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Abstract

Normal function of all epithelia relies on the correct polarized localization of ion transport proteins, and
malfunctions in the trafficking of these proteins to the plasma membrane contribute to numerous diseases.
Na', HCO; cotransporter NBCn1 (SLC4A7) is a major regulator of pH; in most cell types with important
functions in the cardiovascular system, the kidneys, and other organ systems. The dysfunction of NBCnl is
implicated in several diseases, includig hypertension and cancer. In particular, NBCnl1 plays a central role in
breast cancer. Despite the importance of NBCnl in physiology and disease, very little is known about the
regulation and roles of NBCnl. Specifically, there is a near-complete lack of knowledge regarding NBCn1
biosynthesis, trafficking, and degradation pathways. Prior to this study, our lab performed mass spectrometry
analysis of interaction partners of, revealing several putative C-tail interactions candidates. In this study, we
performed co-IP to validate these suggested interactions partners. We found that NBCnl interacts with y-
adaptin, suggesting NBCn1 sorting to the membrane via AP-1 clathrin-coated vesicles. Morover, we foung
that NBCn1 interacts with lateral polaity proteins LLGL-1 and DLG, suggesting a lateral targeting pattern
for NBCbl. Lastly, we found that scaffold protein RACKI1 interacts with NBCn1 and that the proximal 22

amino acids of the C-tail are sufficient for RACK1 interaction.
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1 Introduction

Normal function of all epithelia relies on the correct polarized localization of ion transport proteins, and
malfunctions in the trafficking of these proteins to the plasma membrane contribute to numerous diseases
(Mellman and Nelson 2008). Solute carriers (SLCs) were recently called “the most understudied group of
genes”, because of the discrepancy between the limited number of studies investigating them and their high
relevance to health and disease (César-Razquin et al. 2015). One family amongst the SLCs is the SLC4
family, a large group of distinct and functionally diverse regulators of intracellular pH (pH;). Regulation of
pHiis essential for the normal function of all organisms since the structure and function of virtually all
proteins depends on pH and altered pH functions as signaling in many biological processes (Flinck, Kramer,
and Pedersen 2018). Specifically, the widely expressed Na", HCO;  cotransporter NBCnl (SLC4A7) is a
major regulator of pH; in most cell types with important functions in the cardiovascular system, the kidneys,
and other organ systems (Aalkjaer et al. 2014). Most recently, NBCn1 has been shown to play an essential
role in macrophage phagosome acidification (Sedlyarov et al. 2018). The dysfunction of NBCnl is
implicated in hypertension (Ehret et al. 2011) and cancer (Boedtkjer, Bunch, and Pedersen 2012). In
particular, NBCn1 plays a central role in breast cancer (Boedtkjer et al. 2013, Lauritzen et al. 2010, Andersen
et al. 2016, Gorbatenko et al. 2014, Lee et al. 2015), and genome-wide association studies link a SNP in the
NBCnl 3’ untranslated region to increased breast cancer risk (Chen, Zhong, et al. 2012). Despite the
importance of NBCnl in physiology and disease, very little is known about the regulation and roles of
NBChnl. Specifically, there is a near-complete lack of knowledge regarding NBCn1 biosynthesis, trafficking,
and degradation pathways. The aim of this project is, therefore, to investigate NBCn1 sorting and trafficking
pathway(s) in epithelial cells and potential interaction partners involved in the membrane expression of

NBCnl.

1.1 The Na", HCOj; -cotransporter NBCnl (SLC4A7)

1.1.1 Molecular actions of NBCnl1
The electroneutral Na'/ HCO; -cotransporter, NBCn1, mediates the cellular import of Na” and HCOs™ with a
1:1 stoichiometry (Parker and Boron 2013). When HCO;  reacts with intracellular H' ions, they form

carbonic acid (H,CO3), which becomes freely diffusible CO, and H,O in the presents of cytosolic carbon
anhydrases catalyze. As CO, diffuses out of the cell, membrane-bound carbonic anhydrases catalyze the



hydration of CO; to form H,CO:;, dissociating into HCO; and H" outside the cell (Aalkjaer et al. 2014).
Essentially, the movement of HCO; becomes functionally equivalent to the movement of H' in the opposite

direction. Moreover, this allows for the recycling of HCO;5 ', making NBCn1 a net acid extruder.

H+
v
(&
HCO,
H,0 + CO,
Pa NBCn1
H,0 + CO, Cq | '
a+
,_\ HCO.

H* + HCO," ¢

Figure 1 The primary molecular action of the electroneutral Na', HCO; cotransporter NBCnl1. It fascilitates the import of
sodium ions (Na") and bicarbonate (HCO; ) in the 1:1 stoichiometry. The intracellular H' reacts with the imported HCO5, forming
H,0 and CO,. As CO, diffuses out of the cell, it is hydrated, a process catalyzed by carbonic anhydrases (CA), resulting H™ and
HCO; . NBCnl is a net acid extruder because HCOs is recycled into the cell.

In addition to the Na'/HCO5 -cotransport, NBCn1 has a unique Na'-channel-like activity that is independent
of HCOs'. This was demonstrated in Xenopus oocytes expressing the NBCn1-B variant (see section 1.1.3),

which were notably depolarized after resting and loaded with more than six times the intracellular Na" than
the control oocytes (Choi et al. 2000). Supporting this, Choi and colleagues found that NBCnl-expressing

oocytes hyperpolarize after removal of the extracellular Na" in the nominal absence of CO»/ HCO; (Choi et

al. 2000). However, the primary function of NBCn1 is regulation of pH.

1.1.2  Physiology

NBCnl knockout mice develop blindness and auditory deficiency due to the missing NBCn1-mediated acid
extrution in sensory neurons (Bok et al. 2003). Furthermore, NBCnl knockout mice have inhibited

vasodilation due to reduced NO production in the endothelial cells, making them susceptible to hypertension.
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Most likely, this is due to altered intracellular pH affecting the endothelial NO-synthase (Boedtkjer et al.
2011). NBCnl is widely expressed and thus a major regulator of pH; in most cell types. One organ system
where NBCnl is notably abundant is the renal system. More specifically, NBCnl is highly expressed
basolaterally in the medullary thick ascending limbs and the inner medullary collecting ducts of the kidneys
(Odgaard et al. 2004). Generally, NBCnl is localized in the basolateral membrane domain of polarized
epithelial cells (Olesen et al. 2018, Damkier, Nielsen, and Praetorius 2006), but apical localization has also
been reported in choroid plexus epithelium (Praetorius and Nielsen 2006). In the kidneys, it is hypothesized
that basolateral NBCnl counteracts intracellular acid load from NH4 ' -reabsorption, thereby promoting
NH4"-excretion (Odgaard et al. 2004, Praetorius et al. 2004). Another organ system, where basolateral
NBCnl plays an important role, is in the duodenal mucosa of the upper gastrointestinal tract. Here,
basolateral NBCn1 activity is proposed to protect the epithelium against the high gastric acid concentrations

by raising the intracellular HCOs', and thereby promoting the apical secretion of HCO;™ by other transporters
(Chen, Praetorius, et al. 2012).

