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Summary

Investigation of conventional and unconventional protein secretion using

galectin3

Stephanie Jo Popa

Protein secretion is an essential process in cell biology. The conventional secretion pathway is well
known, and involves proteins with a signal sequence being directed into the endoplasmic reticulum
(ER). Once in the lumen of the ER, proteins are traffitkrough the Golgi and remain separate from

the cytosol throughout their journey to the outside of the cell. More recently, proteins without a signal
sequence have been found outside the cell. These proteins are secreted unconventionally, and avoid
the ER-Golgi route. For both pathways, some aspects remain unclear, particularly surrounding the

regulation of protein secretion.

Galectin3, an unconventionally secreted protein, was ubede to investigate both conventional and
unconventional protein secr&n. The unconventional protein secretion of galeedins poorly
understood. To address this, genetic manipulation of galeé®timas used to gain insights into the
mechanism of galecti3 secretion. It was found that galect®rdoes not require unfoldingr binding

to cell surface glycoproteins to be secreted.

Galectin3 was also used to assess protein secretion using a gemodeeCRISPR screen. As galegtin
binds to cell surface glycoproteins, galeedimn the cell surface was used to assess secrefitimese
glycoproteins. Hits were validated by a glycoprotein secretion assay. Using this pipeline, 93 hits were
identified as involved in protein secretion, of which 51 were novel hits not previously associated with
protein secretion. Many of the hits idéified also resulted in a phenotype of altered Golgi morphology,
and five of these were investigated further. Two novel hits that localised to the Golgi were identified,
TMEM220 and GPR161. GPR161 likely mediates its effect on Golgi morphology bsaitiontevith

golgin A5.

This thesis presents new insights into both conventional and unconventional protein secretion. Insights
into the mechanism for galecti secretion were revealed. A novel Gdigalised regulator of
secretion, GRP161, was ider@di with a mechanism for action suggested. Importantly, the list of 51
novel genes identified will serve as a useful resource for other researchers investigating protein

secretion.
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Chapter 1General Introduction

Summary

Protein secretion is essential for cells to function corredlyere are two main pathways for protein
secretion: conventional and unconventional secretion. In conventional secretion, proteins are directed
into the endoplasmic reticulum by a signal seqoenThey are then trafficked through the Golgi, where
they may be glycosylated, to reach the plasma membrane. Unconventionally secreted proteins do not
enter the Golgi. A subset of these unconventionally secreted proteins, known as leaderless proteins,
do not havea signal sequence for secretion andmpletelyavoid the ERGolgi route to the plasma
membrane. How leaderless proteins are secreted is generally unknown, although there are several
proposed pathways for secretion. While conventional secretionvédl-described, there are still
unknown aspects, especially surrounding regulation of secretion. To identify novel regulators of either
conventional or unconventional protein secretion, unbiased methods such as gewaaescreening

need to be employed. Bse methods involve the use of a selection pressure to generate a treated
population; comparison of the treated population to the untreated library all@wgortant genes to

be identified. As yet, these methods have only been used to investigate convaiiatein secretion.

The overarching aim of this thesissto investigate both conventional and unconventional protein
secretion, using galecti8. Galectini3 is an unconventionally secreted protein that binds to
conventionally secreted glycoproteins time cell surface. As such, it can be used as a model protein

to investigate both conventional and unconventional secretion.



1.1 Protein secretion

In eukaryotes, key biological processes and physiological functions are mediated by secreted proteins,
located either at the cell surface or in the extracellular space. Broadly, secreted proteins allow cells to
communicate and respond to their external environment. Key examples of cellular communication
mediated by secreted proteins include hormone signaliinthe endocrine system, in which proteins
typically travel long distances in the blood stream; paracrine functions during neurotransmission, and
autocrine signalling used by the immune cells. Secreted proteins act both as the ligands and receptors
required to mediatethese types otell signalling. Transmembrane proteins at the cell surface act to
transmit signals from the outside of the cell to the inside; for examplprd®in coupled receptors
(GPCRs), the largest family of cell membrane proteins, which transmit signals bgtitladicn of
G-proteins(Sutkeviciuteand Vilardaga, 2020Additionally, soluble secreted proteins often act as the
signal sent by one cell that other cells need to respond to, such as cytokines, hormones and growth
factors. Other roles for secreted proteins include in the extracellulatrirjavhere they provide
structural scaffolds and have regulatory roles for cell signgllihngocharis et al., 20164 recent study

found that approximatly 35% of proteins are secretg€hen et al., 2019put defined the secretome

as proteins released from the cell, nmbunting the membranepanning proteins that remain at the

cell surface. Therefore, the number of secreted proteins is likely to be higher than this.

1.2 Conventional protein secretion

In the 1950s, George Palade first established that secreted proteinsbe trafficked along the
endoplasmic reticulum (ER3olgi secretory pathwalyy vesiclemediated transporin eukaryotic cells
(Palade, 1975)This pathway is known as conventional protein secretion and since its initial discovery,
more precise details of theomplexmolecularmachineryof conventional protein secretionave been

described An overview of this process is showrFigurel.l.

Proteins that are secreted by the conventional patgveae translated from mRNA on ER ribosomes
and cotranslationally inserted into the ER, directed by a signal sequéeeham, 2012)This initial
step of cetranslationalinsertion into the ERnsures that proteins remain separate from the cytosol
throughout secretionas they are then trafficked through membrabheund compartments. Proteins
are exported from the ER via ER exit s{EERES)which formcoat protein complexX! (COPII) coated
vesicles that are delivered to the Golgi. In higher eukaryotes this occurs via-BelgRntermediate
compartment (ERGIC), the first pdSR sorting sitéAppenzellefHerzog and Hauri, 2006j the Golgi,

proteins and sorted, then ardrafficked to the cell surface via membrabeund vesiclesThe



localisation and activity of proteins involved in this secretory pathway must be tightly regulated to

ensurecorrect spatietemporal distribution of membranes and cargo proteins along the pathway.

Plasma
Endoplasmic reticulum Golgi Membrane
medial Secretory \
vesicle
cis |
trans |
N
COPII-coated \j
vesicles
/-—b
" ERGIC
/' Endosome

o
- . )

'j COPI-coated 'J "\/
vesicles

Extracellular

Cytosol
space

Figurel.l: Organelles involved in the conventional protein secretion pathw&@mnce proteins enter

the lumen of theER, they remain separate from the cytoplasm throughout their journey to the cell
surface. Proteins leave the ER in COPII coated vesicles, are sorted in the ERGIC and the Golgi, and are
trafficked to the cell surface in vesicles. COPI coated vesiclasvaiedd in retrograde traffic from the

Golgi back to the ER.

1.2.1 ER targeting

To synthesise proteins, mMRNA is translated on ribosomes to polypeptides, which need to fold correctly
to form their protein structure. All translation begins on ribosomes i ¢litoplasm, and for proteins
without a signal sequence, translation is completed in the cytosol. In the conventional secretory

pathway,an Nterminal signal sequence or hydrophobic segmemerges from the ribosome and is



recognised by signal recognitigrarticle (SRRWild et al., 2004)This recognition slows translation,

and the entire complex is targeted to the ER by 8RP receptdiVild et al., 2004)Although there is

no consensus sequence of amino acids, the signal sequence islyp®&a0 residues and has three
domainsg a basic N domain, a hydrophobic H domain and a polar C ddimaid and Kendall, 1994)
Binding to SRP is enhanced when a REST sequence, an mRNA sequence which slows translation, is
downstream of the signal sequence or transmembrane domain; this REST sequence acts as an initial
regulatory step in the conveional protein secretory pathwayPechmann et al., 2014Jhe SRP
ribosomenascent chain complex binds to a protein pore, the translocon, in the membrane of the ER,
which enables the nascent polypeptide to be cotranslationally directed into the lumen of tloe ER
anchored inits membrane(Aviram and Schuldiner, 2017; Wild et al., 2004riations in the signal
sequence can lead to differences in protein targetingiféecent organellesand timing of cleavage of

the signal sequence can affect downstream events such as glycosyldégde and Bernstein, 2006)
Proteins that will be secreted into the extracellular space have their signal sequence cleaved off to be
releaged from the ER membrane, but the signal sequence remains intact for proteins anchored in the

membrane(Hegde and Bernstei2006)

During translation and translocation into the ER, proteins are folded with the help of chaperones,
which act to prevent aggregation and promote correct folding of protéihabson, 2003; Guerriero

and Brodsky, 2012Yhe ER environment itself also helps protein folding, as the oxidising environment
is needed for enzymes which catalyse the formation of disulfide bonds to funika and Bulleid,
2013) It is also possible for proteins which are translated and folded in the cytoplasm to be post
translationally directed into the ER membrane; these are oftenamaihored membrane protas
which do not have a hydrophobic-tdrminal transmembrane domaifAst et al., 2013; Hegde and

Keenan, 2011)These proteins then followhe conventional secretory pathway.

1.2.2 ERGolgi traffic

The ER is the first organelle in which pwanslational modification can take place. Inside the ER, the
process of Ninked glycosylation begins, where a branch of glycans is added to a ptatenestingly,

the assembly of the branch begins on the cytosolic side of the ER membrane, then is translocated into
the ER lumen where it can be transferred to a protein, although it is unclear which proteins facilitate
this procesgRush, 2015)This initiation of Ninked glycosylation is important for protein folding and
quality control in the ERCherepanova et gl 2016) For further modification, proteins must be

trafficked to the Golgi.

ERto-Golgi traffic is regulated in order to allow only correctly folded proteins to proceed through the

secretory pathway. Proteins leave the ERE®RESnd may be transpori@ by bulk flow, in which



proteins progress through the secretory pathway rspecifically, or by selective packaging into
vesiclegBarlowe and Helenius, 2016; Dancourt and Barlowe, 20a®oth cases, vesicles are COPI|
coated. SarlSec23, Sec24, Secl3 and Sec31 form the minimal machinery required t&€@iphh
vesicles from membranes vitro (Matsuoka et al., 1998khown inFigurel.2, adapted from review
(Peotter et al., 2019)COPitoated vesicle formation is regulated by many different factors, with
multiple levels of regulatiod 5 Q! NI y 3 S . Por eXainplé, $e®1b is knawwn ¢omaintain ERES,
and is thought todrm a scaffold for COPII coat assem(iiyghes et al., 2009; Watson et al., 2006)

The kinase ERK2, part of the MAPK signalling pathway, phosphorylatés &t phosphorylation of
Sec16 is correlated with an increase in the number of ERERan et al2010) Interestingly, the COPII

coat itself has been shown to have a role in sorting and in excludingsieient proteins and misfolded
proteins from COPRboated vesicleMa et al, 2017) COPII vesicles travel from the ER to the ERGIC, a
distinct compartment located a short distance away from the ER and marked by ERE&G52t al.,

2000; Peotter et al., 2019The ERGIC is widely accepted to be a sorting site, and may also have roles
in protein quality control and protein folding\ppenzelleiHerzog and Hauri, 2006; Saraste and Marie,
2018) For secretion, preins progress from the ERGIC to the Golgi. Different models have been
proposed for ERGIC to Golgi trafficking; either the ERGIC moves along microtubules towards the Golgi,
or ERGIC to Golgi traffic is long range and microtubule depen@andizzi and Barlowe, 2013;

Saraste and Marie, 2018} is also possible that both models may be used in different circumstances.

It is important that EResident proteins remain in the ER, so when resident proteins do leave the ER
by bulk flow, they must be transported back into the ER. @O&kd vesicles are used for this
retrograde traffic. One mechanism to retrieve soluble gios back to the ER is by theégfminal KDEL
sequence and its variants, which are recognised in the ERGIG@olgi by three different KDEL
receptors with varying specificities and efficiendi@gaykhel et al., 2007YWhile this mechanism is well
known, there are also pteins whichlack a KDEL sequence but can kéliretrieved. Some of these
may interact with KDEtontaining cargo(Raykhel et al., 200/)while others utilise different
mechanisms. For example, tkev4XErv46 complein yeast returns proteins such as glucosidase | to
the ER(Shibuya et al., 2015)ater work showed thatZ46 alone is sufficient to bind cargo while Erv41l
has a regulatory roléKeiser and Barlowe, 2019)he human orthologues @rv41l and Erv4&ERGIC2

and ERGIChave also been shown to form a compl@%oo et al., 2019)ERGIC3 was previously
identified as ERp43 and found to have a role in resisting ER ¢Medskawa et al., 2007)he
Erv41Erv46 complex also functions in anterograde trafficking, although to date only one substrate has

been identified: Ktr4, a putative mannosyltransferdisimda et al., 2014)
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Figure 1.2: Model for COP#mediated transport at the ER/ERGIC interfadéigure proposed by
Peotter et al, adaptedfrom review (Peotter et al., 2019)Proteins forminghe minimal machinery

involved in sequential steps in the ER to ERGIC transport process are shown.

1.2.3 IntraGolgi traffic

The Golgi itself is another site for pasanslational modification. For example, the short glycan branch
formed by Nlinked glyosylation in the ER is further modified in the Golgi, and the Golgi is the site for
the whole process of Onked glycosylatioriStanley, 2011)The Golgi is also a major site for sorting
proteins to be trafficked to their destinations, which may be the plasma membrane, endosome,

secretory granules, and specialised compartments in specific cell (ieelslatteis and Luini, 2008)

The organisation of the Golgi itself is poorly understood, and many explanations for transport within
the Golgi exisfGlick and Luini, 2011; Mironov and Beznoussenko, 20h@Yye are two main transport
models: the vesicle based model, in which proteins travel through Golgi stacks via vesiddbe
cisternal maturation model, in which the Golgi changes eisd>olgi matures through the stack to
becometrans-Golgi(Glick and Luini, 2011Qther models have aldeen proposed which are generally
variations of these models, such as a variation of cisternal maturation in which cargo can also be

transported in tubules which connetite cisternae.



Although historically, vesicle based transport within the Golgi wagptieferred model for intraGolgi

traffic, itis now less well accepted. Ca@Bated vesicles are known to be involved in retrograde traffic,
and they may also participate in anterograde traffic, evidenced by the presence of anterograde cargo,
including VEG, and lack of KDEL receptors in subpopulations of COPI v@iclest al., 2000, 1997)
However, more recent work has suggested that COPI functions in an anterograde direction through
tubules and not vesicle@ark et al., 2015)Ths may help to reconcile a key limitation of the vesicle
based model, which is that it does not explain transport of large proteins such amimgen which

are too big to fit into CORJoated vesicles. There is evidence for cisternal maturation in yagsthas

been shown both that cisternae change over tifh®sev et al., 2006; Matsuuiokita et al., 2006)

and that cargo remain in cisternggurokawa et al., 2019Yhis process was found to be dependent

on COPI function, and it was proposed that retrograde traffic in COPI vesicles may act as a quality

control mechanisnf{Kurokawa et al., 2019)

Overall, there is not a clear consensus on k@@lgi traffic, but the conflicting routes can be reconciled
by the idea that multiplerafficking routedor transportcoexistwithin the Golgi complex; small soluble
proteins can diffuse through the Golgi, most likely through tubules, whereas largelifiosible cargo
move through the Golgi complex by progressinaturation (Beznoussenko et al., 2014; Lavieu et al.,

2013) The regulation of these different routes remains poorly understood.

1.2.4 Glycosylation

Glycoproteins aredrmed when proteins are glycosylated as they travel through the conventional
secretory machinery described above. Approximately half of all proteins are glycosylated, making
glycosylation the most common peshanslational modification of proteins(Stanley, 2011)
Glycoproteins are formed by two main mechanismdinMed glycosylation in the ER andlitked
glycosylation in the Golgi.-hked glycosylation takes place on the nitrogen atom of asparagine (N)
and Olinked glycosylation occurs on the side chain oxyg®m of serine (S) or threonine (T). Other
routes for glycosylation also exist, such as the production of hyaluronitasit glycosaminoglycans,
which takes place in the cytoplagi@asale and Crane, 2019n the cell surface, glycoproteins have

essential roles in cell signalling and immunity.

Since glycosylation occurs in every cell aad many functions for the correct functioning of cells,
disruption of glycosylation can lead to disease, known as congenital disorder of glycosylation (CDG).
These are rare and have diverse clinical presentations, which have been difficult to idethé&\past

(Gilfix, 2019) In more recent years, many CDGs have been identified by next generation sequencing
(Gilfix, 2019; Ng and Freeze, 2018l surface glycoprates also have key roles in hgsthogen

interactions. Recently, genomeide screens have been employed to investigate genes required for



these interactions. These have revealed key genes involved in glycosylation, summarised in a review
by Ng and FreeZ@g and Freaz, 2018) These screens identified both genes established to be involved

in CDG and novel genes.

1.2.4.1 Glycosylation to regulate protein folding

N-linked glycosylation occurs on the side chain nitrogen of asparagine residues-iafni$equence,

where X is any amino acid except proline. This process is important for protein folding, as glycan
processing allows lectin chaperones to ensure proteins are correctly félgathous et al., 2015The

initial addition of the hydrophilic glycan GltansGIcNAg (G3M9)is followed by a process of glycan
trimming ard modification, which acts to regulate protein folding in the ER, as showigurel.3.

G3M9 is trimmed to GiMansGIcNAg 6 D H a ¢ U-gludosidase |. G2M9 on terminalinisfolded
glycoproteins can be recognised by male¢8ohallus et al., 201Q) lectin whose expression is induced

by ER stress and is thought to prevent export of misfoldeteprs, and so acts as an additional quality
control mechanism in stress conditiofGalli et al., 2011)The mechanism for how this happens is
unclear, and requires furthreinvestigation. If the protein has more than one glycan, G2M9 is then

0 NR& Y'Y Sdhucosidasell to GMlanGIcNAg(G1M9)(Deprez et al., 200551M9 is recognised and
retained in the ER by the lectin chaperones calnexin (CNeQlreticulin(CRT). These lectins have the
same binding profile, but bind different glycoproteins due to their différdocations: CNX is
membranebound at ER exit sites whereas CRT is in the lumen of the ER. CNX and CRT also bind either
ERp57, a thiol oxidoreductase which catalyses breakage and formation of disulfide bonds to facilitate
correct protein folding. The lasi f dzO2aS A & @lucsdiddss R andl & glyéoprotein is
released from CNX or CRT. If the protein is correctly folded, the protein leaves the ER. If not correctly
folded,UDRglucose:glycoprotein glucosyltransferase (U3&cognises exposed hydrophobic regions

and glucose is added again bYGT1 to recreate G1ME&iuchi et al., 2018)This CNX/CRT cycle
continues until either they are correctly folded, and they are exported from the ER via the ERGIC, or
they are directed to the ER associated degradation (ERAD) pathway. Details surroundprgteovs

exit the CNX/CRT cycle are unclear. It is not fully understood how proteins exit the CNX/CRT cycle
(Tannous et al., 2015but the slowacting ER mannosidasés thought to allow time for proteins to

fold correctly before being directed to this pathwéiyebert and Molinari, 2012)
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Figure 1.3: Processing of Ninked glycosylation in the ERFigure adapted from Tannoust al.
(Tannous et al., 2015After G3M9 is added to the-XS/T sequence, it is sequentially trimmed by
glucosidase | then glucosida. G1M9 enters the CNX/CRT cycle, where glucose is trimmed-and re
added until correctly folded. If it cannot be correctly folded, it is degraded, signalled by removal of
multiple mannose residues. Although here one glycan chain is shown for simplioitgins are not
trimmed by glucosidase Il unless they have more than one site-fimkBid glycosylatiorfDeprez et

al., 2005)

1.2.4.2 Glycosylation in the Golgi

N-linked glycosylation continues in the Golgi, where mannose is trimmed and other monosaccharides
are added to form the mature glycoprotein. There are many possible modifications tmtheglycan
AUNHZOGdzNE (2 ONBFGS RAFTFSNBYyG 3FteOry LINRBPTFAfSa®
glycan profile is dependent on both Golgi architecture and time taken to travel through the Golgi
(Fisher et al., 2019Beveral genes are important for glycoprotein maturation, including transferases
such as MGAT1, which add GlcNac subunits to build the glycan (hairar et al., 1990)solute
transporters which transport subunits required to build complex glycans into the Golgi, such as
SLC35AZHadley et al., 2019)and ion transporters such as SLC39A9 which can act to regulate
glycosylationYamaji et al., 2019)

Unlike Nlinked glycosylation, there is no consensus sequence fiinked glycosylation and
glycosylation takes placentirely in the Golgi. Although there is no consensus sequence, a neural
network approach has recently been developed which is able to predict glycosylated serine sites with
over 96% accuracfAkmal et al., 2020As Glinked glycosylation fully takes place in the Golgi, proteins
are already fully folded by the time they are glggtated. Initially, Nacetylgalactosamine (GalNAc) is



transferred to an S or T residue by GalNAc transferase. Glycan chains are built up by addition of

monosaccharides by glycosyltransferag&kmal et al., 2020)

1.2.5Trafficking to the cell surface and extracellular space

In thetrans-Golgi network, proteins are sorted to be trafficked to their various different locations. This
traffic is via vesicles, which may originate from vesicle budding or derive from longer tubules which
elongate from thetrans-Golgi network(De Matteis and Luini, 2008Proteins contain sorting signals
which are recognised in theansGolgi. These include sorting motifs within the protein sequence,
protein affinity for membrane domains, the formation of protein complexes or j@stslational
modification of proteins(De Matteis and Luini, 2008; RodrigeBaulan and Misch, 2005)or
example, glycosylation can act as a sorting signal to direct proteins to the apical membpateristd
Madin-Darbycaninekidney(MDCHK epithelial cell{Schelffele et al., 1995; Yeaman et al., 198%yelt
described pativay from the Golgi is via clathrizoated vesicles, which traffic proteins from ttrans-

Golgi network to the endosomal pathwdyraub, 2005)Clathrin itselfs involved in sorting Traub,
2005) While clathrin has not been found to be required for constitutive secretiRwbinson, 2015)
proteins sorted into endosomes can shik secreted. Other, nenlathrin coated vesicles can traffic
cargo to the plasma membrane. It is thought that a different type of coat protein might be involved in
the direct transport from the Golgi to the plasma membrane, but this remains un¢Rend and
Malhotra, 2006; Spang, 2015)

Once vekles reach the cell surface, or indeed another destination where vesicle fusion is required,
soluble Nethylmaleimidesensitive factoNSF)activating protein receptor (SNARE) proteins allow
secretory vesicles to fuse with the plasma membréBenifacino and Glick, 2004; Han et al., 2017)
SNARE proteins are essential for membrane fusion, and different types of SNARE proteins ensure the
specificity of membrane fusio(Bonifacino and Glick, 2004; Han et al., 20R#jer fusion, proteins

inside secretory vesicles are released into the cytoplasm, and proteins embedded in the membrane of

vesicles stay in themembrane, but this membrane is now part of the plasma membrane.

