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Introduction

In many tissues throughout the body, a single layer of polarized 
epithelial cells functions to separate and affect vastly different 
environments. Large molecules are transported across these 
epithelial barriers by transcytosis, a process of intracellular 
endosome traffic that connects one cell surface with the other. 
Many roles for transcytosis have been documented (Tuma and 
Hubbard, 2003). Transcytosis of the immunoglobulins, for ex-
ample, enables immune surveillance of mucosal surfaces lining 
the gut, lungs, and urogenital tract (Rojas and Apodaca, 2002; 
Rath et al., 2015). Transcytosis also contributes to the develop-
ment of cell polarity by enabling the assembly of distinct apical 
and basolateral plasma membranes, thus fundamentally shap-
ing cell and tissue function (Apodaca et al., 2012). Microbes, 
viruses, and microbial toxins exploit transcytosis for invasion 
of the host (Lencer et al., 1995; Bomsel, 1997; Couesnon et al., 
2008), and the pathway holds promise for mucosal delivery of 
therapeutic peptides and proteins (Spiekermann et al., 2002; Li 
et al., 2011). Here, we report the results of a high-throughput 
endoribonuclease-prepared short interfering RNA (esiRNA) 
screen for components of transcytosis. Several of the newly 
identifed genes are informative of endosome organization in 
polarized simple epithelia.

The endocytic compartments mediating transcytosis are 
uniquely adapted to accommodate the polarized cell phenotype 

(Rodriguez-Boulan et al., 2005; Tzaban et al., 2009; Li et al., 
2011). One specialization is the establishment of distinct pop-
ulations of apical and basolateral early sorting endosomes, 
which selectively receive cargo from either apical or basolateral 
surfaces, respectively (Bomsel et al., 1989, 1990; Parton et al., 
1989; Sheff et al., 2002). These early sorting endosomes then 
route internalized cargo to one of several possible destinations, 
including back to the cell surface where endocytosis originated 
(the recycling pathway) or to the opposite cell surface via the 
common/apical recycling endosomes (the transcytotic path-
way). The common/apical recycling endosome is another adap-
tation of the endosomal system of polarized epithelia. It receives 
cargo from both cell surfaces and serves as a major sorting sta-
tion for the recycling and transcytotic pathways (Parton et al., 
1989; Hughson and Hopkins, 1990; Apodaca et al., 1994; Bar-
roso and Sztul, 1994; Odorizzi et al., 1996; Wang et al., 2000a).

Transcytosis has been best characterized for basolateral- 
to-apical transport of dimeric IgA (dIgA) by the polymeric im-
munoglobulin receptor (pIgR; Rojas and Apodaca, 2002). pIgR 
binds dIgA on the basolateral membrane of mucosal epithelial 
cells and carries it sequentially into the early basolateral sort-
ing endosome, the common endosome, the apical recycling 
endosome, and finally to the apical cell surface where the ex-
tracellular domain of the receptor is cleaved for release into the 
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lumen as a component of secretory IgA. A complex network of 
genes direct and regulate pIgR-mediated transcytosis, including 
several Rab family GTPases (RAB3B, RAB5, RAB11A, RAB17, 
and RAB25; Hunziker and Peters, 1998; Wang et al., 2000b; 
van IJzendoorn et al., 2002), the exocyst complex (Oztan et 
al., 2007), retromer (Vergés et al., 2004), phosphoinositide-3- 
kinase (Vergés et al., 2007), MYO5B (Lapierre et al., 2001), 
RAB11FIP5 (Ducharme et al., 2007; Su et al., 2010), the Rab11 
GTPase activating protein TBC1D9B (Gallo et al., 2014), the 
lipid microdomain-associated protein MAL (de Marco et al., 
2002), and a signaling cascade mediated through the Src family 
kinase p62YES (Luton et al., 1999; Su et al., 2010).

Much less is known about apical-to-basolateral transcyto-
sis. One example of transport in this direction is the transcytosis 
of IgG by the Fcγ receptor FcRn, which physiologically carries 
its cargo in both directions across epithelial barriers (Roopenian 
and Akilesh, 2007). FcRn trafficking has been shown to depend 
on some of the same proteins as pIgR, namely, MYO5B, RAB25 
(Tzaban et al., 2009), calmodulin (Dickinson et al., 2008), and 
components of the actin cytoskeleton (Zhou et al., 2015). How-
ever, there are also clear differences, as FcRn transcytosis does 
not require RAB11A (Tzaban et al., 2009), a central organiz-
ing molecule for pIgR transcellular transport. Another model 
of apical-to-basolateral transcytosis by the Wnt receptor in the 
Drosophila melanogaster wing imaginal disc, required for tran-
sepithelial signaling by Wnt, revealed dependence on the E3 
ligase Godzilla (Yamazaki et al., 2016). The involvement of 
other genes in apical-to-basolateral transcytosis has not been 
tested, leaving a fragmentary view of this complex multistage 
and clinically relevant pathway.

To gain new insight into receptor-mediated transcyto-
sis, we conducted an RNAi screen for genes that operate in 
the trafficking of IgG by FcRn. FcRn provides an especially 
valuable model for studies on apical-to-basolateral membrane 
transport because its cargo, IgG, can be readily tagged and ma-
nipulated and because FcRn moves in both directions across 
and through each of the specialized endosomes unique to polar-
ized cells, allowing for direct comparison of the two pathways 
(Dickinson et al., 1999; Claypool et al., 2004; Tzaban et al., 
2009). We tested the effect of knocking down 586 genes: 26 
in a pilot screen and 560 in a larger follow-up screen. Our re-
sults newly implicate many genes in transcytosis. Seven out of 
eight top-ranking genes were validated in small-scale transport 
assays, including genes that have not previously been linked 
to trafficking in polarized epithelia (LEP​ROT, VPS13C, CCZ1, 
and ARMT1), one gene with an established role in other as-
pects of epithelial cell biology (PARD6B), and genes with pre-
vious links to transcytosis (EXOC2 and ACTR3B). Studies on 
EXOC2 and EXOC7 revealed evidence for genetically separa-
ble transcellular and recycling pathways. PARD6B was found 
to act selectively on the trafficking pathways that intersect with 
the apical membrane only, as basolateral recycling was un-
changed by PARD6B knockdown.

Results

Development of a model for receptor-
mediated transcytosis compatible with 
high-throughput screening
We have previously established a cell culture model of 
FcRn-mediated transcytosis built upon the MDCK cell line 

stably expressing the two subunits of human FcRn, human 
β2m and the human FcRn heavy chain, which was tagged with 
the HA epitope at the N terminus and GFP at the C terminus 
(Tzaban et al., 2009). To measure transcytosis, cells are grown 
on transwell semipermeable filters, which provide independent 
experimental access to both the apical and basolateral sides of 
the monolayer. Then, IgG is added to one side of the monolayer 
(at pH 6.0 to facilitate FcRn-dependent binding and uptake), 
and the amount of IgG to pass through the filter after a period 
of time is quantified. In preparation for an RNAi screen, several 
modifications were made.

