entire population of pIgA-R or APN. On a parallel 
immunoblot, lysates were probed directly with secondary antibodies 
to detect only the surface-bound primary antibodies. The amount of 
surface-bound antibodies was normalized to the total antigen 
amount. In all cases, control ratios were set to 100%. Values are 
expressed as the mean ± SEM from at least three independent 
experiments. (D) Total cell lysates were prepared from uninfected 
(con) WIF-B cells or cells expressing WT, GTP-bound/Q77L, GDP-
bound/N132I rab17, or sumo-deficient K68R rab17 and 
immunoblotted for APN or pIgA-R as indicated. In E, cells expressing 
wild-type, GTP-bound/Q77L, GDP-bound/N132I, or sumo-deficient 
K68R rab17 were labeled for HA321. Asterisks mark selected bile 
canaliculi. Bar = 10 μm.

FIGURE 6:  Transcytosing proteins accumulate in syntaxin 2–positive 
SAC structures in cells expressing sumo-deficient rab17. (A) Total cell 
lysates were prepared from WIF-B cells expressing FLAG-tagged WT 
or sumo-deficient/K68R rab17 and immunoblotted with anti-FLAG 
antibodies. The mono-sumoylated form of rab17 is indicated with an 
arrow. Molecular-weight markers are indicated on the left of each 
immunoblot in kDa. (B) Uninfected WIF-B cells were pretreated with 
5 μM anacardic acid (AA) for 60 min at 37°C before APN antibody 
labeling at 4°C for 20 min. APN-antibody complexes were chased for 
60 min in the continued presence of the drug. The amount of 
impaired transcytosis is indicated below the panel as the percent of 
control. Values are expressed as the mean ± SEM from at least three 
independent experiments. (C) WIF-B cells expressing sumo-deficient/
K68R rab17 were basolaterally labeled with antibodies against 5′NT, 
and antigen-antibody complexes were chased for 60 min. Cells were 
fixed and double labeled for steady-state syntaxin 2 distributions. A 
merged image is shown in panel c. Arrows indicate subapically 
accumulated transcytosing proteins in cells expressing mutant rab17. 
Bar = 10 μm. The Mander’s coefficient of colocalization is indicated 
below the merged image. Values are expressed as the mean ± SEM 
from at least three independent experiments. (D) WIF-B cells 
expressing sumo-deficient/K68R rab17 were basolaterally labeled for 
5′NT and ASGP-R (a) or APN (b) or APN and endolyn-78 (c) and 
allowed to continuously chase for 60 min. Cells were fixed and stained 
for the corresponding trafficked antibody–antigen complexes. In D 
(panel b), cells were labeled for steady-state distributions of EEA1. 
Merged images are shown. Arrows indicate subapically accumulated 
transcytosing proteins in cells expressing mutant rab17. Mander’s 
coefficients of colocalization are indicated below. Values are 
expressed as the mean ± SEM from at least three independent 
experiments. Bar = 10 µm. (E) Uninfected WIF-B cells (con) or cells 
expressing WT of K68R rab16 were lysed in ice-cold GTP binding 

(unpublished data), rab17 GTPase activity may catalyse its release 
from the SNARE machinery and subsequent associations with a 
GDP dissociation inhibitor. In either case, the GDP-bound rab17 is 
escorted back to the SAC by a GDP dissociation inhibitor (GDI) for 
another round of vesicle budding.

To fully test this model, it will be important to identify the rab17-
specific GEF and GAP. Rab17 is a member of the rab5 subfamily of 

