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“Nothing in life is to be feared, it is only to be understood. Now is the time to under-

stand more, so that we may fear less.”

Marie Curie (1867-1934)
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Resumo

A proteina 1B relacionada com o recetor da lipoproteina de baixa densidade
(LRP1B) é um membro gigante da familia de proteinas do recetor da lipoproteina de
baixa densidade (LDLR), uma grande classe de recetores de superficie celular com uma
ampla gama de fun¢des, que vao desde o papel classico na endocitose mediada por
recetores a papéis na transducao de sinais. O gene invulgarmente grande LRP1B (apro-
ximadamente 1,90 Mbp) foi identificado pela primeira vez como estando frequentemente
inativado em linhas celulares de cancro de pulmao de ndo pequenas células. Desde
entdo, a sua inativagao através de mecanismos genéticos e epigenéticos foi descrita em
varios tipos de cancro. A inativacao frequente do LRP1B em cancros humanos sugere
gue este tem um papel essencial na supressao tumoral. A sua reexpressao através da
transfecao de minirecetores LRP1B em vérias linhas celulares cancerigenas deficientes
nesta proteina reduziu a proliferagéo celular, a migragéo, a invaséo, o crescimento de-
pendente e independente de ancoragem e o crescimento tumoral in vivo. Por outro lado,
o silenciamento do LRP1B, por meio de interferéncia por RNA (RNAI), em varias linhas
celulares cancerigenas que expressam LRP1B, aumentou a proliferacao celular, a mi-
gracao, a invasao e o crescimento dependente e independente de ancoragem. A LRP1B
pode atuar como um supressor tumoral por meio da modulacdo do secretoma celular,
da expressao génica ou de vias de sinalizacdo. Além disso, a sua atividade endocitica
pode influenciar a internalizacdo de farmacos lipossomais e assim resposta a terapia. A
perda do LRP1B em cancro de ovario (seroso de alto grau) foi associada a resisténcia
a doxorrubicina lipossomal. Embora muito Gteis, estas abordagens podem subestimar o
potencial total das fun¢gbes da LRP1B. O minirecetor LRP1B pode ndo mimetizar todas
as fungdes bioldgicas que o recetor de comprimento total e a supressao da funcao da
LRP1B através de RNAI pode ser incompleta. Estas limitagcbes podem ser superadas
pela criacdo de um modelo knockout para o LRP1B. A ferramenta de edicdo de genoma
CRISPR/Cas9 tem sido amplamente utilizada para a criacdo de modelos knockout de
gene in vitro e in vivo. Neste sentido, o objetivo deste estudo foi estabelecer, um modelo
knockout para o LRP1B, numa linha celular cancerigena humana, usando
CRISPR/Cas9. Para este efeito, os exdes mais a montante compartilhados pela maioria
dos transcritos codificadores de proteina previstos do LRP1B humano foram identifica-
dos como alvos para delegbes disruptivas mediadas por CRISPR/Cas9. Tendo como
alvo estes ex0des, quatro sgRNAs foram desenhados e clonados com sucesso no plas-
mideo pSpCas9(BB)-2A-Puro (PX459) V2.0. Os vetores de expressédo sgRNA/Cas9, ve-

rificados por sequenciacdo de Sanger, foram co-transfetados eficazmente em células
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de glioblastoma U87 usando um reagente de transfecdo a base de lipidos cationicos.
Apos a selecdo com puromicina, os clones derivados de uma Unica célula foram isolados
usando diluicdo limitante. Dele¢des mediadas por CRISPR/Cas9 foram alcangadas com
sucesso e potenciais clones knockout foram avaliados posteriormente ao nivel da ex-
pressdo de mRNA. Um clone foi validado como um verdadeiro knockout. O modelo
knockout desenvolvido para o LRP1B pode ser extremamente util, em estudos futuros,
para decifrar os mecanismos exatos através dos quais o LRP1B funciona como um su-
pressor tumoral e para obter mais informacdes sobre o valor do LRP1B como um novo

biomarcador preditivo de resposta a farmacos anticancerigenos lipossomais.

Palavras-Chave: Cancro, CRISPR/Cas9, Delecao disruptiva, Gene supressor de tumor,

Modelo knockout
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Abstract

The low-density lipoprotein (LDL) receptor (LDLR)-related protein 1B (LRP1B) is
a giant member of the LDLR protein family, an evolutionarily ancient large class of cell-
surface receptors with a diverse range of functions, ranging from the classical role in
receptor-mediated endocytosis to roles in signal transduction. The unusually large
LRP1B gene (approximately 1.90 Mbp) was first identified as frequently inactivated in
non-small-cell lung cancer cell lines. Thenceforward, LRP1B inactivation via genetic and
epigenetic mechanisms has been reported in multiple cancer types. The frequent inacti-
vation of LRP1B in human cancers suggests that it must have an essential role in tumor
suppression. The re-establishment of LRP1B expression through transfection of LRP1B
minireceptors into several LRP1B-deficient cancer cell lines reduced cell proliferation,
migration, invasion, anchorage-dependent, and independent growth, and in vivo tumor
growth. On the other hand, the downregulation of LRP1B expression through RNA inter-
ference (RNAIi)-based approaches in several LRP1B-expressing cancer cell lines in-
creased cell proliferation, migration, invasion, and anchorage-dependent and independ-
ent growth. LRP1B may act as a tumor suppressor through the modulation of cell secre-
tome, gene expression, or signaling pathways. Also, LRP1B endocytic activity may influ-
ence the uptake of liposomal drugs and therapy response. LRP1B loss in high-grade
serous ovarian cancer has been associated with resistance to liposomal doxorubicin.
Although extremely useful, these approaches may underestimate the full potential of
LRP1B functions. The LRP1B minireceptor may not share all biological functions with
the full-length receptor, and RNAi-based suppression of LRP1B function (knockdown)
may be incomplete. These limitations may be overcome by the generation of an LRP1B
gene knockout model. The CRISPR/Cas9 genome-editing tool has been extensively
used for the generation of in vitro and in vivo gene knockout models. In light of the fore-
going, the objective of this study was to establish an LRP1B-knockout human cancer cell
line model using CRISPR/Cas9. To achieve this, the most upstream exons shared by
the majority of the predicted protein-coding transcripts of the human LRP1B were iden-
tified as targets for specific CRISPR/Cas9-mediated disrupting deletions. For exon tar-
geting, four single guide RNAs (sgRNAs) were designed and successfully cloned into
the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid. Sanger sequencing-verified
SgRNA/Cas9 expression vectors were effectively co-transfected into U87 glioblastoma
cells using a cationic lipid-based transfection reagent. Following puromycin selection,
single cell-derived clones were isolated using limiting dilution. CRISPR/Cas9-mediated

deletions were successfully achieved, and potential knockout clones were further
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evaluated for their mRNA expression. One clone was successfully validated as a true
knockout. The developed LRP1B-knockout model can be extremely useful for decipher-
ing the exact mechanisms through which LRP1B functions as a tumor suppressor and
gain further insights into the value of LRP1B as a putative novel predictive biomarker for

response to liposomal anticancer drugs.

Keywords: Cancer, CRISPR/Cas9, LRP1B, Disrupting deletion, Knockout model, Tu-

mor suppressor gene
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1 Introduction

1.1 Low-Density Lipoprotein (LDL) Receptor (LDLR)-Related
Protein (LRP) 1B (LRP1B)

1.1.1 LRP1B As a Member of the LDLR Protein Family

The low-density lipoprotein receptor-related protein 1B, originally named LRP-
deleted in tumors (LRP-DIT) since its gene was found frequently inactivated in human
non-small-cell lung cancer cell lines (Liu et al., 2000a) but now referred to as LRP1B, is
a gigantic member of the LDLR protein family that is broadly expressed in multiple normal
human tissues [such as, brain, pituitary gland, salivary gland, thyroid gland, adrenal
gland, skeletal muscle, smooth muscle, soft tissue, adipose tissue, breast, ovary, testis,
prostate, lung, kidney, and liver; Liu et al. (2001), Tanaga et al. (2004), Li et al. (2005),
Uhlén et al. (2015)]. This evolutionarily ancient protein family represents a large class of
cell-surface receptors that fulfill a diverse range of functions from cargo transportation to
cellular signaling [extensively reviewed in Strickland et al. (2002), May et al. (2007),
Dieckmann et al. (2010)]. The human LDLR family is comprised of seven core members

and seven distant-related members.

The core members of the LDLR family include LDLR itself (Yamamoto et al.,
1984), LRP1 [alternatively named as alpha-2-macroglobulin receptor (A2MR) or apolipo-
protein E receptor (ApoER); Herz et al. (1988)], very-LDLR (VLDLR; Takahashi et al.
(1992)], LRP2 [alternatively named as glycoprotein 330 (gp330) or megalin; Saito et al.
(1994)], LRP8 [alternatively named as apolipoprotein E receptor 2 (ApoER2); Kim et al.
(1996), Novak et al. (1996)], LRP4 [alternatively named as multiple epidermal growth
factor-like domains protein 7 (MEGF7); Nakayama et al. (1998)] and LRP1B (Liu et al.,
2000a). These members share five structurally and functionally distinct domains: (i)
LDLR class A domain, an approximately forty-amino acid sequence with six conserved
cysteines and a highly conserved cluster of negatively-charged amino acids between the
fourth and sixth cysteines (Sudhof et al., 1985, Bieri et al., 1995, Daly et al., 1995); (ii)
epidermal growth factor (EGF)-like domain, a thirty to forty-amino acid sequence also
with six conserved cysteines; (iii) YWTD B-propeller domain, with six contiguous repeats
containing the conserved Tyr-Trp-Thr-Asp (YWTD) motif (Springer, 1998, Jeon et al.,
2001); (iv) transmembrane domain and (v) intracellular domain (endodomain) with one
or more conserved Asn-Pro-x-Tyr (NPXY, where X designates any amino acid) motifs

(Chen et al., 1990, Li et al., 2000). Their extracellular domains (ectodomains) are built
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from a minimal central unit of an amino-terminus (N-terminus) cluster of LDLR class A
domains (also known as the ligand-binding domain) followed by a carboxy-terminus (C-
terminus) cluster of EGF-like and YWTD beta-propeller domains (Willnow et al., 2007,
Willnow et al., 2012). The number of each extracellular domain and its clusters varies
greatly among the core LDLR family members. Some of these receptors contain an ad-
ditional extracellular O-glycosylated domain adjacent to the transmembrane domain
(Willnow et al., 1999). In comparison to the extracellular domains, the intracellular do-
mains are less conserved between the receptors, except for the NPXY motif (Willnow et
al., 1999).