One challenge of the original transcytosis protocol was 
that the assay used to detect IgG, an ELI​SA, was not sensi-
tive enough for small-volume (e.g., 96-well) transport studies 
and furthermore required many binding and washing steps that 
would be difficult to implement in a high-throughput format. 
To simplify the assay and increase sensitivity, we constructed 
a recombinant protein in which the Fc (FcRn-binding) domain 
of human IgG1 was linked to Gaussia luciferase (Tannous et 
al., 2005) in place of the variable domains (GLuc-Fc; Fig. 1 A). 
The Gluc-Fc fusion was produced in CHO cells and purified to 
>99% homogeneity (Fig. S1 A). The GLuc-Fc fusion can be de-
tected by direct enzymatic assay with approximately five orders 
of magnitude greater sensitivity and over 2.5 times the dynamic 
range compared with our original ELI​SA assay for detecting 
IgG (Fig.  1  B). To test whether this GLuc-Fc fusion protein 
crosses MDCK monolayers through an FcRn-mediated path-
way, we compared the permeability of GLuc-Fc to that of a sim-
ilar construct with inactivating mutations in the FcRn-binding 
domain (Gluc-FcIHH; Fig.  1  A). The FcIHH mutation abol-
ishes binding to FcRn, but not to other immune Fc receptors 
(Spiekermann et al., 2002; Baker et al., 2011), and thus pro-
vides a clean measure of FcRn-independent (i.e., nonspecific) 
permeability. We found that the wild-type GLuc-FcWT protein 
was transported in both directions across MDCK monolayers 
>10 times more efficiently than the nonbinding GLuc-FcIHH 
mutant (Fig.  1  C), confirming that the luciferase fusion was 
transported across the monolayer by binding FcRn.

We also took steps to increase the biological signal-to-
noise of our transport assays. Several mutations in the FcRn- 
binding domain of IgG have been identified that bind to FcRn 
with increased affinity, resulting in enhanced FcRn-dependent 
trafficking phenotypes in vivo (Zalevsky et al., 2010). We hy-
pothesized that one of these mutations might also lead to more 
efficient transport in our in vitro cell system. To test this, we in-
troduced two affinity-increasing point mutations into the FcRn- 
binding region (N434S and M428L, which we call GLuc-FcMN; 
Fig.  1  A). Indeed, The GLuc-FcMN mutant was transported 
20- to 30-fold more efficiently across MDCK monolayers com-
pared with the fusion with wild-type Fc (Fig. 1 C), providing 
a far greater biological dynamic range. The transcytosis assay 
using GLuc-FcMN was linear over 3 logs of ligand applied  
(between 0.01 and 10 µg/ml of GLuc-FcMN; Fig. S1, B and 
C), indicating that the GLuc-MN fusion does not saturate the 
receptor under these conditions.

We next established protocols for consistent and effi-
cient gene knockdown (KD) in MDCK cells. We chose to use 
esiRNAs because they offer a reproducible approach for gene 
KD in mammalian cell culture (Kittler et al., 2004) and have 
been shown to produce fewer off-target effects than single, 
chemically synthesized siRNAs (Kittler et al., 2007). We pre-
pared esiRNAs enzymatically starting from plasmid DNA or a 
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custom MDCK cDNA library (Fig. S1, D and E) and optimized 
transfection protocols for MDCK cells grown on transwell fil-
ters. Using esiRNAs directed against FcRn, we observed an 
85% reduction in FcRn transcript levels by quantitative RT-
PCR and a corresponding 85% reduction in FcRn-mediated 
transcytosis (Fig. S1, F and G).

We then adapted our cell culture model to a small- 
volume 96-well format (0.14-cm2 filter supports). For the 96-
well assays, both esiRNA transfections and transport assays 
were performed with the aid of robotics, allowing tight control 
over the conditions and timing of each step. In a pilot screen, 
we observed significant reductions in GLuc-FcMN transepi-
thelial transport by KD of FcRn, as expected, and by KD of 
genes involved in clathrin-mediated endocytosis (CLTC, 
DNM2, and AP2M1; Fig. 1 D and Table S1), a pathway previ-
ously implicated in FcRn-dependent trafficking (Rodewald and 
Kraehenbuhl, 1984; Wu and Simister, 2001). When assessed 
by microscopy, KD for each gene in the clathrin endocytosis 
pathway redistributed FcRn from its predominantly endoso-
mal location to the cell surface (Fig. 1 E), a phenotype con-
sistent with blockade of endocytosis. These studies validated 
our experimental system.

Preparing a targeted esiRNA library
We conducted a targeted rather than whole-genome screen for 
pragmatic reasons, dictated by the cost and feasibility of polar-
ized epithelial monolayer culture in high-throughput formats. 
To select candidate genes, we adopted a strategy designed to 
take advantage of known biology without sacrificing the poten-
tial to discover unexpected genes and/or gene families. First, we 
curated a set of 143 genes known to be involved in endosomal 
trafficking in epithelia (although many of these genes have not 
yet been tested for a role in transcytosis); we term this the liter-
ature-curated gene set (Table S2).

As a second set of candidate genes, we identified genes 
implicated in epithelial trafficking by one of four indirect lines 
of evidence: (1) intracellular location, where the gene was local-
ized to the endosomal system by proteomics (Foster et al., 2006; 
Lapierre et al., 2007; Cao et al., 2008) or by GFP tagging (Huh 
et al., 2003); (2) protein domain, where the gene contains at 
least one protein domain implicated in membrane trafficking or 
endosome dynamics (e.g., Rab GTPase, FYVE-finger, and BAR; 
Table S2); (3) expression in polarized epithelial cells, where the 
gene was found to be strongly expressed in simple columnar ep-
ithelial cells relative to other cell types (Nelms et al., 2016); and 

Figure 1.  Validation of a high-throughput 
model for transcytosis using the IgG trafficking 
receptor FcRn. (A) Model of the luciferase-Fc 
fusion protein prepared as ligand for FcRn- 
dependent trafficking (GLuc-Fc). Point mutations 
introduced in the Fc-domain that enhanced 
(blue, GLuc-FcMN) or inhibited (red, GLuc-
FcIHH) binding to FcRn are shown. (B) Assay 
for GLuc-Fc is ∼5.8 logs more sensitive and has 
a larger dynamic range when compared with 
our previously established assay for IgG by 
ELI​SA (representative titration experiment plot-
ted with n = 2 replicates per concentration). 
(C) Transcytosis of GLuc-Fc, high-affinity bind-
ing GLuc-FcMN, and nonbinding GLuc-FcIHH 
across MDCK cells expressing HA-tagged 
FcRn-GFP grown as monolayers on 0.33-cm2 
filter supports. Our assay for transcytosis is 
sensitive enough to measure nonspecific tran-
sit of the nonbinding FcRn ligand GLuc-FcIHH. 
The high-affinity binding GLuc-FcMN crosses 
the epithelial barrier 20- to 30-fold more effi-
ciently compared with GLuc fused to the wild-
type (WT) Fc domain (*, P < 0.05; **, P < 
0.01; ***, P < 0.0001; t test adjusted for mul-
tiple hypothesis testing with Holm’s method; n 
= 3). Results were summarized as the mean ± 
SD of a representative experiment. (D) Results 
of pilot screen for FcRn-dependent transcyto-
sis. In all cases tested, esiRNA KD of genes 
required for clathrin-mediated endocytosis in-
hibited FcRn-dependent transcytosis compared 
with negative control (cells transfected with 
nontargeting esiRNA; P < 0.05 for all KDs, 
t test adjusted for multiple hypothesis testing 
using Holms method, n = 3). Cells transfected 
with an esiRNA against FcRn were used as 
positive controls. (E) Enface confocal images 
of MDCK FcRn-GFP cell monolayers at steady 
state after transfection with esiRNA against 
the indicated genes. In all cases, FcRn-GFP is 
relocated from the endosomal compartment to 
the cell surface because of inhibition of clath-
rin-mediated endocytosis. The morphology of 
the endosomal compartment is altered in cells 
lacking dynamin. Bar, 10 μm.
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(4) functional phenotype, where the gene was identified in either 
of two genome-wide RNAi screens for regulators of endocytic 
trafficking (Balklava et al., 2007; Collinet et al., 2010). Each 
line of evidence highlighted several established epithelial traf-
ficking genes, and we considered any gene identified in two or 
more searches to be a potential candidate for our screen (Fig. 2). 
This uncurated list, termed the high-throughput gene set, was  
13.9-fold enriched for literature-defined epithelial trafficking 
genes (P = 1.5 × 10−84, Fisher’s exact test), containing 89 out 
of 143 literature-curated genes (62% coverage; Fig.  2). The 
high-throughput gene set also included many genes that would 
not have been selected using literature review alone and greatly 
expanded the capacity for discovery in our targeted screen.