buffer. Cleared lysates were mixed with GTP-agarose for 2 h at 4°C. 
Bound fractions were recovered, washed, and immunoblotted for 
rab17 using anti-FLAG epitope antibodies. The monosumoylated form 
of rab17 is indicated with an arrow. Molecular-weight markers are 
indicated on the left of each immunoblot in kDa. A representative 
immunoblot from three independent experiments is shown.
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FIGURE 8:  Model for the role of rab17 in regulation of apical vesicle 
docking and fusion. The prenylated, monosumoylated, and GDP-
bound rab17 is activated by its specific GEF at the SAC. The 
GTP-bound rab17 associates with a budding vesicle via associations 
with a transcytotic vesicle-specific VAMP or a yet-to-be-identified coat 
protein (not shown). The budded vesicle is delivered to the apical 
membrane where the GTP-bound, sumoylated rab17 interacts with 
syntaxin 2 to initiate vesicle docking. A rab17-specific GAP at the 
apical surface activates GTP hydrolysis required for vesicle fusion. The 
GDP-bound, sumoylated rab17 is extracted from the apical 
membrane by a GDI and recycled to the SAC. GAP, GTPase-activating 
protein; GEF, guanine exchange factor; syn2, syntaxin 2; VAMP.

rab GTPases that includes rabs 5A-C, 17, 22A-B, and 31. All family 
members show a preference for Vps9-domain containing GEFs 
(Ishida et al., 2016). Of the 10 identified Vps9 GEFs, rabex-5 
has been shown to function as a rab17 GEF in hippocampal neurons 
where it mediates rab17-regulated cargo delivery to developing 
dendrites and dendritic spines (Mori et al., 2012, 2013; Ishida 
et al., 2016). Because rabex-5 is also expressed in liver (Horiuchi 
et al., 1997), it is a good candidate for the hepatic rab17 GEF 
involved in transcytosis. Of the more than 40 mammalian TBC (Tre-
2/Bub2/Cdc16)-domain containing rab GAPs (Fukuda, 2011), 
TBC1D7 has been shown to function as a rab17 GAP in cilia forma-
tion in retinal pigment epithelium (Yoshimura et al., 2007). As for 
rabex-5, TBC1D7 is expressed in rat liver and is a good candidate 
for the transcytotic hepatic rab17 GAP. We are currently initiating 
studies to identify the rab17 regulators involved in apical vesicle 
delivery.

Rab17 function in transcytosis varies among polarized 
epithelial cell types
We determined that pIgA-R transcytosis in cells expressing wild-
type rab17 was indistinguishable from that observed in unin-
fected control cells. In contrast, wild-type rab17 expression impaired 
basolateral-to-apical pIgA-R transcytosis in MDCK cells (Hunziker 
and Peters, 1998). In mammary gland–derived Eph4 cells express-
ing GTP-bound or GDP-bound rab17, basolateral-to-apical trans-
cytosis was enhanced, whereas we found that expression of either 
impaired transcytosis in polarized WIF-B cells (Zacchi et al., 1998). 
These conflicting results may be explained by cell type specificity in 
the expression and distributions of rab17-specific GEFs and GAPs. 
However, another intriguing possibility is varying degrees of rab17 
sumoylation among cell types. By monitoring the modification’s ap-
pearance in WIF-B cells early after infection, we noticed that modi-
fied rab17 appeared with the same kinetics as the unmodified form, 
but the relative amounts of the sumoylated rab17 to total rab17 
remained constant (at 35–40%), suggesting that sumoylation is re-
versible (Striz and Tuma, 2016). Similarly, the proportions remained 

constant in cells treated with cycloheximide, and both species were 
degraded with identical kinetics (Striz and Tuma, 2016). Thus, not 
only is the modification reversible, it is maintained at very specific 
steady-state levels. How this is regulated and what it signifies is not 
clear, but it may well vary among cell types and explain the dispa-
rate observations. Also interesting is the finding that rab17 prenyl-
ation is required for sumoylation (Striz and Tuma, 2016). Again, the 
significance of this finding is not clear but may represent sumoylation 
ligase(s) specificity in rab17 binding interactions among cell types. 
Further studies are clearly needed to sort this out.

