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Abstract

Epithelial polarization and polarized cargo transport are highly coordinated and
interdependent processes. In our search for novel regulators of epithelial polarization
and protein secretion, we used a genome-wide CRISPR/Cas9 screen and combined it
with an assay based on fluorescence-activated cell sorting (FACS) to measure the
secretion of the apical brush border hydrolase dipeptidyl peptidase 4 (DPP4). In this
way, we performed the first CRISPR screen to date in human polarized epithelial cells.
Using high-resolution microscopy, we detected polarization defects and mislocalization
of DPP4 to late endosomes/lysosomes after knock-down of TM9SF4, anoctamin 8, and
ARHGAP33, confirming the identification of novel factors for epithelial polarization and
apical cargo secretion. Thus, we provide a powerful tool suitable for studying
polarization and cargo secretion in epithelial cells. In addition, we provide a dataset that
serves as a resource for the study of novel mechanisms for epithelial polarization and
polarized transport and facilitates the investigation of novel congenital diseases

associated with these processes.
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Introduction

Epithelia are highly specialized tissues that line inner and outer surfaces of various organs of
metazoans, performing absorption, secretion, and barrier functions. During polarization
epithelial cells assume their characteristic shape, by building specialized apical- and
basolateral plasma membrane (PM) domains (Rodriguez-Boulan and Macara, 2014; Apodaca
et al., 2012), which are separated by junctional complexes and characterized by a specific
composition of lipids and proteins (Martin-Belmonte et al., 2007). The asymmetric distribution
of polarity complexes and the mutual exclusion of proteins from one domain, by proteins from
the other domain are critical for the maintenance of apico- basolateral domains at the cell
cortex (Rodriguez-Boulan and Macara, 2014; Roman-Fernandez and Bryant, 2016).
Additionally, tightly orchestrated transport mechanisms and machineries, as Rab-GTPases,
motor proteins, soluble NSF attachment receptor (SNARE)-proteins and specific adapter
proteins, ensure the establishment and maintenance of specialized membrane domains
(Gaisano et al., 1996; Low et al., 1996; Weimbs et al., 1997; Li et al., 2002).

Defects in polarization and polarized traffic often cause diseases, such as congenital diarrhea
and enteropathies (Thiagarajah et al., 2018; Canani et al., 2010; Apodaca et al., 2012).
Microvillus inclusion disease is an autosomal-recessive enteropathy (Cutz et al., 1989),
characterized by intractable diarrhea in neonates (Cutz et al., 1989; Ruemmele et al., 2006).
Enterocytes of MVID-patients show loss of brush-border microvilli, formation of so-called
microvillus-inclusions and subapical accumulation of so-called “secretory granules” (Cutz et
al., 1989; Phillips et al., 2000). Our studies identified mutations in MYO5B, STX3 and STXBP2
to be causative for MVID (Mdller et al., 2008; Ruemmele et al., 2010; Wiegerinck et al., 2014;
Vogel et al., 2017b); they revealed that a molecular transport machinery involving myosin Vb
(myo5b), the small Rab-GTPases Rab11a and Rab8a, the t-SNARE syntaxin3 (stx3) and the
v-SNARES slp4a and vamp7 is essential for apical cargo delivery (Vogel et al., 2015b, 2017b).
This cascade is required for the delivery of apical transmembrane transporters that are
important for proper physiological function of enterocytes, such as sodium-hydrogen
exchanger 3 (NHES3), glucose transporter 5 (GLUT5) and cystic fibrosis transmembrane
conductance receptor (CFTR), but not for dipeptidyl-peptidase-4 (DPP4), sucrase-isomaltase
(SI) and amino-peptidase-N (APN). This suggests the presence of additional trafficking routes

and transport mechanisms for these apical cargos.

Since molecular signals for apical cargo sorting and transport are believed to be highly diverse,
various mechanisms have been proposed to underly epithelial protein secretion (Levic and
Bagnat, 2021). A common, characteristic feature of apical cargo is the presence of post-
translational modifications, such as N- and O-linked glycosylations that are recognized by

specific lectins, as well as GPIl-anchors that allow sorting into cholesterol-rich lipid
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microdomains (Weisz and Rodriguez-Boulan, 2009; Zurzolo and Simons, 2016). Additionally,
recent studies have proposed that protein oligomerization coincides with sorting into
specialized membrane domains in the trans-Golgi network (TGN), which depends on the pH-
regulation of the TGN lumen (Levic and Bagnat, 2021; Levic et al., 2020).