1.1.3  Association with Cancer Development

In addition to the important physiological roles, NBCnl is demonstrated to play a central role in breast
cancer (Lee et al. 2015, Boedtkjer et al. 2013). Characteristic for all malignant tumors is uncontrolled
proliferation, which leads to a high metabolic rate and hypoxia (Hanahan and Weinberg 2011). Hypoxia
alters cell biology for instance via HIF1a, which contributes to a metabolic shift towards aerobic glycolysis,
known as the Warburg effect (Swietach et al. 2014). Despite the intracellular acid load from a high metabolic
rate, cancer cells tend to have a highly acidic tumor microenvironment and a more alkaline pH; compared to
normal cells (White, Grillo-Hill, and Barber 2017). This reversed pH gradient favors tumor progression
because high pH; stimulates cell proliferation and survival, while low extracellular pH (pHe) is important for
migration and invasion (Flinck, Kramer, and Pedersen 2018). NBCnl plays an important role in maintaining

the altered pH homeostasis in breast carcinomas (Lee et al. 2015). In fact, CO,/ HCOj; -dependent

mechanisms were shown to beresponsible for more than 90% of the total acid extrusion in freshly dissected
human patient breast cancer tissue when pH;is higher than 6.6 (Boedtkjer et al. 2013). In congruence with
this, NBCnl expression and function are increased in breast cancer tissue compared to normal breast tissue
(Boedtkjer et al. 2013, Lee et al. 2015). The importance of NBCn1 in breast cancer is further validated by the
reduced steady state pH; in NBCnl knock-down (KD) cells and in vivo evidence of NBCnl KD reduced
tumor growth of triple-negative breast cancer cell xenografts in mice and prolonged tumor-free survival

(Andersen et al. 2018).
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1.1.4 Structure of NBCnl

Despite the central role of NBCnl in physiology and disease, very little is known about the molecular
mechanisms behind its localization and function. There is no structure of NBCn1 available, but the topology
is predicted from the AE1, the first structure in the SLC4 family (Arakawa et al. 2015), to consist of a large
cytosolic N-terminus of approximately 400 kDa, a transmembrane domain (TMD) with 14 o-helical spans
plus an extended glycosylated extracellular loop between transmembrane span 5 and 6, and a smaller
cytosolic c-terminus of aproximately 100 kDa (Parker and Boron 2013). The most distal part of the C-
terminus contains a PDZ-binding domain (ETSL), which is important for the interaction with other cellular
components (elaborated in section 1.1.6). The cytosolic C-terminal domain is vital for the stable NBCnl
membrane localization, and several groups, including ours, have shown that deletion of the C-terminus, but
not the PDZ binding motif alone, abolishes the membrane localization possibly due to intracellular retention
(Loiselle, Jaschke, and Casey 2003, Olesen et al. 2018, Arakawa et al. 2015). However, nothing is known

about the mechanisms involved.

NBCn1

H,N COOH

mm PDZ-binding domain

Figure 2 The predicted structure of NBCnl. A large cytosolic N-terminal domain (400 kDa), a transmembrane domain with 14 a-
helical spans with an extended glycosylated extracellular loop between span 5 and 6, and a smaller cytosolic C-terminal domain (100
kDa). The most distal part of the C-termins contains a PDZ-binding domain important for the interaction with other cellular

components. Source: Modified from original by Professor Stine F. Pedersen.

1.1.5 NBChnl Splice Variants

Due to alternative promoter sites, two distinct NBCnl N-termini exist. One containing Exon 1 (16 amino
acids) beginning with the sequence MEAD, the other containing exon 2 (11 amino acids) beginning with the
sequence MERF (Figure 3) (Parker and Boron 2013, Gorbatenko et al. 2014). The physiological

consequence of the two promoter sites is not known. It is, however, highly relevant for experimental work as
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many antibodies raised against NBCnl target the cytosolic domains. For instance, important studies of
NBChnl tissue-specific expression levels by Damkier and colleagues have been performed using antibodies
targeting the MEAD sequence, which is predicted to leave out expression patterns of NBCnl containing
exon 2 (NBCnl-A,FJ-L) (Boedtkjer, Bunch, and Pedersen 2012). In addition to the alternative promoter
sites, cytosolic splicing events result in at least three different splicing cassettes (cassette I-III) (Figure 3).
Cassette I and II are located in the N-terminal domain, whereas cassette III is located in the C-terminal
domain. Casette I contains 13 amino acids and variants with and without cassette I appear to be coexpressed
in most tissues (Damkier, Nielsen, and Praetorius 2006). Cassette Il consists of 124 amino acids and is
predominately expressed in vascular smooth, cardiac, and skeletal muscle cells, but absent from most
epithelia (Damkier, Nielsen, and Praetorius 2006). In most tissues, variants expressing cassette III are
dominant, but low levels of variants lacking cassette III are also frequently detected (Damkier, Nielsen, and
Praetorius 2006). The functional importance of the different NBCnl variants is largely unknown, although
further studies might provide knowledge of tissue-specific regulation of the NBCnl (Boedtkjer, Bunch, and
Pedersen 2012).

5 Nt » T™D Lot

< 1€ € >
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NBCn1-A I—Di 1,214
NBCn1-B )—D_ 1,219
NBCn1-C EH 1,242
NBCn1-D 1N ERE
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NBCn1-F J—D S 1,090
NBCn1-G i l ]]v 1,131
NBCn1-H ]—D 1,206
NBCn1-I ]T ]* 1,118
NBCn1-J U] 1,126
NBCn1-K ]—D*‘ 1,201
NBCn1-L DJV 1,113
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Figure 3 NBCnl1 splice variants (NBCnl1-A-L). Alternative promoter sites are responsible for the two distict starting sequences of
the NBCnl N-terminus: MERF (11 amino acids, pink) and MEAD (16 amino acids, green). Cassette I (purple) is 13-amino acids
long, cassette II (red) contains 124 amino acids. They are both located in the N-terminus, whereas the 36-amino acid long cassette I11
(orange) is located in the C-terminus. Furthermore, the most distal part of the C-terminal domain contains a PDZ-binding domain
important for NBCnl interaction with other cellular components. Nt: N-terminal, TMD: Transmembrane domain, Ct: C-terminal.

Source: (Parker and Boron 2013).

1.1.6 Interaction with other cellular components

The PDZ-binding domain of the NBCnl c-terminus interacts with scaffold protein Na'/H -exchanger
regulatory factor 1 (NHERF-1), linking NBCnl to other transport proteins (Saras and Heldin 1996). In the
N-terminus, the cassette II domain of NBCnl interacts with Ca**-dependent phosphatase calcineurin,
possibly a mechanism for tissue-specific regulation (Danielsen et al. 2013). Furthermore, the NBCnl
N-terminus interacts with IP; receptor binding protein released with inositol 1,4,5- triphosphate
(IRBIT), a signaling molecule, which has been shown to increase the rate of NBCnl-mediated pH; recovery
in Xenopus oocytes (Boedtkjer, Bunch, and Pedersen 2012).

1.2 Sorting and trafficking of NBCnl1 in polarized epithelial cells

Prior to this study, our lab performed mass spectrometry analysis of interaction partners of both the N- and
C-termini of NBCnl, to begin to resolve the mechanisms of NBCnl regulation. Here, I focus on the C-
terminal partners. Several putative NBCnl interaction partners with roles in protein trafficking, sorting, and
turnover were revealed by GST pulldown with the NBCn1 C-tail (Olesen et al. 2018). As this project serves
to validate some of these interaction partners, this section focuses on the functions of these proteins in

basolateral sorting.

1.2.1  General sorting of newly synthesized membrane proteins to the basolateral membrane

Newly synthesized proteins are transported between the intracellular organelles in vesicles formed from
specialized, coated regions in membranes of each compartment. First, nascent proteins are transported from
the endoplasmic reticulum (ER) to the Golgi apparatus in coatamer complex-II (COPII)-coated vesicles.
From the trans-Golgi network, epithelial membrane proteins are recognized by adaptor protein (AP)
complexes and transported in clathrin-coated vesicles to the plasma membrane directly or, alternatively,
through recycling endosomes (REs) before reaching the plasma membrane (Farr et al. 2009, Ang et al.
2004).
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1.2.2  Adaptors and sorting motifs for basolateral proteins

APs are key regulators of vesicular transport as they recognize intrinsic protein sorting signals and
concentrate cargo proteins into patches. This is dependent on their ability to recruit and bind clathrin.
Clathrin gathered by Aps, self-assembles into cage-like structures, forming coated buds from the membrane,
resulting in transport vescile formation (Duffield, Caplan, and Muth 2008). There are five different AP
complexes (AP1-5) with specific sorting function at distinct intracellular organelles. Each AP complex
consists of two large subunits (one a, v, 9, €, or { and one 1-5), one medium (u1-5), and one small (c1-5)
(Park and Guo 2014). The epithelial-specific variant of the AP-1 complex, AP-1B (y, B1, nulB, ol), is
involved in basolateral targeting (Folsch et al. 1999, Gan, McGraw, and Rodriguez-Boulan 2002), yet not all
epithelial cells express AP-1B and AP-4 (g, f4, u4, o4) may also play a role (Simmen et al. 2002, Folsch
2005). AP-1B is localized at the TGN and REs in polarized cells and the selective localization to specific
intracellular organelles is controlled by the interaction between APs and phosphoinositides on the
membranes (Park and Guo 2014).