Besides the referred core members, the LDLR family also includes more distant
related members, which are structurally and functionally highly diversified, such as LDLR
relative with eleven ligand-binding repeats [LR11; alternatively named sorting protein-
related receptor containing LDLR class A repeats (SorLA); Jacobsen et al. (1996),
Yamazaki et al. (1996), Morwald et al. (1997)], LRP3 (Ishii et al., 1998), LRP5 [alterna-
tively named as LRP7; Dong et al. (1998), Hey et al. (1998), Kim et al. (1998)], LRP6
(Brown et al., 1998), LRP10 [alternatively named as LRP9; Sugiyama et al. (2000)],
LRP12 [alternatively named as suppressor of tumorigenicity seven protein (ST7); Qing
et al. (1999), Battle et al. (2003)] and LRP11 (O'Leary et al., 2016). The LRP5 and LRP6
still contain all three extracellular domains, but their arrangement is distinct to that of the
core members: with the cluster of EGF-like and YWTD beta-propeller domains preceding
the cluster of LDLR class A domains. Still, both LRP5 and LRP6 lack intracellular NPXY
motifs (Brown et al., 1998). In addition to the typical LDLR extracellular domains, LR11
(SorLA) has an additional vacuolar protein sorting ten protein (VPS10P) domain and a
cluster of fibronectin type-Ill domains (Jacobsen et al., 1996). Furthermore, LR11 con-
tains one NPXY-related motif (FANSHY, Phe-Ala-Asn-Ser-His-Tyr) within its C-terminus
endodomain (Fjorback et al., 2012). The LRP3, LRP10, LRP11, and LRP12 only have
the LDLR class A domain in common with the core members. The domain organization

of the human LDLR family members is depicted in Figure 1.
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Figure 1. The human LDLR family. Schematic representation depicting the domain organization of core (A) and distant-
related (B) members of the human LDLR family. All members are anchored to the cell membrane by a single membrane-
spanning domain and contain an intracellular domain ranging from 50 to 346 amino acids. These are type | membrane
proteins (i.e., extracellular N-terminus and intracellular C-terminus; the presence of an N-terminus signal peptide). The
core members (A) contain an extracellular domain built from a minimal central unit of an N-terminus cluster of LDLR class
A domains followed by a carboxy-terminus cluster of EGF-like and YWTD beta-propeller domains. LDLR, VLDLR, and
LRP8 contain an additional extracellular O-glycosylated domain adjacent to the transmembrane domain. The core mem-
bers also have an intracellular domain with at least one NPXY motif. The distant-related members (B) contain at least one
of the extracellular domains of the core members. In addition, these also include other domains that are not present in the
core members. Abbreviations: MANEC, motif at the N-terminus with eight cysteines; PKD, polycystic kidney disease;
CUB, complement C1r/C1s, Uegf, Bmp1; FN3, fibronectin type-lll; VPS10P, vacuolar protein sorting ten protein.
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1.1.2 LRP1B Structure

LRP1B, along with LRP1 and LRP2, is one of the largest members of the LDLR
family with a molecular weight of approximately 610 kilodaltons [kDa; Liu et al. (2001), Li
et al. (2005)]. It shows a high degree of amino acid sequence similarity to LRP1 [59%
amino acid sequence identity; Altschul et al. (1997)]. Interestingly, these two cell-surface
receptors exhibit a nearly identical overall structure (Liu et al., 2000a, Liu et al., 2000b,
Liu et al., 2001, Marzolo & Bu, 2009). LRP1B has four putative extracellular ligand-bind-
ing domains (I, Il, lll, and IV from the N-terminus) that consist of two, eight, ten, and
twelve LDLR class A domains, respectively. As in LRP1, these ligand-binding domains
are interspaced by three clusters of EGF-like and YWTD beta-propeller domains. More-
over, both contain a furin cleavage site between the fourth ligand-binding domain and
the transmembrane domain (Liu et al., 2001). Like LRP1, the human LRP1B undergoes
a furin-mediated proteolytic cleavage event (in the trans-Golgi network) to form the ma-
ture receptor as a noncovalently associated heterodimer composed of an N-terminus
large subunit and a carboxy-terminal smaller subunit (Herz et al., 1990, Liu et al., 2001,
Cam et al., 2004, Li et al., 2005). Still, both receptors have a cluster of six EGF-like
domains adjacent to the transmembrane domain and an intracellular domain with two
NPXY, one YXX@ (where X designates any amino acid and @ an amino acid with a bulky
hydrophobic group), and two dileucine (LL) motifs (Liu et al., 2000a, Knisely et al., 2007).
Nevertheless, LRP1 and LRP1B have two structural differences: (i) an extra LDLR class
A domain in the fourth ligand-binding domain (encoded by exon 68) of LRP1B and (ii) a
unique 33 amino acid sequence (encoded by exon 90) between the two NPXY motifs in
the intracellular domain of LRP1B (Liu et al., 2001). The domain organization comparison

between both receptors is depicted in Figure 2.

515 kDa

- LRP1
I [ n v A E= (4544 aa)
v =
——4 v
N T m>.C LRPIB
\ I n W A 5 (4599 2a)
520 kDa 90 ka b
5 —TT C—T
= O LL motif
= W NPXY motif
= B YXX@ motif

Figure 2. Domain organization comparison between human LRP1 and LRP1B proteins. The four extracellular ligand-
binding domains (I to IV) are shown. The two structural differences between LRP1 and LRP1B are indicated with white
arrowheads: (i) an extra LDLR class A domain in the fourth ligand-binding domain of LRP1B and (ii) a unique 33 amino
acid sequence between the two NPXY motifs in the intracellular domain of LRP1B. The locations of the furin cleavage
sites in the receptors are pointed out by black arrowheads. The intracellular domain of LRP1B is shown in more detail.
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1.1.3 LRP1B Function

In-light-of the high degree of amino acid sequence similarity between LRP1 and
LRP1B (and their nearly identical overall structure), it was early speculated that these
two cell-surface receptors might exhibit overlapping ligand specificity and functions (Liu
et al., 20004, Liu et al., 2001). To identify potential extracellular ligands of LRP1B, two
main approaches were used. The first approach, and the most commonly described in
the literature, uses an LRP1B minireceptor (designated mLRP1B4; Figure 3) which com-
prises LRP1B fourth (IV) ligand-binding domain, transmembrane domain, and intracellu-
lar domain to assess its ability to bind and internalize ligands after its overexpression in
cells (Liu etal., 2001, Li et al., 2002, Cam et al., 2004, Pastrana et al., 2005). The second
approach uses soluble recombinant LRP1B ectodomains containing the first (1), the sec-
ond (Il), the third (Ill), or the fourth (1V) ligand-binding domains (designated LRP1B ec-
todomains I, Il, lll, and IV; Figure 3) to assess their ability to bind various ligands present
in mouse brain tissue lysate (Marschang et al., 2004) and human plasma (Haas et al.,
2011).

T 1> |RP1B

1T 15 mLRP1B4

LRP1B LRP1B LRP1B LRP1B
ectodomain | ectodomain Il ectodomain 1l ectodomain IV

Figure 3. Structure comparison between full-length LRP1B, LRP1B minireceptor (mLRP1B4), and N-terminal-
tagged LRP1B ectodomains |, Il, Ill, and IV. The extracellular ligand-binding domains (I to IV) are identified. The red
flag represents the N-terminal tag.

Together, these approaches have provided significant insights into the ligand
specificity and recognition properties of LRP1B (Table 1). As expected, some of the ex-
tracellular ligands of LRP1B were already known to bind to the homologous LRP1, such
as the receptor-associated protein (RAP), the components of the urokinase-type plas-
minogen activator (UPA) system [i.e., uPA, uPA receptor (UPAR), and plasminogen acti-
vator inhibitor-1 (PAI-1)], the tissue-type plasminogen activator (tPA), the amyloid pre-
cursor protein (APP), the Pseudomonas aeruginosa exotoxin A, and the apolipoprotein
E-containing lipoproteins HDL and VLDL (Herz & Strickland, 2001). Additionally, several
well-known chaperones and co-chaperones (sacsin, endoplasmin, DnaJ homolog sub-

family A member 1, and clusterin), and other structurally and functionally diverse proteins

5



FCUP
Establishment of a LRP1B-Knockout Human Cancer Cell Line Model with a CRISPR/Cas9 Approach

(synaptotagmin-1, glutathione S-transferase LANCL1, 40S ribosomal protein SA, fibrin-
ogen, histidine-rich glycoprotein, vitronectin, serum amyloid P component, and two im-
munoglobulin components) were also identified as LRP1B ligands. These ligands are
involved in a wide range of biological processes such as angiogenesis, blood coagula-
tion, fibrinolysis, hemostasis, chemotaxis, cell proliferation, adhesion, spreading, migra-
tion, apoptosis, endocytosis, innate and adaptive immunity, host-virus interaction, and
protein folding and trafficking (Bu, 1998, de Haas, 1999, Schvartz et al., 1999, Mosesson,
2005, Xu et al., 2009, Scheiman et al., 2010, Schroeder & Cavacini, 2010, Poon et al.,
2011, Zheng & Koo, 2011, Marzec et al., 2012, Aisina & Mukhametova, 2014, DiGiacomo
& Meruelo, 2016, Matukumalli et al., 2017). AImost all the identified LRP1B ligands were
found to bind to either the second or the fourth ligand-binding domain (Table 1). Inter-
estingly, these domains also appear to represent the major ligand-binding sites of LRP1
(Herz & Strickland, 2001). Also, some ligands, namely RAP, endoplasmin, 40S riboso-
mal protein SA, fibrinogen, and VLDL, were found to bind to more than one ligand-bind-

ing domain.