1.2.6 Unknown aspects of conventional protein secretion

While the molecular machinery of secretion is relatively well understood, knowledgerotein
secretionremains incompleteand new etails of the pathway continue to be uncovered. For example,

it has more recently been established that Cc@BHted vesicles are captured directly by regions of the
cisGolgi in yeast, and not released into the cytosol, to ensure efficient transportEf@&&o the Golgi
(Kurokawa et al., 2014As the ERGIC does not exist in yeast, it may be that these regicissolgi
represent something similar to ERGIC, but to date there is no evidence that ERGIC directly captures

COPHKeoated vesicles in this way in higher eukaryotes. The question of whether specific proteins are
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packaged into CORibated vesicles, or whethgpackaging is random, also remains to be fully
answered(Kurokawa and Nakano, 201%Yhile it appears that both nespecific bulk transport and
specific packaging takes place, the mechanisms regulating specific packaging require more
investigation. Therés also the question of how large proteins such as procollagen are transported
through the cell: although COPII vesicles are usually considered to be smaller than procollagen, the
transport of procollagen has been found to be dependent on COPII veStépthens and Pepperkok,
2002) It is thought that large CORIépendent carriers are used in the transport of procollagen from

the ER to the Golgi, which may be dependent on ERGIC, as re{Me@aughey and Stephens, 2019)
Other models suggest that tunnels transport collagen from the ER to the ERGIC, and this tunnel could
extend to the GolgjRaote and Malhotra, 2019M\ number of questions remain, particularly about the

role of EREG and the regulation of transport of large prote{icCaughey and Stephens, 2019)

The mechanism of transport through the Golgi is not completely understood, as discussedimve.
complex process of sorting proteins at the Golgi into vesicles for their correct destinations requires
further investigation for a full understanding of protein secreti®@e Matteis and Luini, 2008; Guo et

al., 2014; Kienzle and von Blume, 2014; Pakdel and von Blume, 2018; SpangSagibaspects of
protein releag in vesicles at theans-Golgi network have been at least partly characterised, including
release in clathrircoated vesiclegDaboussi et al., 2012; Traub, 20@BH secretory storage granules
(Borgonovo et al., 2006Mechanisms of sorting ctinue to be uncovered; for example, the role of
clathrin adaptor proteins to sort specific membrane signalling proteins into different types of coated
vesiclegMa et al., 2018)Recently, carriersf thetrans-Golgi network (TGN) to the cell surface (CARTS)
have been discovered as a new vesicle class, which are thought to transport small secretory proteins
(Wakana et al., 2013, 2012JARTS require PKD for biogenesis and exclude certain prid&ikana

et al., 2012)but again, how this process is regulated is unknown 2Adependent sorting mechanism

has recently been described for sorting soluble secretory cargo, but questions remain about the
regulation of the process, recognition of cargo and packagingviesicles after sortingPakdel and

von Blume, 2018)There are likely to be other vesicle types involved in exiting the{Gwigi network,

but these are poorly characterised.

At first glance, protein secretion may appear to be adefined pathway, but in reality, it has complex
aspects and a number of questions still to be answefedat least one third of human proteins are
secreted, a completenderstanding of the regulation of their transport is essential in order to target

specific proteins important in health and disease.
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1.3 Unconventiongdrotein secretion

In the last thirty years, a growing number of proteins with extracellular functipetswithout a signal
sequence to enter the lumen of the ER to follow the conventional secretory pathveayg been
described(Nickel andRabouille, 2018; Prudovsky et al., 2Q0B)ese leaderless proteins are typically
investigated using drugs such as brefeldin A, which collapses the Golgi and causes protein
accumulation in the ER, therefore inhibiting conventional secreffujiwara et al., 1988 reatment

with drugs like brefeldin A do not inhibit their secretigNickel, 2003)showing thathey do not use

the classical ERolgiplasma membrane pathway for secretion. Leaderless proteins have no conserved
structural features which might suggest a common pathway for secretion, although many of them bind
phospholipids(Prudovsky et al., 2003They not aly have roles in the healthy function of cells, but

are often associated with diseagPaniels and Brough, 201AYynconventional secretion has been
reported in eukaryotic cells, including mammalian cells, yeast, and p|Ratsouille et al., 2012)n

plants, it has been reported that 3% of secreted proteins lack a signal sequence for secretion
(Agrawal et al., 2010)Jnconventional secretion in plants is particularly controversial as the pathways
these proteins would take is less clear than for mammalian cells, although there is more evidence for

plant unconventional secretion in response to pathogéRebinson et al., 2016)

Since these leaderless proteins do not have a signal sequence that identifies themyemtionally
secreted proteins are discovered by observations of both their extracellular localisation and their lack
of a signal sequence. As early as 1985, it was hypothesised that proteins such as interleukimi LU
(March et al., 1985and fibroblast growth factors (FGH#braham et al., 198@hay not follow the
conventonal secretory pathway. One of the first mechanisms proposed for unconventional secretion
was for galectiril, then known as-IL4 (Cooper and Barondes, 199®s location within and outside
cells had been documented prior to 1990, but the idea of its secretion was controversi@Banitl

was found that galectil was synthesised on free ribosomes in the cytosol, not at th@\ERon et

al., 1989) which was surprising at the time given previous reports of its extracellular function
(Barondes, 1984)As Wilsoret al. NB Y I NJf iSdee&dl thése lectins function extracellularly, their
secretion must involve #ier posttranslational translocation into theERor an entirely novel
mechanisng (Wilson et al., 1989)0ne such novel mechanism was proposed in 1990: gal&atias
proposed to be released in microvesicles afifecumulation at the plasma membrari€ooper and
Barondes, 1990)Since then, many othgalectinswvhich also lack a signal sequer@ee been shown

to be located outside of the celyith galectins 1 and ®eing welldocumented due to their well
established functions and their interAons with other extracellular protein@ang et al., 2004; Yang

et al., 2008)
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1.3.1 The requirement for unconventional protein secretion

The existence of this unconventional route for secretimas been contreersial at times. However,
considering that it is now thought that the conventional secretion pathway also comprises of multiple
pathways, such as the Golgi using both cisternal maturation and vesicles feGiolgatransportit
should not be particuldy surprising that cells have more than the conventional protein secretion
pathway to export proteins. One key function of this alternative route may bleetp in preventing
inappropriate interactionsfor example between a receptor and its liggihtickel and Rabouille, 2009)

Itis likely that unconventionally sested proteins bypass the classical protein secretion pathway either
to avoid misfolding, premature interaction with their receptors or inappropriate gislational
modification (Nickel, 201Q) For example, when an-tdrminal signal sequence is added to the
unconventionally secreted protein F@F it is efficiently secreted but is-@ycosylated, which
abolishes its functioffWegehingel et al., 2008)n the case of unconventionally secreted lectins such
as the galectins, it makes sense tgbtcoproteins and their ligands should be kept apart at some stages
of traffickingto stop them interacting at the wrong time or placéxactly how these proteins are
secreted is a fundamental question in cell biology. Beyond the desire to understand this at a basic
science level, an understanding of this process could reveal integeistiights into disease, as the

levels of many unconventionally secreted proteins are perturbed in disease.

1.3.2 Pathways for unconventional protein secretion

Multiple pathways have been proposed to explain the mechanisms by wihsie unconventionally
secreted proteins leave the cellwhich have been categorised Rabouilleet al. (Rabouille et al.,

2012) shown inFigure1.4. All types involve crossing a membraréntil each unconventionally
secreted protein is studied individually, it is not possible to predict which of these pathways is used,
so this must be experimentally tiemined. For types | and Il, proteins are directly translocated across
the plasma membrane. Type | refers to translocation across the plasma membrane; either aided by
other protein complexes, transported through pores, or unfacilitated. In type Il seardtanslocation

is via AThindingcassette (AB@jansporter proteins. Type lll describes the secretion of cytoplasmic
proteins that first enter the lumen of an organelle, which then fuses with the plasma memHrane.
contrast to the first three typestype IV secretion describes transmembrane proteins which are
inserted into the ER membranbut reach the plasma membrane without passing through the Golgi.
Type IV secreted proteins are therefore similar to conventionally secreted proteins, in thatdley h

a signal sequence and cross the ER membrane; their defining feature is that they bypass the Golgi.
Here, the focus is on the secretion of leaderless proteins, so type IV secretion will not be discussed in

detail.
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Figure 1.4: Pathways of unconventional protein secretion for leaderless proteifig/pe |, direct
translocation across the plasma membrane, may be unfacilitated or facilitated by a protein
transporter. Type Il involves transport facited by ABC transporter proteins. Type |l
unconventionally secreted proteins do not cross the plasma membrane directly but are transported
into membranebound compartments inside the cell, which then fuse with the plasma membrane to
release their contentsOther pathways proposed for secretion involve the use of EVs, either via
microvesicles or exosomes, but these pathways do not fully explain secretion as the proteins remain

inside EVs and are not free in the extracellular space.

In addition, cytoplasmiproteins can be released in extracellular vesicles (EVs), which are categorised
as exosomes or microvesicles according to their origRaposo and Stoorvogel, 201Bxosomes are
formed from multivesicular bodies (¥Bs) via invagination of the MVB membrane which creates
internal vesicleg exosomeg; that are loaded with cytoplasmic proteins. Upon fusion of MVBs with
the plasma membrane, exosomes are released. This may be another example of type Il secretion,
although it is unclear if proteis are able taeach the lumen of MVBsn which case they may be
secreted by fusion with the plasma membrane, or whether they are strictly coniinséde exosomes.

The second type of EVs are microvesicles, which derive fronetdnedding from the plasma
membrane. Pathways involving EVs do not fully explain how an unconventional protein might be
secreted; although proteins are outside the cell, they should rereatapsulatednside vesicles, as
shown inFigurel.4. As all routes of unconventional secretion must involve crossing a membrane, it is

possible that the EVs could lyse to release their contents.
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1.3.2.1 Type I: direct translocatiocress the plasma membrane

Type | unconventional secretion may be further divided into two categories: facilitated and
unfacilitated Figurel.4). It is unlikely that grotein may be secreted directly across a membrane
without the help of any other regulator of secretion, but the distinction here is whether the
unconventionally secreted protein traverses the membrane through a protein transporter or without

using a protén transporter.

FGR2 is one of the most welltudied examples of a protein secreted by direct translocation-FSF
initially recruited to the inner leaflet of the plasma membrane by binding to ATPAL, a subunit of the
Na'/K*-ATPaselLegrand et al., 2020; Zacherl et al., 201%5)then binds to phosphatidylinositol

4 5bisphosphate (PI(4,5P in order to anchor FGE to the inner plasma membrane for its
translocation across the mdmnane (Temmerman et al., 2008)Binding to PI(4,5)Pleads to
oligomerisation of FGE, facilitated by phosphorylation by the n@aceptor tyrosine kinase Tec, to
form a shortlived pore able to transport lipids across the membrélukiller et al., 2015; Steringer et

al., 2017, 2012)FGR2 also requires hepan sulfate proteoglycans on the cslirface to disassemble

the oligomer and drive export from the c€lehe et al., 2006)GR2 is an example of unfacilitated
transport as only Pl(4,B)and hepaan sulfate are absolutely required for membrane translocation

(Steringer et al., 200).

Thethree key aspects of the direct translocation pathway for 3#ecretion are recruitment to the
plasma membrane, insertion into the membrane, and the use of cell surface anchors to ensure one
directional transport. These features may represent a more generghamdsm for unconventional
secretion than specificalfpr FGF2. Two other proteins secreted by type | direct translocatiomj IL

and the viral protein HATat(Rayne et al., 2010a3lso share some of these features. Upon monocyte
stimulation, Ikmi A & | f 42 &S ONBE@ HRleperdenp@eBrdugh ktly 2027FSitia

and Rubatrtelli, 2018; Steringer et al., 2Q1&dditionally, HIVI'at binding tdP1(4,5)Ris a requirement

for its localisation to the plasma membrane and its secre{iRayne et al., 2010bjand binds to
heparan sulfate on the cell surfaq€hang et al., 1997The common use &f1(4,5)R, and the fact that

both FGR2 and HIVTat bind hepran sulfate initially suggests a common mechanism for direct
translocation. However, there are several differences in the secretioinof | y-FRatcomipared

to FGR2. I.mi R2S & y2 i PRAISWkeE SR @arhBanchez et al., 20161-mi A &
secreted through a galerminD pore formed by GSDMB, a product of caspase cleavg@wavold et

al., 2018; Heilig et al., 2018)s such, this route would be an example of facilitated type | secretion.
Another difference is that i  NBIj dzZA NB& O2y F2NX I (A 2y | f(Zhahd S EA 0 A
al., 2015) whereas FGE crosses ta membrane when tightly foldeBackhaus et al., 2004 is
possible that this difference may be explained by the factthatiL LJ 34 Sa G KNRdzAK |
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FGR2 itself forms the pore, which is a transient structure in the secretion ofZ E@#Rhough FGB
and HIVTat ae more similar in their secretion, there are also differences hereitro experiments
have shown that unlike F& HIV Tat requires a lipid membrane to bind PI(4 5)Rdicating that the
mechanisms oPI(4,5)R binding are likely different for thestvo proteins(Rayne et al., 2010blt is
also unclear whether HiVat secretion requires the N&*-ATPase, whether HiVat forms a pore, or

whether cytosolic chaperones are required for its secre{fdchatz et al., 2018)

Annexin A2 is another protein that likely uses type | direct translocation as a mechanisearietion,
although details of the full mechanism are not well known. Annexin A2 translocates across the
membrane by binding phospholipids in a®G#ependant manner, and translocation is facilitated by
phospholipid flipping by TMEM16fStewart et al.,, 2018)Annexins are known to insert into
membranes(Lizarbe et al., @L.3)and it has been proposed that they function as calcium channels
(Gerke and Moss, 2002)hich would require them to span membranes. If axim oligomers do span

the membrane, the secretion of annexin A2 shares the feature of oligomerisation for membrane

insertion with the welldescribed FGE secretion pathway.

Even though these proteins can be grouped together into the direct translocatjfmn | secretion
pathway, it is not clear that these proteins follow the same specific route. However, common themes
in direct translocation do emerge. Many unconventionally secreted proteins bind phospholipids, some
specifically PI(4,5)Pand in the cotext of type | direct translocation thigpid bindingcan beutilised

to anchor them to the plasma membrane as an initial step for translocation. For unfacilitated transport,
insertion of the protein into the membrane must be required. There is dirediese that FGR forms

a pore in order to cross the membragduller et al., 2015; Steringer et al., 2017, 2Q1Rjt the picture

is less clear for other proteins. Other unconventionally secreted proteins that may use direct
translocation are known to insert into membranes, such as the annékinarbe et al., 2013and
externalisation of annexin A2 and annexin A5 is dependent on phospholipid remodelling at the plasma
membrane (Stewart et al., 2018)Although there are common themes in type | unconventional

secretion, there is diversity in the mechanism for membrane translocation.

1.3.2.2 Type lI: direct translocation facilitated by-Bifiing cassette proteins

Similarly to type | secretion, type Il secretion involves translocation at the plasma membrane, but here
transport is directly facilitated by ATinding cassette (ABC) transporters, a family of proteins found

in prokaryotes and eukaryotes which hydrolys€P to transport substrates including peptides, lipids,
oligonucleotides and polysaccharides, as well as small molecules, across the plasma membrane
(Wilkens, 2015)This is a rare type of unconventional gt secretion. To date, only lipidated proteins

and yeast mating peptides are known to be secreted by this patliRalouille, 208; Rabouille et al.,
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2012) Annexin Al has been proposed to use type Il secretion as a mechanism, but there is only indirect
evidence for this and results are sometimes conflicting, as revidRega et al., 2018verall, it is

unclear whether this pathway is a widely used pathway for secretion by mammalian cells.

1.3.2.3 Type llI: export from cells using intratailcompartments as vesicular intermediates

Type lll secretion covers a range of secretion using intracellular compartments. This includes secretory
lysosomes and autophagosomes, intracellular vesicles and a specific compartment for secretion called
compartment for unconventional protein secretion (CUPS), as identified in yeast. CUPS is distinct from
the Golgi and ER membranes, and forms close to ER exit sites under starvation cofilitina%t al.,

2011) CUPS have similar features to omegasomes, compartments in mammalian cells which are
involved in autophagosome formatiofRoberts and Ktiakis, 2013) However, CUPS are not involved

in formation of autophagosomes and an alternative mechanism for secretion from CUPS has been
proposed via fusion with endosomes to form multivesicular bodies, which release exosomes
(Malhotra, 2013)Another example of a pathway for type Il secretion is via secretory lysosomes, which
fuse directly with the plasma membrane to release their contents. This is a process carried out by all
cell types in response to different stimuli, regulated by**Gand involved in many physiological

processes, including cell signalliggdrews, 2000; Buratta et al., 2020)

A wellstudied example of a protein that uses type 1l secretion is@o¥l binding protein (Acbl), a

yeast protein with a mammalian orthologueiadepambinding inhibitor (DBI). Acbl is secreted via

CUPS in a pross triggered by nutrient starvation leading to the production of reactive oxygen species
(CruzGarcia et al., 2020ther proteins are also required for secretion of Acbl, including ESCRTs and
Grhl, the yeast orthogue of GRASP55 and GRASP65, and are present ifBEui®Set al., 2011)
Similarly, Itm i KFra 0SSy akKkz2gy G2 0SS aSONBISR OAl @Sa
autophagy is triggered by nutrient starvatio@hang et al., 2015)although some reportare
contradictory, and it is not clear which intracellular compartment is used for secretion. As mentioned
above, Ikm i A& Ftaz2 SELRNISR TNRY (KS OStf o0& GeLls L
is required for lmi & S ONEB U phaggs, and/knockddwN& GRASP65 also reduced secretion of
IL-m i (Chiritoiu et al., 2019)This suggests there may be a conserved, GlA&sFhdent mechanism

for this specific type Il secretion.

1.3.2.4 Secretion in EVs

Unconventional secretion in EVs comprises of release in microvesicles, which originate from plasma
membrane blebbing, or iexosomesfrom MVBs(Raposo and Stoorvogel, 2013ccording to the
current nomenclature, secretion in EVs does not fall within any of the three types of unconventional

secretion(Nickel and Rabouille, 2018; Rablaudt al., 2012)However, there is some overlap with type
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Il secretion, as exosomes originate from multivesicular bofRegposo and Stoorvogel, 2013his
additional pathway is not well understood, and doeg fudly explain unconventional secretion on its

own, as proteins are sequestered inside EVs once outside the cell without access to the cell surface or
extracellular space where they functioRigurel.4). One way to explain this is vesicle lysis, but it has

not been demonstrated that EVs release their contents outside of the cell, and this is unlikely to
represent a basal mechanism for secretion as it would lead tanmfiation. Furthermore, some
LINPGSAYya 2y (GKS ada2NFIF OS 2 F2 @irsh KEWRROVISSSE.)2018)2 dzy R 2
suggesting that there may be a specific mechanism for transporting proteins to the EV sb¥aao

not necessarily match the composition of the plasma membrane; for example, it is reported that FGF
and galectinl are detected on the surface of CHO cells, but are not associated with EVs from the same
cells(Seelenmeyer et al., 200&lowever, it could be that the assay used was not sensitive to detect

proteins on the surface of, rather than packaged into, EVs.

Annexin A2 is one example of a protein that has been detected on the suf&éqStewart et al.,
2016) While it is possible that annexin A2 on the surface of EVs could be transferred from the cell
surface, thee is evidence that exosomes are involved in annexin A2 secretion. The interferon
stimulated increase in annexin A2 translocation is blocked by reagents that are thought to block
exosome biogenesiang et al., 2012Dne proposed pathway, called exophagy, is that annexin A2 is

trafficked into autophagosomes which then fuse with multivesicular bodié&n et al., 2017)

1.3.2.5 Use of multiple routes in unconventional secretion

Although these separate pathways exist, unconventionally secreted proteinsraiahg been shown

to only use one of these pathways for secretion. Evidence often points to multiple different pathways
for secretion, and one way of reconciling this is that proteins may use different pagiwaifferent
celltypesor conditions. Forxample, evidence shows that annexin A2 is secreted both directly across
the plasma membrane and via Effdayran et al., 2003; Stewart et al., 2018)is possible that
annexinA2 is secreted at a basal level by type | direct translocation and by EVs in stress cqraditions
previously suggestefPopa et al., 2018 urther support for this suggestion comes from the fact that
under normal conditions, annexin A2 export is facilitated ghyospholipid flipping by TMEM16F
(Stewart et al., 2018)nthecaseofai = G €SI ad Gé2 NRdAziSa F2NJ aS$s

NE U
intensity proinflammatory signal§Sitia and Rubartelli, 2018)-mi Kl & 0SSy akKz2gy G2
secreted across the plasma membrane via a gasdermin D pore under strongflpnamatory
pressue, in an example of type | secretion; under less strong stimedi,ilL Kl & 06 SSy NB LR NI S|
an intermediate membrane compartment, in an example of type Il secréiwavold et al., 2018;

Heilig et al., 2018; Zhang et al., 20TB)e use of multiple routes has also been suggested for gatectin

(Barondes et al., 1994b; Honig et al., 2015; Popa et al., 208yill be further discussed in Chapt@&r
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1.4 Galectins

Galectins are galactosspecific lectins: proteins with conserved carbohydrate recognition domains
(CPs)s K A O K -galdctgdrlesi vithis domain(Barondes et al., 1994a)s the galectis lack a signal
sequence for secretion, any that are secreted must be secreted unconventioBallsctinscan be
categorised into three groupsshown inFigure1.5: prototypical galectins, which have one CRD;
tandem repeat galectins, with two CRDs with different specificities to each other; and the chimeric
group consisting only of galect®) which has one CRD and a large, flexibterhinal domain (NTD)
(Yang et al., 2008Most of the prototypical galectins have been shown to exist as homodimers
(Rabinovich and Toscano, 2008indem repeat galectins are bivalent by definition, with each galectin
in this group having two CRDs with different specificities to each ¢tiegfler et al., 2002; Rabinovich

et al.,, 2002) Galectino Q&4 b ¢5 O2y FSNE Ydz (adgsaiatiorfHsuiet AlINIRA)S NI A S
both via NTENTD interactions and NTORD interactionfLin et al., 2017)This multivalent property

of galectins allows théormation of galectinglycan latticefRabinovich and Toscano, 200@hich

regulate T cells and cell signalling pathw@yabi et al., 2015)

1.4.1 Functions of galectd

Many galectins have been showntie located outside of the cell, with galectins 1 and 3 perhaps being
the best documented due to their wetistablished functions and their interactions with other
extracellular proteins(Wang et al.,, 2004; Yang et.,aR008) The galectins are known to be
unconventionally secreted, and it is well established that galeZtimparticular is an unconventionally
secreted proteinHughes, 1999; Linstedt et al., 1993; Popa et al., 2@@kside the cell, galectins are
involved in celtell and celmatrix interactions via interactions with proteins including laminin and
fibronectin (Kuwabara et al., 2003)'hey have highly diverse functions, including in cell adhesion,
epithelial homeostasis and as erhoattractants in the immune systerfBarondes et al., 1994b;
Henderson and Sethi, 2009; Vasta, 2012, 2009; Viguier et al.,.284#)e specific functions of
galectins are dependent on both the cell type they are expressed in and on their cellular or extracellular

localisation their secretion must by tightly regulated in order for them to function correctly.