AP-1 recognizes tyrosine-based sorting motifs (YXXO), dileucine-based hydrophobic signals
([DE]XXXL[LI]) (X is any amino acid and © is hydrophobic amino acid), and non-canonical basolateral
sorting motifs (including acidic clusters) (Park and Guo 2014, Mellman and Nelson 2008). The NBCnl
cytosolic C-tail contains no such canonical motifs. However, it does contain an acidic cluster and two regions
resembling leucine-based sorting motifs Figure 4.

ETSL: PDZ-interacting motif

DDTVHL (DDXXXL) and EGGSLL (EXXXLL): putative leu-based sorting motifs

DDDD: putative acidic-stretch based sorting motif

MVLALVFVRKLMDLCFTKRELSWLDDLMPESKKKKEDDKKKKEKEEAERMLQDDDDIVHLPFEGGSLLQIPVKALKYSPDKPVSVKISFEDEPRKKYVDAETSL

Figure 4 Putative non-canonical sorting motifs in the NBCn1 C-tail.

1.2.3 Tethering and fusion with the basolateral membrane

Another protein complex with potential relevance for the sorting of NBCnl1 to the basolateral membrane is
the exocyst complex (Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo70, and Exo84). Exocyst is involved in the
docking and tethering of some transport vesicles from the TGN to the basolateral membrane and is,
moreover, associated with AP-1B clathrin-coated vesicles (Grindstaff et al. 1998). The exact function of
exocyst 1s not clear, but the Sec6 and Sec8 components are recruited restrictedly to the lateral membrane in
MDCK-II cells (Grindstaft et al. 1998), where it might mediate tethering of transport vesicles through
interaction with PI(4,5)P, (Wu and Guo 2015). The association of exocyst with AP-1B clathrin-coated
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vesicles, and thus basolateral sorting, is regulated by the small GTPases Cdc42, RalA, Rab8, and Rab10
(ref?). These GTPases interact with exocyst (Kang and Folsch 2009, Moskalenko et al. 2002), microtubules,
and motor proteins moving the vesicles (Folsch 2005).

Final fusion of transport vesicles with the plasma membrane is mediated by interaction between a set
of v-SNARE proteins on the vesicle and three sets of complementary t-SNAREs on the target membrane
(Wu and Guo 2015, Jahn and Scheller 2006). These SNARESs contribute to an extra layer of vesicle fusion
specificity. For basolateral sorting, the t-SNARE syntaxin-4 is important (Mellman and Nelson 2008).

Based on this and the LC-MS/MS data, we speculate that NBCnl is translocated to the basolateral
membrane either directly from the TGN or via recycling endosomes, possibly in AP-1B (y, B1, u1B, ol)
clathrin-coated vesicles, which might involve Ral-A, Rab8a, Rab10, exocyst, and syntaxin-4 (Figure 5).

However, before the start of my project, none of these putative interactions had yet been validated.

1.24 Lateral membrane targeting and retention in polarized epithelial cells

Although NBCnl is basolateral in most epithelial cells (Olesen et al. 2018, Loiselle, Jaschke, and Casey
2003), NBCnl is strikingly lateral in MDCK-II cells grown on Transwell filters compared to another
basolateral solute carrier, the Na'/H" exchanger NHE1 (SLC9A1) (Olesen et al. 2018), suggesting a different
targeting pattern. The ability of epithelial cells to maintain two different membranes with distinct
composition of ion transport proteins is essential for the barrier function of all epithelia. The apical and the
basolateral membrane are separated by intercellular tight junctions (Mellman and Nelson 2008). Tight
Junctions contain the transmembrane proteins occludin and claudins and maintain polarity, together with
adherence junctions below them, by binding directly to protein partners in the neighbouring cells and
preventing membrane proteins from diffusing from one membrane to the other (Nejsum and Nelson 2009).
In addition to these intercellular junctions, three other protein complexes are required for cell polarity
establishment: partitioning defective (PAR), Crumbs, and Scribble (Mellman and Nelson 2008, Iden and
Collard 2008). They provide orientational cues and regulate the identity of the apical and basolateral
membranes by antagonizing each other. The Scribble complex, comprising Scribble, lethal giant larvae
(LGL), and discs large (DLG), is localized below the adherence junctions along the lateral membrane, from
where it regulates the basolateral membrane identity (Tanentzapf and Tepass 2003, Iden and Collard 2008,
Bilder, Schober, and Perrimon 2003). The Scribble complex is also thought to be important for basolateral
sorting, probably due to interactions between LGL and syntaxin-4 (Miisch et al. 2002) and, as found in yeast,
additional interaction between LGL and exocyst (Bilder, Schober, and Perrimon 2003).
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Figure 5 Trafficking in polarized epithelial cells. RE: Recycling endosomes, SE: Sorting endosomes, EE: Early endosomes, LE:
Late endosomes, LYS: Lysosome, TGN: Trans-Golgi Network. Modified from Stine F. Pedersen

Another interesting putative NBCnl1 interactor revealed by the MS analysis, is the cytoplasmic scaffolding
protein receptor for activated C-kinase-1 (RACKT1), which is implicated in the trafficking and retention of
several other ion transporters (Ohgaki et al. 2008, Onishi et al. 2007, Parent et al. 2008). RACKI is
particularly interesting as our lab validated interaction with NBCnl by proximity ligation assay (PLA) in
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T47D cells (Olesen et al. 2018). Lastly, the scaffold for F-actin regulation cortactin was identified from the
LC-MS/MS data. Cortactin is also involved in the membrane localization of other transport proteins

(Herrmann et al. 2012).

Collectively, this indicates potential roles for occludin, claudins, Scribble, LGL, DLG, RACK1, and cortactin

in the targeting and retention of NBCnl1 in polarized epithelial cells (Figure 5).

1.2.5 Retrieval, sorting, and turnover of proteins from the basolateral membrane

The regulation of plasma membrane expression levels involves internalization via endocytosis. Endocytosis
can be clathrin-dependent or -independent. The process of clathrin-dependent endocytosis is divided into 5
steps: nucleation, cargo selection, coat assembly, scission, and uncoating (McMahon and Boucrot 2011,
Traub 2009). A nucleation module is assembled when proteins, such as FCH domain only (FCHO) and
EGFR pathway substrate 15 (EPS15), bind to PI(4,5)P, together with AP-2 (o, B2, u2, 62), which is
responsible for the cargo selection, allowing clathrin coat assembly by cargo adaptor and curvature effector
AP180. In clathrin-dependent endocytosis dynamin is responsible for the scission, but dynamin-dependent,
clathrin-independent endocytosis also occurs, typically via caveolae (Mayor and Pagano 2007). The last
endocytosis pathway is dynamin- and clathrin-independent, and relies on the microtubule motor dynein and
the dynactin complex, which is necessary for dynein function (Day et al. 2015). All endocytosed vesicles
eventually meet at the early endosomes, containing Rab5 (Duffield, Caplan, and Muth 2008, Mayor and
Pagano 2007). From here, endocytosed membrane proteins can be recycled back to the plasma membrane
though Golgi or to sorting endosomes (SEs), from where they again can be recycled back to the plasma
membrane or sorted further on to REs or late endosomes (LEs), ending up in the lysosomes for degradation
(Duffield, Caplan, and Muth 2008).

MS analyses have also shown NBCnl interaction with retromer components VPS35 and SNX27.
Retromer localizes to the SE and directs endocytosed membrane proteins (Seaman, Gautreau, and Billadeau
2013). AP-2 components, dynactin, early endosom-associated Rab 4 and Rab5, late endosome-associated
Rab7, VPS35 and SNX27 were revealed as putative NBCnl interaction partners by the MS analysis.
Interestingly, Rab11, which is localized on the REs, was also strongly suggested (Olesen et al. 2018) (Figure
5).
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2 Aim

The overall aim of this project was to increase the understanding of the sorting, targeting and trafficking of
the pH-regulatory transporter NBCn1 in normal epithelial cells.
The work had the following specific objectives:

* To investigate the trafficking of newly synthesized NBCn1 to the plasma membrane.
* To validate NBCnl interaction partners involved in the sorting, targeting and trafficking of NBCn1.