Using RAP, Liu et al. (2001) evaluated the internalization rates of both LRP1 and
LRP1B minireceptors (designated by the authors as mLRP4 and mLRP1B4, respec-
tively). mLRP1B4 showed a much slower rate of internalization (ti2 > 10 min) in compar-
ison with mLRP4 (t1> < 0.5 min). Another study showed that the rate and the extent of
uPA/PAI-1 complexes internalization in mLRP1B4-expressing cells was much slower
and incomplete than in mLRP4-expressing cells (Li et al., 2002). This study also showed
that mLRP1B4, like mLRP4, could bind uPA/PAI-1/uPAR complexes and internalize
them (Li et al., 2002). By then, it was known that after the internalization of the uPA/PAI-
1/uPAR complexes mediated by LRP1, the uPA/PAI-1 complexes were trafficked to ly-
sosomes for degradation, and the unoccupied (ligand-free and active) forms of LRP1
and uPAR were recycled back to the cell surface (Nykjaer et al., 1992, Conese et al.,
1995, Nykjaer et al., 1997, Czekay et al., 2001). However, mLRP1B4-expressing cells,
compared with mLRP4-expressing cells, showed a substantially reduced capacity to re-
cycle unoccupied UPAR to the cell surface, which was consistent with the functional dif-
ference in the internalization rates of the LRP1 and LRP1B minireceptors (Li et al., 2002),
and to migrate. Li et al. (2002) showed that LRP1B could act as a negative regulator of
uPAR regeneration and cell migration. Later, Cam et al. (2004) also showed that
mMLRP1B4-expressing cells, in contrast to mLRP4-expressing cells, exhibited a consid-
erable accumulation of APP (another of the referred LRP1B extracellular ligands) at the
cell surface, which was in accordance with a low internalization rate of APP mediated by

mLRP1B4, and a concomitant decrease in amyloid beta-peptide (A-beta) production and
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increase in soluble alpha-cleaved APP fragment (sAPP-alpha) secretion. Models depict-
ing the differential functions of LRP1 and LRP1B in the endocytosis of uPAR and APP

are shown in Figure 4 and Figure 5, respectively. Overall, these studies suggest that

LRP1B, when expressed in the same cells (or tissues) that LRP1, may antagonize LRP1

function by (i) competing for binding of common ligands and reducing their intracellular

catabolism or (ii) modulating the function of other cell-surface receptors.

Table 1. Extracellular ligands and membrane-associated receptors of LRP1B.

Ligand Description Ligand-binding  Reference
domain (I to 1V)
Receptor-associated protein (RAP) Chaperone 1, IV Liu et al. (2001)

Marschang et al. (2004)

Urokinase-type plasminogen activa-  Serine protease \% Liu et al. (2001)
tor (UPA)
Tissue-type plasminogen activator Serine protease \% Liu et al. (2001)
(tPA)
Plasminogen activator inhibitor-1  Serine protease inhibitor \Y, Liu et al. (2001)
(PAI-1)
Urokinase plasminogen activator sur-  Cell-surface receptor \Y Li et al. (2002)
face receptor (UPAR)
Amyloid precursor protein (APP) Cell-surface receptor [\ Cam et al. (2004)
Sacsin Co-chaperone v Marschang et al. (2004)
Endoplasmin (also known as GP96 Chaperone 11, 1 Marschang et al. (2004)
homolog)
Synaptotagmin-1 (SYT1) Calcium ion sensor \Y Marschang et al. (2004)
DnaJ homolog subfamily Amember1  Co-chaperone 1l Marschang et al. (2004)
Glutathione S-transferase LANCL1 Transferase \% Marschang et al. (2004)
(also known as LanC-like protein 1)
40S ribosomal protein SA (also Host cell receptor for virus I, IV Marschang et al. (2004)
known as 37/67 kDa laminin recep- entry, cell-surface receptor
tor) for laminin, ribonucleoprotein
Pseudomonas aeruginosa exotoxin A P. aeruginosa toxin \Y, Pastrana et al. (2005)
Fibrinogen alpha-chain Substrate for thrombin, plas- I Haas et al. (2011)
beta-chain min, and fibrin stabilizing fac-  1Iv Haas et al. (2011)
gamma-chain tor \% Haas et al. (2011)
Histidine-rich glycoprotein (HRG) Plasma glycoprotein 1l Haas et al. (2011)
Clusterin Chaperone 1l Haas et al. (2011)
Vitronectin Glycoprotein found in blood I Haas et al. (2011)
and the extracellular matrix
Serum amyloid P component (SAP) Plasma protein 1l Haas et al. (2011)
Immunoglobulin kappa variable 1-5 Variable domain of immuno- I Haas et al. (2011)
(IGKV 1-5) globulin light chains
Immunoglobulin heavy constant al- Constant region of immuno- | Haas et al. (2011)
pha 1 (IGHA1) globulin heavy chains
High-density lipoprotein (HDL) Apolipoprotein E (apoE)-con- I Haas et al. (2011)
taining lipoprotein
Very low-density lipoprotein (VLDL) apoE-containing lipoprotein 1, IV Haas et al. (2011)
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Figure 4. Model depicting the differential functions of LRP1 (A) and LRP1B (B) in endocytosis of uPAR. A, uPAR
LRP1-mediated endocytosis: (1) uPA binds to uPAR; (2) active uPA catalyzes the conversion of plasminogen to plasmin,
which cleaves and activates matrix metalloproteinases (MMPs); both plasmin and MMPs degrade many extracellular
matrix (ECM) components; (3) PAI-1 binds to and inhibits uPA; (4) binding of PAI-1 promotes binding of LRP1; (5) fast
distribution of the quaternary complexes (UPA/PAI-1/uPAR/LRP1) to clathrin-coated pits; (6) the quaternary complexes
are internalized and delivered into early endosomes; (7) sorting of LRP1 and uPAR into recycling vesicles; (8) recycling
of unoccupied forms of LRP1 and uPAR back to the cell surface; (9) uPA/PAI-1 complexes are trafficked through late
endosomes to lysosomes for degradation. B, Like LRP1, LRP1B forms complexes with uPA/PAI-1/uPAR. However, slow
endocytosis of LRP1B causes a slow elimination of occupied uPAR from the cell. As a result, occupied uPAR accumulates
on the cell surface, functional uUPAR is not regenerated effectively, uPA proteolytic activity is scarce, and cell migration is
diminished.

LRP1 A aggregates LRP1B
APP /' APP a-secretase sAPPa.
Extracellular @ i Extracellular
— \ space —» —» space
i kbt
” RQ“EEDMMMEMMMHH R R R DD e ’3 “QMWW
o®
“ R&% Intracallular a‘ ¥ 33 Intracellular
» space 'S space

¢ APP intracellular T
domain

Figure 5. Model depicting the differential functions of LRP1 (A) and LRP1B (B) in endocytosis of APP. A, The fast
endocytosis of LRP1 enhances APP endocytosis and, therefore, promotes the proteolytic processing of APP through the
amyloidogenic pathway. Once delivered to the endosomes, APP is firstly cleaved by a beta-secretase, producing a soluble
beta-cleaved APP fragment (SAPP-beta) and a carboxyl-terminal beta fragment (CTF-beta). This fragment is further
cleaved by a gamma-secretase, producing the highly toxic amyloid beta-peptide (A-beta) and the APP intracellular do-
main. Most of the A-beta peptides are secreted to the extracellular space, where they can rapidly aggregate and form
fibrils that deposit into the amyloid plagues (which are associated with the progression of Alzheimer's disease). B, The
slow endocytosis of LRP1B decreases APP endocytosis and, therefore, promotes the proteolytic processing of APP
through the non-amyloidogenic pathway. At the cell surface, APP is firstly cleaved by an alpha-secretase, producing a
soluble alpha-cleaved APP fragment (sAPP-alpha) and a carboxyl-terminal alpha fragment (CTF-alpha). This fragment
can be further cleaved by a gamma-secretase, producing the non-toxic peptide P3 and the APP intracellular domain.
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Besides the classical role of LDLR family members in receptor-mediated endo-
cytosis, over the last two decades, compelling evidence has shown that several LDLR
family members play essential roles in signal transduction through the interaction of their
intracellular domains with cytosolic adaptor and scaffold proteins (Gotthardt et al., 2000,
Herz, 2001, Herz & Bock, 2002, May et al., 2003, Schneider & Nimpf, 2003, Herz et al.,
2009, Schneider, 2016). To date, eight interacting partners of the LRP1B intracellular
domain have been identified [Table 2; Marschang et al. (2004), Shiroshima et al. (2009)].
These intracellular partners are involved in several biological processes such as signal
transduction, synaptic transmission and plasticity, cell migration, tumorigenesis and tu-
mor progression, and DNA damage response (Yasuda et al., 1999, Han et al., 2002,
Terashima et al., 2008, Chu et al., 2010, Volk et al., 2010, Palmieri et al., 2016, Bhat et
al., 2019, Coley & Gao, 2019).

Table 2. Interacting partners of the intracellular domain of LRP1B.

Intracellular interacting partner Description Reference

Postsynaptic density protein 95 (PSD-95) Scaffold protein Marschang et al. (2004)
Aryl hydrocarbon receptor-interacting pro- Co-chaperone Marschang et al. (2004)
tein (AIP)

C-Jun N-terminal kinase (JNK)-interacting Scaffold protein Shiroshima et al. (2009)
protein 1b (JIP-1b)

C-Jun N-terminal kinase (JNK)-interacting Scaffold protein Shiroshima et al. (2009)
protein 2 (JIP-2)

Protein interacting with C kinase 1 (PICK1) Scaffold protein Shiroshima et al. (2009)
Ran-binding protein 9 (RanBP9) Scaffold protein and adaptor protein Shiroshima et al. (2009)
Growth factor receptor-bound protein 7  Adaptor protein Shiroshima et al. (2009)
(GRB7)

Gamma-2-syntrophin (G2SNT) Adaptor protein Shiroshima et al. (2009)

One of the best-elucidated pathways was described by Shiroshima et al. (2009)
that found the scaffold protein PICK1 (protein interacting with C kinase 1) was able to
recognize the intracellular domain of LRP1B and inhibit its phosphorylation by protein
kinase C alpha (PKC-alpha). Interestingly, although PICK1 was able to bound to the
intracellular domain of LRP1, even more efficiently than to the intracellular domain of
LRP1B, PICK1 did not affect its phosphorylation by PKC-alpha. A previous study indi-
cated that the phosphorylation of the intracellular domain of LRP1 by PKC-alpha was
responsible for the regulation of the endocytic and signaling activity of this cell-surface
receptor by altering its association with its interacting partners (Ranganathan et al.,
2004). In regard to LRP1B, it appears that the phosphorylation by PKC-alpha and its
regulation by PICK1 modulate the endocytic and signaling activity of LRP1B (Shiroshima

et al., 2009). Still, further studies are required to comprehend the biological significance
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of the interactions between LRP1B and its intracellular partners.