Galectin3 has a range ofunctions at a cellular level, especially in inflammation and immunity
(Henderson and Shki, 2009) including recognition of host glycans on damaged vesicles to promote
bacterial autophagy in response to infectiBiWeng et al., 2018nd regulation of mast cell signalling
(Bambouskova et al., 2016)ntracellular galecti¥8 is able to regulate mast cell signalling both
positively and negativelfBambouskova et al., 2018Recently, the interactiondiween TRIM16 and
galectin3 has been shown to organise autophagy factors in response to lysosomal déDiegdan

et al., 2016; Jia et al., 2020utside the cell, galectio 0 A y Ralactdsi?le in the extracellular
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matrix, on the cell surface or on the surface of ENabi et al., 2015; Yang et al., 2008gre it has

important roles in cell signalling and cell adhesj@thieng et al., 2004)nterestingly, mangtudies

have found that galectins have different and sometimes opposing functions inside and outside of the

cell, particularly for galecti (Kuwabara et al., 2003; Liu et al., 2002; Ochieng et al., 2004; Viguier et

al., 2014; Yang et.aR008) For examplegalectin3isable to induce apoptosis outside the cell, thought

to be mediated byts interactions with glycan@~ukumori et al., 2003; Rabinovich et al., 2000; Stillman

et al., 2006) In contrast, galectd3 inhibits apoptosis inside the cell, likely via protpiotein
interactions(Kuwabara et al., 2003; Liu et al., 2002; Yang et al., 1988) highlights the coptexity

of galectino Q&4 Fdzy Ol A2yasz IyR GKS ySSR (G2 dzyRSNRGFYR A:?

Prototypical Tandem repeat Chimeric
Galectins-1,2,5,7,10, Galectins-4,6,8,9,12 Galectin-3
11,13,14,15

CRD /

CRD

Figure 1.5: Types of galectiss and known galectins which are in these categorid&ototypical
galectins have one CRD and tandem repeat galectins have two. Chimeric galectins haeenanall

domain as well as a CRD; only gale8tialls into this category.

Galectin3 is a particularly interesting protein as it is implicated asamnbrker for cardiovascular
disease, kidney disease, cancer and metabolic disease, for both diagnostic and prognostic use. Plasma
galectin3 is used as a biomarker for cardiovascular disease, and positively correlates with risk factors
for cardiovascular dease such as smokingody mass indexBMI) and age(de Boer et al., 2012)

Serum levels of galectiB are used tgredict outcomes in heart failur@dminet al., 2017; Chen et al.,

2015) and low serum levels of galecthare associated with insulin resistance in teliabetic
patients(Ohkura et al., 2014 here are many studies on the use of gale8tas a biomarker in specific
situations or patient groups, with some studies demonstrating that galetims diagnostic or

predictive value and others finding no difference in gale@tievels between test and control groups,
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but the general consensus appears to be that it is bestlisecombination with other biomarkers
(Amin et al., 2017; Dong et al., 201AJthough the correlation between sexted galectin3 levels and
disease is clear, it remains unclear whether gale8tiprotects against or promoteslisease.
Additionally, higher levels of galectthhave been implicated in asthma, but again it is unclear whether
galectin3 protects againstor promotes asthma. Extracellular galecBinincreases the ability of
macrophages to ingest apoptotic cells, reversing some of the effects of agtimah et al., 2019)
whereas celassociated galecti8 activates basophils, which may contribute tothpegenesis of
asthma(Schroeder et al., 2019A better understanding of the mechanism by which gale8tis
secreted will allow specific targeting of the pathway and therefore a better understanding of these

diseases.

1.4.2 Unconventional secretion of gale€din

Galectin3 was first known to be unconventionally secreted in 1993, when its secretion was observed
from cells treated with brefeldir (Linstedt et al., 1993; Sato et al., 1998cretion takes places from
cells at a basal level, with different cell types secreting up t848f their total galecti¥8 (Hughes,
1999) It is not clear which pathway galectihuses for secretionand like other unconventionally

secreted proteins, it is possible that galeeBinmakes use of more than one pathway for secretion.

Work to date has suggested that both typdirect translocation and release in extracellular vesicles
are potential pathways for secretion.i$ thought that galectif8 accumulatse on the cytoplasmic side

of the plasma membrane before being secretdhis hasonly beenclearly demonstrated foanother
member of the galectin familgalectinl, andhas be@ assumed for galectid (Cooper and Barondes,
1990; Mehul and Hughes, 199This accumulation would be required feither direct translocation

or release in mi@vesicles. Evidence for direct translocation is limited. Two studies have found that
galectin3 interacts with lipids found in the plasma membrane, using liposomes as a membrane model
(Lukyanov et al.2005; Stewart et al., 2018put these studies differ in their findings as to whether

galectin3 can cross liposome membranes.

The evidence for secretion of galecBrin EVs implicates both exosomes and microvesicles, with more
direct evidence forelease in exosomd®anfer et al., 2018)Evidence for release in exosomes comes
from imaging studies ith MDCK cells, which showed that galeelins sorted into MVBs, and is
detected in the lumen of exosomes derived from these c@i@nfer et al., 2018)Additionally, a
galectin3 fusion protein targeted to accumulate at the cytoplasmic side of the plasma membrane was
shown to be secreted in microvesicl@dehul and Hughes, 1997As with other unconventionally
secreted proteins, stress can increase the secretion of gai8ctinduction of autophagy has been

shown to direct galeati-3 to thelate endosome and/or lysosoméShen et al., 2014Dther work has
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shown accumulation of galecti® in endosomeg(Delacour et al., 2005; Schneider et al., 2013
MVBs are a type of late endosome, this nadsoimplicate the exosomal pathwalit is important to
note that if galectin3 is released in either microsomes or exosomes, the question of how gakeistin

released into the extracellular space from these vesicles remains unanswered.

1.4.2.1Regulatiorof galectin secretion

Little is known about theegulation of galectin secretion, and it is unclear whether regulation is
universatlto all galectinsas only galecti#8 and galectir® have been welstudiedin this context Two

key regulators of galecti secretion identified are calcium and seruifhe calcium ionophore
A23187, which induces a Tadnflux to the cytosol, increases transport of galeedininto the
extracellular space froriMiDCKcellsand from Baby Hamster KidnégHK)cells(Linstedt et al., 1993;
Sato et al., 1993Ferum free media decreaseseagain-3 secretiorin BHK celléSato et al., 1993while

the serumprotein fetuin can stimulate rapid export of galecBnfrom breast cancer cell@hu and
Ochieng, 2001)Work in the Jurkat T cell line has shown that phodi#amyristate 13acetate PMA),

an activator of protein kinase C (PKC), induces both an overall upregulation of galed®@NA and an
increase in galecti® on the cell surfacéChabot et al., 2002However, further work is needed to
clarify the role of PKC here, as a PKC inhibippeared to have no effect on galecBnsecretion into
the media(Chabot et al., 2002)Additionally, PKC is involved in many signalling pathways in the cell
and it is unknown which of these pathways would be involved in gal@csiecretion. Furthermore,
another study found that PMAaatment of human THR cells induces an increase in gale@mRNA
and protein levels of galecti both in the medium and in exosomes, but this study attributes the
change to the role of PMA as an inducer of NADPH adtiMagrigatMatute et al., 2014)The evidence

for NADPH as a mediator of galectin release is stronger than for PKCapirmymin,an inhibitor of
NADPH, reverses the increase in extracellular levels of gak@adrigatMatute et al., 2014) While
these studies are in accordance with each other in that they show PMA upregulates gadkszse

they both lack direct evidence for thenderlyingmechanism by which this drugediates thischange.

Another potential regulator of @ectin secretion is caspade Both galectirf3 and galectirl were
identified as possibly being regulated by strastivated caspasé, alongside annexiA2 and other
unconventionally secreted proteins. However, regulation of galectin secretion by eabpes not

been specifically verifie(Kelleret al., 2008) Stress in general, particularly as a result of infection, is
implicated inthe secretion of othergalectirs. A number of viral infections are associated with an
increase in galecti® levels in serum and plasma, reviewed by Merainal (Merani et al., 2015)A
recent study showed that secretion of galeefirincreasesipon dengue viral infection in human THP

cells, suggested to function as a protective mechanism for cells by limiting viral attachment to surface

glycangDapat et al., 2017)
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Other regulators of extracellular galectin levels have beentifled, but these do not directly affect
galectin secretion. For example, galeedinexpression can be modulated by the hormones
M T-destradiol, progesterone and human chorionic gonadotropin, whikttstimulate translation of
galectin3 and lead to incrased secretion of galectiB from the embryonic cell line BeWgang et al.,
2011) Outside the cell, matrix metalloproteinases (MMElglave galectins, so extracellular levels of
galectin3 decrease when MMP2 and MMP9 increé&Sehieng et al., 1994; Yu et al., 20X&pnversely,
broadrange MMP inhibitors suppress the release of gale8tinom Jurkat cells, possibly suggesting

MMPs are needed teelease galecti® from the cell surfacéChabot et al., 2002)

Overall, although the extracellular localisation of gale@&lmesbeen wellestablished, many questions
surroundingits unconventional seretion still need to be resolved. There is evidences&gretionvia
direct translocation and using a vesitlased pathway, but it is unclear how these separate pathways
relate to each other. Studies into the regulation of secretion often rely on dwlgsh may have
multiple effects, so few conclusions on the mechanism for regulation can be confidently dragre.

is a clear need for more work to investigate the mechanism and regulation of galectin secretion.

1.5 Genomewide screening to identify noleegulators of protein secretion

There is more to discover about the regulation of both conventional and unconventional secretion. To
uncover novel factors in protein secretion, unbiased methods must be employed. The most effective
way to remain unbiasi#in the search for novel factors involved in protein secretion is to perform a
genomewide screen. In particular, silencing or knocking out every gene individually allows the effect
of each gene to be studied. Genoméde siRNA screening and CRISPR sicrgéave both been used

to investigate protein secretion.
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1.5.1 Pooled screening compared to arrayed screening
Screening may be performed in a pooled format, in which all genes in the library are studied in the
same plate, or an arrayed format, in whicacoh gene function is studied in its own wéligurel.6). A

pooled screen can be carried out at a lower cost than an arrayed screen, and without the requirement

Pooled screen Arrayed screen

O
©
©
©
©0|®
© 0O
©0|©

Selection Selection
pressure pressure

)

©©
Sl

©)
OO

Treated population
Treated population

Figurel.6: Pooled screens compared to arrayed screeimsboth cases, a selection pressure is applied
to an unbiased library of cells each with one gene silenced. In a pooled screen, cells with different
genes silenced are maintained in the same plate or tube. In an arrayed screen, cells with different

genotypes are separated from each other.

for automation. Therefore, pooled screens can more easily be performed as genm®escreens

than arrayed screens.n@ commonly employed strategy to retain some of the advantages of both
screen types is a targeted arrayed screen, in which a subset of genes is studied in an arrayed format.
While this strategy mitigates some cost, a bias is then introduced, and manytibtegulators may

be missed. Another key advantage to pooled screens is that technical variability is reduced because
cells are simultaneously infected and analysed in the same plate or tube. Additionally, in a pooled
format, large complex libraries canore easily be used, in which each gene is targeted with multiple

sgRNAs, increasing the likelihood that each gene is targeted effectively. However, in pooled screening,
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cells with different gene knockouts can interact with each other, which cannot happarrayed

screening; as such, arrayed screening has higher sensitivity than pooled screening.

1.5.2 CRISPR screening compared to siRNA screening

CRISPR technology has developed as an efficient gene editing method to generate gene knockouts in
mammaliancells, reliant on two components: Cas9, which acts as molecular scissors to introduce a
double stranded break in the DNA, and the single guide RNA (sgRNA), which directs Cas9 to the DNA
sequence to be cuiCong et al., 2013; Mali at., 2013) The repair of these double stranded breaks by
non-homologous end joining results in either an insertion or deletion of DNA, which leads to a
knockout of gene function if an appropriate region of DNA within a gene is targ&@dor et al.,

2017) CRISRRas9 efficiencies vary by cell type, bigable to introduce mutatioawith rates greater

than 1 in 2, compared to previously used methods which had efficiencies varying firorh(Lto

1in 10°, as reviewedKomor et al., 2017)This, combined with the relative ease of designing sgRNA,

has resulted in its now common use in generating knockout cells. Further developments of CRISPR
technology by the modification of Cas9 has allowed fheomodification to gene function, including

the introduction of specific mutations, gene activation (CRISPRa) and gene knockdown (CRISPRI)

(Komor et al., 2017)

After its initial discovery for editing mammalian cells, CRI®Rntlogy was quickly applied to
genomewide screening, and has emergad a powerful strategy tadentify novelgene functiors
(Sanjana, 2017An overview of the CRISPR screening process is shéiguinl.7. RNA interferace
(RNAI) genome wide screening was previously considered thesggoidard method for identification

of novel gene functions. As both RNAi and CRISPR can be used in gédersereening, both are
unbiased, but CRISPR has the additional advantage aighgweater sensitivity compared ®NAI
screening.A comparisonof gene expression changes after ShRNA or CRISPR perturbation across
multiple cell lines found that although emrget effects were comparable, CRISPR introduced
significantly fewer oftarget effects(Smith et al., 2017)Another difference is that CRISPR results in a
complete gene knockout, ile RNAI only causes knockdown of gene expression. This difference can
be an advantage, and has resulted in the identification of essential genes that were not identified by
RNAI screenin@anjana, 2017 onversely, generation of a knockout can result in lethality; where this
is an issue, the use GRISPR iatference CRISPRand CRISPR activatioBRISPRacreens would be

more suitable. Compared to RNAi, CRISPRi produces a more robust knodBfmticher and
McManus, 2015)
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Figurel.7: Overview of CRISPR screening procé&sdls expressing Cas9 are first transduced with a
library of sgRNAS, resulting in an unbiased library of knockdist éephenotype can be selected for
using a selection pressure, for example by drug treatmewedrsorting Analysis of the sgRNAs in the
treated population compared to the unselected library allows for the identification of genes important

for the phenotype selected for.

1.5.3 Application of pooled CRISPR screening

Pooled CRISPR screening is becoming frequently used as an initial screening method for a wide range
of applications. Examples include thwestigation of drugesistance mechanisms in camalls(Le

Sage et al., 201/0he genetics of pluripotencyLi et al., 2018)autophagy regulator@Moretti et al.,

2018; Morit et al., 2018and host factors required for viral infectid@hang et al., 2018Yo utilise

the power of pooled CRISPR screening, there must be a robust method to select the population of
interest, based on either cell viability or the expression or localisatioa pfotein that can be
measured byluorescenceassisted cell sortinFACS). Using FACS, the development of pooled CRISPR
screening provides aopportunity to uncover new information about the regulation of protein

secretion.

A problem with pooled CRISPR screens is that it is not clear from the initial output whether few or

many genes have been identified as hits, and the most significant hits do not necessarily have the
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strongest phenotypeas alditional factors may affect theepresentation of hits in the selected pool,

such as cell survival and proliferation raté@kerefore, the whole population must be sequenced in
order to identify hits However, this downside is mitigated by the fact that pooled CRISPR screens are
much les expensive than an arrayed CRISPR screen, and can quickly reduce the list of genes of interest
from genomewide to a number that can realistically be screened in an arrayed format. To compensate
for the lack of a direct link between genotype and phenotypdenient false discovery rate (FDR)
should be used in initial analysis and a pipeline of secondary screening can then be used to assess the

hits with strongest phenotype in the primary screen.

1.5.4 Application of screening to investigate conventiprakin secretion

In the 1970s and 80s, many components of the conventional secretory pathway were discovered by
genetic screens in yeast. The Schekman lab identified 23 genes required for secretion in yeast, named
Sec1Sec23Novick et al., 1981, 1980; Novick and Schekman, 191@) conventional yeast secretory
pathway is now well understood, and since the basic secretory machimennserved from yeast to
humans, yeast continues to be used as a model organism; for example, to study human diseases
related to protein secretionDelic et al., 2013; Feyder et al., 201B)owever, there are several
differences between yeast and mammalian secretion; for exampleGiblgi apparatus in some yeast

is less organised and yeast do not have the ERGIGkawa et al., 2014and there are differences in

the structure of glycoproteingStanley, 2011) As such, recent genetic screens investigating

conventional protein secretion have been performed in more complex eukaryotes.

The first sSiRNA genomeide screen to investigate protesecretion in metazoan cells was performed

by Bardet al (Bard et al., 2006)Cells secreting 49RP were used to measure conventional protein
secretion in an aayed format, and several regulators of secretion were identified, including TANGO1,
a protein later shown to organise membranes aES®ard et al., 2006; Raote et al., 2018)mpson

et al.performed the first genomavide siRNA screep investigate secretiom mammaliarcells using
secretion of a transmembrane model proteitsO45G in human cells as a phenotypic readout
(Simpson et al., 2012pPver 500 genes in the secretory pathway were identified; while many of these
genes were known to be involved in secretion, further analysis of the screen revealed links between
the early secretory pathway and other cellular processes susmali GThinding protein regulation

actin cytoskeleton orgasation and EGHnediated signallingSimpson et al., 2012)0ther siRNA
screens investigating protein secretion have aimed to answer more specific questions and generally
are not genomewide, relying instead on a targeted pqmach. For example, two studies have
investigated the role of cell signalling pathways in protein secretion in mammalian cells by screening a
library of kinases and phosphatases. One of these investigated changes in localis&RGI&E3, a

marker forchanges in trafficking and morphology of the early secretory pathway, and identified 122
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factors important for protein secretiofFarhan et al., 2010)The other assessed Golgi organisation,
using markers of thecis medial, and trans-Golgi, and found 159 of the 948 cell signalling genes
screened had an effect on Golgi organisation; 110 of these discted general secretiofChia et al.,
2012) Bah of these screens identified the mitogen activated protein kinase (MAPK) family as
regulators of the secretory pathwafChia et al., 2012; Farhan et &#010) These siRNA screens
investigating protein secretion have both been performed in an arrayed format, but focus on a subset
of targets, so many potential regulators of secretion may be missed. Recently, gemidm€ERISPR
screening has been used itvestigate protein secretion, and the novel factGrC17 and CCDC157

were discovered to be important for protein transpgBassaganyas et al., 2019)

1.6 Galectir8 as a model protein

Galectin3 is a convenient protein to study as a model for the unconventional secretion of galectins,
and possibly of unconventionally secreted proteins more generally. Most importantly, it is already well
established that galecti3 is unconventionally seeted (Hughes, 1999; Linstedt et al., 1993; Popa et
al., 2018) Galectin3 is expressed in most cells and tiss(lgBlén et al., 2015)and when secreted, it

is retained at the cell surface, making its secretion easier to study than proteins which areleased

into the extracellular space. Walharacterised antibodies exist that enable the study of gale®tiry
methods such as Western blot and flow cytometry. Additionally, it has been demonstrated that
galectin3 fused to GFP still behaves as wildetgalectin3; it is still able to oligomeris@anfer et al.,
2018) is recruited to damaged lysosom@&tewart et al., 2017nd is still secrete(Banfer et al., 2018;
Stewart et al., 2017)Many unknown aspects of its secretion remain, so its study will be important in

determining whether there are shared features of unconventional protein secretion.

Once outside the celgalectin3 binds to -galactosides resident on the cell surfgd&bi et al., 2015)

and can therefore be used as an indirect measure of glycoprotein trangpthe cell surface vithe
conventional ERGolgi secretory pathwayUsing a binding partner of glycans asmaasure of
glycoprotein secretiomather than one specific glycoprotein allewegulators of general glycoprotein
secretion to be discoveredt has already been demonstrated that galee3itan be used to study cell
surface glycoproteins in the context oganomewide CRISPR screen which showed that regulators of
glycosylation such as MGAT1 and SLC35A2 are required for cell surface localisation, but not secretion,
of galectin3 (Stewart et al., 2017)As galectif8 is unconventionallysecreted but binds to
conventionally secreted glycoproteins, galeedinis a good model protein to investigate both

conventional and unconventional protein secretion.
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1.7 Aims
The overarching aim of this thesis was to investigate both conventional arahweitional protein
secretion, using galecti as a model protein. This can be divided into three key objectives, which each

have their own chapter:

- To investigate the mechanism of galee8in secretion, using hypothesisiven
experiments

- To identify reglators of both conventional and unconventional secretion by monitoring
galectin3 on the cell surface in pooled genomaéde CRISPR screens

- To validateanyregulators identified

Experiments to directly investigate the secretion of gale@timere intended ¢ reveal further insights
into the unconventional mechanism for galec8rsecretiondetailed in Chapter 3. As an example of
an unconventionally secreted protein, it is possible that mechanism for gafeé&@tretion could be

more widely applied to uncorentionally secreted proteins.

Additionally, galectifr8 binds glycoproteins on the cell surface, so studies of its cell surface location
may reveal novel players in glycoprotein secretion, which represents approximately half of all protein
secretion. A fll understanding of both conventional and unconventional protein secretion is important
not only on a basic biology level, but also in the context of understanding disease. To investigate both
unconventional and conventional secretion, the aim was to ugeromewide CRISPR screen to
identify novel factors in secretion, described in Chapter 4. The Moreapréaliously demonstrated

that pooled genomevide CRISPR screening cowfiectively reveal key players required for
glycoprotein secretion, usingaledin-3 retention at the cell surfacéo assess glycoprotein secretion
(Stewart et al., 2017)

After this initial screen, secondary screening and further experiments to investigate specific genes
were then employed to validate genesvolved in glycoprotein secretion, detailed in Chapter 5. This
work successfully validated 51 novel genes involved in glycoprotein secretion; this list of novel genes
identified will serve as useful resource for other researchers investigating proteirtisecfBwo hits

were further investigated: GPR161 and TMEM220, and some additional insights into the mechanism

by which they affect protein secretion were revealed.
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Chapter 2Materials and Methods

Summary

This chapter describes the geneexperimental and statisticahethods used throughout this thesis.
Any methods specific to one of the following chapters)are described within that chapter. Reagents

and other resources used throughout this thesis are listed with their scamdddentfier here.
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2.1 Methods

2.1.1Cell culture

The human epitheliakervical carcinomaell lineHeLawasused for cell workHeLa cells, suspension
HelLa cell{sHelLa)suspension Hela cells expressing Cas9 (sE@t®) and Hela cells expressing
horseradishperoxidase fused to a signal sequelfeeLassHRP) were cultured ioomplete medium,
described below (2.1.3),in 5% CQ at 37 °C.All media was warmed t&7 °Cbefore useand all cell
work was performed in a microbiological safety cabir@¢lls were pssaged at 1/10 to 1/15 three
times a week, typically at 780% confluencyAdherent cells were cultured in treated dishes and
plates, while cells in suspension were cultured inr@ated dishes and plate3.o passage adherent
cells, cells were washeditw serum free mediumjreated with trypsin for 5 min at 37Cthen
resuspended in complete medium in a new diSh.passage suspension cells, a cell lifter was used to
detach cells from the surface of the distwas important to use sHelLa cells when looking at gakdctin
on the cell surface of live cells, as adherent HelLa cells would require trypsin to detagiidtes) this

would cleave off glycoproteins, the binding partners of gale8ton the cell surface.

2.1.11 Countingcells
Cells were countelly detaching cells from the plate or dish surface as described above, resuspending
in complete medium. A 10 igample was diluted in 10 pul 0% (v/v) trypan blug and live and dead

cells were counted with a haemocytometer.

2.1.12 Storing cells

For long term storage, cells were stored in liquid nitrogerCryoTube viald-or each vial, taleast
1x1C° cells were collected and resuspended inml freezing mediumVials were placed in a
cryofreezer overnight &80 °C then transferred to liquid nitrogen. Cells were thawed by warming vials
at 37°C resuspended by gentle pipettinen transferred toc60 mm diameter platePlates were kept

in 5% CQ at 37 °Cuntil they reached 8046 confluency (typically 2 days); from then on, cells were

maintained as described above.