We then manually curated the high-throughput gene set to 
remove any gene with known function unrelated to regulating 
membrane trafficking. The two gene sets, high throughput and 
literature curated, were then combined, resulting in a pooled 
set of 615 candidate genes (Fig. 3 A and Table S2). An esiRNA 
library targeting these genes was synthesized using our MDCK 
cDNA library. In total, synthesis was successful for 560 out 
of the 615 genes (91%; Fig. 3 A and Table S3); we presume 
many of the esiRNAs that were not amplified targeted genes 
not expressed in MDCK cells and were therefore absent from 
the cDNA library. The final esiRNA library was arrayed on 
eight 96-well library plates, with 26 controls evenly distributed 
across each plate (Fig. S2 A).

A targeted esiRNA screen yields reproducible 
modifiers of FcRn-mediated transcytosis
The full esiRNA library was screened over a period of three ses-
sions. The raw data displayed substantial systematic variabil-
ity caused by batch and edge effects of the multiwell format. 
Several aspects of our experimental design made it possible to 
control for this systematic variability and identify reproducible 
hits. First, we included a large number of control wells distrib-
uted across each plate (Fig. S2 A); this layout was designed to 
fit statistician's recommendations for high-throughput screens 
(Zhang, 2008). Second, we performed the screen with substan-
tial replication (Fig. S2 B): every library plate was screened in 
triplicate in both transport directions, and GLuc-FcMN concen-
tration was measured in duplicate for every well. The raw data 
were normalized using a linear mixed-effects model (Yu et al., 
2011), resulting in a substantial decrease in variability (Fig. S3). 

Normalized biological replicates displayed a high degree of re-
producibility, with an R2 of 0.907 for basolateral-to-apical trans-
port and 0.966 for apical-to-basolateral transport (Fig.  3  B). 
Replicate values for each esiRNA were then log-transformed, 
pooled, and converted into a Z-score, which reflects the number 
of standard deviations of the phenotype (GLuc-FcMN trans-
port) relative to the negative (mock transfection) controls.

When we compared Z-scores between the two directions 
of transport, we discovered that the effect of any esiRNA on 
one direction of transport was always directly proportional to 
its effect on the other direction (Fig. S4, A and B). This can 
be explained by the biology of FcRn and the conditions of our 
transport assays. First, GLuc-FcMN permeability is propor-
tional to the flux of FcRn across the cell; this is caused by sev-
eral features of FcRn, such as the finding that FcRn trafficking 
is not dramatically altered by binding to its ligand (Tzaban et 
al., 2009). Second, because (a) our assays were performed after 
chronic gene KD and (b) FcRn biosynthesis and degradation are 
slow relative to recycling and transcytosis, any perturbation in 
FcRn trafficking will lead to a new steady state where the flux 
of receptor in both directions across the cell is essentially equal. 
For example, if an esiRNA KD specifically inhibits basolateral 
endocytosis, FcRn will accumulate at the basolateral surface 
until the overall rate of FcRn flux in both directions across the 
cell is again balanced. Therefore, any perturbation on FcRn 
trafficking will manifest as an overall increase or decrease in 
FcRn-mediated transport, regardless of the molecular step af-
fected or direction of Gluc-FcMn transcytosis. We thus pooled 
together the Z-scores in both directions, resulting in a single 
pooled Z-score that reflects the chance that an esiRNA affects 
transcellular FcRn flux.

An ordered plot of pooled Z-scores is shown in Fig. 3 C. The 
112 negative control wells closely fit a standard normal distribu-
tion (Fig. 3 C, blue crosses and histogram on the right; P = 0.498, 
Shapiro–Wilk normality test). In contrast, many esiRNAs pro-
duced a phenotype far more extreme than the negative controls. 
For instance, esiRNAs targeting 7 out of 9 genes encoding sub-
units of the exocyst complex (red circles in Fig. 3 C) resulted in 
a decrease in transport larger than all negative controls. The exo-
cyst is a large, multimeric protein complex that tethers vesicles to 
the membrane; it has previously been linked to related membrane 
trafficking pathways in epithelia (Heider and Munson, 2012), 
including in basolateral-to-apical transcytosis of pIgR (Oztan et 

Figure 2.  Selecting candidate genes for an RNAi 
screen. Evaluation of how effectively different 
high-throughput categories of evidence recover 
a literature curated set of 143 epithelial traffick-
ing genes, showing both percent coverage and 
fold enrichment. *, P < 0.01; **, P < 0.0001;  
***, P < 10−10. P-values are estimated using the 
one-tailed Fisher’s exact test adjusted for multiple 
hypothesis testing by Holm’s method.
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al., 2007), and the identification of the majority of subunits of this 
complex supports the validity of our results. Furthermore, our 
top hit, ACTR3B is a component of the ARP2/3 complex recently 
implicated in IgG trafficking across the intestine in mice (Zhou 
et al., 2015). All esiRNAs that resulted in a Z-score less than −3 
(23 “hits”) are shown in Table 1 and the entire list is shown in 

Table S4. This Z-score cutoff corresponds to a false discovery 
rate (FDR) of 0.03, signifying that only approximately one false 
positive is expected among these 23 genes by chance.

Eight of the top-scoring genes that caused a decrease in 
GLuc-FcMN transport (Table  1) were selected for validation 
in transport assays using monolayers grown on larger 0.33-cm2 

Figure 3.  Targeted esiRNA screen for genes 
that regulate FcRn-mediated transcytosis. (A) 
Schematic of the strategy for candidate gene 
selection and esiRNA library synthesis. (B) 
Values of transcytosis (log2 esiRNA effect) for 
two out of three biological replicates for each 
esiRNA, plotted for both directions of trans-
cytosis. The biological replicates displayed a 
high degree of reproducibility, with an R2 of 
0.907 for basolateral-to-apical transport and 
0.966 for apical-to-basolateral transport. Rep-
licate values of transcytosis for each esiRNA 
and direction of transport were then pooled 
together and converted into an overall Z-score. 
(C) Ordered plot of the final pooled Z-scores. 
Positive controls (esiRNA against FcRn) are 
plotted in GRE​EN. Subunits of the exocyst com-
plex are plotted in red. Negative controls are 
plotted as blue crosses, and their frequency 
of distribution is plotted to the right. The dot-
ted gray line on the right shows the expected 
distribution of negative controls given the stan-
dard normal distribution.
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filter supports. We repeated all validation assays on multiple 
independent days (to assess day-to-day variability), and with 
independent esiRNAs that target a distinct region of each gene's 
transcript (to rule out potential off-target effects). Treatment 
with all eight original esiRNAs led to a significant reduction in 
GLuc-FcMN permeability that was reproducible between days 
(Fig.  4), confirming the phenotype from our screen. In addi-
tion, the phenotype was validated for seven out of eight genes 
using independent esiRNAs, suggesting that these phenotypes 
are unlikely to be caused by off-target effects. The validated 
genes include both genes with an established role in epithelial 
membrane trafficking (e.g., EXOC2 and ACTR3B) and genes 
that have not been linked to epithelial trafficking before (e.g., 
LEP​ROT and ARMT1). Thus, this screen identified several 
genes previously unknown to be necessary for receptor-medi-
ated transcytosis across polarized epithelia.