Like other LDLR family members, LRP1B has also been shown to undergo reg-
ulated intramembrane proteolysis [RIP; Liu et al. (2007)]: a proteolytic process whereby
a transmembrane protein undergoes two consecutive proteolytic cleavages by distinct
proteases (Brown et al., 2000). First, a membrane-anchored protease cleaves a trans-
membrane protein substrate close to its transmembrane domain, resulting in the release
of the soluble extracellular domain into the extracellular space. After, the remaining mem-
brane-bound carboxyl-terminal fragment is cleaved within its transmembrane domain by
an intramembrane protease that results in the secretion of the small remaining peptide
into the extracellular space and the liberation of the intracellular domain into the cytosol.
The soluble intracellular domain can be rapidly degraded or translocated to the nucleus
to regulate gene transcription (Lal & Caplan, 2011, McCarthy et al., 2017, Kiihnle et al.,
2019). Liu et al. (2007) showed that LRP1B was first cleaved by a metalloproteinase,
which led to the release of its extracellular domain and then cleaved within the trans-
membrane domain by a gamma-secretase that led to the liberation of its intracellular
domain (Figure 6). Furthermore, this study demonstrated that the soluble intracellular
domain of LRP1B was translocated to the nucleus via a nuclear localization signal that
is found within this domain (Liu et al., 2007). The exact function(s) of the released intra-

cellular domain of LRP1B in the nucleus remains unknown.

Soluble LRP1B
extracellular domain
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Figure 6. Regulated intramembrane proteolysis (RIP) of LRP1B. First, LRP1B undergoes proteolytic cleavage by a
metalloproteinase (i.e., ADAM17) that results in the shedding of its extracellular domain. Then, the remaining 21 kDa
membrane-bound carboxyl-terminal fragment undergoes a gamma-dependent intramembrane cleavage that results in the
release of the LRP1B intracellular domain (18 kDa) into the cytosol, where it can be degraded or translocated to the
nucleus to participate in the transcriptional activation of the target genes (yet, unknown).
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1.1.4 Impairment of LRP1B Expression and Function in

Cancer

As previously referred, the LRP1B gene was first identified to be frequently inac-
tivated in non-small-cell lung cancer cell lines (Liu et al., 2000a). It was therefore pro-
posed as a hovel candidate tumor suppressor gene (Liu et al., 2000a, Liu et al., 2000b).
Thenceforward, LRP1B inactivation via genetic and epigenetic mechanisms (Figure 7)
has been reported in multiple cancer types, including kidney (Langbein et al., 2002,
Karlsson et al., 2011, Ni et al., 2013), liver (Pineau et al., 2003, Wang et al., 2019),
cervical (Hirai et al., 2004, Choi et al., 2007, Liu et al., 2018), esophageal (Sonoda et al.,
2004, Brown et al., 2011), brain (Roversi et al., 2005, Yin et al., 2009, Tabouret et al.,
2015), lymphoma (Rahmatpanah et al., 2006, Taylor et al., 2007a), oral (Nakagawa et
al., 2006, Cengiz et al., 2007), leukemia (Taylor et al., 2007a, Taylor et al., 2007b), breast
(Kadota et al., 2010), gastric (Lu et al., 2010), thyroid (Prazeres et al., 2011), skin
(Nikolaev et al., 2011), ovarian (Cowin et al., 2012), colon (Wang et al., 2017), and pros-
tate (Tucker et al., 2019, Zhang et al., 2019, Zheng & Bai, 2019).

Homozygous and hemizygous whole- and partial- LRP1B deletions were found
in several cancers and cancer-derived cell lines (Liu et al., 2000a, Langbein et al., 2002,
Pineau et al., 2003, Hirai et al.,, 2004, Sonoda et al., 2004, Roversi et al., 2005,
Nakagawa et al., 2006, Cengiz et al., 2007, Choi et al., 2007, Yin et al., 2009, Kadota et
al., 2010, Kohno et al., 2010, Brown et al., 2011, Karlsson et al., 2011, Prazeres et al.,
2011, Cowin et al., 2012, Ni et al., 2013, Tabouret et al., 2015, Tucker et al., 2019).
Furthermore, point mutations (including missense, nonsense, and splice-site disrupting
mutations) and frameshift mutations [derived from insertions and deletions (indels)]
within this gene were also found (Liu et al., 2000a, Ding et al., 2008, Nikolaev et al.,
2011, Lee et al., 2017, Maru et al., 2017, Xiao et al., 2017, Corre et al., 2018, Konukiewitz
etal., 2018, Leung et al., 2018, Wolff et al., 2018, Chen et al., 2019, Elgendy et al., 2019,
Hu et al., 2019, Lan et al., 2019, Li et al., 2019, Tucker et al., 2019, Zhao et al., 2019,
Ge et al., 2020, Zhu et al., 2020). Also, several epigenetic mechanisms including hyper-
methylation of the CpG island located in the LRP1B promoter region (Sonoda et al.,
2004, Nakagawa et al., 2006, Rahmatpanah et al., 2006, Taylor et al., 2007a, Taylor et
al., 2007b, Lu et al., 2010, Prazeres et al., 2011, Ni et al., 2013, Tabouret et al., 2015),
histone deacetylation of the LRP1B promoter region (Ni et al., 2013), and microRNA
(miRNA)-mediated post-transcriptional regulation of LRP1B expression (Prazeres et al.,
2011, Zhang et al., 2019, Zheng & Bai, 2019) were shown to resultin LRP1B inactivation.

Moreover, LRP1B was identified as a common target gene for viral integration in hepatitis
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B virus (HBV)-related liver cancer (Ding et al., 2012) and in human papillomavirus (HPV)-
positive cervical cancers (Hu et al., 2015, Jiang et al., 2019). Hu et al. (2015) reported
that LRP1B expression was downregulated when HPV integrated into its introns. Overall,
the prevalence of LRP1B inactivation in multiple cancer types strongly supports the tu-

mor suppressor hypothesis.
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Figure 7. Mechanisms of genetic and epigenetic inactivation of the putative tumor suppressor gene LRP1B. The
genetic mechanisms include (i) homozygous or hemizygous whole- and partial-deletions, and (ii) point mutations or
frameshift mutations. The epigenetic mechanisms include (i) hypermethylation of the CpG island located in the LRP1B
promoter region, (ii) histone deacetylation of the LRP1B promoter region, and (iii) LRP1B silencing by microRNAs, such
as miR-548a-5p [thyroid cancer; Prazeres et al. (2011)], miR-500 [prostate cancer; Zhang et al. (2019)], and miR-301b-
3p [prostate cancer; Zheng and Bai (2019)]. The genetic elements are shown in the correct order but not on the right
scale.

Although the knowledge about the possible functional role of LRP1B in cancer is
still limited. To date, several authors demonstrated that the re-establishment of LRP1B
expression through the transfection of mLR1B4 into LRP1B-deficient cancer cells led to
the suppression of anchorage-dependent growth [esophageal cancer, Sonoda et al.
(2004); gastric cancer, Lu et al. (2010)] and anchorage-independent growth [brain can-
cer, Liu et al. (2007); gastric cancer, Lu et al. (2010); thyroid cancer, Prazeres et al.
(2011); colon cancer, Wang et al. (2017)]. Interestingly, Liu et al. (2007) also found that
cells transfected with a mutant mMLRP1B4 (resistant to the extracellular domain release)
were less able to suppress colony growth. To further determine whether this observation
was linked to the regulated intramembrane proteolysis of LRP1B, the authors performed
a soft agar assay with cells transfected with the intracellular domain of LRP1B, and dis-
covered that the intracellular domain of LRP1B per se was able to suppress anchorage-
independent growth like mLRP1B4 (Liu et al., 2007); suggesting that LRP1B tumor sup-

pressor activity requires its proteolytic processing. Still, further studies are needed to
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identify target genes of the intracellular domain of LRP1B. This may provide other in-
sights into its specific role. Moreover, the restoration of LRP1B expression through the
transfection of mMLRP1B4: (i) reduced cell proliferation in gastric cancer cell lines and
tumorigenicity in nude mice (Lu et al., 2010); (ii) decreased in vivo tumor development
and growth, impaired cell invasion, and modulated cell secretome particularly reducing
the levels of matrix metalloproteinase 2 (MMP-2; a proteolytic enzyme involved in the
degradation of ECM) in the extracellular medium (Prazeres et al., 2011) in thyroid cancer
cell lines; (iii) suppressed cell proliferation in ovarian cancer cell lines (Cowin et al.,
2012); and (iv) inhibited cell proliferation and migration in colon cancer cell lines (Wang
etal., 2017).

On the other hand, the down-regulation of LRP1B expression through the action
of small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAS): (i) increased the
anchorage-independent growth, cell migration, and invasion in renal cancer cell lines (Ni
et al., 2013); (ii) enhanced cell proliferation in lung cancer cell lines (Beer et al., 2016);
and (iii) promoted anchorage-independent growth, cell proliferation and migration in co-
lon cancer cell lines (Wang et al., 2017). Interestingly, Ni et al. (2013) found that the
increased migration and invasion of LRP1B-silenced renal cancer cells were not due to
the endocytic uptake of matrix metalloproteinases (such as MMP-2 and MMP-9), but
possibly due to the actin cytoskeleton remodeling regulated by Rho/Cdc42 pathway, and
the alteration of focal adhesions complex components. Zhang et al. (2019) showed that
miR-500 promoted cell proliferation by directly targeting (downregulating) LRP1B mRNA
in prostate cancer cells. Zheng and Bai (2019) also showed that the up-regulation of
miR-301b-3p induced by hypoxia promoted cell proliferation, migration, and invasion of
prostate cancer cells and enhanced tumorigenicity in nude mice through negative regu-
lation of LRP1B expression. Altogether, these observations strongly suggest a suppres-
sive role of LRP1B in tumorigenesis. However, the mechanisms through which LRP1B

functions as a tumor suppressor may be distinct among the malignancies.

Also, LRP1B deletion or downregulation was associated with poor prognosis of
high-grade ovarian cancer patients due to acquired chemotherapy resistance to liposo-
mal doxorubicin (Cowin et al., 2012). In fact, Cowin et al. (2012) showed that decreased
expression of LRP1B increased the resistance of ovarian cancer cells to liposomal dox-
orubicin, whereas its overexpression increased the sensitivity of ovarian cancer cells to
this drug. However, no studies are available regarding the value of LRP1B as a putative
novel predictive biomarker for liposomal doxorubicin response, namely in ovarian can-

cer.
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Overall, and as previously shown, the gathered knowledge on the potential tumor-
suppressive role of LRP1B in cancer has mostly arisen from studies in which the LRP1B
expression was re-established through transfection of LRP1B minireceptors into several
LRP1B-deficient cancer cell lines (Sonoda et al., 2004, Liu et al., 2007, Lu et al., 2010,
Prazeres et al., 2011, Wang et al., 2017). The downregulation of LRP1B expression
through RNA interference (RNAIi)-based approaches in several LRP1B-expressing can-
cer cell lines has also been used to validate information (Beer et al., 2016, Cowin et al.,
2012, Ni et al., 2013, Wang et al., 2017). Although extremely useful, both approaches
may underestimate the full potential of LRP1B functions. The LRP1B minireceptor may
not share all biological functions with the full-length receptor, and RNAi-based suppres-
sion of the LRP1B function may be incomplete. These limitations may be overcome by

the generation of an LRP1B gene knockout.