2.1.13 Media recipes

Complete medium

High glucose DMEMith 10%(v/v) FBS100U Penicillin / 0.1 mg miistreptomycin 2 mM L-glutamine

Serum free medium

High glucose DMEMith 100U Penicillin / 0.1 mg mistreptomycin 2 mM L-glutamine
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Blasticidin medium
High glucose DMEM with 10 pg ‘blasticidin, 106 ¢/v) FBS, 100 Penicillin / 0.1 mg mt

streptomycin, 2 mM iglutamine

20 % seruntontaining medium

High glucose DMEMith 20 %(v/v) FBS100U Penicillin / 0.1 mg rmiistreptomycin 2 mM L-glutamine

Freezing medium
High glucose DMEMith 10%(v/v) FBS10%(v/v) DMSO100U Penicillin / 0.1 mg riistreptomycin

2mM L-glutamine

2.1.2Preparation of cDNA

cDNA was prepared using miniprep and maxiprep kits. Firstly, 45GbNMLcells were transformed by

Ay Odzo | ( A 2-yheraaptaetkanoand® {1l DNAN ice for30 min followed by heat shock for 45

at 42°Cand a further 2 min incubation on ice. Transformed cells were added to 5Q{@eit optimal

broth with catabolite repressiof{SOC) media and incubatat37 °C for 1 hconcentrated to 100 pl,

plated onto an antibiotic-containingLuriaBertani (B agar plateand grown overnight aB7 °C One

colony was picked from the transformation plate into antibietintainingLBmedium and growrat

37 °C, 200 rpm overnight. Depending on the amount of DNA required,nepngp maxiprep kits were
F2tft26SR FOO0O2NRAY3I (2 YIydzZFl OGdzNENR& Ay adNHzOG A+

2.13 Transient Transfectionith cDNA

HeLa or sHela cells at “&0confluency were transfected with a mixagimplementary DNACDNA
at 1 ug pt and 0.2%(v/v) TransIT iOptiMEM. @lIs were incubated at 37 °C, 5 %.@ 4 h, then
washed and resuspended in eitteerum free medim, for Western blotting, or complete medium, for

other applications, for 20.

2.14 siRNA transfection

HeLa cells at ~50 % confluency were $fanted with an siRNApofectamine 2000 mixire in wells of

a 6well treated plate. First, lipofectamine was diluted in OptiMEM in a 1:20 ratio. Next, 20 pM siRNA
was diluted in OptiMEM in a 1:20 ratio. The two tubes were mixed in a 1:1 ratio and induloate
20min at room temperature. Cell culture medium was replaced with OptiMEM, 210 pl siRNA
lipofectamine2000 mixture was added dropwise to each well, and cells were incubated at 3%¢°C, 5
CQfor 4 h. After incubation, medium was changed to freshurelimedium; cells were then incubated

for a further 48 h, splitting cellduring this timefor different treatments if required.
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2.15 Flow cytometry staining

Approximately 1 x 10cells were collected and washed with 1 nPMEM (phenol red free) Each
population was stained withprimary antibodyat 4 °C for 3@nin. If the primary antibody was
unconjugated, cells were washed again, then stained with secondary antibodiCafiol h. Primary
and secondary antibodies used, and the concentrations they weeel. BBrimary and secondary
antibodies, and the concentration they were used atffow cytometry, are listecbelowin Table2.1.
Cells were washed, resuspended in P0(ODMEM with one drop opropidium iodide PJ), and
fluorescence was measured on a FACSCallA€CSAccuri C6 PlusF&xCSAriadCompensation was
calculated from singly stained samples using Flo@édls were gatetly size and shap@drom FSEA
vs SS@ plot) to exclude debrislIf cells were sorted, additi@l gating to exclude doublets was

performed, from the FGA& vs FSE plot. If stained with PI, live cells (Pl negative) were gated for.

2.16 Western blot

To prepare samples for Western blotting, cells were collected from each well of a 6 well plate and
centrifuged at 300 g at 4 °Cfor 5 min. Supernatant was removed and centrifuged at 10 @patx °C

for 10min. Cells were lysed on ice in 100 pl 2x lysis buffer for 10 min. Next, all samples were diluted in

4x sample buffer then boiled at 10Cfor 10 min.

Each sample was run on 12 % $12&HEn running bufferand transferred ontgolyvinylidene fluoride
(PVDFjnembranes. The membranes were blocked with %) Marvel / 1x PB8.1 % Tween 20 for

30 min then washed with 1x PBSL %(v/v) Tween 20.Membranes were incubated with primary
antibody at 4°C overnightThe membranes were washed three times withPB&.1 % Tween 20,
incubated withsecondary antibodfor 1 hand again washed three times with 1x FBE% Tween 20
Primary and secondary antidi@s, and the concentration they were used at Western blotting are
listed below in Table2.1. Next,1 ml ECL was added to the membrane to develop the reaction and

images were taken with a BRad Chemidoitnager.

2.16.1 Buffer recipes

Running buffer
1x Trisglycine, 0.1 %{/v) SDS

Transfer buffer

1x Trisglycine

4x sample buffer
168 mM TrisHCI, 400 mM DTT, & %w/v) SDS, 0.34 $a/v) bromophenol blue, 33.6 /) glycerol.
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2x lysis buffer
20 mM TrisHCI, pH 6.8, 13M NaCl, 1 mM EDTA, 1 9§ Triton X100, 10 %WV) glycerol.

2.16.2 Western blot analysis
Where appropriate, bands were quantified using Fiji by defining each lane as a region of interest,
plotting lanes as histograms, then measuring intensity okpassing the wand tool. Relative intensity

was calculated as the ratio of protein of interest to loading control.

2.1.7 Agarose gel
1-2 % agarose gels wilil0000 SybrSafe were run at 8Gdr 40 min Images were taken with Bio-
RadChemidoc

2.1 8 Immurofluorescence microscopy

For immunofluorescence microscopy, cells were cultured on coverslips, fixed with eitlhgwA)
paraformaldehyden PESfor 5 min and permeabilised with 0% Triton XLOO in PBS for 5 min, or fixed

and permeabilised with iceold methanol for 5 min. Cells were then blocked i?d§/v) FBS / 1x PBS

for 30 min, incubated with primary antibodies for 2 h, washed three times with PBS, and incubated
with secondary antibodies for 30 min. Primary and secondary antibodies, and nicertoation they

were used at for immunofluorescence, are listeelow in Table2.1. Samples were mounted using
ProLong Gold antifade reagent with DAPI and observed using a Leica SP8 laser confocal microscope

with a 20x objective unks stated otherwise

2.19 Data analysis

2.19.1 Normalisation
Equation2.1 was used to normalise data as appropriate. Generally, it was appropriate to normalise
data for comparison of data obtained in different conditions; for example, to compare results obtained

using different plates.

O o
W v W Qe

Equation2.1: Data normalisationln most contexts, »n is the mean background signal, angxs the
mean signal from the positive control. If this is not the case, normalisation formula is specified in that

chapter.

2.19.2 Statistical tests
In many circumstances, it was not apprape to perform statistical tests since the assumption of

normality could not be met. Many data have a binomial rather than a normal distribution, particularly
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the data from lentiviral transduction, where cells may either be transduced or not transduced; or
measurement of cell death, where cell may be alive or dead. As discussed by Gretalarstatistical
significance alone does not determine the practical significance of data; moreover, p values are only
of use when all assumptions of the model are nf@reenland et al., 2016)Additionally, some
optimisations only used a2, so statistical analysis would be inappropriate here. Instead, graphs
shown indicate the standard error of the mean, a measire precision of the sample megAltman

and Bland, 2005)These error bars are used to show an estimate of the true mean, and do not
represent variability of the sample, which would be shown by standard devi@iibman and Bland,

2005; Bardeand Barde, 2012)Vhere appropriate, ANOVA was performigat comparison of more
GKFry 2yS al YLt Sz gAGK | OKSOl GKIFG GKS REFEGE T

hoc test in R using the code:

# perf orm ANOVA

anova< - aov( y~x, data= data )
summary(anova)
# If significant, check if ANOVA was a valid method . Look for

normality by looking at graphs
par(mfrow = c(2,2))
plot(anova)

#Ifthe abovetests alllook hormal, move onto post - hoctesting.
If they are not normal, do not perform posthoc testing and use
Kruskal - Wallis instead of ANOVA

TukeyHSD(anova)
Wheredata is the data framey is the dependent variable andis the indepedent variable.

2.110Annotation of genes

TheGene Ontology (GO) Term Mappeas used to classify hits identified into broad categories, using
GKS 2yd2tz23e aLSO0 aLNROSaaé¢ 2N a02YLRYySy(é
Homo sapiens (GO®EBI + Ensembl) protei(Boyle et al., 2004)A gene was defined as related to
protein transport if it was annotated with any of the GO_Slim annotations: transport (GO:0006810),

transmembrane transport (GO:0055085) or vesidlediated transport (GO:0016192).
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2.2 Materials

The source and identifiers of all antibodies, cell lines, lentivplasmids, software, plates, primers,
siRNA, and other reagents are listedable2.1. Abbreviations used for experiments performed with
antibodies in this table: FClofv cytometry; IF, immunofluorescence; WB, western blot; mAb,

monoclonal antibody; pAb, polyclonal antibody.

Table2.1: List of reagents and resources

Reagent or resource Source Identifier

Antibodies

Rabbit antiactin pAb, WRBoncentration SigmaAldrich A2066, RRIDAB_476693

0.25 pg mtt

Rabbit anticalnexin pAb, IF concentration Abcam ab22595, RRID:

5 pug mtt AB_2069006

Mouse antitCCT2 mAb, WB concentration SigmaAldrich WHO0010576M1, RRID:

2 pug mit AB_1840501

Rabbit antiCCT4 pAb, WB concentration Merck ABS602, RRID:

3.2 ug mt AB_2864324

Mouse antiCCT5 mAb, WB dilution 1/500 SigmaAldrich WH0022948M1, RRID:
AB_1840502

Rabbit antiCCT7 pAb, WB dilution 1/500 Proteintech 159941-AP, RRID:
AB_2073903

Rabbit aniDHFR mAb, WB dilution Abcam ab124814, RRID:

1/10000 AB_10975115

Mouse antiFLAG M2 mAb, IF SigmaAldrich F1804, RRID: AB_2620<

concentration 0.5 pg
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Table 2.1¢ continued fromprevious page

Reagent or resource Source

Identifier

Mouse antiFLAG MAHRP mAbWB SigmaAldrich

concentration0.25ug mi*

A8592, RRIAB_439702

Rat antiFLAGPE mAb, Econcentration BioLegend 637309, RRID:
2 ug mi AB_ 2563147
Rat antigalectin3 mAb, WB concentration Biolegend 125401, RRID:
0.25 pug mt AB 1134237
Rat antigalectin3-647 mAbFC BioLegend 125408, RRID:
concentration 50 pg AB_1186110

Mouse antiGAPDH mAb, WB Santa Cruz sc32233, RRID:
concentration 0.1 pg AB_627679
Rabbit antiGFP pAbi-Cdilution 1/100, WB Clontech 632592, RRID:
dilution 1/1000 AB 2336883
Mouse anttiGM130 mADb, IF concentration BD Bioscienes 610822, RRID:
25 pug mt AB_398141

Rabbit antiGolgin A5 pAb, IF concentratic GeneTex
10 pg mt

GTX104255, RRID:
AB_2037117

Rabbit antiGPR161 pAb, IF concentratior MyBioSource
10 pg mt

MBS719938, RRID:
AB_2801289

Mouse antiMHC(W6/32)mADb, IF ThermoFisher
concentration 20 pg ml FC concentration

10 pug mt

MA1-70111, RRID:
AB_1076705

Mouse antiSec31 mAb, IF concentration BD Bioscienes

612351, RRID: AB_3997

25 pug mt

Sheep antiTGN46 pAb, IF concentration BioRad AHP500, RRID:

5 pug mit AB_324049

Rabbit aniTMEM220 pAbD, IF Aviva Systems Biology ARP44467_ P050, RRIC

concentration 100 pg

AB_2801328
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Table 2.1¢ continued fromprevious page

Reagent or resource Source Identifier
Goatanti-mouselgG HRPWB Santa Cruz sc¢2005, RRID:
concentration 0.2 pg AB_631736

Goatanti-rabbit IgGHRR WB dilution

Cellsignalling

7074 RRIDAB_2099233

1:2000 technology

Rabbitanti-rat IgGHRR WB concentration Abcam ab6734, RRID:
1 ug mtt AB_955450
Goat antimouse 1g&488 pAb, IF Life Technologies A11001, RRID:
concentration 4 pg mi AB_2534069
Goat antirabbit 1gG488 pAb, IF Life Technologies A11008, RRID:
concentration 4 pg mi AB_143165
Goat antirabbit 1gG568 pAb, IF Life Technologies Al11011, RRID:
concentration 4 pg mi AB_143157
Donkey antisheep 1g&68 pAb, IF Life Technologies A21099, RRID:
concentration 4 pg mi AB_2535753
Cell lines

HelLa ATCC CCr2
HeLassHRP Gift from Vivek As describedvon Blume

Malhotra

et al., 2011)

sHelLa (HeLa S3)

Giftfrom Paul Lehner

SigmaAldrich 87110901

sHelLaCas9 In house production As describeqSanjana et
Kevin Moreau al., 2014)

Lentivirus

Clover Anna Albecka,

University of Cambridge

Lentiviral Brunelldibrary

David Root and John
Doench, Addgene
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Table 2.1¢ continued fromprevious page

Reagent or resource Source Identifier
Plasmids
AnnexinA2-FLAG Lei Zheng, Johns As describedzheng et

Hopkins University

School of Medicine

al., 2011)

Annexin AZDHFRBXFLAG pcDNA 3.1 (+)

GeneArt, designed by

Kevin Moreau

Sequence of insert

shown in Apendix Bi

Galectin3-DHFR3XFLAG pcDNA3.1 (+)

GeneAtrt, designed by

Kevin Moreau

Sequence of insert

shown in Appendix Bii

FLAGBRS3 pcDNA plasmid

Jacek Mokro&ski,
University of Cambridge

FLAG tag added to
NP_001718

FLAGGat3-DHFR pcDNA3.1 (+)

Constructed as

described in chapter 3

Sequence of insert

shown in Appendix Biii

FLAGGaI3 pcDNA3.1 (+)

Constructed as

described in chapter 3

Sequence of insert

shown in Appendix Biv

WT GFRyalectin3 (pEGFMGal3

Tamotsu Yoshimori,
Addgene

Plasmid #73080,
RRID:Addgene_73088
080

R186S GF§alectin3

Constructed as

described in chapter 3

Sequence of insert

shown in Appendix Bv

GFPEGFRC)) Clontech #60841, GenBank
Accession: U55763
MouseFAM98BFLAG Insight Biotechnology = MR206836
LTD
MouseFAM102BFLAG Insight Biotechnology = MR212923
LTD
MouseGPR16FLAG Insight Biotechnology = MR224248

LTD
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Table 2.1¢ continued fromprevious page

Reagent or resource Source Identifier

MouseMXRAPFLAG Insight Biotechnology = MR218215
LTD

HumanTMEM220FLAG Genescript USA INC OHu14539

Software

CellProfiler http://cellprofiler.org/r  Version 3.1.5
eleases/

CellProfiler Analyst http://cellprofiler.org/r  Version 2.2.1
eleases/

Drosophila RNAIi Screening Centre https://www.flyrnai.org Version 8.0

Integrative Ortholog Prediction Tool [diopt

(DIPOT)

Fiji https://imagej.net/Fiji/  Imageawin64,
Downloads downloaded 25th May

2018
FlowJo www.flowjo.com Version 10.6.1

GO term mapper

https://go.princeton.ed

u/cgi-
bin/GOTermMapper

Accessed7Jan 2019

GraphPad PRISM

GraphPad

Version 7

Icy http://icy.bioimageanal Version 2.0.3.0
ysis.org/

Mol* https://molstar.org/ Accessed8July 2020

MaGECK https://sourceforge.net Version 0.5.7
/p/mageck/wiki/Home/

MaGECKispr https://bitbucket.org/liu  Version 0.5.3

lab/mageckvispr
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Table 2.1¢ continued fromprevious page

Reagent or resource Source Identifier

R https://Awww.r - Version 3.5.1
project.org/

Platesand cell culture resources

96 well CulturPlateblack PerkinElmer 6005660

96 well CulturPlatewhite PerkinElmer 6005680

96 well ViewPlate PerkinElmer 6005182

Nontreated dish Corning CLS430167

Nontreated plates Corning CLS3736

Treated dish Corning CLS430166

Treated plates Corning CLS3506

G-Chip haemocytometer Labtech DHGNO1

Nunc CryoTubes Merck V7884

Cryofreezer, Mr Frosty Sigma Alrich C1562

Primers and siRNA

P5 primer mix

Integrated DNA

Technologies

Sequences in

AppendixCi

P7 primers Integrated DNA Sequences in
Technologies AppendixCii
R186S F SigmaAldrich 5' TGGGGAAGGGAAG
AAAGTCAGTCGGTTTT
R186S R SigmaAldrich 5' GAAAACCGACTGAC
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Table 2.1¢ continued fromprevious page

Reagent oresource Source Identifier
siGenome smart pool plate Dharmacon Identifiers deposited in
Apollo repository, see
AppendixAii
Reagents
Agarose Invitrogen 16500500
Aminopterin SigmaAldrich Al784
AMPure XP magnetic beads Beckman Coulter A63880
100 bpladder New England Biolabs  N3231L
i -mercaptoethanol Agilent 200315
Ampicillin Merck A5354
Blasticidin Invitrogen R21001
Bromophenol blue SigmaAldrich B0126
Dithiothreitol (DTT) SigmaAldrich 10708984001
Dimethyl sulfoxide (DMSO) SigmaAldrich 276855
dNTP ThermoFisher R0191
ECL Western Blotting Detection Reagent Amersham RPN2106
Elutionbuffer (EB,10 mM TrisCl, pH 8.5) Qiagen 19086
Ethylenediaminetetraacetic ac{EDTA) SigmaAldrich E6758
ExTagpolymerase and buffer Takara RR001B
Fetal bovine serum (FBS) ThermoFisher 10270106
Gentra Puregene Cell kit Qiagen 158388
Gibson assembly kit New England Biolabs E5510S
Glycerol SigmaAldrich G5516
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Table 2.1¢ continued fromprevious page

Reagent or resource Source Identifier

| A 3K 3t dzO 2 W&lifiesl &zglé S + Molecular Probes D6546
Medium (DMEM)

Kanamycin SigmaAldrich K0254

L-glutamine SigmaAldrich G7513

LB agar plates with 1/1000 dilution of Cambridge Institute of In house production

antibiotic Medical Research

LB medium Cambridgdnstitute of  In house production

Medical Research

Lipofectamine 2000 ThermoFisher 12566014
Maxiprep kit ThermoFisher K210017
Methanol SigmaAldrich MX0482
Miniprep kit ThermoFisher K210002
NacCl SigmaAldrich S7653
OptiMEM Gibco 31985062
Paraformaldehyde SigmaAldrich 158127
Penicillin/streptomycin SigmaAldrich P0O781

t KSy2f NBR FTNBS 5 dz ThermoFisher 21063029

Medium (DMEM)

Phosphate buffered salin®B$ ThermoFisher D8537
Polybrene Merck TR1003G
Prestained protein ladder, 1080 kDa Abcam ab116027
ProLong Gold with DAPI ThermoFisher P36935
Propidium iodidgPl) Biolegend 421301
Puromycin SigmaAldrich P8833
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Table 2.1¢ continued fromprevious page

Reagent or resource

Source Identifier
PVDF membrane Merck Millipore IPVHO0010
QuikChange Lightning Sk Agilent 210518
SOC medium New England Biolabs  B9020S
Sodium dodecyl sulfate (SDS) SigmaAldrich L6026
SybrSafe ThermoFisher S33102
TransIT 2020 Mirus MIR 5405
Trisglycine National Diagnostics EC870
TrisHCI SigmaAldrich T5941
Triton X100 SigmaAldrich 648463
Trypsin Merck T3924
Trypan blue Gibco 15250061
Tween 20 SigmaAldrich P1379
Westar XLS100 Cyanagen XLS100
XL:Gold competent cells Agilent 200315

45



46



Chapter 3investigation into

mechanisms of galect® secretion

Summary

Although galectir8 is known to be unconventionally secreted, the specific pathway by which
galectin3 is secreted is not understood. On a basic celbbip level, galecti3 can act as a model
protein for further understanding the underlying mechanisms of unconventional protein secretion. In
this chapter, the requirements for galecthsecretion were investigated by modifying gale&iim

two ways. Fitly, by mutation of the galectis carbohydrate recognition doma{iCRD}o investigate
whether glycan binding is required for galecBinsecretion. Secondly, by generation of a
galectin3-dihydrofolate reductase(DHFR) fusion protein, which can be usedasssess whether
galectin3 needs to unfold in order to be secreted. Here, it was found that glycans are not required for
galectin3 secretion, and that galecti® does not need to unfold to be secreted. Putting this into the
context of what is known aboudther unconventionally secreted proteins will help to build evidence
as to whether there is a common pathway for unconventional secretoi, different proteins use

different pathways in different contexts.
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3.1 Introduction

3.1.1Mechanism of galectii secretion

Galectin3 is wellknown to be unconventionally secreted, but theeainanism foits exportis not well
understood(Popa et al., 2018nce outside the celbalectino 0 A Y igalactdsifles resident on
the cell surfacgNabi et al., 2015)Like other unconventionally secreted proteiriisis possible that
galectins are able tmake use of more than one pathwéionig et al., 2015Work on the mechanism
has pointed to different routes for secretipgpecifically, type | direct translocation, and release in
extracellular vesiclest could also be thagalectin3 issecreted by different pdiways in response to
different signals, as suggested by Baroneteal. (Barondes eal., 1994b)Work with mutated forms

of galectin3 also suggests that oligomerisation may be required for galéctiecretion.

3.1.1.1Direct translocation

Direct evidence for galecti usingtype ldirect translocation as a mechanism for secretion is limited.
While it is assumed that galectBh accumulates at the plasma membrane, itself this does not
exclusively implicate direct translocation as a mechanism, as release in microvesicles buadalithg fr

plasma membrane would also involve this step.

Galectin3 has been shown to interact with lipids found in the plasma membrame has been
proposedto spontaneously move across the lipid bilayer, pointing to type | unfacilitated direct
translocation as a pathway.The interaction between galectid and phospholipids has been
demonstrated in liposomegLukyanov et al., 2005; Stewart et al., 2018Yhether galectir8
spontaneously moves acrossetlipid bilayer is less clear. Lukyareival. used a fluorescencbased
assay to measure galectin liposomes and found that fluorescence increased wdwalofetuin a
glycoprotein binding partner of galecty was inside liposomes, compared to rasalofetuin
(Lukyanov et al., 2005This study also looked at galeeBrexport from liposomes and live cells, but
exogenous galecti3 was used here and it was not conclusively demonstrated that gai@diiad
entered the cell®r lipopsomes rather than simply bound to thesurface, before export was measured
(Lukyanov et al., 2005n contrast, Stewart al.found that galectir3 is able to bind to but not insert
into the membrane of liposomes, assessed by @tgase protection assafStewart et al., 2018)It
would be surprising if galectiBisable to cross the membrane with no additional machinery, as other
unconventionally secreted proteins require some minimal hiaery for membrane translocation, as

demonstrated in liposomes for F&@KSteringer et al., 200).