* To gain knowledge of NBCn1 interaction domains. Materials and Methods

3 Materials and methods

3.1 Experimental overview

Trafficking Pathway to PM Potential Interaction Partners

Transfection Transduction
N AP . .
Substrate binding Flugsir i)
Pulse-Chase In-Fusion cloning
ransfection o . :
ransduction o
MDCK-II cells
Doxycyclin bolus

Figure 6 Experimental overview to illustrate the order in which the experiments were carried out.

Primer Design

In-Fusion cloning

|

THIH |
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3.2 Antibodies

The primary antibodies used in this project are listed below. For co-IP, many antibodies were used according

to the amount of protein in the samples. 1 pg /mg” is 1 pg /mg protein in the sample.

Antigen Species Cat. no. Co-IP WB IF
AP180 Rabbitpol ~ Abcam #33898 1 ug /mg

B-actin Mouse mon  Sigma-Aldrich #A5441 1:20,000
Claudin 3 Rabbitpol ~ Abcam #52231 1.25 pg /mg

DLG (SAP97) Rabbitpol ~ Abcam #3437 1:50 (v/v)

Cortactin (Y421) Rabbitpol = Abcam #47768 1 pg/mg

a-adaptin Mouse mon  Abcam #2730 1 pg/mg

FLAG M2 Mouse mon  Sigma-Aldrich #F1804

y-adaptin Rabbit Abcam #21980 1:100 (v/v)

HA-Probe Rabbitpol  SantaCruz, discontinued 1:200
LAMP-1 (H4A3) Mouse mon Santa Cruz #20011 1 ug/mg

LLGL-1 Rabbitmon  Abcam #183021 3.78 ug /mg

NBCnl (nt) Rabbit Gift from J. Preetorius 2 uL/mg 1:1,000 1:200
NBCnl (ct) Rabbitpol =~ Abcam #82335 1 pg/mg

IgG Rabbit Cell Signaling #2729 1 pg/mg

IgM Mouse eBioscience #14475282 1 ug/mg

Rab4 Rabbitpol =~ Abcam #13252 1 pg/mg

Rab7 Rabbit mon  Cell Signaling #9367 1:100 (v/v)

Rab10 Rabbit mon  Cell Signaling #8127S 1:50 (v/v)

Rabl1 Rabbit mon  Cell Signaling #5589S 1:50 (v/v)

RACKI1 Mouse BD Biosciences #610177  1.25 pg/mg 1:1,000

SNX27 Mouse mon  Abcam #77799 1 pg/mg

Scribble Rabbitpol  Cell Signaling #4475S 1:50 (v/v)

VPS35 Rabbitpol =~ Abcam #97545 1 pg/mg
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3.3 Cell lines

3.3.1 MDCKA-II cells

In the present study, the Madin-Darby Canine Kidney II (MDCK-II) cell line was employed as a model to
study the trafficking of NBCnl to the plasma membrane. MDCK-II cells are isolated from normal kidney
tubule and is therefore not considered a cancer cell line. In paticullar, this cell line is great for the study of
mechanisms in polarized epithelial cells as they exhibit the ability to polarize and resemble renal tubles in a
dish (Hall, Farson, and Bissell 1982). MDCK-II cells were cultured in Minimum Essential Medium Eagle
(MEM) Alpha Modifications (Sigma, #M8042) with 10% heat-inactivated fetal bovine serum (FBS; Gibco,
#10 106-177), 1% penicillin/streptomycin (P/S; Invitrogen, # 15140-148), and 2 mM L-Glutamine (Gibco
#25030081).

3.3.2 HEK293 and HEK293T cells
HEK293 are transformed human embryonic kidney cells from normal tissue (Graham et al. 1977). HEK293

cells were employed for pulse-chase experiments as a positive control for transfection as the transfection
efficacy is generally greater in HEK293 cells compared to MDCK-II cells. However, this cell line is only
semi-adherent and tend release from the surface on which they are grown when fully confluent or grown on
coverslips. HEK293T cells were employed for lentiviral production. The HEK293 cell line is derived from
the HEK293 cell line, but express the temperature sensitive SV40 large T antigen. Plasmids containing the
SV40 origin of replication can maintain a high copy number, which increases the amount of virus produced
in these cells (ATCC). Both cells line were cultured in Dulbecco’s Modified Eagle Medium (DMEM 1X)
with 4.5 g/LL D-Glucose, L-Glutamine, and Pyruvate (Gibco, #41966-029) with 10% heat-inactivated fetal
bovine serum (FBS; Gibco, #10 106-177) and 1% penicillin/streptomycin (P/S; Invitrogen, #15140-148).

Maintenance of cell cultures

Cells were grown in T75 flasks (Cellstar, #658 170) or T175 (Cellstar, 660 175) at 37°C, 5% CO,, and with
95% humidity. To maintain continuos cell proliferation, cells were passaged in a ratio of 1:20 (v/v) for
MDCK-II cells and 1:10 (v/v) for HEK293 cells upon reaching 80-100% confluency. Passage was
performed according to the following procedure: Growth medium was removed. To remove remaining
growth medium containing trypsin protease-inhibiting proteases from the FBS and trypsin-inhibiting Mg”*
and Ca”"ions, cells were washed twice in PBS (Appendix I - Solutions). Cells were then exposed to Trypsin-
EDTA (Appendix I - Solutions) for 5-10 min depending on the cell line, MDCK-II cells being exposed the

longest. Cells were then resuspended in media, inactivating the trypsin. After approximately 30 passages,
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cells were discarded.

3.4 Immunofluorescence

Cells were washed in ice-cold PBS (and fixed for 30 min. in 4% PFA on ice. After fixation, cells were
washed twice for 5 min in TBST (Appendix I - Solutions). Fixed cells were permeabilized for 5 min in 0.5%
triton-X-100 (Plusone, #17-1315-01) diltued in TBST and blocked for 30 min in 5% bovine serum albumin
(BSA; Sigma-Aldrich, #A7906-50G) diluted in TBST. Next, cells were incubated for 1.5 h in primary
antibody diluted in TBST containing 1% BSA at RT in humid chamber. Cells were washed three times for 5
min in TBST containing 1% BSA and incubated for 2 h in appropriate Alexa Fluor secondary antibody, and
in some cases rodhamine phalloidin (Invitrogen) 1:100, diluted 1:600 in washing solution at RT in humid
chamber. Cells were washed once in washing solution, nuclei were stained for 5 min with uM DAPI
(Invitrogen), followed by additional three washes and mounting in 2% (w/v) N-propyl-gallate (Sigma-
Aldrich, #P-3130) diluted in UltraPure glycerol (Invitrogen, #15514-011) with 10% PBS. Images were

obtained on a 60x oil objective using Cell Sense software and were processed in Imagel.