To uncover protein functions for a wide range of cellular processes, genome-wide clustered
regularly interspaced short palindromic repeats (CRISPR) mediated screens have advanced
to a state-of-the-art strategy (Shalem et al., 2014, 2015; Kampmann, 2018). In addition to their
application to understanding the regulation of tumor biology, viral infection, or miRNA
processing, CRISPR-mediated screening approaches have recently proven highly effective in
discovering novel factors for intracellular protein trafficking and secretion (He et al., 2021; Zhu
et al., 2021; Hutter et al., 2020; Stewart et al., 2017; Popa et al., 2020; Bassaganyas et al.,
2019). Additionally, the CRISPR-Cas9 technology has been successfully used in madine-
darby canine kidney (MDCK) cells with the generation of a collection of Rab-GTPase
knockouts, which has provided great value for phenotypic analyses of Rab-KOs in epithelial

cells (Homma et al., 2019).

In this study, we employed the CRISPR-screening technology as an unbiased experimental
strategy to uncover novel regulators of epithelial cell polarization and trafficking by
investigating factors required for the apical delivery of DPP4. The brush-border hydrolase
DPP4 is a type Il transmembrane protein. It is heavily modified with N- and O-linked glycans
in its extracellular domain (Misumi et al., 1992; Baricault et al., 1995; Fan et al., 1997), which
have been suggested to be critical apical sorting determinants of DPP4 (Alfalah et al., 2002).
Even though several studies have suggested diverse trafficking routes for DPP4, the
mechanisms and protein-machineries underlying these processes remain enigmatic so far
(Casanova et al., 1991; Baricault et al., 1993; Low et al., 1992; Sobajima et al., 2015).

Here, we conducted the first CRISPR-screen in polarized human epithelial cells to date. We
present an experimental strategy for applying the CRISPR screening system in polarized
epithelial cells to study novel protein functions. We have developed an easy to use and
adaptable, FACS-based assay to measure the efficiency of protein secretion in polarized
epithelial cells after genome editing. In combination with a detailed characterization of selected
proteins by immunofluorescence and cryo-based electron microscopy, we have identified
novel factors required for proper apico-basolateral polarization and secretion of apical cargo.
Therefore, our dataset serves as a foundation for future studies aimed at deciphering novel
mechanisms underlying epithelial polarization and polarized cargo transport. In addition, it
provides a powerful resource for the investigation and validation of new congenital disease

genes to be identified.
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Results

Development of a genome-wide CRISPR-screen to identify factors required for plasma

membrane localization of the apical cargo DPP4

We established an unbiased CRISPR-Cas9-loss of function screen to define factors involved
in surface targeting of the apical model cargo DPP4 in the enterocyte like colon carcinoma cell
line, CaCo2 (Fig. 1). DPP4 is a type 2 transmembrane protein, that can be detected with
antibodies binding to the extracellular C-terminus of the protein (Fig. 1 A). We made use of this
feature to read out the efficiency of endogenous DPP4 surface delivery by fluorescence
activated cell sorting (FACS) in CaCo2 cells after epithelial polarization. Here, we used a period
of 18 to 21 days, during which surface DPP4 signal is significantly increased in the course of
cell surface expansion and specialized polarized trafficking processes (Fig. 1 B). In this
context, we aimed to define factors required for apical membrane differentiation and cargo
trafficking, thereby leading to a strong reduction of DPP4 after surface polarization. First, we
generated Cas9-expressing CaCo2 cells and then transduced two biological replicates at a
low multiplicity of infection (MOI) (0.2) using the human lentiviral GeCKOv2 CRISPR-library,
selecting for successful viral integration with antibiotic treatment with Puromycin. We then
seeded the infected CaCo2 cultures at high density and allowed the confluent monolayers to
further polarize and differentiate for 18 days. Next, polarized cells were detached, stained for
endogenous DPP4, and subjected to FACS, separating those cells with only 10% of surface
signal left, due to CRISPR-targeting (Fig. 1 C and D). To determine the abundance of gRNAs
in sorted versus unsorted cell populations, genomic DNA was isolated and read counts were
determined by next generation sequencing. Subsequent analysis using GenePattern and
Galaxy analysis tools enabled the identification of 89 gRNAs significantly enriched in the sorted
cell population (p<0.05) and represented genes whose downregulation had resulted in reduced
DPP4 surface release (Fig. 1 D and E; Table S1 A and B).
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Figure 1. A CRISPR mediated loss of function screen in polarized enterocytes. A.