It has previously been suggested that EGBne of the most wellescribed unconventionally secreted
proteins, may represent a more widely applicable route for secret@ne key aspect of F&F

secretion isthat hepaman sulfates on the cell surfacact as counter receptors to ensure F&is
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translocated in one directignfrom inside to outside cellSteringer et al., 2017; Zehe et al., 2Q086)
FGF2 and galectins are exported from cells in the same way, it could be that glycans oH thefeee
act in a similar wayHowever, the Moreau lahas showrthat galectin3 can be exported from cells
when glycosylated proteins are not available; gale@tiwas detected only in the cell supernatant as it
has no binding partners on the cell surégStewart et al., 2017)Additionally, FGR is inserted into
the membrane for secretion, but it has been demonstratidt galectin3 is not inserted into the

membrane of liposomegStewart et al., 2018)

3.1.1.2Release in extracellular vesicles

There is evidence for the release of gale@iftom cells in EVs, either being releasednicrovesicles

formed from membrane blebbing, or from exosomes that originate from MVBs. Overall, these routes

are not well defined, with the question of how galectins are released from these vesicles into the
extracellular space remaining unanswer&ten, the picture is unclear as researchers studying EVs in

the past have referredto galectm G Ay ¢ @SaAOf Sasx odzi KI @S ya3d IO
is inside or on the surface of these vesic{&bery et al., 2001)Additionally, it is not clear how

galecin-3 would be released from EVs into the extracellular space in order to function there.

Secretion in microvesicles has been demonstrated for a gal8cthimera protein: a fusion of
galectin3 and alymphocytespecific protein tyrosine kinasgck segment, expressed in ces cells
(Mehul and Hughes, 1997)he Lck segment directs Lck, or in this case the chimera, to the cytaplasmi
side of the plasma membrane. Alone, the Lck segment increases traffic to the membrane but does not
affect secretion, demonstrated by the fact that the segment fused toGRD of galectii was not
secretedMehul and Hughes, 1997This is also in accordance with the finding that deletion of the first
twelve residues of galectin Qa b ¢ 5 0 {-2eRford intAthef cBlIGip@atant (Gong et al.,
1999) the galectin3 chimera protein was alsoot secreted without galecthio Q a (Mehd and
Hughes, 1997 here is also evidence that galeetins released in microvesislérom cultured mouse
muscle cell§Cooper and Barondes, 1998)nce it is likely that the galectins are secreted by a common
pathway, this strengthens the evidence fyailectin3 release in microvesicleslthoughtogether this

is good evidence for release of galeesinn microvesiles, this model relies on the assumption that
endogenous galectif8 is able to accumulate under the plasma membrakgain, it is not clear how

galectin3 would be transferred from inside microvesicles to the cell surface.

On the cell surface, galectiiforms clusters with glycosphingolipids and glycosylated proteins, which
causes mechanical strain that leads to formation of clatimdependent carriers inside cells
(Lakshminarayan et al., 2014s these vesicles form in the opposite direction to microvesicles, this is

not directly relevant tahis type ofsecretion, but does demonstrate thgalectin3-glycan clusters are
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able to induce membrane bending. Adding to this, other work has shown that a mechanical stimulus,
of either scraping or trypsinisation to suspend cells, induces gal@datretion; here it was suggested,
although not demonated, that a mechanical stimulus might induce secretion in microvesicles
(Baptiste et al., 2007)t is possible that this mechanism invoked by mechanicailsto form internal
vesicles could also work in the opposite direction and lead to microvesicle formation. Again, galectin
would need to accumulate underneath the plasma membrane for this to take pleltehhas not
beendemonstrated for endogenous galect® Interestingly, more recent work found that galecn
was present in the lumen of exosomdsrived from MDCK cells, but not in microvesi¢Bénfer et

al., 2018) This study used super resolution microscopy to visualise sorting of geé3aotimMVBs, and
found that recruitment of galecti3 into exosomes was depéant on a direct interaction with Tsg101,

a component of ESCR{Banfer et al., 2018)rhis differenceould be evidence for different cell types

using different routes for secretion.

Additional work supports a model of release either via exosomes or via lysosomes, althisugiay
exclusively be as part of a stress respordee induction of autophagly cell penetrating peptide
(CPPyecruits galectin3 to the late endosome and/or lysosomes in HEK293 cells, althowgisitot
determined whether galecti3 wasinside or on the surface of these vesic(@&hen et al., 2014)n

other studies, glectin3 wasshown to accumulate sideendosanes(Schneider et al., 2010l is not

clear how galectins get into these vesicles, but potential routes are via internalisation from the plasma
membrane or by crossing the endosome membrane, possibly via damaggdeg. @lectin3
functions as a sensor of lysosomal damégapadopoulos and Meyer, 201 M)localiseso damaged
lysosomes and remadrthere for several hours, regardless of whether the cell dies or rec@érset

al., 2015) If these damaged lysosomes do represent part of a secretion pathway, only lysosomes that
recover from damage could be involved in secretiBegardless of how galectins enter lysosomes or
endosomes, this pathway cannot represent a universal route doretion as galectins are secreted

from cells at a basal leyddutit may be important for secretion induced by cedlr stress.

Overall, it remains unclear in which contexts these different pathways are used; for example, if

different cell types or diffrent conditions lead to release by either direct translocation or by EVs.

3.1.20ligomerisation of galectidmay be required for secretion

It has been reported that deletion of the first twelve residues of galest®a b ¢5 of 2071a GKS
galectin3 into the cell supernataniGong et al., 1999Y he fact hat the NTD is required for secretion

is surprisingyiven thatall members of the galectin famiknown to besecreted use an unconventional

pathway, yet the extended NTD is unique to gale&tiiDelacouet al. propose that it is not the NTD

itself but rather oligomerisation that is necessary for gale8tisecretion, as this is the domain that is
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responsible fo oligomerisation of galecti3 (Delacour et al., 2009Alternatively, as this study gnl

looked at galectifB in the supernatantGong et al., 1999}t ispossible that galecti3 with a truncated

NTD is in fact secreted but remains tightly bound to the cell surface. This is unlikely, as the NTD acts to
increase binding affinity to galactomannans, and would be expected to increase avidity to galectin
ligands (Miller et al., 2015)However, whether galecti8 with a truncatedNTD is present on the cell

surface needs to be determined given that the mechanism by which the NTD alters galéztin 6 A Y RA Yy

functions is unknowiriMiller et al., 2015)

If oligomerisation is required for secretion, this would not be a complete mechanism in itself but an
important cortributor to a pathway. Oligomerisation of galectthhmay be a factor in direct
translocation, similar to the requirement of oligomerisation of FX3er direct translocatior{Mller

et al., 2015)In general, oligomerisation of proteins is also known to in&gaskaging into E\(Shen

et al., 2011)so galectir3 oligomerisation may also contribute to this pathway.

3.1.3 Aims

To investigate the unconventional secretion of gale&jrnwo specific questions were addressed. The
first was whether glycans act as a tether to ensure-directional transport across a membrane, in

the same way that the unconventionally secreted protein 2Gses heparan sulfat&Zehe et al.,

2006) The introduction of an R186S point mutation in the CRD abolishes binding to all but one of 179
potential galectirbinding glycangSalomonsson et al., 201}his mutant has previously been used in
work on endocytosis of galect®, which has shown that exogenous gale@iis endocytosed by
epithelial cells, but that the R186S mutant is not endocytqSamthneider et al., 2010pther work has

also demonstrated that the CRD of galeiris required for endocytosis in epithelial selby
exogenous addition of truncated forms of gale€&ifiGao et al., 2012)or endocytosis of galecti)

it is not possible to separate whether glycane eequired for binding to the plasma membrane or for
crossing it. As endocytosis and secretion are different processes, the question of whether glycans are
required for secretion remains unanswered. In this chapter, the mutation was introduced and
secretion was assessed by looking at gale&ilevels on the cell surface and in the supernatant. If the
R186S mutant is able to be secreted, this would imply that gal8ctioes not require glycan binding

to cross the membrane.

As all pathways to the cell sade require crossing a membrane, the second key question to answer
was whether galectd8 remains fully folded during its secretion, or whether ptanslational
unfolding and refolding is required. To address this questidryditofolate reductas€¢DHFRJjused to
galectin3 was used as a tool. Endogenous DHFR catalyses the reduction of dihydrofolate to

tetrahydrofolate, dependent on NADP{€hen et al., 1984)Tetrahydrofolate is required for DNA
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synthesis, so inhibition of DHFR inhibits DNA synthesis and ultimately leads to cell death. As such, DHFR
has been stdied as a target for treatment of cancer and infection, which has resulted in the
development of drugs such as methotrexgi&hen et al., 1984; Raondi et al., 2019)When in
complex with the drug methotrexate or aminopterin (a methotrexate analogue) DHFR becomes tightly
folded (Rajagopalan et al., 2002l the galectiA3-DHFR construct is still secreted when cells are
treated with aminopterin, this woulddemonstrate that the construct does not unfold during
translocation across a membransuggesting that dectin-3 alone does not unfoldThese methods

have been used previously to assess protein unfolding during unconventional secretion as well as
transport across the mitochondrial membrane. For example, aminopterin has been shown to impair
secretion of Itm -DHFRZhang et al., 20150n the other hand, FGE FGH and S100A13 do not
require unfolding to be secrete@ackhaus et al., 2004; Graziani et al., 2009)

3.2. Methods

3.2.1Assessment of glycan binding requirement
To assess whether glycan binding was required for secretion, a gabectiant that did not bind to
glycans was used. GFP was fused to gal&ctimorder to be able to measure the construct inside cells,

on thesurface of cells, and in the supernatant.

3.2.1.1 R186S GlgRlectin3 construction

To inhibit galecti8 binding to glycans, an arginine 186 to serine (R186S) point mutation was
introduced to the wild type GF@alectin3 plasmid pEGFhGal3 using aQukChange lightning kit
F2f{t26Ay3 YI ydzFl OGdzZNBNDRA Ay ad NHzO G ARgyiéB® PinferS  LJ2 3 A G A
used to introduce the mutation are shewn Table3.1. Secretion of wild typé/NT)and R186S mutant

protein constructs were assessed by Western blot and flow cytometry, as descriGbajiter 2 GFP

positivecells were sorted from GFP+ negative diAeCSAria.
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Figure3.1: Structure of the WT CRD of galectinin complex with betaD-galactose Figure generated
using Mot (Sehnal et al., 2018)om the crystal structurgoroduced by Collinst alwith PDB reference
2MNM (Collins et al., 2007%alactose andraino acid side chains in the carbohydrate binding arte
represented asa ball and stick model, with the rest of the BDRepresented as a ribbon. R186 is

highlighted in pink.

Table3.1: Sequence of primers used in QuikChange lightning kit to introduce R186S mutation to
pPEGFmhGal3.

Molecular weight

Primer Sequence (g mot?)
R186S F 5' TGGGGAAGGGAAGAAAGTCAGTCGGTTTTC 3' 9391
R186S R 5' GAAAACCGACTGACTTTCTTCCCTTCCCCA 3" 9022

3.2.1.2 Assessment of Western blot
To calculate specific secretion of R186S -Gatectin3, bands were quantified as described in
Chapter2, andEquation3.1 was used to compare the amount of WT and R186struct in the

supernatant.

74 "ZBAT A OKEINT OOOOAO ET OAT OGEOU
2p Y3 ARBAOKINT OOTT ET OAT OEOU
74 "BAT BAOANT OOTT ET OAT OEOU

Equation3.1: Calculation of ratio of R186S:WT construct secretion compared to loading control.
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3.2.2 Unfolding assay

To test whether galectid® needs to unfold to be secreted, a galeessDHFR fusion protein was
constructed and used to transiently transfect cells.I<elere treated with aminopterin to assess
whether unfolding of the construct was requiregs aminopterin leads to tight folding of tH2HFR

part of theconstruct.

3.2.2.1 FLAGalectin3-DHFR cloning and transfection
A qalectin-3-DHFR3xFLAGIlasmid(GeneArtwasinitially used to transiently transfect cellshown in

Figure3.2. Transfection was assessed by Western blot and by flow cytometry

Gal-3-DHFR-3xFLAG pcDNA3.1 (+) U
6846 bp 1 |

[
3x FLAG
bGH-PA-terminator

f1 origin

Figure3.2: Plasmid map of Galecti3-DHFR3XFLAG

A new galectirB-DHFR construcELAGgalectin-3-DHFRwasdesignedasthe original glectin-3-DHFR
3xFLAGonstructcould not be detected on the cell surface, despite transfecting ¢ediscribed in
3.3.3.1).FLA&galectin3 was also constructed by sitiirected mutagenesis of the FLA@ectin-3-

DHFR construdb insert a stop codon after galectBy to be used as a conttorhese plasmids were

assembled by Gibson assemblyOO2 NRA Y 3 (2 Y| y dzBaedif3z2EDHBR wefey & G NHzO
amplified from the existingalectin-3-DHFR3XFLAG plasmid, and the plddrbackboneand FLAG tag

was amplified from a FLABRS3 pcDNA plasmid. Flexible linkers were added: GGGGSG between FLAG
andgalectin-3, and GGGGSGGGGS betwgsectin3 and DHFR. Plasmid maps are showRiguoire

3.3. Transfectiorwith FLAGgalectin-3-DHFRvas assessed by Western blot and flow cytometry, using

annexinFLAG, and FLAgalectin-3 as controls.
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1XFLAG-Gal-3-DHFR pcDNA3.1 (+)
6922 bp

1xFLAG-Gal-3 pcDNA3.1 (+)

Flexible linker

bGH-PA-terminater bGH-PA-terminater

f1 origin

Figure3.3: Plasnid maps of FLAGal3 and FLAGal3DHFRThe sequence of FLA&aI3 ighe same
as forFLAGGal3DHFRbutwith a stop codon after galectiB.

3.2.2.3 Aminopterin treatment

Cells were transfected with these plasmids as describ€&hapter 22.1.3). 1 ml0¢50 uMaminopterin

was addedat 37 °C for 6 hlo test that these concentrations of aminopterin affect folding of DHFR, a
native PAGE and Western blot was used. For thy@®AGE, a 12 % PAGE gel was prepared at which
both stacking and resolving gel had a pH 8.8. The gel was fi@9af, 300 mA for 3 h at°€ to avoid
denaturing proteinsGalectin3 localisation on the cell surface was assessed by flow cytometry and

locdisation in the supernatant was assessed by Western blath described itChapter 2.

3.3 Results

3.3.1 Glycamindingwasnot required for galecti3 secretion

To establish whether glycan binding was required for galektaecretion, a single point mutan
(R186S) was introduced in the CRD of -G&i€ctin3. To avoid using trypsin on adherent cells,
suspension Hela cells (sHelLa) were transfected with wild typgy@E€&tin3 and R186S GHfalectin3
and their secretion was assessed. Wild type and RIBBBgalectin3 were both successfully
expressed in sHelLa cells, and the transfection efficiency was similar by western blot and flow cytometry
(Figure3.4A and C). Folleing a 24 h incubation in serum free mediuwild type GFRyalectin3 was
detected on the cell surface, but the R186S mutant waskigu¢e3.4B). However, both WT arRiL86S
GFPgalectin3 were detected in the medium byestern blot Figure3.4C). This demonstrated that
neither the addition of GFP, nor the point mutation R186S, deeckagalectin3 secretion.

Transfection of GFP alone was used as a control in the Western blot; as expected, GFP was only faintly

detected in the medium, showing that secretion was specific to gak3cfingure3.4C). Furthermore,
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the small amount of GFP in the supernatant indicated that the galéctiatected was not released
due to cell death during the assakigure3.4C). More of the R186S mutant was detected in the
supernatant than WT GHjalectin3, which may in part be attributed to cell lysis, as actin in the
supernatant also increase#ifure3.4C). However, quantification of these bands shows that the ratio
of R186S GFalectin3:WT GFPgalectin3 in the supernatant was consistently 1.5x more than the
actin band in the spernatant from those cells. This suggests that although there was some additional
cell lysis when cells were transfected with R186S-@gafféttin3 compared to WTthis does not fully
explain the result. It is likely théthe additional R186S Gigalectin3 detected in the supernatant was

due to the construct being unable to bind to the cell surface.
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(A) Representative istogram and percentage of cells in GFP+ gate for WT and R186ShmA#g

transfection rate, r= 2. (B) Representative istogram shows that WEGFPgalectin3 is present on the

cell surface, but R186S mutant is nat= 2 (C) (i) Representative Western blot of cell lysates and
supernatants from cells transfected with constructs labelled,3n Exposure times, antibodies used
and molecular weight in kDa indieal. Actin is used here as a loading control. Both WT and R186S

GFPgalectin3 is detected in the supernatant as well as the cell lysate of transfected sHeLa cells.

(i) Quantification of bands detected in the supernatant for R186S-G#€ctin3 constructWT

GFPgalectin3 construct, compared to control (actin) bands detected in the supernatant for R186S

GFPgalectin3 construct: WTGFPgalectin3.
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3.3.2 Secreted WT galectinwas able to bind to untransfected cells

GFPgalectin3 was only present on thecell surface when cells were transfected with WT
GFPgalectin3 and not R186S Gfglectin3 (Figure3.4B, Figure3.5A), as expected due to disruption

of carbohydrate recognition and bindin@alomonsson et al., 2010nterestingly, although only
40-50% of cells were transfected with WT Gda&ectin3, approximately 90 % had GFP on the cell
surface Figure3.5A). As GFP fluorescence was detected feb@0%, not 90 % of cells, this suggested
that secreted GFgalectin3 was able to bind to other untransfected cells. Since the proportion of the
galectin3 on the ell surface is small compared to the total gale@iexpressed, this might explain

why the GFP signal is still comparable to the untransfected levels in cells witha{@€Ef3 on the

cell surface only. To further assess WT and R1869&&¢?in3 on the surface of untransfected cells,
transfected cells were sorted based on their GFP fluorescence, to separate transfected cells from
untransfected cells. After sorting, GFP levels were assessed by Western blot. As expected, cells that
were sorted as GFP sitive had high levels of GlgRlectin3 in the cell lysate Higure 3.5B).
Additionally, a faint band could be seen in GFP negative population from the pool transfgittea T
GFPgalectin3, but not the R186S mutariEigure3.5B). It is important to note that any band visible by
Western blot in the GFP negative sorted population wdddexpected to be much fainter than the

GFP positive sorted population, since this would only be measuringy@€&®&in3 on the cell surface
andthere would be no intracellular GKfalectin3. This result indicated that free GgRlectin3 in the

media bound to untransfected cells, but the R186S mutant did not. This supported the idé&That

galectin3 is able to bind to other cells after secretio
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Figure3.5: Secreted WT GFgalectin3 was transferred to untransfected cell§A) Dot plot showing
transfection rate, by GFP fluorescence, compared to cell su@egalectin3 levels, by antGFP
antibody fluorescencgfor WT and R186S Gg&lectin3. (B) Western blot of cells sorted based on GFP
fluorescence. The same blot is shown with different exposure times. Supernatant samples were
collected before sorting. A faint band can be seen in the ii&gRtive population for cells transfected

with WT GFfgalectin3 but not in the R186S mutant transfected cells. Approximate cell nhumbers

loaded as cell lysate are indicated under the lanes of the blot.
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3.3.3 Optimisation of a galectlaDHFR construcotprobe the folded state of galectBduring

secretion

3.3.3.1 Galectu3-DHFR3XFLAG could not be detected on the cell surface

To determine whether galectii could be secreted while fully folded, a gale@HDHFR3XFLAG
plasmid was used to transfect cells, and levels of the construct were measured in the cell lysate and
supernatant. A schematic of the insert is showirigure3.6A. The galect#3-DHFR3XFLAG construct

was expressed in sHeLa and detected both in cells and the supernatant 24 h post transkgtiom (
3.6B). However, it was not detected on the cell surface in either live or fixed and permeabilised cells
(Figure3.6C). AnnexifA2 FLAG and annexf2-DHFR3XFLAG were used here as controls. Annézn

FLAG was detected by flow cytometry, indicating that the antibody is able to detect the FLAG tag in
this asay, but annexiA2-DHFR3XFLAG was not detectedigure3.6C). Usually, annexin A2 is tightly
bound to the cell surface in a €alependent mannerand is only releasl from the cell surface by
EDTA treatment. Annexi2-FLAG was not detected in the supernatant by Western Bigue3.6B),
showing normal annexin binding. HoweveannexinA2-DHFR3XFLAG was detected in the
supernatant, suggesting that the addition of DHFR prevented anr&Xifrom binding to the cell
surface. Similarly, galect®yDHFR3XFLAG was also detected in the supernatant by Westerr( blot

Figure3.6B).

The fact that both galectf3-DHFR3XFLAG and annexk2-DHFR3XFLAG were both secreted but not
detected on the cell surface suggested that the additionldFB3xXFLAG prevented the target protein

from binding to the cell surface. As galeeBibinds to glycans via its CRD at the@inus, it is likely

that DHFR either occluded the CRD or that fusion to DHFR led to g&lecigfiolding. An alternative
explanation is that in the two constructs, DHFR occluded the FLAG epitope; in this case, the constructs
would bind to the cell surface but would not be detected by an-&h#\G antibodyHowever this
explanation does not account for why anneig-DHFRFLAG was detected in the supernatant by

Western blot.To address this issue, the construct needed to be redesigned.
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Figure3.6: The galectif3-DHR-3XxFLAG construct was not detected on the surface of sHelLa cells,
but is present in the supernatant(A) Schematic of the galecttiDHFR3XFLAG, annexifi2-DHFR

FLAG and annex#2-FLAG plasmid inserts. (B) Western blot of cell lysate and supernataptesa

from transfected cells shows that galeeBFDHFR3XFLAG both transfects cells at a similar level to
annexinrA2-FLAG, and is secreted into the supernatant. Actin was used as a loading control.

(C)Histogram and bar chart of percentage of cells inG-L 4ate for cells transfected with the indicated
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construct in (i) live and (ii) fixed and permeabilised cells. Where shown, error bars are standard error
of the mean. Grey, untransfected cells; purple, anneéx®FLAG; blue, annexf2-DHFRFLAG,; red,
galectin-3-DHFR3XFLAG.

3.3.3.2 FLA@alectin3-DHFR was detected on the cell surface and in the supernatant

Two possible explanations for not detecting the galeGHDHFR3XFLAG construct on the cell surface
initially were that the addition of DHFEBXFLAGa the CRD of galect® stopped galecti#8 from

binding to glycans on the cell surface, or that DHFR occluded the FLAG epitope so that the antibody
could not access it. To address these possibilities, the FLAG tag was moved to the more flexible
N-terminusof galectin3, to allow for better access to the epitope. The new construct also included a
flexible linker between galectis and DHFRo improve accessibility to the glycan binding sithe
annexinFLAG construct, which was previously detected at tHe steface,also differed fromthe
galectin3-DHFR3XFLAG construcis that annexinA2-FLAG used 1xFLAG tag whereas the DHFR
constructs included a 3XFLAG tag. As someFiiG antibodies can have different affinities for IXFLAG
compared to 3xFLAG, theedesigned construct also used a 1xFLAGcontrol construct, FLAG
galectin3, was also made, to confirm that the addition of DHFR does not affect the secretion of FLAG

galectin3. A schematic of these inserts is showrFigure3.7A.