KD of EXOC2/7, LEP​ROT, and PARD6B 
affect diverse steps of the transcytotic 
and recycling pathways
Trafficking pathways in polarized epithelia involve separate 
apical and basolateral early endosomal pathways and endosome 
routes connecting both cell surfaces with each other and with 
other intracellular organelles. A defect in any of these routes 
could result in disruption of FcRn-mediated transcytosis. To 
determine which trafficking steps were disrupted during our 
screen, we selected four of the top-ranked genes for further 
characterization. These include two subunits of the exocyst 
complex (EXOC2 and EXOC7), the polarity regulator PARD6B, 
and the tetra-spanning membrane protein LEP​ROT.

First, we looked for possible indirect effects on mem-
brane polarity or monolayer integrity after knocking down 
these genes. In each of the four cases tested, the cells assembled 
into tight epithelial monolayers as assessed by transepithelial 

electrical resistance (TEER), with PARD6B KD producing 
a slight increase in TEER and all other genes exhibiting no 
change (Fig. 5 A). There were no visible defects in monolayer 
integrity or cell morphology when the cells were imaged by 
confocal microscopy (Fig. 5 B and Fig. S5), and the membrane 
polarity markers podocalyxin/GP135 (apical membrane) and 
E-cadherin (lateral membrane) were normally localized to the 
appropriate plasma membrane domain (Figs. 5 B and S5 A). 
We suspect that none of these four genes had a defect in mono-
layer integrity because they were selected from genes whose 
KD caused a decrease in GLuc-FcMN permeability. Most gene 
KDs that disrupt the monolayer in any way are likely to result in 
an increase in permeability for GLuc-FcMN, and so the genes 
whose KD led to an increase in permeability during our screen 
may contain a much higher proportion of genes that affect 
tight junction integrity.

We next assessed changes in FcRn expression or localiza-
tion after gene suppression. Genes that affect the biosynthetic 
delivery of FcRn could indirectly affect transcytosis, but such 
phenotypes should be readily distinguished by a reduction in 
FcRn expression, relocalization to a biosynthetic organelle such 
as the ER, or both. The total cellular content of FcRn was unal-
tered by any of the four esiRNAs as determined by Western blot 
against HA-FcRn-EGFP (Fig. 5 C) and direct epifluorescence 
microscopy (Figs. 5 D and S5 B). This finding rules out gross 
biosynthetic defects or mis-sorting of FcRn to the lysosome as 
causes of the transcytosis phenotype. We also found no change 
in FcRn localization away from the endosomal compartment or 
alteration of FcRn-containing endosome morphology (Figs. 5 D 
and S5 B). This is in contrast to the dramatic shift in localization 
of FcRn from endosome to plasma membrane after blockade 
of clathrin-mediated endocytosis (Fig.  1  E), suggesting that 
EXOC2, EXOC7, LEP​ROT, and PARD6B all act primarily in 
steps distinct from endocytosis.

Table 1.  Gene KD resulting in decreased transport phenotype

Gene Rank Gene name Z-score Reason for inclusion in screen

1a ACTR3B −5.41 Literature
2a EXOC2 −5.38 Literature
3a ARL14 −5.33 Expression, domain
4 EXOC7 −4.85 Literature
5a PARD6B −4.78 Expression, phenotype
6 EXOC8 −4.64 Literature
7a VPS13C −4.47 Localization, domain, phenotype
8a CCZ1 −4.15 Localization, domain
9 GNAS −4.08 Localization, domain, phenotype
10a LEP​ROT −3.89 Localization, domain
11 EXOC5 −3.87 Literature
12 STAM −3.75 Localization, domain
13 DYNC1H1 −3.58 Localization, domain, phenotype
14 DYNC1LI1 −3.52 Phenotype, domain
15a ARMT1 −3.51 Expression, phenotype
16 STX19 −3.48 Localization, domain
17 LRRK2 −3.37 Phenotype, domain
18 RAB10 −3.30 Localization, domain, phenotype
19 VPS26A −3.29 Localization, domain
20 SNX27 −3.22 Localization, domain
21 TRIP11 −3.19 Phenotype, domain
22 TMED2 −3.16 Localization, domain
23 ROCK1 −3.01 Phenotype, domain

aGenes selected for secondary validation.
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Having found no overt effects on cell monolayer health 
or FcRn localization, we sought to determine which trafficking 
pathways were affected by KD of each gene. To this end, we 
turned to pulse-chase transport assays, where it is possible to 
measure not only the amount of transepithelial transport (trans-
cytosis), but also the amount of recycling back to the same sur-
face and the amount of cargo internalization. Cell monolayers 
were loaded with GLuc-FcMN from either the apical or basolat-
eral side for 60 min, washed thoroughly at 4°C, and then either 
returned to 37°C to measure the time course of apical or baso-
lateral GLuc-FcMN output (recycling or transcytosis) or lysed 
in detergent to measure GLuc-FcMN internalization.

In the pulse-chase assays, we observed less transcytosis 
in both directions for all four gene KDs (Fig. 6, A and B), sim-
ilar to what was observed in the steady-state transport experi-
ments during the screen and subsequent validation (Table 1 and 
Fig. 4). Unlike transcytosis, however, recycling and endocytic 
uptake were affected differently by knocking down each gene, 
revealing three distinct trafficking phenotypes (Fig.  6, C–E). 
In the first phenotype, shared by both subunits of the exocyst 
complex (EXOC2 and EXOC7), there was very little change in 
apical or basolateral recycling or in the amount of GLuc-FcMN 
internalization from either surface. Thus, exocyst KD appears to 
specifically affect trafficking into the transcytotic pathway while 
being dispensable for recycling and internalization. A different 
phenotype was observed after LEP​ROT KD, in which recycling 
and internalization were both inhibited from either surface. This 
is unlikely to be explained by a biosynthetic or endocytic defect, 
because FcRn is normally expressed and does not accumulate 
at the cell surface (Fig. 5 and Fig. S5). Our interpretation is that 
LEP​ROT is necessary for a key postendocytic trafficking step 
(or steps), consistent with the reported effects of LEP​ROT on 
leptin receptor trafficking in nonpolarized cells (Séron et al., 

2011). Finally, KD of PARD6B had opposing effects on recy-
cling and internalization from each cell surface: whereas apical 
recycling and cargo uptake were strongly inhibited, basolateral 
recycling was enhanced and basolateral uptake was unaffected 
(Fig. 6), suggesting that PARD6B impinges on trafficking path-
ways particularly relevant to the apical cell surface.

Discussion

One major challenge in the field of endosome trafficking is to 
understand how the general rules of vesicular transport learned 
from yeast and cultured nonpolarized cells can be adapted to 
the specialized functions of differentiated cell types. Here, we 
describe the most comprehensive assessment to date of genes 
associated with a specialized endosomal transport pathway in 
polarized epithelial cells. Screens for genes operating in traf-
ficking across polarized mammalian epithelial cells have not 
been reported before, and several challenges discussed in the 
Results section were uniquely overcome to make this study suc-
cessful. Our results identified numerous cases in which the KD 
of specific genes affects bidirectional transcytosis of IgG by the 
Fcγ receptor FcRn. We further observed several distinct pheno-
typic classes, indicating that these genes are likely to operate 
in diverse stages of the transcytotic pathway and that the apical 
and basolateral recycling and transcytosis pathways are geneti-
cally separable. These results may apply to other constitutively 
polarized cell types, such as neurons or endothelial cells, which 
share some molecular mechanisms (Bonifacino, 2014).