Rab17 sumoylation on lysine 68 enhances its function in 
apical vesicle docking
From our earlier studies, we identified and mutated two near-perfect 
sumoylation consensus sites at lysines 41 and 68 to arginines alone 
or in combination. Only the K68R point mutant decreased rab17 
sumoylation (the double mutant did not fold properly), suggesting 
that it is the important lysine (Striz and Tuma, 2016). Although not 
completely abolished, a reproducible and statistically significant 
30% decrease in K68R sumoylation was observed, which was consis-
tent with the 30% decrease in wild-type rab17 sumoylation we 
observed after SENP1 cleavage (Striz and Tuma, 2016). Although 
treatment with anacardic acid led to a ∼60% decrease of rab17 
sumoylation, it did not further inhibit transcytosis in K68R rab17-
expressing cells. At present, we cannot account for the remaining 
levels of sumoylation observed on the mutant after anacardic acid 
treatment. Similar results have been reported for single-site lysine 
mutants in other known nonnuclear sumoylated proteins (Fuhs and 
Insel, 2011; Gonzalez-Santamaria et al., 2012; Qu et al., 2014; Caron 
et al., 2015), and some have argued that these incomplete losses 
can be explained by the presence of nonspecific sumoylation at 
nonconventional or cryptic sites. Thus, we propose that lysine 68 is 
the important sumoylated residue for rab17 optimal function in 
apical vesicle docking and fusion.

Clinical implications of our findings
In the past few years, it has become apparent that rab17 expression 
is significantly decreased in epithelial-derived human gastric cancer 
and in hepatocellular carcinoma (HCC) (Aquea et al., 2014; Qi et al., 
2015; Wang et al., 2015). Recent studies have revealed that 75% of 
patient paraneoplastic liver tissue samples express rab17, whereas 
only 35% of HCC patient samples did (Wang et al., 2015). This de-
creased rab17 expression can be explained by studies in breast can-
cer cells where extracellular signal-regulated kinase (ERK)-activated 
alterations in gene expression led to decreased rab17 expression 
(von Thun et al., 2012; Qi et al., 2015; Wang et al., 2015). Addition-
ally, overexpression of rab17 in HCC cell lines ameliorated the tu-
morigenic phenotype while its knockdown enhanced invasiveness 
consistent with its role as a tumor suppressor (Qi et al., 2015; Wang 
et al., 2015). The clinical relevance of these findings highlights the 
obvious need for the further examination and identification of the 
mechanisms by which rab17 functions in apical protein sorting and/
or trafficking in liver health and disease. Such information will better 
inform our interpretation of phenotypes observed in other epithe-
lial-derived cancerous cells and lead to unique therapeutic strate-
gies and targets.

MATERIALS AND METHODS
Reagents and antibodies
F12 (Coon’s modification) medium, horseradish peroxidase (HRP)-
conjugated secondary antibodies and monoclonal antibodies 
against the FLAG epitope were purchased from Sigma-Aldrich 
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(St. Louis, MO). HEPES and Alexa-466 and -568–conjugated second-
ary antibodies were purchased from Life Technologies (Carlsbad, 
CA). Anacardic acid was from Enzo Life Sciences (Farmingdale, NY). 
Monoclonal antibodies against the V5 epitope tag or full-length 
rab17 were from AbD Serotec (Raleigh, NC) and Proteintech (Chi-
cago, IL), respectively. Monoclonal antibodies against EEA1 were 
from BD Biosciences (San Jose, CA). Fetal bovine serum (FBS) was 
from Gemini Bio-Products (Woodland, CA). Monoclonal antibodies 
against the myc epitope (9E10), 5′NT, endolyn-78 and HA321 were 
kindly provided by Ann Hubbard (Johns Hopkins University School of 
Medicine, Baltimore, MD) and have been described previously (Hub-
bard et al., 1985; Schell et al., 1992; Ihrke et al., 1998; Bastaki et al., 
2002). Polyclonal antibodies against APN, ASGP-R, albumin, and 
syntaxin 2 were also provided by Ann Hubbard and have been de-
scribed previously (Bartles et al., 1985a,b; Fujita et al., 1998; Ihrke et 
al., 1998). These antibodies are all now part of our permanent stocks.

Cell culture
WIF-B cells were grown in a humidified 7% CO2 incubator at 37°C 
as described (Shanks et al., 1994). Briefly, cells were grown in F12 
medium (Coon’s modification), pH 7.0, supplemented with 5% FBS, 
10 μM hypoxanthine, 40 nM aminoterpin, and 1.6 μM thymidine. 
WIF-B cells were seeded onto glass coverslips at 1.3 × 104 cells/cm2 
and cultured for 8–12 d until they reached maximal density and 
polarity. Cells are routinely tested for mycoplasma contamination.