The redesigned FLAgalectin3-DHFR construct was expressed in sHelLa aptlsdetected in the
supernatant as was found for the first construct, indicating that the new construct coukkbeeted
(Figure3.7B). The control construct, FLA@lectin3, also was expressed in sHeLa cells, but surprisingly
was not detected in the supernatanEigure3.7B). However, later results using a higher sensitivity
detection reagent showeBLAGalectin3in the supernatantFigure3.8C). Annexin AELAG was also
detected in the lysate and on the cell surface but not in the supernats#xpectedwithout EDTA
treatment to release annexin A2 from the cell surface. By flow cytometry, both fgafeGin-3-DHFR

and FLAGalectin3 were detected on the cell surfadeigure3.7C). Overall, these results showed that
new FLA@alectin3-DHFR was secreted and bound he ttell surface in the same way as gale8tin

indicating that the addition of FLAG and DHFR in this way does not affect secretion.
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Figure3.7: The redesigned FLAGal3DHFR construct was detected on tleell surface and secreted

into the supernatant. (A) Schematic of the redesigned 1xFig&ectin3-DHFR. The short flexible
linker protein sequence wasGGGS@nd the flexible linker protein sequence between gale8tand

DHFR wasGGGGSGGGGE) Westernblot of cells and supernatant fractions show that
FLAGgalectin3-DHFR transfects cells and is detected in the supernatant. Actin was used as a loading
control. (C) Example flow cytometry plot and quantification of two replicates shows that the peak for
H.AGgalectin3-DHFR (red) is similar to the peaks for Fgaléctin3 (orange) and annexiA2-FLAG

(purple). All three constructs show a higher signal than the background untransfected cells (grey line).

3.3.4FLA&alectin3 did not need to unfold to beecreted

To assess whether secretion of gale@irequires unfolding, the FLAgalectin3-DHFR construct was
assayed in the presence and absence of aminopterin, which foekBHFRpart of the construcin a

tightly folded state. Firstly, the concentrati of aminopterin required to affect folding needed to be
determined. To optimise this, sHelLa cells expressing HbkGtin3-DHFR were treated with various
concentrations of aminopterin, and distance migrated through a native PAGE gel was investigated by
Western blotting. A more tightly folded protein would be expected to migrate further through the gel.

After 6 h of treatmentwith 0-50 UM aminopterin, norreduced, nordenatured cell lysates were
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assessed by native PAGHEgure3.8A shows that increasing concentrations of aminopterin caused a
higher proportion of the FLAGalectin3-DHFR construct to migrate furthémplying that aminopterin
affected foling at the concentrations tested and that higher concentrations of aminopterin led to a
decrease in the amount of protein in a flexible conformation. Therefore, concentrationguief &r

50 uM were used for further assays. Treatment with these concerdregtidid not affect secretion of
FLAGgaletin3-DHFRThere was no difference in the level of construct detected on the cell surface
when treated with 0, 5 or 5M aminopterin, shown ifFigure3.8B. By Western blot, there was also
no decrease in the amount secretdeigure3.8C). Actin staining in the samatant Figure3.8C), used

as a control, shows no increase in cell death with increasing aminopterin treatment.
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Figure3.8: Aminopterin treatment did not affectsecretion of FLAGalectin3-DHFR(A) Native PAGE
Western blot of FLA@Galectin3-DHFR, showing that folding is affected by aminopterin treatment. The
tightly folded construct (purple arrow) travels more quickly through the gel than the flexible protein
(blue arrow). The lower band (green arrow) is likely to be tightly folded endogenous DHFR. With
increasing concentrations of aminopterin, DHFR becomes tightly folded. (Bi) Representative histogram
and (ii) quantification of cells stained with afiLAG atibody, n=2. By flow cytometry, FLAG
galectin3-DHFR levels on the cell surface were not altered by aminopterin treatment.
(C)Representative Western blot shows FlLga&lectin3-DHFR was detected in the supernatant at

similar levels with or without amindgrin treatment, n=3.

3.4 Discussion

3.4.1 Galectit8 does not require cell surface counteceptors for externalisation

The work here demonstrates that galec8ris able to be secreted, but does not bind to the cell surface

when it is mutated such that it cannot bind glyca@® its own,the data showing that the R186S
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GFPgalectin3 mutant is secreted but does not bind tbe cell surface cannot be conclusiue
assessing the requirement for cell surface glycans. Howerariqus vork in the Moreau lab has also
shown that treatment with tunicamycin, a drug which inhibitdidked glycosylatioreduces binding
of galectin3 to the cell surface while increasing galeitevels in the supernatar(Stewart et al.,
2017) Moreover, knoc&ut of MGAT1 and SLC35A2, two genes involvedlinkgd glycan maturation,
results inless galectifr8 on the cell siace and more in the supernatariStewart et al., 2017)

Together, this demonstrates that galecBhdoes not use glycans in its secretion.

These results also suggest that secreted gale®imable to bind to notransfected cellsGalectin3

has previously been reported to be able to transfer between cells, as demonstrated by the addition of
exogenous galecti§ onto different cell lines, including HeLa cé¥lang et al., 201 7/human umbilical
vein endothelial cell (Colomb et al., 2017and Stanford Universitiffuse Histiocytic Lymphorda
(SUDH16) cells(Clark et al., 2012)in these cases, exogenous gale®@iwas olserved on the cell
surface and colocalised with a cell surface recef@momb et al., 2017andalso resulted in changes

to cell migration(Colomb et al., 2017; Yang et al., 20d7¢ell phosphatase activit€lark et al., 2012)

It has also been shown that recombinant gale@&ioan be taken up blyNCaP prostatcancer cells
which do not normally express galecBr{Baptiste et al., 2007This has important implications for the
pooled CRISPR screen, which will lseused in Chapter Although EVs specifically were not studied
here, the finding that secreted galectBican bind to other cells suggests that if EVs are used for

secretion, galectitB released from EVs could bind back to the cell surface.

Although notthe intended purpose of the construct, the result that gale@DHFR3XFLAG was
secreted but could not be detected on the cell surface may also provide support that glycan binding is
not required for secretion of galectd, as it isverylikely that the addition of DHFR occluded the CRD.
However, on its own this is not conclusive, as an alternative explanation for this result is that the FLAG

epitope was inaccessible in the flow cytometry assay.

3.4.2 Unfolding of galect® is notlikely to berequiredfor secretion

The experiments shown here with the DHFR fusion protein destnate that FLAGalectin3-DHFR

does not need to be unfolded to be secreted into the supernatant, implying that galeéatan be

secreted without unfolding. This finding is nabtaommon for unconventionally secreted proteins.

Other unconventionally secreted proteins that do not require unfolding for secretion include FGF

FGFland S100A18ackhaus et al., 2004; Graziani et al., 2089Qalectinl-DH-R construct has also

been reported to be secreted in the presence of aminopterin, although the data are unpublished
(Backhaus et al., 2004pn the other hand, i R2 S& NXIj dzA NB dzy THEK2R3Ty 3 F 2 NJ
cells, also demonstrated by experiments with DHFR fusionep®{Zhang et al., 2015)A key
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differenceforltmi  O2 YL NBR (2 GKS&aS 20KSNJ LINRPGISAYya Aa
intermediate, and translocation into vesicles is dependent on HSP®@p&mwne(Zhang et al., 2015)

In contrast, FGR is inserted into the plasma membrane. FG&nd S100A13 have not been directly
shown to insert into the plasma membrane, but have been shown to disrupt liposomeause
release of a fluorescent dy&raziani et al., 2006Additionally, mutations of FGFwhich decrease its
ability to disrupt liposomes also decrease its secretion from (8Haziani et al., 20065uggesting a
direct interaction with the plasma membrane rather than a transporter protein. Furthermore lR&F
exported in association with PS externalisation and the formation of membrane (Hédow et al.,
2012) Together, this suggests that FG#s also likely to be inserted othe plasma membrane for

export rather than secreted through a pore.

Some parallels between-ii & S ONXB (i A 23/secretoR may IhdveSh@én expected, as both
proteins have been found to directly interact with TRIMOhauhan et al., 2016; Claudaupin et al.,
2018) TRIM16 is thoughtto recruitMi  F 2 NJ & SONXB (i A 2 (Cla@éTaupnletal J3018) L L
Additionally, galecti¥8 does not insert into the lipid bilayer of liposom&tewart et al., 2018)in
contrast to FGR and other directly translocated proteins. It is therefore more sunpgisihat

galectin3 can be secreted while folded. Howevéhris could be due to the different pathways for

oA N

CI

é
S

galectin3andItmi & SONB G A2y T dza lkernatively, R dolildbs tNad whén gllecghi( SE ( &

crosses the membrane, other proteins asgjuired to facilitate translocation. One aim of the CRISPR

screen, described in Chapter 4, was to identify some of these putative proteins.

3.4.3 Comparison to galectinsecretion

As galectins are unconventionally secreted, it is logical to think they thould share a common
mechanism for secretion. However, in contrast to the evidence that gal8ciinsecreted without
requiring glycans, galectih was previously found to require glycans on the cell surface for secretion
(Seelenmeyer et al., 200®) a similar way to the secretion of F@Fwhere transport to the cell surface
using counter receptors to ensure transport is efieectional(Steringer et al., 2017; Zehe et al., 2006)
These experiments used mutated versions of a galeetBFP fusion protein that were unable to bind
glycars, and also found that overall secretion of wild type galedi@FP was decreased from clone 13
CHO cells, which have defective Uffactose transporters, compared to wild type CHO cells
(Seelenmeyer et al., 2005pverall secretion was measured as the combination of cell surface protein
and prdein in the media. However, although overall levels of extracellular galéeBRP were
reducedfrom clone 13 CHO celithese levels were not compared to total protein levels, and the level
of galectinl-GFPspecificallyin the medium of clone 13 CHO Isehppeared to increase compared to
wild type CHO cellSeelenmeyer et al., 2009jurthermore, galectii was previously reported to be

secreted from Lec8 CHO cells, another cell line with glycosylation dé@aisand Cummings, 1995)
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As it has been demonstrated that both galeeBimnd galectirl are secretedh the absence of glycans,
it is unlikely that glycans would be required for galectin secretion, assuming galectins share a common

pathway for secretion.

The common structural feature of galectins is their CRD. Given the evidence here suggesting that
gakctin-3 can be secreted while folded but does not require a CRD able to bind glycans, it is possible
that a correctly folded CRD is required for secretion. This might provide an explanation for the
conflicting data surrounding galectihsecretion(Cho and Cummings, 1995; Seelenmeyer et al., 2005)

If the galectinl-GRP mutants that could not bind glycans also had a misfolded CRD, this could explain
why secretion was blocked. This idea would have to be investigated further, as the structure of the
galectinl-GFP mutant§Seelenmeyer et al., 2006as not been specifically studied. Since the CRD of
prototypical galectins is required for dimerisation, this may fit with the idea that oligomerisation of

galectin3 is required for secretion, discussed in section 3.1.2 of this Chapter.

3.4.4 Conclusion: pathways for gale@isecretion

These findings do not specdity point towards any of the typelll pathways, but instead provide
additional insights into the mechanism for secretion of gale8tigalectin3 islikely to besecreted in

a folded state and without glycans acting as counter receptors. These findiatgsto the process of
crossing a membrane, which is a requirement for all types of unconventional secretion, but does not
define which membrane is crossed. Therefore, secretion in EVs as a route for secretion is not excluded

by these results. Overafyrther work is required to discern the pathway for galeedisecretion.
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Chapter 4CRISPR screening to identify

novel factors in protein secretion

Summary

Genomewide pooled CRISPR screening has emerged as an unbiased way to identify novel factors for
a measuable phenotype. This chapter describes the optimisation and execution of a genatae
CRISPR screen which aimed to identify novel regulators of protein secretion, using levels ofgalectin
on the cell surface as a phenotypic readout. After multiple rauofisorting, populations of cells with
decreased cell surface levels of gale@iwere isolated and sequenced by deep sequencing to identify
the guides enriched or depleted compared to control populations. The MaGECK algorithm was used to
generate a lisbf essential genes for upregulation of galeediron the cell surface, of which 368 hits

were selected for further validation, described in chapter 5. Initial results described in this chapter
indicated that the screen was of good quality and suggestatittie screen was capable of identifying

novel regulators.
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4.1 Introduction

Questions remain regarding both conventional and unconventional protein secretion, particularly
about regulation of secretion. Studies investigating specific aspects of searetitinue to reveal new
information, but to uncover novel factors in protein secretion, unbiased methods must be employed,

such as genomwide CRISPR screening.

4.1.1 Genomewide CRISP&treening in mammalian cells providasuabiasedvay to identify
novel regulators of protein secretion

Previously, pooled genomeide CRISPR screens have been employed to investigate protein secretion.
One screen, using theRISPR library (Horlbeck et al., 2016)nvestigated protein transport using a
fluorescenty-tagged membrane protein to assess the relative levels of protein trafficked to the cell
surface compared to the total fluorescent protein expressed by the (BHssaganyas et al., 2019)
This study successfully identified novel factors in protein transport, two of which were further
investigated and found to have roles in Golgi function. Whilarttea powerful way to investigate
protein transport to the cell surface, this screen used a tagged membrane protein as a readout.
Different factors in protein secretion may be uncovered by using an endogenous protein secreted into

the extracellular spaceather than a membrane protein, as a readout.

The Moreau lalpreviously demonstrated that pooled genoméde CRISPR screening caaffdctively
reveal keyplayersrequiredfor glycoprotein secretion, usirtie GeCKOvV2 librafpanjana et al., 2014)
and galectin-3 retention at the cell surfacas a reaebut (Stewart et al., 2017)as galectif8 binds to

i -galactosides resident on the cell surfgdabi et al., 2015)An anti-galectin3 antibodywas used in
FAC%o identify and isolatecells which had lost surface galecBn_oss of galectid at the cell surface
may be the result of a numbeff different processesyutlined inFigure4.1. Other than the knockout

of galectin3 itself, the most intuitive reason for a decrease in cell surface gai@atmould bethe
deletion of a regulator of galecti@ secretion. Additionally,aletion of a gene leading to a decrease in
glycosylation or glycoprotein secretion would lead to a large decrease in cell surface ¢alestats.

An overall decrease in galect®) which may be achieved by knockout of regulatory proteins such as
transciption factors, would also lead to a decrease in cell surface galddemels. Although novel
regulators of galecti#8 secretion were not identified in the GeCKOv2 screen, this study demonstrated
that glycoproteins on the cell surface are not requireddalectin3 secretion(Stewart et al., 2017)n

this way, @lectin-3 wasused as an indirect measure of glycoprotein transgorthe cell surface via

the ERGolgi secretory pathwayJsing a binding partner of glycoproteins rathbah one particular
glycoprotein allowed a broader picture of glycoprotein secretion to be drawn. The most significant hits

identified by the Moreau lab were genes regulating glycosylation; lack of glycosylation resulted in a
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loss of galecti¥8 binding pamers at the cell surfac€Stewart et al., 2017)Only the most highly
significant hits weregaken forward for validatiorto avoid identifying false positivedmportantly,
galectin3 itself was not identified as a HiBtewart et al., 2017)This does not mean that the screen
did not work, as there are several possible reasons for a decrease of g@emirthe cell surface
(Figure4.1). It is likely that in a pooled screening contegdlectin3 in the media was able to bind to
cells which did not secrete their own galeec8Bntherefore masking the phenotype of true secretion
mutants. This concept of galecthtransfer has ben demonstrated in other cell typéBaptiste et al.,
2007; Clark et al., 2012; Colomb et al., 2017; Yang et al., ,28idwas also shown in sHeLa cells in
Chapter 3, using GHialectin3. If this transfer effect is large in the pooled screen, it is possible that
no novel genes related to galectthsecretion would be identified, but in this case many genes related
to glycosylation or glycoprotein secretion would be identified. Thistithtes a key disadvantage of

using a pooled screen in this context: that cells with different genotypes can interact with each other.
> Zb 'y

‘J
N

. .

Wild type Galectin-3 Glycosylation or Overall decrease in
P secretion defect binding defect protein production

Figure4.1: Reasons for a decrease in cell surface gale8tisuring poled CRISPR screenirigrstly,
for a true galectim3 secretion defect, galecti#8 would accumulate inside the cell and not be secreted.
Compared to wild type, a decrease in glycosylation or glycoprotein trafficking vetadaesult in
galectin3 beingsecreted but unable to bind to the cell surfaééally, & overall decrease in galectth

protein synthesis would lead to less galeedion the cell surface, as well as less secreted gai8ctin

However, other possible reasons that gale®inwas not i@ntified in this screen arehat
representation was not maintained throughout the sorting, or that gene targeting was ineffitrent.
the latter case, an improved library would be expected to give a greater number of hit&elieOv2
screen also identifi@further interesting genes in the top two hundred ranked hits, such as TRIM5 and
TRIM34yet these had lower significan¢8tewart et al., 2017)The TRIMs have previously been shown
to interact with galectingChauhan et al., 201630 further investigation may provide more insight into

galectin3 secretion. If an improved scre@entified these hits, thisould justify further investigation.
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4.1.1.1 Potential imprements to the GeCKOv2 screen

The results of the GeCKOv2 screen clearly demonstrate the value of using dgalextidentify
regulators of glycoprotein secretion. However, there were improvements that could be made in order
to identify further novel regwtors. A key improvement was to udeetBrunello librarynstead of the
GeCKOV2 libraryThe Brunello library ign optimised human CRISPR library designed based on two
features: maximising activity and minimising-t#fget effecs (Doench et al., 2016Y hisoptimisation

is achieved by maximising the rule fescore, which predicts sgRNA activity based on the target site
within the protein, nucleotide counts, melting temperature of different regions; and by minimising the
CFD score, which uses the PAM sequence, mismatch position and mismatch identity ¢o qifedi
target effecs (Doench et al., 2016)

A furtherpotential improvement to the GeCKOv2 screen was in the sorting stratega ZheBS I dz £ | 6 Q&
previous screenused stringent gates in every rounof sorting, which may have meant that
representation of guides was lost early on in the sorting process. To imphhevsorting strategy and

ensure that representation would be maintained throughout the sorting process, less stringent gates

were used at the start of the procesacreasingstringency with each round of sortingllowing more

guides through theearlier rounds of sorting means that if a guide is a true hit, but is poorly
represented, it is more likely that it will be taken through and selected in later rounds, a concept

borrowed from other selection methods such as phage dis(armen and Jermutus, 2002)

Another wayto ensure a wide range of hits were identified was to not only sort the negative population
of cells which had lost galectB but also to sort cells that had increased levels of gal&tim the

cell surface: the positive population. CRISPR screendemanalysed using enrichment or depletion
phenotypic selection, in which guides required for a phenotype are respectively enriched or lost in the
test population compared to the control population. These are sometimes referred to as positive and
negative glection respectively, but these terms will not be used in this chapter to avoid confusion with
the names of sorted populations. In depletion screens, guides may be lost from the test population for
multiple reasons, including effects on cell survival, imgkthe inclusion of appropriate control
populations especially important. Therefore, genes that upregulate gal8déuels on the cell surface
could be identified by analysis of both guides enriched in the negative population and by guides
depleted in he positive population.The reverse would also be able to identify genes that
downregulate galectit3 on the cell surface. This strategy was intended to avoid the disadvantage to
enrichment screening that it tends to result in a small number of genesifd=htas these dominate

the pool(Ford et al., 2019)
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Overall, application of this modified method would be expecteddain identify hits with glycosylation
defectsand novel regulators of conventional proteincsetion, but the improved library andltered
sorting strategymay allow for the possibility ofidentification of additional hits which are true

galectin3 secretionregulators Secondary screening would then be used to validate the different hit

types.

4.1.2 Analysis of pooled CRISPR screens

After deep sequencing of control and test populations, the output of a pooled CRISPR screen is a read
count table: a list of the guides in the original library alongside a count of how many times each guide
is represated in each population. The aim of analysis is to compare the unsorted library to treated
populations with selection pressures applied. Guides that are enriched or depleted compared to the
control population need to be identified, and there needs to beay of identifying which genes are

most significant by ranking the counts of enriched or depleted guides. Genes can then be ranked based
on the guide ranking, to generate a hit list. This process is illustratedyiure4.2. A challengeavith
CRISPR screening is that traditional statistical methods, which typically assume a normal distribution,

are not appropriate to identify hits from a read count table. As there aaegeelnumbenf comparisons

Selection Guide sequencing Analysis

Unselected library

©O© Read counts
g@@ ==
©©® T\ s

i Hit list
Seézgtm: enriched or _
pressur depleted guides—» _Rankmg of
compared to the important genes

Treated population unselected library
@ @ @ Read counts
©®®e

Figure4.2: Overview of CRISPR screen analyBitee CRISPR screen itself involves applying a selection

pressure to an unbiased population of cells which have been targeted ltmagylbf guides. This leads

to enrichment and depletion of different guides in the treated population. The guides are sequenced
to generate a read count for every guide. Based on this, the guides are ranked. As there are multiple
guides per gene, the guidankings are then used to generate a hit list of genes that are important for

the phenotype in the treated population
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that need to be made, particularly in a genowie approach, correcting for these multiple
comparisons presents another challenge. @fthese methods can be too stringent, resulting in true

positive hits being missed.

4.1.2.1 Application of methods developed for SiRNA screening analysis to CRISPR screens
Computational methods that can be used to analyse pooled CRISPR screens welllyat@iabped

for siRNA analysis. A number of different analysis tools exist, such d&&tg\et al., 2007 RIGER

(Luo et &, 2008) edgeRRobinson et al., 2009PESedLove et al., 2014nd limmavoom (Phipson

et al., 2016; Ritchie et al., 2015)AIthough edgeR, DESeq and lirwoam are robust statistical
methods to analyse RNA sequencing data, these methods do not allow for identification of significant
genes based on ranking of multiple sgRNAs. RSA and ReéGHRdo identify significant guides from
sgRNA ranking, but RSA relies on fold change to identify hits, which results in a bias towards sgRNAs
with a small read countKonig et al., 2007)RIGER avoids this bias asi@ntifies hits based on the
signatto-noise ratio in the screen, and uses permutation to estimate significllnee et al., 2008)
Permutation is a method iwhich a null distribution is created by shuffling data between graupgh

isthen compared to the original distribution. This is repeated thousands of times, so no assumptions
are made about how the data are distributeand hits can be identified basash a preselected
significance threshold that takes into account the likelihood of identifying a gene with a similar
depletion score in the permutations. However, RIGER requires biological replicates for analysis, which
is not always feasible for CRISPReting, and it is less able to identify hits if fewer guides target a

gene.

4.1.2.2 Methods developed specifically for CRISPR screen analysis

In 2014, themodetbased analysis of genonwide CRISPRas9 knockoutMaGECKobust ranking
aggregation (RRAglgorithm was developed, a method similar to edgeR and DESeq in that ranking
guides from read count tables is modelled on the negative binomial distrib(tioet al., 2014)The
negative binomial distribution is an adjusted Poissontritiistion; modelling the data on this
distribution allows an estimate of the sample variance and mean using sgRNAs with similar read
counts. MaGECRRA also includes a gene ranking method, to score genes based on the sgRNA ranking
using permutation to caldate statistical significance. Compared to RIGER and RSA, MRGECK
identified novel, biologically meaningful genes in three publicly available datasets tgstetl al.,

2014) In 2015, an update to the MaGECK algorithm was publjskieds ECihaximum likelihood
estimation (MLEXW. Li et al., 2015)As before, the data are modelled on the negative binomial
distribution, but unlike RRA, MLE is also able to account for sgRNA knockout efficiency. The key
difference between te methods is that MaGEQWLE uses MLE to model the distribution, which

generates and optimises values for the parameters of the model iteratively based on th@dettal.,
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2014; W. Li et al., 2015A further difference is it MaGECHKILE is able to compare multiple samples
at the same time, rather than the pairwise comparison by MaGERKLike MaGECRRA, MaGEEK

MLE uses permutation to generatevplues for each gene.