An immediate finding from our screen was a clear require-
ment for the exocyst complex in FcRn-mediated transcytosis. 
The exocyst is a large, octomeric protein complex that mediates 
exocytosis of some Golgi- and endosome-derived vesicles at 

Figure 4.  Validation of eight genes selected from the top 15 ranked hits. (A–H) Transcytosis of Gluc-FcMN across MDCK monoloayers transfected with two 
independent esiRNAs against the indicated genes (blue columns). All experiments were normalized to the value of matched control monolayers transfected 
with nontargeting esiRNA (gray columns). Each experiment was conducted in triplicate on two to five independent days; the number of replicates and days 
are indicated below each bar graph in the form of n = (replicates per experiment) × (number of independent experiments). Bar graphs are reported as the 
weighted mean across experiments (see Materials and methods). Statistical significance was estimated using the Wilcoxon signed-rank test. *, P < 0.05; 
**, P < 0.001; ***, P < 0.0001.
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specified regions of the plasma membrane (Heider and Munson, 
2012). The complex can act at both apical and basolateral cell 
surfaces of polarized epithelia and is necessary for apically di-
rected transcytosis of dimeric IgA by pIgR (Oztan et al., 2007). 
In our pulse-chase studies on EXOC2 and EXOC7, we found 
that both subunits led to a decrease in bidirectional GLuc-FcMN 
transcytosis without any significant effect on recycling or uptake 
from either surface. It is striking that there was very little effect 
on FcRn recycling after exocyst KD, as many other receptors 
require the exocyst for this process, including the transferrin 
receptor (TfR; Prigent et al., 2003) and pIgR (Oztan et al., 2007). 
One explanation for this difference may be that FcRn follows a 
different intracellular itinerary. For instance, though there is very 
strong intracellular colocalization between TfR and FcRn (Ober 
et al., 2004; Goebl et al., 2008; Tzaban et al., 2009; Jerdeva et 
al., 2010), recycling by both receptors have a distinct depen-
dence on several genes: TfR recycling in polarized epithelia re-
quires exocysts (Prigent et al., 2003), but not RAB11A (Wang et 
al., 2000b; Tzaban et al., 2009) and not LEP​ROT in HeLa cells 
(Séron et al., 2011). FcRn recycling, on the other hand, does 
not require exocysts (this study) but requires RAB11A (Ward et 
al., 2005; Tzaban et al., 2009) and LEP​ROT (this study). This 
result emphasizes that the apparent effect of any perturbation of 
trafficking machinery can be dependent on the specific recep-
tor being studied and provides further evidence that trafficking 

pathways in epithelial cells are heterogeneous with multiple pos-
sible routes back to the cell surface (Goldenring, 2015).

We observed a polarized phenotype for PARD6B KD, with 
a strong defect on apical uptake and recycling but little effect 
on, or even an enhancement of, basolateral recycling. PARD6B 
encodes for a member of a protein family required for the estab-
lishment and maintenance of epithelial cell polarity (Chen and 
Zhang, 2013); it acts as a scaffolding protein in complex with 
Par3 and atypical protein kinase C to specify the apical mem-
brane domain (Martin-Belmonte and Mostov, 2008). Although 
the phenotype we observed for PARD6B KD could in principle 
be an indirect effect caused by a defect in cell polarity, we ob-
served no change in the polarity of two canonical apical and ba-
solateral membrane markers, cell morphology, or tight junction 
formation. There is mounting evidence that Par6 family mem-
bers can regulate membrane trafficking independent of their 
role in cell polarity (Balklava et al., 2007; Shivas et al., 2010), 
raising the possibility that the PARD6B KD phenotype could be 
a result of a direct role in endosome function. For instance, ex-
pressing a dominant negative Par6b in HeLa cells inhibited TfR 
internalization and major histocompatibility complex (MHC) 
class I recycling (Balklava et al., 2007), even though this cell 
line exhibits no constitutive polarity. Furthermore, Par6c has 
been shown to directly interact with and regulate trafficking 
genes, including the exocyst complex (Das et al., 2014).

Figure 5.  Characterization of MDCK-FcRn monolayers after depletion of EXOC2, EXOC7, PARD6B, and LEP​ROT. (A) Transepithelial electrical resistance, 
a measure of tight junction function, after esiRNA depletion of the indicated genes (n = 6–10 filters per esiRNA). (B) Immunolocalization of the apical 
membrane marker GP135 (blue) and lateral membrane marker E-cadherin (red) after esiRNA depletion of the polarity determinant gene PARD6B. Immu-
nolocalization for the same markers are shown for monolayers depleted in EXOC2, EXOC7, and LEP​ROT in Fig. 4. (C) SDS-PAGE of total cell lysates and 
immunoblot for the HA-tagged FcRn-EGFP after esiRNA depletion of the indicated genes. Immunoblot for actin on same gel provides control for protein 
loading. Although the bands for FcRn and corresponding bands for actin have similar morphology, they are distinguished by antibody labeling and running 
at different positions in same gel. (D) Localization of HA-tagged FcRn-EGFP after esiRNA depletion of the indicated genes by direct confocal microscopy. 
Additional confocal sections for each gene are shown in Fig. S5. Bars, 10 μm.
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In mammals, there are three isoforms of Par6 (PARD6A, 
PARD6B, and PARD6G), and it is unclear to what extent these 
operate differently in establishing cell polarity or regulating 
membrane trafficking. PARD6B was the only isoform included 
in our screen, and it was included because it was predicted 
to be strongly expressed in polarized epithelia (Nelms et al., 
2016). Indeed, antibody staining from the human protein atlas 

(http​://www​.proteinatlas​.org​/; Uhlén et al., 2015) showed that 
PARD6B was strongly enriched in simple epithelia, whereas 
the other two Par6 isoforms were not. Moving forward, it 
will be important to assess any differences in the function 
of these three isoforms. The epithelial-enriched expression 
pattern of PARD6B suggests that it may be vital for a function 
unique to polarized epithelial cells. Given its phenotype in 

Figure 6.  Pulse-chase transport assays in MDCK monolayers depleted of EXOC2, EXOC7, LEP​ROT, and PARD6B reveal three distinct phenotypes. FcRn- 
dependent IgG trafficking in monolayers depleted of the indicated genes (red) is compared with IgG trafficking in control monolayers transfected with non-
targeting esiRNA (black). Transcytosis and recycling experiments were normalized to the 90-min time point of matched control monolayers transfected with 
nontargeting esiRNA, and internalization experiments were normalized to the matched nontargeting control. Each experiment was conducted in triplicate 
on two to four independent days; the number of replicates and days are indicated below each bar graph in the form of n = (replicates per experiment) 
× (number of independent experiments). Plots show the weighted mean ± SD across experiments (see Materials and methods). (A and B) Time course of 
basolaterally and apically directed IgG transcytosis as assessed by 60-min pulse and 90-min chase. (C and D) Time course of apical and basolateral IgG 
recycling as assessed by 60-min pulse and 90-min chase. For A–D, statistical significance was assessed for the 90-min time point by the Wilcoxon signed-
rank test and adjusted for multiple hypothesis testing using Holm’s method. (E) Total cellular uptake of IgG after 60-min pulse. *, P < 0.05; as estimated by 
the Wilcoxon signed-rank test. **, P < 0.001; ***, P < 0.0001.
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FcRn trafficking, we speculate that PARD6B may contribute 
to endosome specialization in polarized epithelia, perhaps 
by helping to establish or regulate an apical membrane-
specific endosome compartment.