1.2 CRISPR/Cas System

From the late 1980s through the 1990s, a series of repeat sequences [typically
25 to 50 base pairs (bp) in length] interspersed with similar-sized non-repetitive se-
guences were detected in several bacterial and archaeal species genomes (Ishino et al.,
1987, Nakata et al., 1989, Hermans et al., 1991, Mojica et al., 1993, Mojica et al., 1995,
Bult et al., 1996, Masepohl et al., 1996, Smith et al., 1997, Kawarabayasi et al., 1998,
Sensen et al., 1998, She et al., 1998, Kawarabayasi et al., 1999, Nelson et al., 1999).
However, it was only in 2000 that these peculiar repetitive elements were brought to the
attention of the scientific community when Mojica et al. (2000) stated that their preva-
lence among the prokaryotic genomes suggested a common and essential biological
function. Later in 2002, Francisco Mojica, Rudd Jansen, and their colleagues proposed
the acronym CRISPR (for clustered regularly interspaced short palindromic repeats) to
unify the description of these repetitive microbial elements (Mojica et al., 2000, Jansen
et al., 2002). Meanwhile, numerous genes initially hypothesized to encode uncharacter-
ized DNA repair proteins specific for thermophilic archaea and bacteria (Makarova et al.,
2002) were identified as being closely associated with CRISPR and hence designated
as CRISPR-associated (cas) genes by (Jansen et al., 2002). However, the function of
CRISPR and CRISPR-associated (Cas) proteins remained unknown until the mid-2000s.
The similarities between the non-repetitive (currently known as spacer sequences) and
sequences within foreign nucleic acids (later called protospacers) such as viral genomes
and plasmids (Bolotin et al., 2005, Mojica et al., 2005, Pourcel et al., 2005), together with
the discovery that the CRISPR locus was transcribed (Tang et al., 2002), and also the

observation that cas genes encode proteins with putative nuclease and helicase domains
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(Jansen et al., 2002, Bolotin et al., 2005, Haft et al., 2005, Pourcel et al., 2005) led to the
hypothesis that the CRISPR/Cas was a prokaryotic adaptive and heritable immune sys-
tem against invading bacteriophages, archaeal viruses, and conjugative plasmids
(Makarova et al., 2006). A fast series of studies with experimental evidence supporting
this hypothesis followed soon after and helped to unravel details of the CRISPR/Cas-
based defense mechanism (Barrangou et al., 2007, Brouns et al., 2008, Deveau et al.,
2008, Marraffini & Sontheimer, 2008, Hale et al., 2009, Garneau et al., 2010).

1.2.1 CRISPR/Cas As a Prokaryotic Defense System

A typical CRISPR/Cas system is composed of: (i) an array of short repeated se-
guences (repeats) interspersed by similar-sized non-repetitive (unique) sequences
[spacers; Mojica et al. (2000), Jansen et al. (2002)] acquired from foreign nucleic acid
sequences (protospacers) that can consist of hundreds of repeat-spacer units [CRISPR
array; Bolotin et al. (2005), Mojica et al. (2005), Pourcel et al. (2005)]; (ii) an adenine-
and thymine-rich (AT-rich) sequence (leader) located immediately upstream from the first
repeat of the CRISPR array (Jansen et al., 2002, Alkhnbashi et al., 2016); and (iii) a
highly diverse set of cas genes located adjacent to the CRISPR locus that encodes pro-
teins involved in the different phases of CRISPR/Cas-based defense mechanisms
(Jansenetal., 2002, Haft et al., 2005, Makarova et al., 2006). Currently, the CRISPR/Cas
systems can be classified into two classes, 1 and 2, based on the architectures of Cas
effector complexes (multiprotein effector complex or a single-protein effector complex),
which are further subdivided into six types, | to VI, based on presence of unique signature
Cas proteins, and thirty-three subtypes based on additional signature genes and char-
acteristic gene arrangements (Burstein et al., 2017, Koonin et al., 2017, Shmakov et al.,
2017, Koonin & Makarova, 2019, Makarova et al., 2020).

The CRISPR/Cas-based defense mechanisms can be divided into three general
phases [Figure 8; extensively reviewed in Sorek et al. (2013), van der Oost et al. (2014),
Marraffini (2015), Amitai and Sorek (2016), Hille et al. (2018)]: (i) CRISPR adaptation
(i.e., new spacer acquisition), where a unique sequence of the invading nucleic acid
(DNA or RNA) is integrated into the CRISPR array (spacer sequence) for future recog-
nition of the invader (Sternberg et al., 2016); (i) CRISPR RNA (crRNA) biogenesis,
where the CRISPR array is transcribed into a long precursor crRNA (pre-crRNA) that is
further processed into small mature crRNAs either by a single Cas protein, the effector
Cas protein or the host RNase Il with the help of the trans-activating crRNA (tracrRNA)
— depending on the type of CRISPR/Cas system (Brouns et al., 2008, Hale et al., 2008,
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Deltcheva et al., 2011, East-Seletsky et al., 2016, Fonfara et al., 2016), and (iii) crRNA-
guided interference, where the mature crRNAs and Cas effector complexes form ribonu-
cleoprotein (RNP) complexes that recognize and cleave the invading nucleic acid (DNA
or RNA) via base pairing of spacer-derived crRNA and the target protospacer (Gasiunas

et al., 2012, Plagens et al., 2015, Nishimasu & Nureki, 2017).
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Figure 8. Overview of the CRISPR/Cas-based defense mechanisms. The CRISPR/Cas-based defense mechanisms
can be divided into three general phases: (i) CRISPR adaptation, (i) CRISPR crRNA biogenesis, and (iii) crRNA-guided
interference. The generic organizations of class 1 and 2 CRISPR/Cas loci are illustrated. In the adaptation phase, a short
fragment of an invading nucleic acid (bacteriophage or conjugative plasmid) is acquired as a new spacer (light blue) into
the CRISPR array by the Cas1-Cas2-(Cas4) complex. In the crRNA biogenesis phase, the CRISPR array is transcribed
into a long pre-crRNA that is further processed into small mature crRNAs either by a single Cas protein (Casé6 for type I,
Il and 1V), the effector Cas protein (Cas12 for type V and Cas13 for type VI) or the host RNase Il with the help of the
tracrRNA (type Il). In the crRNA-guided interference phase, the RNP complexes (mature crRNA Cas effector complexes)
cleave invading nucleic acid via their respective mechanism. Abbreviations: PAM, protospacer adjacent motif; PFS, pro-
tospacer flanking sequence; RNAP, RNA polymerase.
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1.2.2 CRISPR/Cas As a Genome-Editing Tool

Besides their natural function in prokaryotic adaptive immunity, the CRISPR/Cas-
systems have been adapted to function as a programmable genome-editing tool that has
enabled efficient targeting and precise modification of genomic sequences in either pro-

karyotes or eucaryotic cells and organisms.

The most noteworthy is the CRISPR/Cas9 system, which relies on the single pro-
tein, Cas9, to catalyze DNA cleavage (Sapranauskas et al., 2011). This protein requires
both the crRNA and tracrRNA, which is partially complementary to the crRNA, to recog-
nize the DNA target and introduce a site-specific double-stranded break (DSB). DNA
target recognition requires both base-pairing to the crRNA sequence and the presence
of a protospacer adjacent motif (PAM) sequence adjacent to the crRNA-binding se-
guence within the DNA target (Deltcheva et al., 2011, Gasiunas et al., 2012, Jinek et al.,
2012). At sites complementary to the 20-nucleotide (nt) sequence of the crRNA, the Cas9
HNH domain cleaves the complementary DNA strand, whereas the Cas9 RuvC-like do-
main cleaves the non-complementary DNA strand (Gasiunas et al., 2012, Jinek et al.,
2012). The native tracrRNA:crRNA duplex was then engineered as a single guide RNA
(sgRNA) composed of: (i) a 20-nt sequence at the 5’ end of the sgRNA that determines
the DNA target site (known as sgRNA target sequence), and (ii) a non-variable scaffold
sequence at the 3’ end of the sgRNA target sequence that binds to Cas9 [known as
sgRNA scaffold sequence; Jinek et al. (2012), Mali et al. (2013)]. By changing the 20-nt
target sequence of the sgRNA, Cas9 can be re-targeted to any DNA sequence of inter-
est, as long as it is near a PAM sequence, and introduce a DSB (Jinek et al., 2012). In
the type Il CRISPR/Cas system derived from Streptococcus pyogenes, the DNA target
seguence must precede a 5-NGG-3’ PAM sequence (Jinek et al., 2012), whereas other
Cas9 orthologs may have distinct PAM sequence requirements such as those of S. ther-
mophilus [5-NNAGAAW-3’; Garneau et al. (2010)], Staphylococcus aureus [5-
NNGRRT-3’; Ran et al. (2015)] and Neisseria meningitidis [5-NNNNGATT-3’; Hou et al.
(2013)].

Upon the CRISPR/Cas9-induced DSB within the target DNA, one of the two gen-
eral DNA damage repair pathways might occur: (i) the efficient but error-prone nonho-
mologous end-joining (NHEJ) pathway or (i) the less efficient but high-fidelity homology-
directed repair (HDR) pathway [Figure 9; extensively reviewed in Jackson (2002), Lieber
(2010), Deriano and Roth (2013), Ceccaldi et al. (2016)]. In the presence of a suitable,
exogenously introduced repair template, the cell might use the HDR pathway to integrate

a new or modified sequence at the target site. In its absence, the CRISPR/Cas9-induced
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DSB ends are re-ligated via the NHEJ pathway, which can leave a scar in the form of an
insertion/deletion (indel) mutation (at the repair junction site). This pathway can be used
to mediate gene knockouts, as indels might result in frameshift mutations and lead to
premature termination codons (PTCs) within the open reading frames (ORFs) of the tar-
geted genes (Ran et al., 2013, Hsu et al., 2014). Consequently, the aberrant mRNA
(harboring a PTC) can be translated into a truncated and/or non-functional protein or
degraded through the nonsense-mediated mMRNA decay (NMD) pathway (Santiago et
al., 2008).
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Figure 9. Genome editing via the CRISPR/Cas9 system. Upon the CRISPR/Cas9-induced DSB within the target DNA,
one of the two general DNA damage repair pathways might occur: (i) the nonhomologous end-joining (NHEJ) pathway or
(i) the homology-directed repair (HDR) pathway. The NHEJ pathway is the most active repair mechanism and often
introduces an indel mutation at the repair junction site. For the cell to use the HDR pathway, a DNA repair template in the
form of a single-stranded donor oligonucleotide, a double-stranded donor oligonucleotide, or a double-stranded DNA
plasmid must be delivered into the cell together with the CRISPR/Cas9 machinery. The repair template must contain the
desired edit and two flanking homology arms.