4.1.2.3 Importance of sample quality

For any method of malysis, assessment of sample quality is essential. For pooled CRISPR screening, it
is important that there is a high number of cells per guide throughout the screen to maintain
representation of all guides;400 cells per guide is recommend@bench et al., 2016 simple way

to assess this aspect of quglis by the number of guides with zero read counts. If many guides have
zero read counts in the unsorted population at the beginning ofdtreen this would indicate that

the library did not truly represent a genome wide screen and that coverage opeeltpuide was too

low. Liet alrecommend that for an unsorted sample1<€6 of guides should have zero read cows

Li et al., 2015)this percentage would be expected to increase throughout the sort as selection
pressure is applied. Andditional parameter of quality is the Gini index, a measure usually used in
economics but here applied to assess evenness of sSgRNA counts. Again, the Gini index score would be
expected to increase as sorting progresses, but for an unsorted samgtealliecommend a Gini
index<0.2(W. Li et al., 2015)

4.1.3 Aims

The aim here waso perform an improvedgenomewide screen usingell surface galecti3 as a
readout. This screen aimed to identify novel hits involved in both conventional ar@huectional
protein secretiorthat were not found in the firs6eCKOv&creenperformed by the Moreau lab, which
would be achieved primarily by using an improved library and an alternative sorting strategy. An
additional aim was to improve on the analysisthe pooled CRISPR screen. The previous GeCKOv2
screen was analysed using RSfewart et al., 2017 Hits were not analysed using a statistical cut off
value but by looking at the top 200 hits from the list. To improve on the aisadf the CRISPR screen,
MaGECK would be used to analyse results. Additionalgnagysing the GeCKOv2 screen using
MaGECK would allofer a comparison ofvhether the change of library and screening stratetpkes

a difference to the hits identified. fdr analysis of the sgRNA count table generated from the CRISPR

screen, hits would be prioritised to create a shortlist of hits for validation by secondary screening.
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4.2 Methods

4.2.1 CRISPRas9 screen optimisation
It was important to optimise conditions before performing the screen. This focused on determining
appropriate conditions to improve transduction efficiency and therefore allow lower volumes of virus

library to be used, and on determining the optimal mditjty of infection (MOI).

4.2.1.1 Fluorescent lentiviral titration

To determine optimal viral titre and an appropriate timeline for transduction, cells were transduced
with lentivirus expressing clover, a green fluorescent protein. Suspension HelaverdIsfirst
transduced with lentiviral Cas9 and selected with blasticidin by Kevin Moreau to create a stable cell
line (sHelL&Cas9). sHek@as9 cells were split 24 h before experiments in order that they were in mid

log growth phase.

To ensure only cellxpressing Cas9 were present, 1.25 ¥sHelLaCas9 per well were added to wells

in a treated 12well plate in a 2 ml volume of blasticidin mediu@®nly the middle two columns of the
plate were used, as the cells in the outer columns were pushed to the edge of the wells by
centrifugation, resulting in lower transduction rates in these wells. A ranges00Qul clover lentivirus
(unknown titre) wasadded to each well. The plate was centrifuged at 120§@r 30 min at 20C and

then incubated for 24 h at 37C, 5 % GOA cell lifter was used to detach cells from the well and each
well was split into two wells of a netmeated 6 well plate. Next, inl complete media was added to
each well and cells were incubated for a further 24 h at@/5 % COFor each condition, four images
were taken using aBVCsfluorescencenicroscope and R was used to count green cells and total cells
to determine trangection efficiency 48 and 72 h after transduction. The R code was optimised between
the different counts; both codes are shownAppendixD. The first code used an image overlay and

the optimised code used separate images for transmitted and green light.

4.2.1.2 Polybrene titration

To determine an appropriate polybrene concentration for improved transduction, a polybrene
titration was performed using 10 or 100 pl clover lentivirus. Before centrifugation, polybrene was
added to each virus volume for a fir@ncentration of 0, 5 or 1dgml™. All other transduction steps

are as described in 22.1 The R code for separate imagdgendixDii) was used, based on its

improved precision.

4.2.1.3 Puromycin titration
The Brunello library has a puromycin stahnce gene, so puromycin was titrated to determine an
appropriate concentration to use. In a 6 well rvaated plate, 2.0 x 10sHelLa cells were treated with

0.5-4.0pug mit puromycin in complete media and incubated at 37 °C, 5 % &Q@4 h intervalsgells
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were resuspended, a 10 pl sample was stained withll@4% (/v) trypan blue, and live and dead

cells were counted in each well.

4.2.1.4 Brunello library titration

The Brunello library has a reported titre of X10’ TU mtt, but viral titre inthese specific conditions

and cell type needed to be determined. A titration of the Brunello library was carried out to determine
viral titre and optimal screen conditions with this particular library. The key consideration here was
the MOI. An optimal MOWould result in a high proportion of cells being transduced with exactly one
guide,whichtherefore would target one gene. As puromycin was used to select transduced cells, an

optimal MOI would also have low toxicity to ensure a low cell death rate.

To ersurethey were in midog growth phase, sHet@as9 cells were split 24 h before the experiment.
In a nontreated 12well plate, 1.25 x 10sHeLaCas9 per well were added to wells in mRvolume of

10 ugpl? polybrene in complete media. 0, 50, 100, 3040660 pl Brunello library was added to each
well with polybrene. The plate was centrifuged at 10a9far 30 min at 20°C and then incubated for

24 h at 37 °C, 5 % &@ cell lifter was used to detach cells from the well and each well was split into
two wells of a norreated 6 well plate in a 2 ml volume; one well with complete media and one well

with complete media + 1 pg rhpuromycin.

Cells were incubated for a further 48 h at 37 °C, 5 % Cé&ls were resuspenddad each well, a 10 pl
sample was stined with 10 pl 0.6 (v/v) trypan blue, and live and dead cells were counted. The
percentage of transduced cells was calculated uBmgatiord.1, and these numbers were normalised

usingEquation4.2 in order to be used in modelling the Poissostdbution.
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Equation4.1: Calculation of percentage of cells transduced as the specific salvate.
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Equation4.2: Normalisation of specific survival rate to give normalised transduction rakéere, the

%specific survivahin was the specific survival from using 0 pl Brunello library.

The Poisson distributioieguationd.3) can be used to model lentivirus transduction of cell suspensions

(Fehse et al., 2004)This was used first to determine the viral titre, then to interpolate from the
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idealised curve the transductioefficiency for each volume of library. The percentage of cells

transduced with exactly one virusffective efficiencyfould then be calculated.

Equation4.3: The PoissoRA A i NA 6 dzi A2y > SKSNB | I ydzYoSNa 2F S@Sy
relation to lentivirus transduction, kY dzY 6 SNJ 2F Ay FTSOdGA2ya LISNJ OStt | yF
efficiency is the probability of a cell being transduced with any number @giriso is defined by
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transductions per cell, calculated fromdhormalised specific survival).

Viral titre was then calculated usifi@judion 4.5. The average titre was then calculated, excluding one
outlier (500 pl). MOI was then recalculated for each virus volume using the same equation; this
calculated MOI value is less susceptible to variation than any MOI derived only for onecsprgcfi
volume usedThe calculated MOI was then used both to calculate idealised transduction efficiency,
1-t 6nY <0 IYyR GKS STFSOUADS STFFAOASYyOezI tomMI <0®
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Equdion 4.5: Relationship between viral titre and MOI.
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4.2.2 Brunello library screen

4.2.2.1 Transduction

Cells were transduced with the Brunello library using conditions previously deternsieetivh 4.2.).

It was important to have a high level of redundancy in the screen so that individual guides were not
lost throughout the process; a representation of 400 cells per ggitcommended by Doencét al.
(Doench et al., 2016Yo allow for this representatiosHeLaCas9 cells were expanded to have1I0?

cells andsplit 24 h before transductiorso that they were in midog growth phase. In noetreated
12well plates,1.25x 10° sHeLaCas9 per well were added to 42 wells in a 2 ml volume of complete
media with 1Qug puI* polybrene. Next, 90 pl Brunello tdry was added to each well, corresponding to
a MOI of 0.506 and effective transduction efficiency of 3@.5The plate was centrifuged at 10ap

for 30 min at 20C and then incubated for 24 h at 32, 5 % CGOA cell lifter was used to detach cells
from the well, cells were pooled and plated into seven 15 cmtneated dishes in 30 ml complete
media + 1 pug mipuromycin. Cells were cultured in complete media pginl* puromycin for seven
days, washing away dead cells as needed. After 72 h, trandaetls were resuspended, three 10 pl
samples were stained with 10 pl @4 (v/v) trypan blue, and live and dead cells were counted to

measure transduction efficiency.

4.2.2.2 Sorting

Transduced cells expressing either very high or very low levels slcilte galectif8 were sorted,

and enriched by multiple rounds of sorting, showrFigure4.3. For each sort, transduced cells were
pooled and counted. In batches 8fx 10, transduced cells were washed with 1 ml phenol-hesk

DMEM and stained with 1 ml 50 pg-hanti-galectin3-647 for 30 min at 4 °C. Cells were washed in

5ml DMEM, resuspended in 1 ml DMEM and filtered through 40 um cell strainers. Stainetecells

then analysed at the National Institute for Health Research (NIHR) Cambridge Biomedical Research
Centre (BRC) cell phenotyping hub on a FACSArialll. Debris and doublets were excluded by gating for
size and shape; sorting was based on -gatectin3-647 fluorescence, retaining the cells with the
highest and lowest cell surface levels of gale8tiCells were sorted into tubes containidgml 20%
serumcontaining medium After sorting, cells were cultured in 20 serumcontaining media for

24-48 h, then cultured in complete media, which has%0serum. Full media recipes are described in
Chapter2, section 2.1.8B. Sample®f cells were counted, and when the population had expanded to

5x 10’ cells, two samples were taken; 5 X @lls were frozen for guide sequencing, and 1 %ckls

for assessment of surface galeeBrevels by flow cytometrysing antigalectin3-647 as described in
Chapter 2, section 23. Importantly, cells took diferent times to recover, so populations were

collected after different times postorting, described inrable 4.1. Because of the difference in
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recovery times to expanthe population between sorts, the time between sorts was2¥ddays; as

such, the entire sorting protocol from the first sort to the fourth sort took place over 64 days.

Sort 1 Sort 2 Sort 3 Sort 4

Figure4.3: Gating strategy acrossuccessive rounds of sorting.hree sorts were planned, shown in
blue, with gating stringency increased with successive sorts in order to enrich as sorting rounds
continued. A fourth sort, shown in green, was also performed to separate two distinctgimmd that

were seen after the third sort, gating each population aroundi®346 peak. As this was based on the
populations observed, further information on these fourth sorts ah®wn in section 4.3.3.Eigure

4.9.
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Table4.1: Sorted populations named based on their sort type, number, time since sort and replicate.

Sample ID Sort type Sort number Days postsort Replicate
Ul Oa Unsorted 1 0 a
Ul 8a Unsorted 1 8 a
U2 8a Unsorted 2 8 a
U3 10a Unsorted 3 10 a
P1 Oa Positive 1 0 a
P2 8a Positive 2 8 a
P3 1la Positive 3 11 a
P3 11b Positive 3 11 b
P3 1lc Positive 3 11 c
N1 Oa Negative 1 0 a
N1 8a Negative 1 8 a
N2 8a Negative 2 8 a
N3 10a Negative 3 10 a
N3 13a Negative 3 13 a
N3 13b Negative 3 13 b
N4 4a Negative 4 4 a
N4 7a Negative 4 7 a
N4 _7b Negative 4 7 b
M4 _4a Negative (mid) 4 4 a
M4 _7a Negative (mid) 4 7 a
M4_7b Negative (mid) 4 7 b

4.2.2.3Library preparation

To prepare samples for sequencing, DNA was extracted from frozen cell pellets using Gentra Puregene
Cell kit andthe concentration of DNA measured @aNanodrop ND-1000 PCR was carried out in
quadruplicae to amplifythe amplicon containing the guide, with primers used to attach barcodes,
stagger regions and sequencing adaptors for use in sequerasnghown inFigure4.4. The full

protocol has beerpreviously described@Doench et al., 2016; Root and Doench, 20Bs)efly, each

well was set up to contain 10 pg genomic DNA, 0.5 uM uniquely barcoded P7 primer, 0.5 pM P5 stagger
primer mix, 200 uM each dNTP, 7.5 units ExTaq and 1x ExTaq buffer in a total volume of 100 pl. PCR
cycles were: initiatlenaturationat 95°C for 1 min; 28 cycles of 95 °C for 30 s, 53 °C for 30 s, 72 °C for
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30s; final extension at 72 °C for 10 min. One replicate from each sample was analysethagar@se

gel to confirmsuccessfuamplification.

Amplicon (352 bp)

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTSTTGTGGAAAGGACGAA
TTACTATGCCGCTGGTGGCTCTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGASAACACCTTTCCTGCTT

PS5 flowcell attachment seq [ Illumina seq attachment primer |{ Yector p...ing seq -
PS primer -
18 28 EL] 19 58 68 78

ACACCGNNNNNNNNNNNNNNNNNNNGGTTTTAGAGCTAGAAATAGCAAGT TAAAATAAGGCTAGTCCGTTATCAA

TGTGGCNNNNNNNNNNNNNNNNNNNCCAAAATCTCGATCTTTATCGTTCAATTTTATTCCGATCAGGCAATAGTT
1:||

Guide | sgRMNA scaffold e

3a 58 188 118 128 138 148 158

CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTAAGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCA

GAACTTTTTCACCGTGGCTCAGCCACGAAAAAATTCGAACCGCATTGATCTAGAACTCTGTTTACCGTCATAAGT
im sgRMA scaffold )

168 178 1@ 198 208 218 229

TCCACAATTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGAAGATCGGAAGAGCA
AGGTGTTAAAATTTTCTTTTCCCCCCTAACCCCCCATGTCACGTCCCCTTTCTTATCATCTTCTAGCCTTCTCGT

P7 primer

238 228 258 268 278 288 298 loe

CACGTCTGAACTCCAGTCACNNNNNNNNATCTCGTATGCCGTCTTCTGCTTG
GTGCAGACTTGAGGTCAGTGNNNNNNNNTAGAGCATACGGCAGAAGACGAAC

3 P7 primer
“uIllumina se...ent primer | P7...de P7 flowcell attachment seq

EAL: 324 338 348 358

Figure4.4: Amplicon containing sgRNA sequendes and P7 primers both contain the P5 flow cell

attachment sequence (green), the lllumina sequencing attachment primer (blue) and the vector primer

binding sequence. The P5 primer contained@&riudeotide stagger region to increase diversity, here
NBLINBASY(GSR 08 da&é oOLJzZNLI Sud !'a GKA&Z OFNASE Ay 8
nucleotides. The P7 primer includes an 8 nucleotide barcode (purple) used to identify different

sampes. Each well in the 96 well plate has a unique barcode.

A PCR pool was created bymbining30 ul from each PCR reactidojlowed by purification using
AMPure XP magnetic beads to retain only DNA fragments larger than 1@dllbwjng the protocol
from the Broad Institute, available from Addge(ieoot and Doench, 2016)n equal volume of the

pooled product and AMPure XP magnetic beads were mixed at room temperature for 5 min, then
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placed on a magnet to retainelads. Beads were washed three times with%g@thanol and purified
PCR product was eluted with 50068 buffer The sample was analysed and DNA concentration was

measured using a DNA 1000 chip on an Agilent 2100 Bioanalyzer.

4.2.2.4Sequencingnd generabn of sgRNA count table

Sequencing was carried out by tlancer Research URRUKgenomics facility using the lllumina
HiSeq 4000Single end{B 50 sequencing was chosen as it reads 50 bases in one direction, giving full
coverage of the guide withirhe ampliconTheoutput is a minimum of300 x 16 reads, theoretically
giving an average of71 reads per guide in an unselected sample (i.e. unsorted at t = 0), as calculated
in Equatiord.6. Sequencing files were in fastq format (available on the Gene expressinibus (GEO)
repository,for accession numbers see Appendix A

omnm pTi QOQI
¢d odana'Ript Qp QQ

X P QwQd QQIQLan aQ

Equation 4.6. Calculation of reads per guide per sampléhere are 76441 unique guides in the
Brunello library. This equation calculates the average number of reads per guide in each sample if each

sample were usorted, assuming aniform distribution of guides.

PCR replicates were treated as technical replicates, so were combined into one file for the generation
of a sgRNA count. Sort replicates are not strictly true biological replicates but were treated as biological
replicates forMaGECK analysis. As these files were too large to be processed on a normal desktop
computer, read counts were generated in stages by technical replicates using the MaGECK function
YI3SO01 O02dzyid C2NJ SIF OK NBLI A OI { SIsBunelk Sibra@2s¥ Y I Y R
n-FlLadljé o1 & dza SRudl-fasyihldahéwn idzbe4R. The2oltput of this function,

a raw count table, was usex$ an input for MaGECK to generate quality control data.
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Table4.2: Input values for each group of technical replicates used in the mageck count function

-n --fastq

Ul O0a Ul Oa_Ol.fastq,Ul Oa_13.fastq,Ul Oa 25.fastq,Ul Oa 37.fastq,Ul Oa_ 12.fastc
a_24.fastq,Ul 0Oa 36.fastq,Ul 0Oa_48.fastq

P1 0a P1_0a 02.fastq,P1_Oa_14.fastq,P1_Oa_26.fastq,P1_0Oa_38.fastq

N1 Oa N1 _Oa 03.fastgq,N1 Oa_15.fastq,N1 Oa_27.fastq,N1_Oa_39.fastq

Ul 8a Ul 8a 49.fastq,Ul 8a_ 61.fastq,Ul 8a_ 73.fastq,Ul 8a_ 85.fastq

P1 8a P1_8a 50.fastq,P1_8a_62.fastq,P1_8a_74.fastq,P1_8a_86.fastq

N1 8a N1 _8a 5l.fastq,N1 8a 63.fastq,N1 8a_ 75.fastq,N1_8a_ 87.fastq

U2 8a U2 8a 04.fastq,U2 8a_16.fastq,U2_8a 28.fastq,U2 8a_ 40.fastq

P2 _8a P2_8a 52.fastq,P2_8a_64.fastq,P2_8a_76.fastq,P2_8a_88.fastq

N2 8a N2_8a 05.fastq,N2_8a 17.fastq,N2_8a 29.fastq,N2_8a 41.fastq

U3 10a U3_10a b3.fastq,U3_10a_65.fastq,U3_10a_77.fastq,U3_10a_89.fastq

P3_1la P3_1l1a 06.fastq,P3_1la 18.fastq,P3_11a 30.fastq,P3_1la 42.fastq

P3 11b P3 11b 54.fastq,P3 11b 66.fastq,P3_11b 78.fastq,P3 11b 90.fastq

P3_11c P3_11c 07.fastq,P3_11c_19.fastq,P3_11c_31.fastq,P3_1l1c_43.fastq

N3 10a N3_10a_b55.fastq,N3_10a_67.fastq,N3_1C&xfastq,N3_10a 91.fastq

N3 13a N3_13a_08.fastq,N3_13a_ 20.fastq,N3_13a_ 32.fastq,N3_13a 44.fastq

N3 13b N3_13b_56.fastq,N3_13b_68.fastq,N3_13b_80.fastq,N3_13b_92.fastq

M4 _4a M4 _4a_09.fastq,M4 4a 21.fastq,M4_4a 33.fastq,M4_4a_45.fastq

N4 _4a N4_4a 58.fastq,N4_4a_ 70.fastq,N4_4a 82.fastq,N4 4a 94.fastq

M4_7a M4_7a_57.fastq,M4_7a 69.fastq,M4_7a_81.fastq,M4_7a_93.fastq

M4 7b M4 _7b _10.fastq,M4_7b_22.fastq,M4_7b_34.fastq,M4_7b _d€d

N4 _7a N4_7a 11.fastq,N4_7a_23.fastq,N4_7a_35.fastq,N4_7a_47.fastq

N4 _7b  N4_7b_59.fastq,N4_7b_71.fastq,N4_7b_83.fastq,N4_7b_95.fastq

4.2.3 MaGECK Analysis

Data were analysed using both MaGHRRA(Liet al., 2014)and MaGECKILE(W. Li et al., 2015)

using an enrichment sort type and using the sgRNA count as the input (generated as described above,
4.2.2.4). Scores of the Gini index and number of zero read counts are automaticalhatgdnay
MaGECKW. Li et al., 2015nd were used to assess the spread of guides in the control and sorted

populations. For RRA analysis, each sample was compared with the corresponding unsorted timepoint.
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For MLE analysis, samples were alhpared to the first unsorted sample. In all analyses, median
normalisation was used. Although there is a #argeting sgRNA set that can be used for
normalisation, normalisation by this method has been reported to bias results towards an
overestimation & depleted genes, likely because DNA damage caused by Cas9 can induce global
expression changes which are not controlled for by-temgeting sgRNAs which do not have these
effects(Chen et al., 2018Additionally, functional genomics analysis was performed using MaGECK
RRA on each RRA comparison group using the Gene Ontology (GO) détdztba et al., 2003;
Subramanian et al., 200%his is a part of the MaGE®RRA pipeline

A disadvantage to MaGECK is that with no reigathe algorithm is likely to miss real hits. Here,
multiple samples of populations were taken. While these are best analysed as biological replicates in
the MaGECK algorithm, these should not be considered as true biological replicates as they did not
come from an entire repeat of the screen. Due to this limitation, it was important to choose a high
false discovery rate value, so as not to miss true positives in the screen. Here, a false discovery rate of
0.5 was usedAs secondargcreening was plannedtnarrow down the list of hits (described in
Chapterb), false positives would be excluded at a later stage. Moreover, the borderline values revealed
by quality control meant that it was important to be lenient with statistical cut off valdesFDR of

0.25 was used for excluding hits identified from unsorted populations, to avoid hits unrelated to

galectin3 cell surface localisation.

4.2.4 Functional genomics analysis of hits

As an initial analysis of the hit list, analysis of processes was performegl Ranther via Gene
Ontology(Mi et al., 2019)Hit lists generated by MaGEBRRA or MaGE@®LE were used as the input
list. Fisher's exact test was used with FDR values; hits were defined as havin@ BBRThe dataset
for annotation was G@lim Biological Process for pathway. MaGIRRA also performs functional

genomics as part of the programme.