Other genes identified in this screen have not been stud-
ied in the context of polarized epithelial cells before. LEP​ROT 
encodes a four-pass transmembrane protein that regulates a 
postendocytic step of LDL and growth hormone receptor traf-
ficking (Séron et al., 2011). In nonpolarized cells, the require-
ment for LEP​ROT is receptor specific, as epidermal growth 
factor receptor (EGFR) and TfR are unaffected by LEP​ROT KD 
(Séron et al., 2011). LEP​ROT KD resulted in a general slow-
down of all FcRn trafficking pathways, suggesting a defect in 
a rate-limiting step of FcRn transport. Another gene, ARMT1, 
was recently shown to function in the DNA damage response by 
negatively regulating PCNA through enzymatic methyltransfer-
ase activity (Perry et al., 2015). It is plausible that ARMT1 KD 
affected FcRn-mediated transcytosis indirectly by altering gene 
expression, but very little is known about this protein, including 
its intracellular localization and potential binding partners, and 
so it may have a direct function in endosomal trafficking dis-
tinct from its role in DNA damage.

Our screen implicates many other genes in the process of 
transcytosis, all with FDRs less than 0.01. Of the validated genes, 
a few are worthy of further note. ARL14 (Z-score = −5.33) is a 
small GTPase that recruits MYO1E to MHC class II–containing 
vesicles to affect movement along the actin cytoskeleton in 
dendritic cells (Paul et al., 2011). The guanine nucleotide ex-
change factor for ARL14 is PSD4. PSD4 was not identified in 
our screen but the PI kinase that regulates its membrane asso-
ciation PIP5K1A scored highly (Z-score = −2.52, FDR < 0.1). 
The screen also identified the actin-related protein ACTR3B, a 
component of the ARP2/3 complex (Z-score = −5.41). Both re-
sults are consistent with the dependency of endosome traffick-
ing on actin dynamics (Sheff et al., 2002; Guerriero et al., 2006; 
Salvarezza et al., 2009), and it will be interesting to identify 
where in the transcytotic pathway ARL14 and ACTR3B operate. 
Three other genes identified (VPS13C, STAM, and CCZ1) point 
to sorting steps associated with the transition from early to late 
endosomes. VPS13C (Z-score = −4.47) encodes a large pro-
tein expressed in multiple cell types and of essentially unknown 
function (Velayos-Baeza et al., 2004). CCZ1 (Z-score = −4.15) 
assembles with the protein encoded by Mon1 to act as a Rab7 
guanine nucleotide exchange factor (Nordmann et al., 2010; 
Gerondopoulos et al., 2012) and with RABX5/Rab5 to effect 
the early-to-late endosome transition (Poteryaev et al., 2010). 
STAM1 (Z-score = −3.75) is a subunit of the ESC​RT-0 complex, 
which also acts at early steps in the early-to-late endosome tran-
sition to effect protein sorting (Bache et al., 2003; Ren and Hur-
ley, 2010). One aspect of this transition involves the sorting of 
selected cargo away from the lysosome, a characteristic feature 
of trafficking for FcRn (Roopenian and Akilesh, 2007).

We present several resources that will enable research 
into epithelial trafficking: we identified a large number of 
genes whose KD affects FcRn-mediated transcytosis and also 
established more sensitive assays to measure both continuous 
and pulse-chase FcRn-mediated transport. It should be em-
phasized that this screen does not provide a complete picture 
of the genes involved in transcytosis; several may have been 
missed because of insufficient KD or redundancy with other 
cellular proteins (e.g., many Rab proteins have isoforms with 
partially redundant functions). Genes that were not targeted 

may also play interesting roles in the pathway. In addition, 
because our cell model was built using the human FcRn in 
a canine cell line, it is possible that this species difference 
affected our results; the available data, however, are consistent 
with the receptor following a conserved intracellular itinerary 
among epithelial cells from different species where FcRn ac-
tively transports cargo.

Of the newly implicated genes we have characterized so 
far, we find distinct phenotypes on endosomal trafficking, sug-
gesting that these genes operate in diverse stages of the tran-
scytotic pathway. The next steps will be to determine which 
trafficking events are affected by each gene KD, whether the 
effects are direct or indirect, and how these genes operate to-
gether to maintain the specialized endosomal system of epithe-
lial cells. These results serve as the foundation for future work 
on the genetic and molecular basis of transcytosis, and advance 
our understanding of how epithelial cells traffic IgG, sort mem-
brane proteins, and maintain polarity to function at the interface 
between host and environment.

Materials and methods

Cell culture
An MDC​KII cell line stably expressing human β2M and HA-FcRn-
EGFP has been previously described (Tzaban et al., 2009). In brief, 
monomeric EGFP was fused to the FcRn C terminus with a GSS​GSS 
linker between FcRn and EGFP (pcDNA3.1; Invitrogen). The FcRn-
EGFP fusion was transfected into MDC​KII cells stably expressing 
human β2M (Claypool et al., 2002). This cell line was sorted by FACS 
to isolate cells with relatively uniform GFP fluorescence, gating for 
cells that express detectable but low levels of GFP. The cell line was 
frozen down after sorting and used within 3 to 15 passages after thaw-
ing for all experiments. Cells were maintained in DMEM supplemented 
with 10% heat-inactivated FBS and penicillin and streptomycin, all ob-
tained from Thermo Fisher Scientific. Cells were routinely confirmed 
to be negative for mycoplasma using a PCR kit from MD Biosciences.

GLuc-FcMN production and purification
Humanized Gaussia luciferase (Tannous et al., 2005) was cloned 
into the pcDNA3.1 backbone vector with G418/neomycin resistance 
(Thermo Fisher Scientific), with an AGGV linker and the Fc domain 
of human IgG1 on the N terminus and the signal sequence of mouse 
MHC class I H2-Kb (Platzer and Fiebiger, 2010) on the C terminus. 
All fusion-protein plasmids were verified by Sanger sequencing. Each 
fusion protein construct was transfected into CHO cells. These cell 
lines were placed under selection using G418 and then subcloned to 
obtain stable cell lines with strong expression of each GLuc-Fc variant. 
The stable cell lines were grown on Cytodex3 microcarrier beads (GE 
Healthcare) in Techne spinner flasks for up to 9 d, and media was col-
lected every day for protein purification. Media for protein production 
was OptiMEM GlutiMAX (Thermo Fisher Scientific) supplemented 
with 2% ultra-low IgG FBS (Thermo Fisher Scientific), 1 mM CaCl2 
(Sigma-Aldrich), nonessential amino acids (Thermo Fisher Scientific), 
and penicillin and streptomycin (Thermo Fisher Scientific).

Collected media was filtered through a 0.2-µm filter to remove 
cell debris and incubated with protein A or protein G Sepharose beads 
(GE) overnight at 4°C. Then the beads were strained and protein was 
eluted with 100 mM glycine, pH 2.5. Eluted protein was quenched with 
5.5% 1 M Tris, pH 9.0, and buffer exchanged for PBS using 30 kD 
MWCO protein spin concentrators (Thermo Fisher Scientific). Protein 
concentration was then measured using a NanoDrop (Thermo Fisher 
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Scientific) assuming a default protein mass extinction coefficient at 280 
nm of 1 mg ml−1 cm−1. Purified protein was flash frozen and stored at 
−80°C. After every protein purification, an aliquot was run on an SDS-
PAGE Coomassie gel to ensure a single clean band (e.g., Fig. S1 A).