Virus production and infection
Recombinant adenoviruses encoding N-terminally myc or FLAG-
tagged full-length wild-type, GTP-bound/Q77L, GDP-bound/N132I 
rab17, or sumo-deficient/K68R mutant rab17 were generated using 
the ViraPower Adenoviral Expression System (Life Technologies) as 
described (Striz and Tuma, 2016). Recombinant adenoviruses 
encoding full-length myc-tagged pIgA-R have been described previ-
ously (Bastaki et al., 2002). WIF-B cells were infected with recombi-
nant adenovirus particles for 60 min at 37°C as described (Bastaki 
et al., 2002). Complete medium was added to the cells and they were 
incubated an additional 16–24 h to allow for protein expression.

Immunoblotting
Samples were mixed with Laemmli sample buffer (Laemmli, 1970) 
and boiled for 3 min. Proteins were electrophoretically separated us-
ing SDS–PAGE, transferred to nitrocellulose using a Transblot Turbo 
(BioRad, Hercules, CA), and immunoblotted with the indicated anti-
bodies. HRP-conjugated secondary antibodies were used at 5 ng/ml, 
and immunoreactivity was detected with enhanced chemilumines-
cence (PerkinElmer, Waltham, MA) using the ChemiDoc Touch 
Imager (BioRad). Relative protein levels were determined by densito-
metric analysis of immunoreactive bands using the ChemiDoc 
imaging software or ImageJ software (National Institutes of Health).

Immunofluorescence microscopy and imaging
In general, control or infected cells were fixed on ice with chilled 
phosphate-buffered saline (PBS) containing 4% paraformaldehyde 
for 1 min and permeabilized with ice-cold methanol for 10 min or 
fixed with ice-cold methanol for 5 min at –20°C. Cells were processed 
for indirect immunofluorescence as previously described (Ihrke et al., 
1993). Alexa 488- or 568-conjugated secondary antibodies were 
used at 3–5 µg/ml. Labeled cells were visualized at room tempera-
ture by epifluorescence with an Olympus BX60 Fluorescence Micro-
scope (OPELCO, Dulles, VA) using an UPlanFl 60×/NA 1.3, phase 3, 
oil immersion objective. Images were taken with an HQ2 CoolSnap 
digital camera (Roper Scientific, Germany) using IP Labs software (BD 

Biosciences, Rockville, MD) or MetaMorph software (Molecular De-
vices, Sunnyvale, CA). Adobe Photoshop (Adobe Systems, Mountain 
View, CA) was used to process images and to compile figures.

To determine Mander’s coefficients of colocalization, at least five 
fields were imaged using a 60× objective. Regions of interest (ROIs) 
placed at the apical domain and immediate surrounding area were 
selected to exclude nonpolarized and noninfected cells from the 
analysis and to exclude residual basolateral labeling from the analy-
sis. In general, 5–10 fields per condition were imaged with each 
field having 10–30 apical domains. Values presented in figures were 
calculated from at least three independent experiments.

Antibody trafficking in live cells
We monitored transcytosis with an assay we previously developed 
(Ihrke et al., 1998; In et al., 2012). Briefly, uninfected WIF-B cells or 
cells expressing wild-type, GTP-bound/Q77L, GDP-bound/N132I, or 
sumo-deficient/K68R rab17 were basolaterally labeled with antibod-
ies specific to APN (1:50), 5′NT (1:50) or myc (1:100; to label pIgA-R) 
for 20 min at 4°C. Cells were washed three times for 2 min on ice and 
then reincubated with prewarmed complete medium. Antibody–
antigen complexes were chased for 0, 45, or 90 min (for 5′NT) or 0, 
30, and 60 min (for APN and pIgA-R) at 37°C and processed for 
immunofluorescence labeling. Cells were pretreated with 5 μM 
anacardic acid for 60 min at 37°C before antibody labeling, and the 
assay was performed in the continued presence of the drug. To semi-
quantitate apical delivery, we used a method we developed over 
10 years ago and have used extensively (Ramnarayanan et al., 2007; 
In and Tuma, 2010; In et al., 2012, 2014; Groebner et al., 2014). From 
micrographs, the average pixel intensity of selected ROI placed at 
the apical or basolateral membrane of the same WIF-B cell (to con-
trol for expression level differences) were measured using the Mea-
sure ROI tool of the ImageJ imaging software (National Institutes of 
Health, Bethesda, MD). In general, multiple ROI were collected in 
the same cell to verify that representative intensities were measured. 
The averaged background pixel intensity (taken over the nucleus) 
was subtracted from each value, and the ratio of apical-to-basolat-
eral membrane fluorescence intensity was determined. In general, 
5–10 fields are imaged using a 60× objective with each field having 
10–30 apical domains. Because each apical canalicular domain is 
formed by at least two cells, each domain has two measurements. 
Thus, hundreds of ratio measurements are performed per time point 
per experiment. Values presented in figures were calculated from at 
least three independent experiments.