To analyse how localisation of hits changed over time, hits were annot&iatding to their location

within the cellwith GO_Term mappeiBoyle et al., 2008) dzaAy 3 GKS 2y d2t23& | :
2NHIFYAAY al2Y2 &alLASyaéd FyR 2yG2f238 a3ISYSNRO
terms: extracellular region (GO:000557&lasma membrane (GO:0005886), cytoplasmic vesicle
(G0:0031410), endoplasmic reticulum (GO:0005783) and Golgi apparatus (GO:0005794). Using R,
3SySa 6SNB OIFiGS3I2NREASR a 2NAIAYFGAY3T FNRBY aSt
respectivesorting rounds. Populations in each category are: Early (N1, P1); Mid (N2, P2); Late (N3, P3,
N4, M4).
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4.2.5 Hit prioritisation

As MaGECRRA and MaGE®M_E together identified a large number of hits, a secondary screen was

planned for validation, desdred in Chapter 5. However, there were still too many hits to take forward

into a secondary screen, so hits were prioritised according to their known functions using UniProt
annotations. To exclude genes with functions relating to transcription, translatipglycosylation,

3SySa ¢AlGK DmRNAvyhgtabdlit prdcessFRNA Ginding  2DNA Replicatidh ¢ S NB

SEOf dzRSR® ! RRAGAZ2YyIfféx 3ASySa gAlGK | yAtNRG TFdzyC
GONI YAONRLIIAZ2Y ST AGNI YaFEIARYIEHZIA O LILR (160 GNRSIE EA V& I
GKStAOFaSésr aYwb! é¢3X aydzOf SFaSér aKAAG2YFé&T alLRf @
fAYy]1SRE ¢S B&es NEYfEn@iénR dontaining the mitochon* or RNA were assessed
individually to decide whetheitexclude them. Transcription and translation genes were excluded as

these were most likely to be identified due to general cell stidsiced death, rather than directly

being related to changes in protein secretidihree genes related to glycosylatisrere included as

positive controls that had been validated in the GeCKOv2 screen: MGAT1, SLC35A2 and SLC35A3. Other
genes with known roles in protein secretion or glycosylation were included as further positive controls

for secondary screening. Several genvith transporirelated annotations were included in the hit list,

both to validate the methods and to investigate genes which may be transport related but had not

been shown to be involved specifically in secretion.

All genes with unknown or unclear fctions in secretion were taken forward into a shortlist for the

secondary screen, as these were most likely to be novel hits. Unclear functions were identified by

Fdzy QliAz2y Lt lyy2GFrGA2ya adzOK a aYl @& NBmkdghith 6S¢ 2 NJ
known functions that did not seem to relate to the screen were excluded, such as odorant receptors.

Genes with known functions that were unlikely to be interesting for secretion were also excluded.

Pathway analysis, performed as part of MaGIRBRA was used as a complementary way to identify

hits. Pathways that were biologically interesting and had an FB5were selected, and genfgem

each pathway that were in the top 500 hits in the RRA gene analysis were all selected for a separate
pathway hit list. Additionally, if there were no genes from a pathway in the top 500, the top three
genes from the top 1000 were selected. If there were no genes in the top 1000, that pathway was not
used. In this way, some genes with an FDR > 0.5 could beedcindhe hit list. Pathways were
manually grouped into more broad functional categories. Duplicates within and between categories

were removed, then the top hits for each category were compiled and added to the hit list.

Although this method of reducinthe hit list to a manageable number is subjective, the shortlist

covered a variety of Gene Ontology pathways and included genes with known and unknown functions.
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4.3 Results

4.3.1 Reanalysis of GeCKOv2 screen

In order to be able to determinehether the screen performed in this chapter was an improvement

on the previous GeCKOv2 screen in terms of the number of hits identified, the screens must be
analysed in the same way. Therefore, MaGECK analysis was carried out on the GeCKOv2 screen.
MaGECHRRA analysis of the previous GeCKOv2 screen from the Moreau lab identified only four hits
with a FDR 0.5, ondrom the first sort and three from the second sort, showTable4.3. The two

top hits from the second sort are COG1 and SLC35A2, two of top six genes previously identified by RSA.
SLC35A2 was previously validated as required for glycosylation but not for secretion of galectin
(Stewart ¢ al., 2017)

Table4.3: Genes identified from MaGEGRRA analysis of GeCKOv2 CRISPR screen

Gene ID Numberof FDR Number of Log(fold change) Identified
guides guides enriched

NPFFR2 6 0.163366 2 -8.8333 Sortl

COG1 ©6 0.024752 3 1.4285 Sort 2

SLC35AL 6 0.131188 2 -8.1381 Sort 2

PHLDA2 5 0.394389 1 -6.5636 Sort 2

MaGECHILE analysis of the GeCKOv2 screen identified four hits from the first sort and 1252 from the
second sort(see Appendix iB. The six top genes identified previously by RSA were all in the
glycosylation or protein transport pathways: SLC35A2, MGAT1, COG1, UNC50, SLC39A9 and MAN1A2
(Stewart et al., 2017Five of these six hits were alsentified by MaGECKILE. The one that was not
identified, SLC39A9, had two guides enriched in sort 2, but one guide depleted, which is likely why it
was not identified as statistically significant by MaGECK. Pathway analysis of the MAGERItS did

not show any significant pathways, although other genes involved in glycosylation were identified as
enriched in sort 2, such as the glycosyltransferdd€ATSBGALNT15, GALNTEhe raw sgRNA count

table is also available ithe Apollo repository(see Appentk Ai). It is important to note that an

unsorted population was not maintained throughout the GeCKOv2 screen, so a proportion of the hits

identified are likely to have functions in cell survival, especially in the second sort.

4.3.2 Optimisation of CRIS§iReen
It was essential to optimise CRISPR screening conditions for the use of the Brunello lentiviral library in

sHelLaCas9 cells. In particular, a transduction efficiency was needed that would give an optimal MOI
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and therefore the optimal number of cells witlxactly one guide. If the MOI were too high, cells would
be transduced with multiple guides, resulting in cells with multiple genes targeted, therefore breaking
the one gene to one phenotype assumption that this screen relies on. If the MOI were too &, th
would be a high proportion of cells killed by puromycin, which would be toxic to the small number of
remaining transduced cells and could result in a poor representation of guides in the starting

population.

4.3.2.1 Fluorescent lentiviral titration puided a starting point for optimal lentiviral transduction

Titration with lentiviral clover, a green fluorescent protein, was initially used to determine the overall
lentivirus transduction efficiency of sHeCas9 cells, shown Figure4.5. For each virus volume used,

a proportion of cells were fluorescent 48 h and 72 h after transductiégu¢e4.5A-C). Theravas a
plateau in the number of fluorescent cells whe2G0 pl of virus was added to each well, particularly
apparent at 48 h. The titration also showed that there were more cells expressing GFP 48 h after
transduction than 72 h. However, the results across these time intervals are not directly comparable
as the image types were different, and therefore the code used to analyse images was different
between samples. At 72 h, MOI was estimated u&iggation4.4 (Figure4.5D). Since a low MOI was

desired, virus volumes of200 pl were used dng forward.
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Figure4.5: Titration of lentivirally-encoded cloverFour images were taken from randomly selected
areas of each well and the number of green cells and total number of cells were counted to calculate
the percentage of cells transduced. The percentage of cells transduced by each volume of virus is
shown afte (A) 48h (light green square, ) and (B) 72 h (dark green circlg, Error bars show standard

error of the mean for the four technical replicates. As counts of green cells were done by different
methods, data are not shown on the same graph. (C) Examplges from the 72 h titration, showing

typical transduction at O pl and 500 pl. (DjiEsition of MOI at 72, calculated usigguatiord.4.

4.3.2.2 A high concentrafti of polybrene increased transduction efficiency

Polybrene is a reagent that improves transduction, so it was tested in its recommended concentration
range to try to reduce the library volume used while keeping transduction rate constant, thereby
maximisng use of the Brunello librarfigure4.6 shows that the addition of 10 pg rhpolybrene
increased transduction in all conditions tested, whereagighl! polybrene aly increased
transduction efficiency when 10 pl lentiviral clover was used. This differemseclear only when

100l of clover was used. As such, 10 ug pdlybrene was chosen for use in the screen.

Here, there were more cells expressing clover at #i2an at 48 h in all conditions tested. Unlikigure
4.5, these results are comparable, as the same image type and counting method was used for all
conditions. Therefore, transduction efficiency would be best measured 72 h after lentiviral

transducton.
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were taken from randomly selected areas of each well and the number of green cells and total number
of cells were counted to calculate the percentage of cells transduced. (A) Example images taken after
48 h incubation. (B) Quantification ofansduction. Groups are labelled with the virus volume used and
the time at which fluorescence was measured. Red; no polybrene; green, 5Yypplytbrene added;

blue, 10 ug mt polybrene addedData are grouped by virus volume used for transduction ame ti

since transduction. Error bars represent standard error of the mean

4.3.2.3 Puromycin titration determined conditions for selecting only transduced cells

Puromycin was used both to select for cells transduced with the Brunello library and to assess
transduction efficiency. To avoid unnecessary toxicity, the lowest dose that would reliably kill-all non
resistant cells was requireds seen ifFigure4.7, 1 ug it puromycin resulted in a mean of 83 % cell
death after 48 h, an acceptable level for assessment of transduction efficiency by specific survival rate.
Cell death with Jugpl* puromycin is consistently greater than cell death with 0.5 pgpuiromycin.

Futher increases in puromycin concentration did not greatly increase cell death, so a concentration of
1 ug pt* puromycin was chosen for use in the CRISPR screen. Although 72 h incubation with puromycin
resulted in a little more cell death than a 48 h ibation, the difference is small, and this result must

be considered together with the lentiviral expression result8.@1). As lentivirus is best expressed

in sHeLa after 72 h, puromycirasadded 24 h after lentiviral transduction, allowing for an asseent

of efficiency 48 h after puromycin addition and 72 h after transduction. Cells were then cultured in
puromycinrcontaining media for seven days, in order to select only transduced cells. In this way

puromycin could be used both to assess transductamd to select transduced cells.
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Figure4.7: Puromycin titration and analysigrror bars shown are standard error of the mean, n = 2.

4.3.2.4 Brunello library titration was used to select conditionsdas MOI

For reasons described above, survival rate was measured 48 h after addition of puromycin and 72 h
after spinoculation with the Brunello library to establish the optimal MOI for the screen. The
normalised data for transduction efficiency showedpkateau for survival when using390 pl
(MOI>1.685 of the Brunello libraryHigure4.8). Therefore, the data point for 500 pl was excluded
from the calculation of the average viral titre. It is likely that this violates the assumption for the
Poisson distribution that the evemthere a virus transducing a cells rare. The calculated viral titre

of 1.40x10" TU mt is slightly higher than the repted viral titre for the Brunello library

(1.1x 10’ TUmI?), likely due to the use of polybrene and a different cell type. MOI values for different

virus volumes were then calculated based on this calculated viral titre.

Using the Poisson distributiom, MOI of 0.506 (virus volume of 90 ul) was selected for the CRISPR
screen. This MOI predicts an overall transduction efficiency of 39.7 % and an effective transduction
efficiency of 30.5 %, meaning that 77 % of transduced cells would have exactly on€Eiguus4.8).

These efficiencies fall into the recommended range 668®% transduction efficiengfpoench et al.,
2016)
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Figure4.8: Transduction efficiency 72 h after adain of the Brunello library as modelled by the
Poisson distribution.The orange line shows the calculated overall transduction efficiency for any
number of virus particles transducing a cell. Red data points show actual transduction efficiency data
basedon calculated MOIThe Hue dashed line is the effective transduction efficiency, corresponing to

the probablity of a cell receiving exactly one virus.

4.3.3 CRISPR screen

sHelLaCas9 cells were transduced with the Brunello library with a high levetlohdancy of 400 cells

per guide, calculated using the effective efficiency rate of 77 %. Transduction efficiency was assessed
by counting live and dead cells 72 h after transduction with the Brunello library. The mean cell survival
rate was 41.9 %, close the expected rate of 39.7 %. After seven days in culture with puromycin

containing media, dead cells were washed away so that only transduced cells remained.

4.3.3.1 Cell sorting isolated distinct populations based on gakotirthe cell surface

Folbwing transduction with the Brunello library, cell sorting was employed to enrich populations
expressing very high or very low levels of cell surface gald8dtigure4.9). After the first two rounds

of sorting, no clear enrichment in the population of cells expressing high or low levels of cell surface
galectin3 could be seerHigure4.9). This was expected, as lenient gates (10 % then 2 %) were chosen
for early rounds in order to avoid missing true positives. After a third round of sorting, two distinct
populations were obsaed in the negative population N3, which were then separated by further
sorting into a miehegative M4 and a most negative N4 population. A small enrichment of positive cells

was also seen in population P3.
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The most negative population within N3 consistdaells that had little or no galecti® bound to the
cell surface but were likely able to secrete gale&into the supernatant, so the excess of extracellular
galectin3 could bind to both the mishegative population and the unaffected population @lls. In
addition, the presence of a large number of cells with no cell surface gakatieant that the
remaining cells with cell surface galec8reffectively had a higher concentration of agtlectin3
antibody available during staining. These twiteets together meant that the unaffected population

in N3 (grey cells iRigure4.9, N3) appeared to have higher galee8rstaining than earlier sorts.
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Figure 4.9: Flow cytometry of populations after selection by cell sorting based on cell surface
galectin3. After the initial two rounds, positive (P) and negative (N) populations did not show a change
in galectin3 levds on the cell surface, but after the third round of sorting, a small enrichment for
positive cellsvasseen in PEompared to P2and two distinct populationsvere seen in N3. N3 was

sorted further to separate these two populations.

4.3.3.2 PCR succes§fidmplified the amplicon to create the pooled library

Samples containing 5 x %6ells each for the sorted and unsorted populations were collected and
frozen for genomic DNA extraction and sequencing upon the completion of FACS enrichment. After
extraction and PCR to amplify the amplicon, technical replicates from each savapteanalysed by

2 % agarose gel to assess success of the PCR and purity of the product. The amplicon was expected to
be an average of 354 base pairs, and a band between 300 anch46(hirs was seen for all samples

apart from Ul Oa, shown ikigure4.10A. The Ul_0Oa sample was-ertracted and all technical

replicates of the PCR analysed by 2 % agarose gel;-thdreetion appeared to be successful, as seen
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in Figure4.10B. After pooling and purifying all technical replicates, sample size and purity was
measured by Bioanalyser, which showed a single peak at 354 base pairs, shbigared.11.

Quantification of the peak allowed DNA concentration to be accurately measured.
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Figure4.10: Agarose gel of extracted amplico(®) One technical replicate from each sample resolved
between 300 and 400 base pairs, as expected for the3¥lbase pair amplicon. The amplicon from
Ul _Oa was not seen. (B) Ul_0Oa DNA was extracted and the amplicon amplifyied again, here all

technical repkates are shown.
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Figure4.11: Bioanalyzer trace showing a peak at 354 nucleotid®se two other peaks at 35 and

10380 nucleotides are standards.

4.3.4 Quality control and comparison of CRERREeNS

Sequencing resulted in a high output3%7 x 16reads in total giving an expected mea 174reads

per guide in an unsorted samplR®aw sequencing files from deep sequenahall populations are
available onGEO Appendix A. The raw sgRNAoant table is available ithe Apollo repository
(Appendk Ai). After guides were mapped using MaGECK, samples had a mean of 104 reads per guide.

Calculating from the expected mean of 174 reads per guidewtan average of 60 % mapped reads.

To be ake to compare whether the new screen was really an improvement upon the GeCKOv2 screen,
it was important to look in detail at the quality of both the GeCKOv2 and the Brunello screen data.
Using MaGECK, quality control measures including the Gini indekendmber of guides with zero
countswere used as a way to assess the distribution of guides in each sample, shéwuried.12.

In both screens, the Gini index ofetlunsorted or control populatiomas below the recommended
maximum threshold and increadafter the first sort, indicating a good level of diversity in the control
populations. For the GeCKOv2 screen, the Gini index inaeaamatically after the firssort (Figure
4.12A.), indicating that the first sort imposed a high selection pressure. In comparison, the Gini index
for early stages of sorting in the Brunello librascreenremaired at or below the recommended
thresholds then increagithroughout the sorting processigured.12Aii), indicating that diversitwas

maintained for longer and therefore suggesting that the improved sorting strategy was successful.

The percentage of guides with zero counts folbolthe same patternKigure4.12B).As explained by

Liet al, this is normal for enrichment screening, as a few guides with high counts vpgbevhile
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cells with normal levels of galectBion the cell surface will be excluded through sorting, therefore
increasing the nuiner of guides with zero count®V. Li et al., 2015)However, for both unsorted
populations, the percentage of guides with zero counts sthebove the recommended maximum
threshold of 1 %. For the GeCKOv2 screen, the initial percentagé ¥ Figure4.12Bi); for the
Brunello screen, it is 1.7 %igure4.12Bii), showng that the Brunello screen started with more
diversity, much closer to the recommended threshold. Again, the more gradual increase in percentage
of guides withzero counts throughout sorting in the Brunello library compared to the GeCKOv2 screen

implies tat the improved sorting strategy was successful.
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Figure4.12: Quality control of sgRNA read countRecommended thresholds are indicated by red
lines. Ideally, unsorted populations at early stagesoofing should be below these thresholds. (A) Gini
index of each sample, a measure of evenness of sgRNA counts, for (i) GeCKOv2 screen and (ii) Brunello
screen. (B) Percentage of guides with zero counts in each sanopte (i) GeCKOv2 screen and

(i) Brundlo screen.

In MaGECRRA analysis, only two populations can be compared at a time. An initial comparison of
U1l_Oa to the other unsorted population by MaGHRIRA showed a significant difference between the

initial library and all other unsorted populationsloreover, the MLE quality control map showed that
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Ul Oa most correlated with the negatively sorted populatiodgppendix E). Some degree of
correlation is expected between all samples, as they all come from the same initial population of cells.
However the fact that U1_Oa is most correlated with N4_7a suggested a contamination issue. Because
of this, U1 _0Oa was not used as the control group in any analysis, and instead wHs 8aed, which

did correlate with other unsorted samples.

4.3.5 Analysis of Bnello library CRISPR screen

For RRA, the unsorted populations at the same timepoint that the populations were collected were
used as the control; this was most appropriate as RRA can only compare two samples at a time. U1_8a
was used as the control for MLEhis was appropriate for MLE as all populations are compared at the
same time and so genes identified as hits in Euwer control populations could be excluded. Also
excluded were hits that appeared in both analysis directions, for example, if a Hitotlaenriched in

N1 and depleted in P1, unless one of these values was highly significantFIBRand the other was

less significant (FDRO25).

4.35.1 An FDR of 0.5 was selected to generate the hit list

One issue to address before analysis tf hias the selection of the cuff value. As MaGECK analysis

is able to identify both guides lost and enriched in the populations, two types of hits could be identified:
(1) genes that upregulate galectthhon the cell surface, as their knockout would uksn guide
enrichment in the negatively sorted populations and guide depletion in the positively sorted
populations; and (2) genes that downregulate gale&ian the cell surface, as their knockout would
result in guide depletion in the negative sortpdpulations and guide enrichment in the positively

sorted populations. The number of hits identified at different FDR values is shovalied.4.

Typically, FDR valsi®f 0.05 or 0.1 are used for statistical analysis. Using an FDR of 0.1, MRER&ECK
and MaGECKILE respectively identified 26 and 114 hits that upregulate gakSatin the cell surface.
However, hits associated with changes in cell surface glycosylatianigentified with false discovery
rates> 0.1, suggesting that there may also be novel hits with higher false discovery rates. To be able
to identify a greater number of novel hits, an FDR of 0.5 was used here. Using this FDR,-RRBECK
and MaGECKILE bgether identified 1044 genes that upregulate cell surface gakdctind 936 genes

that downregulate cell surface galectthh However, only 51 and 59 genes respectively were identified
by both analyses, as shownTiable4.4. Encouragingly, the two most significant hits of those found by
both methods were MGAT1 and SLC35A2, the two glycosyeatiated hits validated in the GeCKOv2
screen. These both had their mostrificant FDR in population N&iven the large volume of data,

only hits identified that resulted in upregulated galec8ron the cell surface were further studied.
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Table4.4: Number of hitsidentified for different FDR values, using MaGERRA and MaGEGWLE.
Note that for MLE analysis, FDR value was halved for identifying and excluding genes from unsorted
populations. For example, when FDR = 0.5 was used for hit identification, FDR a®12&ed for the

unsorted population.

FDR RRAup- MLE, up Both, up RRAdown- MLE, down Both, down-
cut off regulated regulated regulated regulated regulated regulated
value galectin-3 galectin-3  galectin-3  galectin-3 galkectin-3 galectin-3

0.05 23 75 2 4 59 1
0.1 26 114 3 5 138 1
0.25 42 311 16 14 272 2
0.5 126 969 51 163 832 59

4.35.2 Functional genomics analysis identified processes related to glycosylation

Pathway analysis was not included in the MaGHEICE pipeline, so pathway analysis was performed
on the hit list using PanthgiMi et al., 2019) As shown irFigure4.13, many pathways related to
glycoproteins and glycosylation were identified in the list of hits that upregulate gai@atimthe cell
surface. This was expected based on the results from the previols@&Ccreen. In contrast, there
were no clear patterns in the significant pathways from the hit list associated with downregulated
galectin3 on the cell surface. Therefore, as there were so many hits overall, only the hits that
upregulate galectif8 on the cell surface were focused on for further characterisation. Another reason
for this focus was the lack of a clear phenotype in the positive sorted populdtigaré4.9), making

it less likely that hits which effected a large increase the levels of cell surface galeetinld be

identified.

Neither hit list generated by RRA analysis generated any significantly enriched pathways by Panther
(Mi et al., 2019) However, pathway analysis was carried out as part of MaBRZK and also
identified GO terms associated with glycosylation, transcription or translation and protein transport as
processes enriched in the list génes that result in upregulation of galecBnon the cell surface.
Importantly, this method used the entire hit list and accounted for significance of genes identified,
instead of using a restricted hit listhe identification of glycosylatidmased psghwayswas to be

expected based on the screen methodology and the previous results from the GeCKOv2 screen.
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Figure4.13. Enrichment analysis of GO processes associated with MLE hit {&tse lists were
annotated using the GO_Slim for biological process. Processes related to glycosylation or glycoprotein

are highlighted in light blue.

4.3.5.3 Location of hitgaried with time of sort

To look further at hits in the secretory pathway acrtss different sorts, GO_Term mapp@oyle et

al., 2004)was used to assign GO_Slim compartment terms to each gene in the hit list. Comparing the
different sort types, the total numbers of hits identified in each compartmentsiadar between hits

enriched in the negative sort compared to hits depleted in the positive §agu(e4.14A). The sort
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was also stratified into different time stagesarly, post first sort; mid, post second sort; and late, post
third sort, and post fourth sort if applicable. In the negative sorted population, fewer hits were
identified in the early secretory pathway in the early stage of the sort, particularly iEffhehereas

more hits were identified at the plasma membrane and extracellular region at later sthigpsdg
4.14Bi). The number of hits lost from the positive pogida which localise to early secretory pathway
compartments decreased as the screen progresses, with only one hit identified after the third sort
(Figure4.14Bii). Inteestingly, very few hits were identified in the middle of the sort, but it is not clear
why this is. One possible explanation is that cells expressing guides which were enriched initially did
not survive after the second sort, which then allowed other totbe enriched in later stages. While

the unsorted control group maintained at the same time as sorting should have accounted for this, the
control had not passed through a FACS machine, which was likely to be an additional selection pressure

exerted ontothe sorted populations.
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Figure4.14: Location of hits in secretory pathway organelleg\) Comparing hits enriched in the
negative sort (green) to hits lost in the positive sadptu€). Similarnumbers are seen in each
compartment in the different selection types (B) Location of hits at different stages of the sort for

(i) hits enriched in the negative sort and (ii) hits lost in the positive sort.
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