Steady-state transport assays
Cells were transfected at the same time of plating (reverse transfec-
tion) using Lipofectomine RNAiMAX (Thermo Fisher Scientific). 
For the transfections, lipid-esiRNA complexes were prepared by incu-
bating 2 ng/µl esiRNA in OptiMEM (Thermo Fisher Scientific) with 
1.5% by volume RNAiMAX for 15 to 30 min. During the incubation 
period, 34.6  µl lipid-esiRNA complex was added to the apical res-
ervoir of a 6.5 mm polycarbonate transwell plate with 0.4 µm pore 
size (Corning). Meanwhile, MDCK-FcRn cells were trypsinized 
and resuspended to a density of 1.2 × 105 cells/ml in DMEM with 
10% FBS and without penicillin and streptomycin, and 138.5  µl of 
this cell solution was added to the apical reservoirs of the transwell 
plate with lipid-esiRNA complexes. It was important to ensure that 
the OptiMEM was prewarmed to room temperature and the DMEM 
was prewarmed to 37°C for a successful transfection. The cells with 
complexes were then incubated for 16 to 20 h at 37°C without media 
in the basolateral reservoir. For the follow up experiments (Figs. 4, 5, 
and 6), a second transfection was subsequently performed to ensure 
more robust gene KD; in this second transfection, lipid–esiRNA com-
plexes were prepared as for the first transfection and then diluted with 
DMEM with 10% FBS and added to both the apical and basolateral 
chambers for 4 to 8 h. After transfection, the media was exchanged for 
prewarmed DMEM with 10% FBS and penicillin and streptomycin. 
Media was changed again 3 d after plating, and transport assays were 
performed the next day.

For the transport assays, media was exchanged for DMEM with 
10% ultra-low IgG FBS (Thermo Fisher Scientific), 1 µg/ml GLuc-Fc, 
and 20 mM MES, pH 6.0, on the input side and DMEM with 10% ul-
tra-low IgG FBS, pH 7.4, on the output side. The filters were incubated 
for 90 min at 37°C, and then contents on the output side of the filter 
were gently mixed and 20-µl aliquots withdrawn for protein concentra-
tion determination. To measure the concentration of GLuc-Fc, 80 µl of 
PBS with 12.5 µM coelenterazine (NanoLight Technology) was added 
to 20 µl media in a white 96-well plate (Thermo Fisher Scientific) and 
luciferase signal was measured 3 to 10 min later using a Victor X3 
plate reader (PerkinElmer).

During the screen, cells were grown on 96-well high-throughput 
screen transwell plates with polycarbonate membranes and 0.4 µm pore 
size (Corning). Media volumes were 75 µl and 235 µl for the apical 
and basolateral chambers, respectively. All assays were performed as 
described in the previous paragraph with the exception of reduced vol-
umes and the use of automation. Media additions and removal were 
performed with either a Matrix WellMate (Thermo Fisher Scientific) 
or an Agilent Bravo Workstation. Luminescence activity was measured 
with an Envision 2 plate reader (PerkinElmer).

esiRNA synthesis and library construction
esiRNAs are prepared enzymatically as follows (Fig. S1 D). First, 
primers were designed to amplify a 400- to 600-bp region of a tar-
get gene from a cDNA library, appending T7 promoter sites to each 
end. This target region was optimized for good predicted KD efficiency 
using the DEQ​OR algorithm (Henschel et al., 2004). Second, the PCR 
product was transcribed in vitro to produce long double-stranded RNA. 
Finally, the double-stranded RNA was spliced into 21-bp fragments by 
a bacterial RNase, creating a heterogeneous pool of siRNAs. The re-
sulting esiRNA reagent contains a diverse pool of sequences targeting 
the same gene, which has been experimentally shown to produce more 

consistent KD and less off target effects than single, chemically synthe-
sized siRNAs (Kittler et al., 2007).

The DNA template for control esiRNAs targeting luciferase 
(negative control) and FcRn-GFP (positive control) were synthesized 
from plasmids encoding Gluc-FcWT (this study) and HA-FcRn-
GFP (Tzaban et al., 2009), respectively. DNA templates for all other 
esiRNAs were synthesized from a cDNA library prepared from our 
MDCK-FcRn cell line (described in the following paragraph). Prim-
ers for DNA template synthesis of all esiRNAs, which include a gene- 
specific region and a T7 promoter site for RNA synthesis, are listed in 
Table S3. For small-scale experiments (control RNAs in Fig. 1, 4, 5, 
and 6 and all second esiRNAs in Fig. 4), esiRNAs were synthesized 
using the New England Biolabs, Inc. T7 HiScribe and SuperScript III 
kits according to the manufacturer’s instructions. For the pilot and full 
screen, esiRNAs were synthesized by Eupheria Biotech essentially as 
described in the previous paragraph except that the MEGAscript kit 
(Ambion) was used for in vitro transcription and a recombinant Esch-
erichia coli Rnase III tagged with glutathione-S-transferase (Kittler et 
al., 2007) was used for enzymatic digestion. Primers for DNA template 
synthesis of all esiRNAs, which include a gene-specific region and a T7 
promoter site for RNA synthesis, are listed in Table S3.

The MDCK cDNA library was constructed using a previ-
ously described template-switching protocol (Pinto and Lindblad, 
2010). In brief, MDCK-FcRn cells were grown on 10-cm-diameter 
transwell inserts for 4 d with a media change on day 3. Then RNA 
was purified using the QIA​GEN Rneasy mini kit according to the 
manufacturer’s instructions, and poly(A)+ RNA was enriched with 
oligo(dT) dynabeads (Thermo Fisher Scientific). Purified RNA was 
reversed transcribed at 50°C for 30 min, 55°C for 15 min, and 60°C 
for 15 min using the Superscript III enzyme (Thermo Fisher Scien-
tific) and the oligo(dT) primer 5′-AAG​CAG​TGG​TAT​CAA​CGC​AGA​
GTAC(T)30VN. Then, to facilitate the addition of a predetermined 
sequence at the 3′ end of the cDNA (5′ end of the template RNA) 
by template switching, MnCl2 was added to a final concentration of 
2 mM along with Superscript II reverse transcription and the primer 
5′-AAG​CAG​TGG​TAT​CAA​CGC​AGA​GTA​CGC​RGR​GRG-3′ (phos-
phate), and the reaction was incubated at 42°C for 90 min. This 
protocol leaves an identical priming site on both ends of the cDNA 
(5′-AAG​CAG​TGG​TAT​CAA​CGC​AGA​GT-3′) that can be used to am-
plify the library by PCR. The cDNA synthesis resulted in substantial 
library diversity, with ∼2 × 109 total cDNA molecules as estimated 
by dilution PCR and 15 out of 20 sequenced clones representing full-
length transcripts. Finally, the library was amplified by emulsion PCR 
using the Miscellula emulsion PCR kit (CHI​MERx) and the PCR 
primer 5′-AAG​CAG​TGG​TAT​CAA​CGC​AGA​GT-3′.