Dipeptidylpeptidase 4 (DPP4) localizes to the apical brush-border of polarized enterocytes and

can be detected with a specific antibody, at its extracellular stalk domain. Top-view (XZ) and

lateral view (YZ) of a polarized CaCo2 monolayer. Scale = 5 ym B. During polarization, apical

DPP4 is increased due to polarized traffic and surface expansion, which can be measured by

flow cytometry (right panel, CaCo2 unpolarized versus polarized). HEK293T cells, not

expressing DPP4, serve as quality control for staining specificity. C. CaCo2-Cas9 cells are

transduced with the lentiGuide-Puro library and selected with Puromycin. After selection

CaCo2 cells are seeded to confluent monolayers and cultured for apico-basolateral

polarization. Subsequently cells are detached, stained, and subjected to fluorescence



167
168
169
170
171
172
173
174
175
176

177

178
179

180
181
182
183
184
185
186

187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202

activated cell sorting (FACS). Sorted and unsorted control cells are processed for gDNA
extraction and genomically integrated CRISPR-constructs are amplified by PCR. Finally, PCR
products of sorted and unsorted cell populations are analyzed by next generation sequencing
and sgRNAs are ranked by their enrichment in the sorted vs. unsorted cell polpulation. D.
Sorting was performed for 10% of the cells, with lowest surface-signal intensity, thereby
enriching for the cell population that had lost 90% of surface DPP4 signal, due to efficient
CRISPR targeting. E. 89 single guide RNAs were significantly enriched in the sorted cell
population. F. Factors enriched in the sorted cell population could functionally be associated
with secretory traffic, cytoskeletal architecture or transcription, in a manual gene-ontology

analysis.

A genome-wide CRISPR-screen in polarized enterocytes identifies factors associated

with secretory traffic

Next, we wanted to get a comprehensive overview on the gene classes represented in our list
of enriched gRNAs. However, automated KEGG pathway and gene enrichment analyses of
our results were insufficient. Hence, we manually analyzed the 89 identified genes for common
gene ontology (GO)-terms and grouped them accordingly. We listed three GO-terms from each
category (biological process, molecular function, cellular compartment) for each hit, including
the most common GO-terms captured by the QuickGO-search database, focusing on including

GO-terms that indicate a role in the secretory pathway (Table S1 C).

Our analysis highlighted several genes, with functions related to the organization of the
secretory pathway (Fig. 1 E and F; Fig. 2 A), including general organization and maintenance
of organelles such as the endoplasmic reticulum (ER), the Golgi apparatus or protein transport
at early steps of the secretory pathway (e.g., KDELR2, RTN2, GOLGAS8O). Further, identified
hits were related to protein modification and transport at cis- and trans-Golgi compartments
(GALNT2, SYST1), lipid-biosynthesis (MTMR2, PIP5K1C), vesicle fusion and endocytic
recycling (SNAP29, DSCR3). Interestingly, we identified two genes associated with ER-plasma
membrane (ER-PM) contact sites (TMEM110, ANOS8). Furthermore, we found several factors
required for various aspects of cytoskeletal organization such actin-filament
organization/polymerization (e.g., MARCKSL1, ARPC4-TTLL3), cell adhesion (e.g., ITGAS,
FREM3, MPZ) but also microtubule organizing centre (MTOC)/centriole- and cilium assembly
and association (e.g., CCDC61, CCDC42B, C2CD3). Finally, we found numerous factors with
functions related to DNA-templated transcription and cell-differentiation (e.g., ETV7, NKX2-2,
ERF), as well as mRNA-processing/RNA-splicing (e.g., SNRPE, SFSWAP), translation (e.g.,
RPL30, RPL2) and DNA-repair/DNA-replication (e.g., SFR1, ATAD5, REV1) (Fig. 1 E and F;
Fig. 2 A).