3.5 Post-fixation SNAP-tag labeling with BG-549

For post-fixation SNAP-tag labeling, MDCK-II cells seeded to be 50-60% confluent when transiently
transfected with the NBCn1-SNAP-HA using Lipofectamine 2000 (Invitrogen, #11668-019) in a ratio of 1:5
(w/v) DNA to Lipofectamine. After 24 hrs, cells were washed with 1mM MgCl, and 100 uM CaCl, (PBS™)
followed by fixation for 30 min in 4% paraformaldehyde (PFA, Sigma-Aldrich, #47608) on ice. After
fixation, cells were washed again in PBS*". Fixed cells were permeabilized and blocked in PBS*" containing
10% FBS, 0.5% BSA, and 0.2% saponin (Sigma-Aldrich, #47036) for 30 min at RT. Next, cells were
incubated for 1 h in ntNBCn1 antibody or HA-Probe (0) and 5 uM cell impermable substrate BG-549 (NEB,
#S9112S) diluted in blocking solution. Cells were washed three times for 10 min in PBS2+ containing 1%
BSA and 0.2% saponin and incubated for 1 h in appropriate Alexa Fluor secondary antibody diluted in
blocking solution, followed by additional two washes. For nuclei staining, cells were incubated for 5 min in
DAPI (Invitrogen) diluted in washing solution, washed two times for 5 min in washing solution, rinsed two
times for 5 min in PBS2+, and mounted in 2% (w/v) N-propyl-gallate (Sigma-Aldrich, #P-3130) diluted in
UltraPure glycerol (Invitrogen, #15514-011) with 10% PBS. Images were obtained on a 60x oil objective

using Cell Sense software and processed in Imagel.
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3.6 Live SNAP-tag labeling with TMR-Star SNAP-Cell

For live SNAP-tag labeling, MDCK-II cells seeded to be 50-60% confluent when transiently transfected
with Lipofectamine 3000 (Invitrogen, #1.3000-015) the NBCn1-SNAP-HA using in a ratio of 1:5 (w/v)
DNA to Lipofectamine. After 24 hrs, cells were labled for 30 min with 3 uM cell-permable TMR-Star
fluorescent SNAP-Cell substrate (NEB, S9105S) dissolved in complete medium at 37°C and 5% CO,. Cells
were washed additional three times in complete medium followed by incubation for 30 min in complete
medium. Medium was replaced once more to remove the unreacted substrate that had difussed out of the
cells and immunofluorescence was carried out as described in section 0. For the SNAP-block experiments,
the SNAP-tag reactivity was blocked for 20 min in 10 uM SNAP-Cell Block (NEB, #S9106) dissolved in

complete medium (see section 3.3.1). Cells were washed three times in complete medium and then labled.

3.7 Lentiviral transduction

3.7.1 Primer design

Primer for site-directed cloning of respectively NBCnl-SNAP-HA (IAX-FWD-1 and IAX-REV-2) and
GFP-NBCnl (IAX-FWD-5 and TIAX-REV-6) into lentiviral backbone plasmid pCW57.1 (Addgene,
#41393) were designed according to the In-Fusion HD Cloning Kit guidelines (Takara Bio, #121416) (Table
1). That is, the 5° end of every primer was designed to contain 15 bases homologeus to the vector to which
the gene of interest was joined. Additionally, the 3’ end of every primer was intended to be gene-specific,
between 18-25 bases in length, have GC-content between 40-60%, have a melting temperature (T,,) between
58-65°C, contain no identical runs of nucleotides, and carry maximum two guanines or cytosines within the
last five nucleotides. The 3’ end properties are shown in Appendix III - Primers and deviations from the
guidelines are marked in red. Gene-specificity was ensured using primer-BLAST

(www.ncbi.nlm.nih.gov/Blast/). numbered between 1-6 were synthesized by Tag Copenhagen and primers

numbered between 10-16 were synthesized by Eurofins.

Primer name  Primer sequence

IAXFWD-1 5’ CGCCTGGAGAATTGGHOOMOOMEEcocagacggggce 3’
IAX-REV-2 5’ GTGGTGGTGGACCGGagcgtaatctggaacatcgtatggg 3’
IAX-FWD-5 5’ CGCCTGGAGAATTGGatggtgagcaagggcgag 3’
IAX-REV-6 5’ GTGGTGGTGGACCGGttacaatgaagtttcagcatccatg 3°
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IAX-FWD-10 5’ TTGCGGCCGCGAAT Tccatgatggttcttgcattagtc 3°
IAX-REV-12 5> TCTAGAGTCGACTGGtttcttactttctggcatgagg 3°
IAX-REV-13 5’ TCTAGAGTCGACTGGcttctccttcttettcttgtcate 3°
IAX-REV-14 5> TCTAGAGTCGACTGGctgggcagttttggccattt 3’
IAX-REV-15  5° TCTAGAGTCGACTGGtgtgagtgtgacaataaatttcgaa 3’
IAX-REV-16 5’ TCTAGAGTCGACTGGcaatgaagtttcagcatccatg 3’

Table 1 Primers used for PCR-generated inserts. Higher cases represent the 15-bp sequence overlap complementary to the
vector, whereas lower cases represent the sequence complementary to the insert. IAX-FWD1 contains a kozac sequence marked in

teal.

3.7.2 In-Fusion cloning

For vector linearization, 1 pug pCW57.1 was incubated for 1 h in NEBuffer 1.1 (NEB, #B7201S) containing
10 units of each of the restriction enzymes Agel (#R0552S) and Nhel (#R0131S). The reaction was carried
out in 50 pL, diluted in nuclease-free water. After digestion, the linearized vector was purified from a 1%

agarose gel with 1:1000 GelRed (Biotium) by gel purification (Macherey-Nagel, #740609).

PCR mix
Reagent Final Concentration
CloneAmp HiFi PCR Premix X1
Fwd Primer (10 uM) 0,3 uM
Rev Primer (10 uM) 0,3 uM

Template DNA (1000-fold dilution) I ng
Sterilized destilized water

Total: 25 ul

Table 2 PCR mix for insert amplification

The two inserts were amplified according to the CloneAmp HiFi PCR Premix Protocol (Takara Bio,
#092612) with 1 ng template DNA for plasmid DNA Table 2. The PCR cycles were also found in this
protocol Table 3. Inserts were run on a 1% agarose gel and purified as described for the linearized vector.
For In-Fusion cloning, 100 ng of both insert and vector were incubated for with In-Fusion Enzyme HD
Premix provided in the In-Fusion HD Cloning Plus kit (Takara, #638910). The reaction was incubated at

50°C for 15 min and placed on ice together with positive and negative control reactions provided in the kit.
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PCR

Cycles Time (sec)  Temperature (°C)

35 10 98
15 55
22 72

Table 3 PCR cycles for insert amplification for later In-Fusion cloning.

After In-Fusion cloning, the newly formed constructs were transformed into Stellar Competent Cells
provided by the In-Fusion HD Cloning Plus kit (Takara, #638910). For this, 2.5 pL In-Fusion reaction was
added to the competent cells, following 30 min incubation on ice, heat shock for 45 sec at 42°C, and
incubation on ice again for 2 min. The final volume was brought to 500 pL diluted in provided SOC
medium, which was then plated on 100 pg/mL ampicillin agar plates. After 24 hrs, several colonies were
selected for miniprep accordin to manufacturer’s protocol (Omega, #D6945-01). The Contructs were

sequenced by Eurofin and transiently transfected into MCF-7 cells to ensure expression.

3.7.3 Lentivirus production

HEK293T cells were transfected with pCW57.1-NBCn1-SNAP-HA or pCW57.1-GFPNBCnl, envelope
plasmid pMD2.G, and packaging plasmid pBR8.91 and incubated in the GMO?2 lab. After 48 hrs, virus was
harvest and filtered using 0.45 um syringe filters and MDCK-II cells were incubated with virus for 48 hrs for

transduction, following media shift.