In contrast to the previously used genome-editing tools such as the zinc-finger
nucleases (ZFNs) and the transcription-activator-like effector nucleases (TALENS),
which require substantial protein engineering for each DNA target site to be edited
(Porteus & Baltimore, 2003, Miller et al., 2007, Hockemeyer et al., 2011, Wood et al.,
2011), CRISPR/Cas9 system only requires a modification in the sgRNA target sequence.
Due to its comparative simplicity and adaptability, the CRISPR-Cas9 system quickly be-
came the most popular and powerful tool for genome editing, honored by the 2020

Chemistry Nobel Prize to Emmanuelle Charpentier and Jennifer Doudna.
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2 Objectives

LRP1B has been proposed as a tumor suppressor gene in several types of human
cancer, although the exact molecular mechanisms underlying the suppressive function
of LRP1B in cancer are still widely unexplored. Due to the enormous size of this gene
(13,800 bp of coding sequence) and its encoding protein (approximately 610 kDa), there
is a lack of in vitro and in vivo experimental models that can provide new insights about
LRP1B functions, namely in cancer. The establishment of an LRP1B knockout model
can be a better alternative (more predictable and reproducible) to the previously utilized
overexpression and knockdown models. The CRISPR/Cas9 genome-editing tool has
been extensively used to create knockout cell lines, in which the open reading frame
(ORF) of a target gene can be permanently disrupted, leading to the complete ablation

of the protein it encodes.

Therefore, the main objective of this study was to generate an LRP1B-knockout hu-

man cancer cell line model using the CRISPR/Cas9 genome-editing tool.
The specific objectives were:

To design sgRNAs for CRISPR/Cas9-mediated LRP1B knockout;
To generate sgRNA/Cas9 expression vectors for cell transfection;
To transfect the sgRNA/Cas9 expression constructs into human cancer cells;

To screen single cell-derived clones for CRISPR/Cas9-mediated deletions;

A A

To validate potential knockout clones at mRNA and protein expression levels.
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3 Materials and Methods

3.1 sgRNA Selection

The Benchling’s CRISPR Guide RNA Design Software was used to identify all 5’-
NGG-3' PAM sequences within the chosen target exons (exon 1 and 85) of the human
LRP1B and list possible sgRNA target sequences. The human LRP1B gene sequence
(Ensembl ID: ENS00000168702) was used as the “input sequence” for analysis. Four
sgRNA target sequences were selected based on their predicted target specificity [off-
target score; Hsu et al. (2013b)] and cleavage efficiency [on-target score; Doench et al.
(2016)]. Potential off-target sequences within the human genome [GRCh38; Schneider
et al. (2017)] were identified using the same software. The sgRNA target sequences

used in this study are listed in Table 3.

Table 3. sgRNA target sequences used in this study.

Target Position within ~ Strand  sgRNA target sequence PAM

exon the gene (bp)? (5 —>3) sequence

1 6720 Minus  GACATTGTGGTCGCCCGGTA AGG
6800 Plus CGTGGGAGCCGACCGAGGTA AGG

85 1862943 Minus  TTTGGTCCTTCATAGCGCGT TGG
1862 993 Minus  TTATAATGCAGTGCCCCCCA TGG

2 Human LRP1B RefSegGene; NCBI reference sequence: NG_051023.1; O'Leary et al. (2016).

3.2 sgRNA/Cas9 Expression Vector Generation

3.2.1 Cas9 Expression Vector Preparation

The pSpCas9(BB)-2A-Puro (PX459) V2.0 vector (Addgene Plasmid #62988), a
gift from Professor Feng Zhang (Massachusetts Institute of Technology, Cambridge, MA,
USA), was used as a backbone for the construction of the sgRNA/Cas9 expression vec-
tors. This vector contains an ampicillin resistance gene that allows the selection of vec-
tor-containing bacteria and a puromycin marker that confers antibiotic resistance to
transfected mammalian cells (Ran et al., 2013). Preceding sgRNA cloning, the stab cul-
ture of PX459-containing Escherichia coli (Addgene, Watertown, MA, USA) was used to
streak bacteria onto an LB-ampicillin agar plate (10 g/L tryptone, 5 g/L yeast extract, 10
g/L NaCl, 15 g/L agar, 100 pug/mL ampicillin). After overnight incubation at 37°C, a single

colony was picked to inoculate a 5 mL starter culture of LB selective medium (10 g/L

20



FCUP
Establishment of a LRP1B-Knockout Human Cancer Cell Line Model with a CRISPR/Cas9 Approach

tryptone, 5 g/L yeast extract, 10 g/L NaCl, 100 ug/mL ampicillin). This starter culture was
incubated for 8 h at 37°C on an orbital shaker (250 rpm) and then used (1 mL) to inocu-
late a 100 mL culture of LB selective medium and incubated overnight (37°C, 250 rpm).
E. coli cells were harvested by centrifugation (6,000 g, 15 min, 4°C), and plasmid DNA
was extracted from the pellets using the NZYMidiprep Kit (NZYTech, Lisbon, Portugal).
The kit included all reagents, except for the isopropanol, ethanol, and nuclease-free dis-
tilled water. Plasmid DNA was extracted as follows. Bacterial pellets were resuspended
entirely in 8 mL of buffer M1, and then an equal volume of buffer M2 was added to the
bacterial suspensions. Samples were mixed by gentle inversion and incubated for 5 min
at room temperature (RT). Bacterial lysates were gently mixed with 8 mL of prechilled
buffer M3 and incubated on ice for 15 min before centrifugation (20,000 g, 30 min, 4°C).
Supernatants were carefully loaded onto gravity-flow columns pre-equilibrated with
buffer MEQ (2.5 mL). After discarding the flowthroughs, the columns were washed with
10 mL of buffer MW and transferred to new sterile collection tubes. Plasmid DNA was
eluted from the columns with 5.0 mL of pre-heated (50°C) buffer ME, mixed with 3.5 mL
of isopropanol [99.8% (v/v); Thermo Fisher Scientific, Waltham, MA, USA] and incubated
for 2 min at RT. Samples were centrifuged at 15,000 g for 30 min at 4°C and washed
with 2 mL of 70% (v/v) ethanol solution. The ethanol solution was prepared using abso-
lute ethanol [99.8% (v/v); PanReac AppliChem, Barcelona, Spain] and UltraPure™
DNase/RNase-free distilled water (Thermo Fisher Scientific, Waltham, MA, USA). Fol-
lowing centrifugation at 15,000 g for 5 min at RT, plasmid DNA pellets were air-dried for
15 min, resuspended in 100 uL of nuclease-free distilled water, and stored until use at -
20°C. Plasmid DNA (5 ng) was digested with 25 U of Bbsl in the presence of 1 x buffer
G (with BSA) for 6 h at 37°C (both from Thermo Fisher Scientific, Waltham, MA, USA).
The digested plasmid DNA was then separated by electrophoresis on a 0.8% (w/v) pre-
parative agarose gel and further isolated using the Cut & Spin Gel Extraction Columns

(GRISP, Oporto, Portugal) according to the manufacturer’s instructions.

3.2.2 sgRNA Oligonucleotide Duplex Preparation

The oligonucleotide pairs used for sgRNA cloning are listed in Table 4. To im-
prove the efficiency of U6-driven transcription, an extra guanine (highlighted in gray, Ta-
ble 4) was appended at the 5’ ends of the sgRNA target sequences [underlined, Table
4; Guschin et al. (2010)]. Also, an extra cytosine was appended at the 3’ ends of the
reverse-complement sgRNA target sequences. The overhang sequences 5-CACC-3’
and 5-AAAC-3’ (bold, Table 4) were added to the 5’ ends of the sgRNA target se-

guences and the reverse-complement sgRNA target sequences, respectively, for ligation
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into the pair of Bbsl sites in PX459. Prior to sgRNA cloning, the oligonucleotide pairs
(Integrated DNA Technologies, Leuven, Belgium) were phosphorylated and annealed.
Each 10 pL reaction contained 10 uM of each oligonucleotide, 1 x T4 DNA ligase buffer
(Thermo Fisher Scientific, Waltham, MA, USA) and 1.5 U of T4 polynucleotide kinase
(NZYTech, Lisbon, Portugal). All reactions were carried out in a MyCycler™ thermal cy-
cler (Bio-Rad Laboratories, Hercules, CA, USA) with the following profile: 37°C for 30
min, 95°C for 5 min, 70 cycles of 95°C for 30 s (-0.5°C per cycle) and 70 cycles of 60°C
for 30 s (-0.5°C per cycle).

Table 4. Oligonucleotides used for sgRNA cloning.

Oligonucleotide  Oligonucleotide Sequence (5’ — 3)

duplex name name

Duplex-1 1-sense CACCGACATTGTGGTCGCCCGGTA
1l-antisense AAACTACCGGGCGACCACAATGTC

Duplex-2 2-sense CACCGCGTGGGAGCCGACCGAGGTA
2-antisense AAACTACCTCGGTCGGCTCCCACGC

Duplex-3 3-sense CACCGITTGGTCCTTCATAGCGCGT
3-antisense AAACACGCGCTATGAAGGACCAAAC

Duplex-4 4-sense CACCGTITATAATGCAGTGCCCCCCA
4-antisense AAACTGGGGGGCACTGCATTATAAC

3.2.3 sgRNA Cloning Into Cas9 Expression Vector

Each sgRNA-encoding oligonucleotide duplex (1 uL) was ligated into the Bbsl-
digested PX459 vector (50 ng) using 5 U of T4 DNA ligase in the presence of 1 x T4
DNA ligase buffer (both from Thermo Fisher Scientific, Waltham, MA, USA). Ligation
reactions (10 uL) were incubated for 1 h at 22°C. Ligation products were transformed
into chemically competent E. coli DH5a cells. Briefly, 1 uL of the ligation reaction was
gently mixed with 50 uL of ice-cold competent cells. After 30 min of incubation on ice,
cells were heat-shocked at 42°C for 90 s, placed back on ice for 2 min, and allowed to
recover for 60 min (37°C, 200 rpm) after addition of 945 uL of LB medium (10 g/L tryp-
tone, 5 g/L yeast extract, 10 g/L NaCl). After incubation, cells were pelleted by centrifu-
gation for 1 min at 14,000 g, resuspended in 100 uL of remaining supernatant, and plated
onto LB-ampicillin agar plates. After overnight incubation at 37°C, two colonies of each
plate were randomly picked to be screened for the correct insertion of the sgRNA target

sequences. Negative (E. coli DH5a cells only, and E. coli DH5a cells transformed with
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digested plasmid DNA) and positive (DH5a cells transformed with non-digested DNA
plasmid) controls were included. Plasmid DNA was recovered from 100 mL cultures, as
mentioned before (see Page 20, 3.2.1). All sgRNA/Cas9 expression vectors generated
(Table 5) were verified by Sanger sequencing using the U6 promoter forward primer: 5’—
GAGGGCCTATTTCCCATGATTCC-3’ at the Genomics Core Facility, i3S, Oporto, Por-
tugal.