To identify the subapical compartment with accumulated cargo, 
cells were continuously labeled from the basolateral surface with an-
tibodies against 5′NT and ASGP-R (to identify basolateral early 
endosomes) or against APN and endolyn-78 (to mark the SAC) (Ihrke 
et al., 1998) for 60 min at 37°C using previously published methods 
(Ihrke et al., 1998; In et al., 2012). Cells were washed three times for 
2 min with prewarmed complete medium and processed for epifluo-
rescence imaging. Alternatively, after 60 min of chase with 5′NT- or 
APN-specific antibodies as indicated, cells were fixed and labeled for 
steady-state distributions of syntaxin 2 or EEA1. Images were merged 
and Mander’s coefficients of colocalization were determined.

GTP pull downs
Uninfected WIF-B cells or cells expressing wild-type or K68R rab17 
were scraped into ice-cold GTP binding buffer (TBS, pH 7.4, con-
taining 5 mM MgCl2 and 1% [vol/vol] Triton X-100) plus added pro-
tease inhibitors. Cells were lysed on ice for 30 min, and the lysates 
were cleared by centrifugation for 10 min at 10,000 × g at 4°C. A 
50% slurry of GTP-agarose (Sigma Aldrich) was added to each tube, 
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and the tubes were rotated for 2 h at 4°C. The bound proteins were 
recovered by centrifugation at 2000 rpm at 4°C for 2 min. The 
bound samples were washed three times with GTP binding buffer 
and recovered by centrifugation as above. Final pelleted samples 
were lysed directly in Laemmli sample buffer and processed for 
immunoblotting for rab17 using anti-FLAG epitope antibodies.

Basolateral secretion
Control or infected cells were rinsed five times with prewarmed 
serum-free medium and then reincubated in serum-free medium. At 
0, 15, 30, and 60 min after reincubation, aliquots of media were 
collected and analyzed for albumin secretion by immunoblotting 
and densitometric analysis of immunoreactive bands as we have 
previously described (Joseph et al., 2007; In et al., 2014).

Basolateral delivery
To monitor basolateral delivery, we used an assay that we previ-
ously developed (Ramnarayanan et al., 2007; In et al., 2012). 
Briefly, WIB cells were infected with wild-type, GTP-bound/Q77L, 
GDP-bound/N132I, or sumo-deficient/K68R rab17 for 20 h. Cells 
were incubated with antibodies to externally exposed antigens of 
either APN or pIgA-R on ice for 20 min and lysed by addition of 
Laemmli sample buffer. Lysates were immunoblotted with APN or 
pIgA-R antibodies to detect the entire population of each apical 
resident. On a parallel immunoblot, lysates were probed directly 
with secondary antibodies to detect only the surface bound pri-
mary antibodies. The relative levels of immunoreactive species 
were determined by densitometry. The amount of surface-bound 
antibodies was normalized to the amount of total antigen present. 
In all cases, control ratios were set to 100%.

Statistical analysis
Results are expressed as the mean ± SEM from at least three inde-
pendent experiments. Comparisons between experimental groups 
were made using the Student’s two-tailed t test for paired data. P 
values ≤ 0.05 were considered significant.
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