3.8 Co-immunoprecipitation

Physical interaction between NBCn1 and potential interactors was investigated by co-immunoprecipitation
(co-IP). For native co-IP, MDCKA-II cells were subjected to co-IP when 70%, 100%, or fully polarized,
depending on the interaction of interest. To extract antigens, cells were washed twice in PBS (Fejl!
Henvisningskilden blev ikke fundet.) and lysed in 1% IGEPAL CA-630 (Sigma, cat. #18896) with 50 mM
Tris pH 74, 140 mM NaCl, 3 mM Na3VO,, Phosphatase Inhibitor cocktail (PhosStop; Roche,
#04906845001), and Protease Inhibitor cocktail (cOmplete; Roche, #11697498001). Lysate was collected in
precooled Eppendendorf tubes with a rubber policeman, incubated for 15 min on ice, gently homogenized
with a syringe (0,5 mm needle), and centrifuged for 20 min at 20,000 X g at 4°C. Protein content of each
sample was quantified (see section 3.9.1) and normalized to a concentration of 2 mg/mL diluted in lysis

buffer. For input loading samples, 100 pg protein was collected from each normalized sample. Next, samples
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were incubated ON with appropriate antibody on roter at 4°C to allow the formation of immune complexes.
For capturing immune complexes on a solid phase matrix, immobilized Protein G crosslinked magnetic
beads (Dynabeads Protein G; Invitrogen, #10004D) were washed twice for 10 min in lysis buffer (without
PhosStop and cOmplete) on roter at 4°C followed by incubation of immune complexes for 45 min in 1.5 mg
Dynabeads on roter at 4°C. Using a magnetic rack, unbound protein was collected and transferred to new
precooled Eppendortf tubes. Dynabeads with bound pull-down protein were washed five times for 5 min in
lysis buffer (w/o PhosStop and cOmplete). To denature pulldown, Dynabeads were resuspended in 2x
NuPAGE LDS sample buffer (Invitrogen, #NP0007) containing 250 mM DTT, and boiled for 5 min at 95°C.
Bait protein interactors were allowed to elute for 30 min ice after thorough whirly mixing. Pulldown, input,
and (for some experiments) unbound protein were separated by SDS-PAGE (see section 3.9) and analyzed

by Western blotting (see section 3.9).

3.9 SDS-PAGE and Western blotting

3.9.1 Protein Determination

Protein concentrations of lysates were determined using Bio-Rad DC Protein Assay (Bio-Rad, #500-0113-
15). First, a standard curve was made from a dilution series of BSA (Thermo-Fisher, #23209) in lysis buffer.
For each sample, 2.5-5 pL lysate was diluted in lysis buffer to a total volume of 25 L. 125 pL. working
reagent (1:50 Reagent S and Reagent A from the kit) was added to both the samples and the standards. 1 mL
Reagent B provided from the kit, was added while whirly mixing and protected from light. After 15 min
incubation at RT, the absorbance at 750 nm was measured on a Beckman Coulter DU800 spectrophotometer.

Samples were normalized to a protein concentration of 2 mg/mL with lysis buffer.

3.9.2 SDS-PAGE

SDS-PAGE were sued to separate protein based on size under denaturating and reducing conditions. 25 pL.
of the IP samples, and 20 pL of the input and/or unbound was loaded on an 18-well 10% Bis-Tris gel (Bio-
Rad, #567-1034). TGS running buffer (Appendix I - Solutions) and Benchmark protein ladder (Invitrogen,

#10742-012) was used for identification of protein size.
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3.9.3 Western Blotting

For Western blot analysis, nitrocellulose membranes were used (Bio-Rad, #170-4159). The protein content
from the gel was transfered to the membrane using Trans Blot Turbo Transfer (Bio-Rad, #10022518). Next,
the membrane was stained with Ponceau S Solution (Sigma-Aldrich, #SLBN3529V), revealing the
Benchmarker for membrane cut. The membrane pieces were blocked for 1 hr at 37°C with blocking buffer
(5% milk protein in TBST), followed by incubation with primary antibody diluted in blocking buffer ON at
4°C in a humid chamber 0. Membrane pieces were washed for 5 min five times in TBST before incubation
with phosphatase-conjugated secondary antibody (Goat a-Rabbit (Sigma-Aldrich #P0447) or Goat a-Mouse
(Sigma-Aldrich, #P0449), diluted 1:500 in blocking buffer for 1 hr at RT. Membranes were washed for 5

min five times and chemiluminescence was initiated by incubation in substrate (Thermo-Fisher, #32106).

3.10 NBCnl1 C-tail FLAG contructs

To determine the RACKI1 interaction domain, a series of C-tail deletions of NBCnl (rat NBCnl-D) were
designed: fulllength 1118-1254 (137 amino acids), 1118-1238 (122 amino acids), 1118-1158 (42 amino
acids), and 1118-1140 (22 amino acids). Primers were designed according the In-Fusion HD Cloning Kit
guidelines (Takara Bio, #121416) described in section 3.7.1. They are presented in Table 1 (IAX-10-16). In-
Fusion cloning was carried out as described in section 3.7.2, with the exception of pFLAG-CMV-2
linearization using restriction enzymes EcoRI-HF (NEB, #R0101S) and Kpnl-HF (NEB, #R3142S) in
CutSmart buffer provided with the enzymes. The constructs were then transiently transfected into 60-8%
confluent HEK293 cells using Lipofectamine 3000 (Invitrogen, #L.3000-015) in a 1:6 ratio DNA to
Lipofectamine, and media was changed after 6 to avoid toxic effects. After 24 hrs, cells were subjected to co-

IP as described in section 3.8 with FLAG-pulldown.
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4 Results

4.1 NBCnl membrane localization depends on cell confluence

Preliminary data from our lab, show that high confluence is important for NBCnl membrane localization.
For later investigation of the NBCnl sorting pathway(s), I set up a prestudy to determine the cell density
needed for membrane localization. MDCK-II cells were seeded for IF in a series of densities on coverslips
and stained with NBCnl primary antibody and rhodamine phalloidin, a F-actin probe conjugated with red
flourescent dye, which can be used to outline the plasma membrane. In agreement with the findings of my
colleagues, I found that fully confluent cells expressed more NBCnl1 in the plasma membrane compared to
non-confluent cells (n = 3) (Figure 7), confirming that NBCnl membrane localization depends on cell

confluence.

NBCnl F-actin DAPI

o - - -
o - - - |

Figure 7 Example of NBCn1 localization in confluent versus non-confluent cells. Confluent cells were seeded with a density of

52:10° cells per cm?, whereas the non-confluent were seeded with 16:10° cells per cm’. Coverslips were stained with antibody

against the N-terminal domain of NBCn1 (ntNBCn1), rhodamine phalloidin for F-actin, and DAPI for the nucleus.

4.2 NBCnl trafficking to the membrane: A new pulse-chase approach is needed

Prior to the project, our lab created a C-terminally SNAP-and HA-tagged NBCnl (rat NBCnl-D) in
collaboration with Professor Michael Caplan from Yale Medical School, to study the trafficking pathway(s)
of NBCnl to the plasma membrane. SNAP-tagging is a great tool for protein trafficking analysis. It is based
on the DNA-repair protein AGT, which reacts covalently with O ®-benzylguanine (BG), resulting in transfer
of the substituted benzyl group to the reactive thiol in the SNAP-tag (Stoops et al. 2014) (Figure 8A). Our
lab has tested that the SNAP- and HA-tags do not affect the localization of NBCnl (Olesen et al. 2018).
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Most importantly, the SNAP-tag can be blocked, allowing pulse-chase experiments with the HA-tag as
positive control. Unfortunately, a stable NBCn1-SNAP-HA-expressing cell line has not been possible to
sustain in our lab as the cells tend to stop expressing the target gene, while still expressing the antibiotic
resistance. To test the substrate-binding specificity and efficacy of BG-549 to the SNAP-tag, MDCK-II cells
were transiently transfected with NBCn1-SNAP-HA. Cells were fixed and permeabilized before incubation
in BG-549. Several experiments revealed what appeared to be nuclei staining with BG-549 (n = 3) (Figure
8B). To eliminate the possibility of nuclear membrane permeabilization and consequently accumulation of
substrate inside the nucleus, substrate-binding experiments were carried on with another, permeable live-
staining SNAP substrate, TMR-Star SNAP-Cell, with which we got rid of nuclei staining (n = 3) (Figure
8C). We later found that two DAPI-exciting diodes were on in the microscope, suggesting that the assumed
nuclei staining was in fact, bleed-through from DAPIL.