Table 5. sgRNA/Cas9 expression vectors generated in this study.

Vector ID Features?

PX459- ori — U6 promoter — sgRNA target sequence 1 — sgRNA scaffold se-
SgRNA1 quence — CBh promoter — 3xFLAG — SV40 NLS — SpCas9 — NP NLS -
(9198 bp)  T2A — PuroR — bGH pA — f1 ori — AmpR promoter — AmpR
PX459- ori — U6 promoter — sgRNA target sequence 2 — sgRNA scaffold se-
SgRNAZ2 quence — CBh promoter — 3xFLAG — SV40 NLS — SpCas9 —NP NLS -
(9199 bp)  T2A — PuroR — bGH pA — f1 ori — AmpR promoter — AmpR
PX459- ori — U6 promoter — sgRNA target sequence 3 — sgRNA scaffold se-
SgRNA3 quence — CBh promoter — 3xFLAG — SV40 NLS — SpCas9 —NP NLS -
(9199 bp)  T2A — PuroR — bGH pA — f1 ori — AmpR promoter — AmpR
PX459- ori — U6 promoter — sgRNA target sequence 4 — sgRNA scaffold se-
SgRNA4 guence — CBh promoter — 3xFLAG — SV40 NLS — SpCas9 —NP NLS —
(9199 bp)  T2A — PuroR — bGH pA — f1 ori — AmpR promoter — AmpR

a8 Abbreviations: ori, origin of replication; U6 promoter, RNA polymerase Ill promoter for human U6 small nuclear RNA
(snRNA); CBh promoter, human cytomegalovirus (CMV) immediate early enhancer fused to modified chicken B-actin
promoter; bGH pA, bovine growth hormone polyadenylation signal; f1 ori, f1 bacteriophage origin of replication. Prod-
ucts: 3xFLAG, three tandem FLAG epitopes; SV40 NLS, nuclear localization signal (NLS) of simian virus 40 (SV40)
large T antigen; SpCas9, Cas9 endonuclease from the S. pyogenes; NP NLS, bipartite nuclear localization signal
(NLS) from nucleoplasmin; T2A, 2A peptides from Thosea asigna virus capsid protein; PuroR, puromycin N-acetyl-
transferase; AmpR, p-lactamase.

3.3 Cell Culture

The U87 human glioblastoma cell line was kindly provided to the group by Doctor
Bruno Costa (ICVS, School of Medicine, University of Minho, Braga, Portugal). The cell
line was screened for mycoplasma contamination at the Cell Culture and Genotyping
(CCGen) Core Facility (i3S, Oporto, Portugal). The mycoplasma-free cells were cultured
as a monolayer in Dulbecco’s Modified Eagle Medium (DMEM) high glucose (4.5 g/L)
with stable glutamine and sodium pyruvate (Capricorn Scientific, Hessen, Germany) sup-
plemented with 10% (v/v) Gibco™ heat-inactivated fetal bovine serum (FBS; Thermo

Fisher Scientific, Waltham, MA, USA), 1% (v/v) penicillin-streptomycin (Biowest, Nuaille,
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France) and 0.5% (v/v) Corning™ amphotericin B (Thermo Fisher Scientific, Waltham,
MA, USA); hereafter, named complete medium. Cells were routinely maintained at 37°C
in a humidified atmosphere containing 5% carbon dioxide (CO) and monitored using a
CK2 inverted-phase contrast microscope (Olympus, Tokyo, Japan). Whenever required,
cell concentration (cells/mL) was determined using a Z2™ Coulter particle count and

size analyzer (Beckman Coulter, Brea, CA, USA).

3.4 Cell Transfection and Selection

Before cell transfection, the optimal puromycin concentration for selection after
transfection was determined through a dose-response curve assessment. Briefly, 7.5 x
10* cells were seeded in 0.5 mL of complete medium per well in a 24-well plate and
allowed to adhere for 24 h. Cells were then treated with increasing concentrations of
puromycin (0.00, 0.10, 0.25, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 5.00, 7.50, 10.00 pg/mL;
InvivoGen, San Diego, CA, USA), and the medium replaced every two or three days.
Treated cells were monitored daily (for a week) by microscopy to assess puromycin in-
duced cell death. The lowest puromycin concentration that decreased viability of U87
cells by at least 90% within a 3-day period (and killed all cells within a week) was chosen
as the optimal antibiotic concentration to be used for the selection of U87 transfected

cells.

Prior to transfection, U87 cells were seeded at a density of 7.5 x 10* cells per well
of a 24-well plate in 0.5 mL of complete medium and further incubated to allow adhesion.
After 24 h of incubation, cells (at 70-80% confluency) were co-transfected with two or
four sgRNA/Cas9 expression vectors (see Page 23, Table 5) using the cationic lipid-
based Lipofectamine™ 3000 transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. Briefly, 1 h before transfection, the
cell culture medium was replaced with Opti-MEM™ | reduced serum medium (Thermo
Fisher Scientific, Waltham, MA, USA), and cells placed back in the incubator. Meanwhile,
1 uL of Lipofectamine™ 3000 reagent was diluted in 24 uL of Opti-MEM™ medium and
incubated for 5 min at RT. sgRNA/Cas9 expression vectors (500 ng or 1000 ng) were
mixed in equimolar ratios with Opti-MEM™ to a total volume of 24 puL before adding 1 pL
of P3000™ reagent. The diluted plasmid DNA was mixed with the diluted Lipofec-
tamine™ 3000 reagent (1:1 ratio), incubated for 15 min at RT to allow DNA-lipid com-
plexes formation, and added dropwise to the cells. The empty Cas9 expression vector
was used as a negative control. After 6 h of incubation, the transfection medium was

replaced with complete medium, and cells were further incubated. Following 24 h of
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incubation, the cell culture medium was changed with fresh medium containing 1 ug/mL
of puromycin and cells selected for three days. Cells were monitored daily by microscopy
and compared to untreated cells. Once removed the antibiotic (72 h post-selection), the

antibiotic-selected cell pools were expanded into 6-well-plates and then T25 flasks.

3.5 Single-Cell (Clonal) Isolation

The antibiotic-selected cell pools were dissociated into single cells through tryp-
sinization and resuspended in complete medium. Cells were diluted to a final concentra-
tion of 5 cells/mL and then transferred into a 96-well plate (at 0.5 cells/well in 100 puL of
culture medium). One 96-well plate was seeded for each heterogeneous cell population.
Plates were observed daily by microscopy to assess the establishment of single-cell col-
onies, and the medium was replaced every three or four days. Once colonies were grown
to 70-80% confluency, cells were scaled up into 12-well plates and then T25 flasks. Cells
were collected for cryopreservation and DNA and RNA extraction (as described on Page
25, 3.6.1, and Page 26, 3.6.2, respectively).

3.6 Nucleic Acid Extraction

3.6.1 Genomic DNA Extraction

Cells were pelleted by centrifugation at 1,500 g for 5 min at 4°C, washed once
with prechilled sterile PBS (1 x, pH 7.4), re-centrifuged as previously described, and
pellets stored at -20°C until DNA extraction. Genomic DNA (gDNA) was extracted using
the GRS Genomic DNA Kit - Blood and Cultured Cells (GRiSP, Oporto, Portugal). The
kit included all reagents, except for the ethanol and nuclease-free distilled water. Frozen
cell pellets were thawed on ice and lysed in 150 uL of lysis buffer. After adding 200 pL
of buffer BC1 to the lysed samples, these were shaken vigorously for 5 s and incubated
for 10 min at 70°C with constant agitation (500 rpm). After cooled to RT, 5 uL of 10 mg/mL
RNase A was added to the lysates, and then further incubated for 5 min at RT. Then,
200 pL of absolute ethanol [99.8% (v/v); PanReac AppliChem, Barcelona, Spain] was
added to the samples that were shaken vigorously for 10 s, transferred to spin columns,
and centrifuged at 16,000 g for 2 min. After discarding the flowthroughs, the spin columns
were washed first with 400 uL of wash buffer 1 and then with 600 pL of wash buffer 2
through serial centrifugations at 16,000 g for 1 min, and dried by an additional 3 min
centrifugation. gDNA was eluted from the spin columns by adding 100 uL of pre-heated

(70°C) nuclease-free water to the center of the columns membranes, incubation for 5
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min at RT, and centrifugation (16,000 g, 1 min). gDNA was kept at -20°C.

3.6.2 Total RNA Extraction

Cell pellets (previously were collected by centrifugation at 1,500 g for 5 min at
4°C and frozen at -80°C) were thawed on ice and then disrupted in 500 pL of TripleX-
tractor (GRiSP, Oporto, Portugal) for 5 min at RT. Lysates were then vigorously mixed
with 100 pL of chloroform (Carlo Erba Reagents, Milan, Italy), incubated for 5 min at RT,
and centrifuged at 12,000 g for 15 min at 4°C. The colorless upper aqueous phase of
each sample was transferred to a new RNase-free microcentrifuge tube and further
mixed with 250 uL of isopropanol [99.8% (v/v); Thermo Fisher Scientific, Waltham, MA,
USA]. Following incubation for 10 min at RT, samples were centrifuged at 12,000 g for
15 min at 4°C. RNA pellets were washed with 500 uL of 75% (v/v) ethanol (prepared
using absolute ethanol [99.8% (v/v); PanReac AppliChem, Barcelona, Spain] and nucle-
ase-free distilled water), centrifuged at 7,500 g for 5 min at 4°C, and air-dried for 10 min.
RNA pellets were resuspended in 25 pL of nuclease-free distilled water and stored until
use at -80°C.

3.7 Nucleic Acid Quantification

DNA/RNA concentration was determined by measuring the absorbance at 260
nm using a Nanodrop™ 1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Nucleic acid purity was also assessed by determining the ratios of the ab-
sorbance values of 260 nm versus 280 nm (Azs0/A2s0) and the 260 nm versus 230 nm
(Az60/A230).