Normalization and hit selection for RNAi screen
To analyze the data from the screen, a strategy was developed to as-
sess esiRNA activity at the same time as normalization, estimating the 
consistent effect among all esiRNA replicates that cannot be explained 
by known systematic sources of variation. The method was adapted 
from (Yu et al., 2011). Let Xeфi be the log-transformed luciferase in-
tensity of well i, treated with esiRNA e, and measured at location ф 
(ф = {b,p,r,c} for batch b, plate p, row r, and column c). We fit the 
measured intensities Xeфi to a mixed-effects linear model with fixed 
esiRNA effects μe, random systematic effects Sф, and residual error εi: 
Xeфi = μe + Sф + εi, where systematic effects are the sum of batch effects 
Bb, plate effects Pp, row effects Rpr, and column effects Cpc: Sф = Bb + 
Pp + Rpr + Cpc. This model was fit separately for each direction of trans-
port using the lme4 R package (Bates et al., 2015). Normalized signal 
intensities, which have been corrected for systematic errors (Xeфi − Sф), 
are plotted in Fig. S3.
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To assess statistical significance of each esiRNA effect μe, a per-
mutation test was used. A single mock transfection well on the library 
plate was labeled as a gene named MOCK, and then the mixed linear 
model fit was repeated, obtaining an estimate of the “esiRNA” effect 
for a known negative control, μMOCK. This was then repeated for the re-
maining mock transfection wells (112 in total), providing an empirical 
null distribution under the mock transfection condition. The null distri-
bution, μMOCK, fits a normal distribution for both directions of transport 
(P = 0.82, 0.40 for basolateral-to-apical and apical-to-basolateral trans-
port, Shapiro–Wilk test).

A Z-score was then calculated for each gene and direction of 
transport by dividing the estimated esiRNA effect, μe, by the stan-
dard deviation of the empirical null distribution (i.e., the standard 
deviation of μMOCK). Z-scores for each direction were then pooled 
using Stouffer's method:

	​​ Z​ e​ pooled​  = ​ 
​Z​ e​ A2B​ + ​Z​ e​ B2A​

 ________ ​√ 
__

 2 ​ ​ ,​

resulting in a single overall Z-score for each esiRNA in the screen.

General cell health characterization
For the general cell health characterization (Fig. 5), MDCK-FcRn cells 
were subjected to the double-transfection protocol described in the 
Steady-state transport assays section and then grown for 4 d on transwell 
filters. For microscopy, cells were fixed using 4% paraformaldehyde 
(Electron Microscopy Sciences) and then stained and imaged as described 
previously (Tzaban et al., 2009) using a mouse mAb against GP135 (Oja-
kian and Schwimmer, 1988) and a rat mAb against E-cadherin (U3254; 
Sigma-Aldrich). Western blot for HA-FcRn-GFP was performed using a 
high-affinity rat anti-HA mAb (clone 3F10; Roche) and for β-actin using 
a mouse mAb (A5316; Sigma-Aldrich). HRP-conjugated secondary anti- 
bodies were obtained from Sigma-Aldrich. TEER was measured using 
an EVOM2 (World Precision Instruments).

Pulse chase assays
For the pulse chase transport assays, MDCK-FcRn cells were subjected 
to the double-transfection protocol described in the Steady-state trans-
port assays section and grown for 4 d on transwell filters. To load the 
cells with GLuc-FcMN, media was exchanged for DMEM with 10% 
ultra-low IgG FBS, 10 µg/ml GLuc-FcMN, and 20 mM MES, pH 6.0, 
on the input side, and DMEM with 10% ultra-low IgG FBS, pH 7.4 on 
the output side. The filters were then incubated for 60 min at 37°C and 
washed three times at 4°C using prechilled DMEM with 10% ultra-low 
IgG FBS, pH 7.4. At this point, the filters were either returned to 37°C 
and 20-µl aliquots were withdrawn after gentle mixing for recycling and 
transcytosis assays or they were lysed using 100 µl PBS with 1% NP-
40, 1% FBS, and Complete protease inhibitor cocktail (Thermo Fisher 
Scientific) for uptake assays. Luciferase activity was measured as de-
scribed in the Steady-state transport assays section and converted to 
protein concentration using a linear least squares fit to a standard curve.

Microscope and image acquisition
Confocal images were acquired at 37°C using a spinning disk confocal 
head (CSU-X1; PerkinElmer) coupled to a fully motorized inverted 
Axiovert 200-M microscope (ZEI​SS) equipped with Plan Apochromat; 
63×/1.4 oil DIC objective and with a X-Cite 120LED light source 
(Excelitas) for wide-field illumination. Solid-state lasers (480, 568, 
and 660 nm) coupled to the spinning head through a fiber optic were 
used as a light source. An acoustic-optical tunable filter was used to 
switch between different wavelengths. The imaging system operates 
under control of SlideBook 6 (Intelligent Imaging Innovations, Inc.) 
and includes a computer-controlled spherical aberration correction 

device (SAC; Intelligent Imaging Innovations, Inc.) installed between 
the objective lens and the charge-coupled device camera (QuantEM​: 
512SC; Photometrics). Postacquisition images were scaled linearly 
using ImageJ. For immunofluorescence, MDCK monolayers were 
fixed in 4% paraformaldehyde, washed, and stained for HA-FcRn-
EGFP, E-cadherin, or GP135 as described in General cell health 
characterization. Secondary anti–mouse Fab2 labeled with Alexa Fluor 
647 and anti–rat Fab2 labeled with Alexa Fluor 568 antibodies from 
Thermo Fisher Scientific were used.

Statistics and analysis
For Figs. 1 and 5, results were summarized as the mean ± SD of a 
representative experiment. Statistical significance was estimated using 
a Student’s t test adjusted for multiple hypothesis testing with Holm's 
method. For Figs. 4 and 6, data were pooled from multiple indepen-
dent experiments. Raw luminescence values from each experiment 
were normalized by dividing by the mean value of the nontargeting 
control wells from that experiment (the 90-min time point of the non-
targeting control wells for the pulse-chase assay). Results were then 
summarized as the weighted mean ± the weighted standard deviation 
between experiments, with weights given by 1 over the variance of the 
nontargeting control wells in each experiment. The reason for including 
weights is that a few experiments resulted in a large standard deviation 
for the normalizing negative control condition, and the weighted mean 
allowed for a smooth decrease in the value of these noisy experiments 
without having to assess or remove outliers. No experiments or data 
points were excluded from the analysis. Statistical significance was 
estimated using a Wilcoxon signed-rank test and adjusted for multi-
ple-hypothesis testing with Holm’s method.

Online supplemental material
Fig. S1 shows SDS-PAGE of purified recombinant Gluc-Fc fusion pro-
teins, dose dependency of Gluc-FcMN transport, schematic for prepa-
ration of esiRNAs and validation of final products, and validation of 
esiRNA KD for FcRn. Fig. S2 shows the plate layout and replication 
schema for the high-throughput screen. Fig. S3 shows plots of normal-
ized and unnormalized luciferase measurements from the screen. Fig. 
S4 shows the comparison of apical to basolateral and basolateral to api-
cal transport. Fig. S5 shows the immunolocalization of apical (GP135) 
and basolateral (E-cadherin) membrane markers and the localization of 
HA-tagged FcRn-EGFP after esiRNA depletion of EXOC2, EXOC7, 
and LEP​ROT. Table S1 shows the relative permeabilities for all genes 
used in the pilot screen. Table S2 shows the final list of genes curated 
for the screen, the list of genes curated in the high-throughput and liter-
ature gene sets, and the list of genes curated based on their containing 
a domain linked to trafficking. Table S3 shows the list of genes and 
sequences used to prepare esiRNA for the full and pilot screens and the 
second esiRNAs prepared for the validation studies. Table S4 shows the 
entire list of ranked Z-scores for each gene studied.
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