For pulse-chase experiments, the SNAP-tag reactivity was blocked using SNAP-Cell Block before
incubation in TMR-Star SNAP-Cell. However, successfull blocking and live staining was only
accomplished once (Figure 8D), as subsequent attempts of replication somehow resultet in unspecific
staining of impurities (n = 3) (data not shown). To avoid this, and to accommodate the need for a stable cell
line, lentiviral transduction was initiated as another pulse-chaise approach. NBCnl-SNAP-HA and N-
terminally GFP-tagged NBCnl (rat NBCn1-D) were respectively cloned into the lentiviral empty backbone
plasmid pCW57.1 (Appendix II - Plasmids). Lentiviral transduction incorporates the target gene into the
genome of the cells (Desfarges and Ciuffi 2010) and the pCWS57.1 backbone, specifically, allows
doxycyclin-inducible expression of the target gene by a system called tetracycline off. Tetracycline off is
based on the fusion of the tet repressor (tetR), with the activating domain of viron protein 16 (VP16) of
herpes simplex, resulting in a tetracycline-controlled transactivator (tTA) (Gossen and Bujard 1992). In the
absence of tetracycline, the tetR part of the tTA will bind a tetracycline operator sequence and reduce the
expression from it, while the VP16 promotes expression. Contrary, in the presents of tetracycline, tetracyclin
binds the tetR part, enabling tTA-binding to the operator sequence, increasing target gene expression by the
activation domain (Gossen and Bujard 1992). Thus, this transduction method would provide a stably
expressed on/off system for transcription of GFP-NBCnl and NBCnl-SNAP-HA in MDCK-II cells.
Backbone contruct expression was validated in MCF-7 cells by IF analysis (data not shown). To produce
backbone construct-expressing vira, HEK293T cells were transfected with backbone, pMD2.G (envelope),
and pBR8.91 (packaging) plasmids, followed by virus harvest after two days. MDCK-II cells were
incubated with virus for two days. Although this procedure was perfomed twice, no succesfull outcome was

obtained and time constraints prevented further experiments by me. However, the work is continued in our
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Figure 8 SNAP-tag labeling experiments. A: The principle behind SNAP-tag labeling. See the text for more detailed description.
B: Post-fixation SNAP-tag labeling with BG-549 in NBCn1-SNAP-HA transiently transfected MDCK-II cells. C: Live SNAP-tag
labeling with TMR-Star SNAP-Cell in NBCn1-SNAP-HA transiently transfected MDCK-II cells. D: BG-block of SNAP-tag
reactivity before live SNAP-tag labeling with TMR-Star SNAP-Cell in NBCn1-SNAP-HA transiently transfected MDCK-II cells.

4.3 NBChnl trafficking to the plasma membrane via AP-1 clathrin-coated vesicles

We hypothesized that AP-1B clathrin-coated vesicles are responsible for the basolateral trafficking of
NBChnl. To test this, non-confluent (70% confluency) and confluent MDCK-II cells were subjected to native
co-IP. In congruence with our hypothesis, y-adaptin was able to precipitate NBCnl consistently in both
confluent (n = 4) (Figure 9B) and non-confluent (n = 3) cells (Figure 9A), suggesting NBCn1 trafficking to

the plasma membrane via AP-1 clathrin-coated vesicles.
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Figure 9 Co-IP of NBCnl by y-adaptin in MDCK-II cells. A: Co-IP in non-confluent cells (70% confluent). B: Co-IP in
confluent cells. Under both conditions, y —adaptin was able to precipitate NBCnl1 to a greater extend than the IgG control.

4.4 RACKI interacts with NBCn1 and is important for its membrane localization

Prior to this project, our lab demonstrated close proximity between RACK1 and NBCnl in non-confluent
MDCK-II and MCF-7 cells by in situ proximity ligase assay (PLA) (Olesen et al. 2018). PLA is a method an

antibody-based method that can detect close intermolecular distance (< 40 nm) between two natively
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expressed proteins (Pierre and Scholich 2010). To determine whether the close proximity was due to
physical interaction between RACK1 and NBCnl, native co-IP was performed with non-confluent (70%
confluence) and confluent MDCK-II cells, respectively, and with both proteins as bait. In non-confluent
cells, NBCnl was able to precipitate RACK1 (Figure 10A) and vice versa (Figure 10B), confirming
physical interaction between the two (n = 4). Additionally, RACK1 was, in some cases, able to precipitate
NBChnl in confluent cells (data not shown). In this process, our lab also demonstrated reduced NBCnl
membrane expression in MCF-7 RACK1 KD cells, without altered overall NBCn1 expression (Olesen et al.
2018), indicating an important role for RACK1 in NBCnl trafficking to the membrane.

To gain more knowledge of their interaction, we next asked which part of the NBCn1 C-tail interacted
with RACKI1. A truncation series of FLAG-tagged NBCn1 C-tail (rat NBCnl-D) was designed, spanning
from the full length C-tail of 137 amino acids to the most proximal 22 amino acids. HEK293 cells were
transfected with the different constructs and expression was validated by IF and WB for the FLAG protein
(Olesen et al. 2018). Transfected HEK293 cells subjected to co-IP, followed by blotting for RACK1. All four
constructs were able to precipitate RACK1 to a greater extent than the control transfections (sham, IgG
control, and empty vector) (Figure 10C), suggesting that the most proximal 22 amino acids of the C-tail is
sufficient for RACK1 interaction.
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Figure 10 Co-IP of RACK1 and NBCnl interaction. A: Co-IP in non-confluent cells (70% confluence) MDCK-II cells. NBCnl
is able to precipitate RACK1. B: RACKI1 is able to precipitate NBCn1 under the same conditions. C: All NBCnl truncations were
able to precipitate RACK1, indicating that the most poximal 22 amino acids are sufficient for RACK1 interaction. Source: (Olesen et

al. 2018). All figures are made in collaboration with Mark Severin and Dn Ploug Christensen.

4.5 NBChnl interacts with lateral polarity proteins in MDCK-II cells

NBChnl localizes to the basolateral membrane most epithelial cells (Damkier, Nielsen, and Praetorius 2006).
By confocal microscopy, our lab has found both endogenous NBCnl and exogenous GFP-NBCnl (rat
NBCnl-D with GFP-coupled N-terminus) consistently localized in the basolateral membrane of polarized
MDCK-II cells (Olesen et al. 2018). Interestingly, in the GFP-NBCn1-expressing cells grown on transfilters,
NBCnl seems to be predominantly localized in the lateral membrane rather than distributed evenly in the
basolateral membrane (Olesen et al. 2018). Relevant for this localization, the MS analysis suggested several
lateral interaction candidates, such as Claudin 3, LLGL-1, DLG, and Scribble (Olesen et al. 2018). To
investigate the potential physical interaction between NBCn1 and these putative interactors, MDCK-II cells
were seeded in 100 mm dishes and allowed to polarize for 9 days prior to native co-IP. In coherence with
this (baso)lateral expression, LLGL-1 was consistently able to precipitate endogenous NBCnl (n = 3)
(Figure 11), suggesting physical interaction between the two proteins. Additionally, another Scribble
complex component DLG (SAP97) was able to precipitate NBCnl (n = 2). However, the Scribble protein
was not able to precipitate NBCnl to a greater extent than the IgG control in these experiments (Figure 11).
The same was true for Claudin 3 in most experiments, although it was able to precipitate NBCnl in one case
(Figure 11). The scaffold protein cortactin was not able to precipitate in these experiments (n = 2) (Figure

12).
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Figure 11 Co-IP of NBCnl LLGL-1 and DLG in MDCK-II cells. Both LLGL-1 and DLG were able to precipitate NBCnl in
polarized MDCK-II cells. Possibly also Claudin 3, although validation is needed. Scribble was, however, not able to pull-down

NBCnl in these experiments.

4.6 Screening for potetial interaction partners in polarized cells

To investigate the trafficking pathway(s) of NBCnl in polarized epithelial cells, we set up co-IP screening
experiment. For early endsome-association Rab4 and Rab5 were taken into account. For late endosome-
association, Rab7 was selected. For recycling endosome-associtaion Rab11, and Rab10 is involved in the
basolateral sorting in epithelial cells (data not shown). Early endosome-associated Rab4 showed a slight pull-
down of NBCnl1 and further investigation is needed for confirmation (n =2). However, none of the other Rab
GTPases were able to pull-down NBCnl in this work (n=2) Figure 12. The same was true for retromer

components SNX27 and VPS35 Figure 12 and lysosomal-associated membrane protein 1 (LAMP-1).
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Figure 12 Co-IP Screening for NBCnl interactors in polarized in MDCK-II cells. LLGL-1 and DLG are clearly able to
precipitate NBCn1, whereas Claudin 3, Rab4 and SNX27 are able to pull-down NBCnl to more or less the same extent as the IgG

control.
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5 Discussion

Despite the well describes importance of NBCnl in physiology (Boedtkjer, Bunch, and Pedersen 2012) and
several diaseases, including breast cancer (Boedtkjer et al. 2013, Lee et al. 2015), there was, when I started
this project, a near-complete lack of knowledge regarding the sorting, trafficking and turnover of NBCnl1 in
epithelial cells.

In epithelial cells, such as the renal medullary and duodenum epithelia, NBCnl localizes to the
basolateral membrane (Damkier, Nielsen, and Praetorius 2006, Olesen et al. 2018), with the exception of the
choroid plexus epithelium (Praetorius and Nielsen 2006). The cytosolic C-tail of NBCnl contains a PDZ-
binding domain in the most distal part. Deletion of the C-tail, but not the PDZ domain alone, abolishes the
membrane localization (Loiselle, Jaschke, and Casey 2003, Olesen et al. 2018, Arakawa et al. 2015). In
MDCK-II cells grown on Transwell filters, a more lateral NBCn1 localization has been seen compared to
other basolateral transporters (Olesen et al. 2018). In congruence with this, MS analyses by our lab suggest
lateral interaction partners, such as Claudin 3, LLGL-1, DLG, and Scribble (Olesen et al. 2018). In this work,
co-IP suggested physical interaction between endogenous NBCn1 and the lateral protein LLGL-1 and DLG,
which could contribute to a more lateral localization of NBCnl. However, polarized MDCK-II cells
transiently transfected with GFP-NBCnl (rat NBCnl-D) show a more evenly distributed basolateral
localization (Olesen et al. 2018), suggesting that either the NBCn1 variants differ in their targeting pattern or,
perhaps more likely, imaging of basolateral membrane is hindered when cells are grown on Transwell filters.

The trafficking of many basolateral membrane proteins involves the epithelial-specific AP-1B
complex (Folsch et al. 1999, Gan, McGraw, and Rodriguez-Boulan 2002), yet not all epithelial cells express
AP-1B and AP-4 may also play a role (Simmen et al. 2002, Folsch 2005). In congruence with this,
endogenous NBCnl interaction with the AP-1 y-component was found in this project, suggesting AP-1
clathrin-coated vesicle transport of NBCnl to the plasma membrane, possibly through binding to a non-
canonical sorting motif. However, this finding does not reveal the trafficking pathway from ER to the
membrane, which can be either directly or through recycling endsomes (Duffield, Caplan, and Muth 2008).
In this project, none of the GTPases tested were not able to precipitate NBCnl, except for maybe Rab4.
However, co-IP has the disadvantage of being dependent on the ability of an antibody to specifically and
stably bind the bait protein, optimization of the procedure or other approaches are needed to determine the
interactors of NBCnl.

One major finding for the trafficking of NBCnl to the membrane, is its interaction with scaffold

protein RACKI1. This is supported by the reciprocal precipitation of endogenous NBCnl and RACK1, in
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situ PLA and pulldown of RACK1 with FLAG-tagged NBCn1 C-tail constructs, in which the most proximal
22 amino acids were sufficient for RACK1 interaction (Olesen et al. 2018). Furthermore our lab has shown,
that RACK1 KD reduces the NBCn1 localization without changing the total expression of NBCnl and that
one third of NBCnl1 is constitutively endosytosed (Olesen et al. 2018), suggesting NBCn1 recycling between
the basolateral membrane and other intracellular compartments. This would be in agreement with the
findings of weak pull-down of NBCnl by early endosome-associated Rab4. Notably, this needs
confirmation through futher studies.

6 Conclusion

This project contributes to a greater understanding of the trafficking pathway(s) of newly synthesized
NBChnl. Co-IP experiments revealed interation between endogenous NBCnl and the AP-1 component y-
adaptin, suggesting that NBCn1 is sorted to the membrane via AP-1 clathrin coated vesicles. In congruence
with the basolateral localization of NBCnl, another great finding by co-IP, was the interaction between
endogenous NBCnl and the lateral polarity protein complex components LLGL-1 and DLG, indicating their
role in NBCn1 localization. Lastely, a key finding in this work is the interaction between scaffolding protein
RACKI1 and NBCnl, which support the findings of our lab that RACKI is important for the membrane
sorting of NBCnl. Furthermore, truncations of the NBCnl C-tail were able to pull-down RACKI,

implicating that the proximal 22 amino acids are sufficient for RACK1 interaction.
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Appendix I - Solutions

6.1.1 Phosphate-buffered saline (PBS)
NaCl (136.89 mM)

KCI(2.68 mM)

Na,HPO4 -2 H,O (8.1 mM)

KH,PO4 (1.47 mM)

Diluted in ddH,O and pH adjusted to 7.4 with NaOH/HCI. Autoclaved

6.1.2  Trypsin Mix (2x)
Trypsin-EDTA (10x) (Invitrogen, Gibco, # 15400-054)
PBS

6.1.3 TBST (Tris-Buffered Saline Tween 20)
10 mM Tris/Hel

120 mM NaCl

0.1% TWEEN 20

Dissolved in ddH,O

6.14 TGS (Tris/Glycine/SDS) running buffer

Tris/Glycine/SDS (125 mM Trism, 192 mM glycine, 0.1% SDS, pH 8.3, BioRad, #161-0732) diluted ten

times in ddH,O.
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Appendix II - Plasmids

Nhel (537)
| JEERD

4 lac UV5 promoter
~  BamHI (743)

- BamHI (144s)
T3 promoter| {

Ia to N « et Opef Oo
c operator|- o, %,

lac promoter| -

[CAP binding site|

- Agel (2262)
pCW57.1 ~ BamHI (2290)

9354 bp

' |hPGK promoter

N\ L,
\ /)
XN O/-/ y(‘q) Sigﬂa|

[ 3'LTR (AU3)
U

Factor Xa site

Figure 13. The 3rd generation lentiviral transfer plasmid pCW57.1. For In-Fusion cloning, the expression vector was linearized

by Nhel and Agel restriction enzyme digestion. Cutting out the ccDB gene is a positive selection method as the CcdB protein

induces gyrase clavage of DNA and thereby cell death. DNA breakage occours when CcdB traps gyrase covalently attached to DNA

in the intermediate complex between transient breakage in DNA, passing a DNA segment through the brak, and resealing the break

during transcription or replication (Bernard et al. 1993).
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- EcoRI (970)
| KpnI (998)

pFLAG-CMV-2

2500 | o . SV40 promoter

(lac operator|
[CAP binding site|

Figure 14. The FLAG expression vector used for FLAG-tagged NBCnl c-terminus truncations. For In-Fusion cloning, pFLAG-
CMYV was linearized by double digestion with EcoRI and Kpnl.

Appendix III - Primers

Primer name T, Difference CG% Self-compl.  Last five
IAX-FWD-1 64.21°C . 72.11%  4.00 GGGCC
IAX-REV-2 62.74°C Lare 48.00%  0.00 TGGGG
[AX-FWD-5  59.73°C . 61.11%  0.00 GCCAG
[IAX-REV-6 58.38°C e 36.00%  4.00 CCATG

IAX-FWD-10 57.82°C 43.48%  1.00 TAGTC

IAX-REV-12  56.34°C 4091%  1.00 TGAGG
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IAX-REV-13
[IAX-REV-14
[IAX-REV-15
[IAX-REV-16

57.03°C
59.60°C
57.75°C
56.29°C

41.67%
50.00%
32.00%
40.91%

0.00
0.00
3.00
4.00

TCATC
CATTT
TCGAA
CCATG

Table 4. 3’ end properties of primers used to clone NBCnl-GFP (IAX-FWD-5 and IAX-REV-6) or NBCn1-SNAP-HA (IAX-
FWD-1 and IAX-REV-2) into the lentiviral transfer plasmid pCW57.1. Deviations from the IN-Fusion Cloning Kit guidelines
(Takara Bio, #121416) are marked in red.
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