3.8 Agarose Gel Electrophoresis

Nucleic acid electrophoresis was performed in 0.8-1.0% (w/v) agarose (GRIiSP,
Oporto, Portugal) gels with 0.5 x SGTB buffer (GRiSP, Oporto, Portugal). DNA ladder
and samples were prepared with a loading buffer containing glycerol (as a density agent;
PanReac AppliChem, Barcelona, Spain), bromophenol blue (as tracking dye; Sigma-Al-
drich, St. Louis, MO, USA), and GelRed (as fluorescent nucleic acid stain; Biotium,
Fremont, CA, USA). DNA bands were visualized under ultra-violet (UV) light with a
ChemiDoc™ XRS + System with Image Lab™ Software (Bio-Rad Laboratories, Hercu-
les, CA, USA). The 1 kb plus DNA ladder (Thermo Fisher Scientific, Waltham, MA, USA)
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was used as a molecular-weight size marker.

3.9 Polymerase Chain Reaction (PCR)

CRISPR/Cas9-mediated genomic deletions were screened by PCR using gDNA
as template and the primers indicated in Table 6. The PCR primers were designed using

Primer-BLAST (Ye et al., 2012), available at https://www.ncbi.nIm.nih.gov/tools/primer-

blast/, and purchased from Integrated DNA Technologies (Leuven, Belgium). Each PCR
reaction (10 uL) contained 50 ng of gDNA, 0.25 uM of each primer, and 1 x MyTag™ HS
mix (Bioline, London, UK). PCRs were carried out in a MyCycler™ thermal cycler with
the following profile: 2 min at 95°C for initial denaturation, followed by 10 cycles of 30 s
at 95°C for denaturation, 30 s at 68°C (-1°C per cycle) for annealing, and 30 s at 72°C
for extension, and 30 cycles at 30 s at 95°C for denaturation, 30 s at 58°C for annealing
and 30 s at 72°C for extension, and 1 min at 72°C for the final extension. All PCRs in-
cluded a negative control (no template) and a positive control (wild-type U87 gDNA). The
PCR products (amplicons) were resolved through 1.0% (w/v) agarose gels, and their

sizes estimated by comparison with the DNA molecular-weight size marker.

Table 6. Oligonucleotide primers used in this study for PCR amplification.

Oligonucleo- Position within ~ Strand Sequence (5’ — 3)

tide name the gene (bp)?

LRP1B-01-Fw 6574 Plus GCTGACTGGCTGGACTCATT
LRP1B-01-Rv 6869 Minus TTATCTGCAAGCATCGCCCA
LRP1B-01-In 6774 Minus ACCCTGGCAATCGGCAATAA
LRP1B-85-Fw 1862 483 Plus AGGTGTGAAGGAGGCAACAA
LRP1B-85-Rv 1 862 145 Minus GCAATGGGCACAATACGGAA
LRP1B-85-In 1 862 966 Minus ACCTTACACACTTGTCAACCTCA

2 Human LRP1B RefSegGene; NCBI reference sequence: NG_051023.1; O'Leary et al. (2016).

3.10Sanger Sequencing

CRISPR/Cas9-mediated genomic deletions of each potential knockout clone
were further characterized by Sanger sequencing. All reagents were purchased from
Thermo Fisher Scientific (Waltham, MA, USA) except otherwise specified. PCR ampli-
cons (7.5 uL) were subjected to a post-reaction clean-up with 10 U of exonuclease | and
1 U of FastAP™ thermosensitive alkaline phosphatase for 30 min at 37°C. After enzymes

inactivation (85°C for 15 min), cycle sequencing reactions were performed using the
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BigDye™ Terminator v3.1 Cycle Sequencing Kit. Each reaction contained 0.50 uL of
purified PCR amplicon, 0.25 uL of the selected PCR primer (10 uM), 0.25 uL of BigDye ™
terminator, 3.50 uL of sequencing buffer (5 x) and 3.50 uL of nuclease-free distilled wa-
ter. Sequencing reactions were carried out in a MyCycler™ thermal cycler using the fol-
lowing conditions: 2 min at 95° for initial denaturation, followed by 35 cycles of 15 s at
95°C for denaturation, 15 s at 55°C for annealing, and 2 min at 60°C for extension, and
10 min at 60°C for the final extension. After the purification of the sequencing reactions
by gel filtration through Sephadex™ G-50 fine (GE Healthcare, Chicago, IL, USA) spin
columns (1,100 g, 4 min, RT), these were mixed with 15 uL of Hi-Di™ formamide and
subjected to capillary electrophoresis on a 3130/3130xlI Genetic Analyzer (Thermo
Fisher Scientific, Waltham, MA, USA) at the Genomics Core (GenCore) Facility (i3S,
Oporto, Portugal).

3.11Reverse Transcription Quantitative Real-Time PCR (RT-
gPCR)

LRP1B gene expression was evaluated by RT-gPCR. Prior to cDNA synthesis, 1
ug of total RNA from each sample was treated with 1 U of DNase | in the presence of
the 1 x reaction buffer (with MgCl,) for 30 min at 37°C. ETDA was then added to a final
concentration of 5 mM before heating at 65°C for 10 min. cDNA was then reverse tran-
scribed from 1 ug of DNase-treated RNA using 100 uM of random hexamer primer, 5 x
reaction buffer, 20 U of RiboLock™ RNase inhibitor, 20 mM of dNTP Mix, and 200 U of
RevertAid™ reverse transcriptase in a 20 ulL reaction volume. Reverse transcription re-
actions were carried out in a MyCycler™ thermal cycler using the following conditions:
10 min at 25°C for primer annealing, 60 min at 42°C for DNA polymerization, and 10 min
at 70°C for enzyme deactivation. A no-template control (NTC) and minus reverse tran-
scriptase control (MRTC) were included in all RT-gPCR experiments. The RT-gPCRs
were performed on MicroAmp™ optical 96-well reaction plates covered with MicroAmp™
optical adhesive films. Each reaction contained 1.0 uL of cDNA template, 0.5 uL of
PrimeTime™ gPCR probe assay (20 x; Table 7), 5.0 uL of TagMan™ universal PCR
master mix no AmpErase™ UNG (5 x), and 3.50 uL of nuclease-free distilled water. All
the above-mentioned reagents were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). RT-gPCRs were carried out in a QuantStudio™ 5 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA) using the following thermocycling param-
eters: 10 min at 95°C for polymerase activation followed by 40 cycles of 15 s at 95°C for

denaturation and 1 min at 60°C for annealing and extension. All samples were amplified
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in triplicate, and each RT-gPCR experiment was repeated three times. The human TBP
(TATA-box binding protein) was used as an endogenous control to normalize gene ex-
pression. LRP1B mRNA expression levels were determined in U87 parental (wild-type),
U87 mock (empty vector), and potential LRP1B-knockout cell lines and analyzed using
the following formula: 22T [CT strands for cycle threshold; ACT = CT(LRP1B) —
CT(TBP)].

Table 7. Gene expression assays used in this study for gPCR.

Gene expression assay hame? Target gene Target region
Hs.PT.58.21358572 LRP1B Exon 1-2
Hs.PT.58.19387941 LRP1B Exon 3-4
Hs.PT.58.14536045 LRP1B Exon 85-86
Hs.PT.39a.22214825 TBP Exon 5-6

@ Purchased from Integrated DNA Technologies (Leuven, Belgium)

3.12 Protein Extraction

Cells were collected by centrifugation at 1,500 g for 5 min at 4°C, rinsed twice in
ice-cold sterile PBS (1 x, pH 7.4), and stored at -20°C. Cell pellets were lysed for in 30
uL of ice-cold radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris-HCI, 1.0% (v/v)
NP-40, 150 mM NacCl, 2 mM EDTA,; pH 7.5] supplemented with 1 x cOmplete™ protease
inhibitor cocktail (Roche, Basel, Switzerland) and 1 x phosphate inhibitor cocktail 3
(Sigma-Aldrich, St. Louis, MO, USA) for 45 min on ice with occasional vortexing. Cell
debris were centrifugated at 14,000 g for 15 min at 4°C, and the protein cell lysates
(supernatants) were quantified (as described on Page 29, 3.13) and stored until use at -
20°C.

3.13Protein Quantification

Protein quantification was performed using the DC™ protein assay (Bio-Rad La-
boratories, Hercules, CA, USA). Seven protein standards (Bovine Serum Albumin, BSA:
0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 3.00 mg/mL) were used to generate a standard curve.
The absorbances were measured at 650 nm using a Synergy™ Mx microplate reader
(BioTek Instruments, Winooski, VT, USA). For each protein assay, a standard curve was
created by plotting normalized absorbance (Y-axis) versus BSA concentration (X-axis);
being the normalized absorbance of each standard calculated by subtracting the back-

ground absorbance (the average value of the blanks). The resulting regression equation
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was used to determine the concentration of the unknown proteins based on their absorb-
ance. A coefficient of determination (r?) greater than 0.97 (5% error) was used as the

acceptability threshold.

3.14Western Blot

LRP1B protein expression was assessed by western blot. Prior to gel loading, the
protein samples were prepared by adding NUPAGE™ LDS sample buffer (4 x) and Nu-
PAGE™ reducing agent (10 x) to a final concentration of 1 x, and then heated at 70°C
for 10 min. The heated protein samples (50 ug per lane) were separated by denaturing
gel electrophoresis on NUPAGE™ 3-8% tris-acetate protein gels for 1 h at 150 V. The
electrophoresed proteins were electrotransferred to Amersham™ Hybond™ PVDF
membranes (pore size, 0.45 um; GE Healthcare, Chicago, IL, USA), previously soaked
in 100% (v/v) methanol and equilibrated in the transfer buffer [ 20% (v/v) methanol, 0.1%
(v/iv) NUPAGE™ antioxidant], for 1 h at 100 V. The HiMark™ pre-stained protein stand-
ard was used to monitor protein separation and transfer, and estimate the molecular
weight of sample proteins. After transfer, PVDF membranes were reversibly stained with
Ponceau S staining solution to evaluate transfer efficiency and loading uniformity. Then,
the unoccupied protein-binding sites on the membranes were blocked with 5% (w/v) non-
fat dried-milk in TBS-T [1 x Tris-Buffered Saline (TBS) with 0.1% (v/v) Tween™ 20 de-
tergent] for at least 1 h at RT or overnight (ON) at 4°C. Membranes were incubated with
primary antibodies in blocking buffer and rinsed with TBS-T three times for 10 min each.
Detailed information about the primary antibodies and their usage is represented in Ta-
ble 8. Membranes were further incubated for 1h at RT with appropriate horseradish pe-
roxidase (HRP)-labeled secondary antibodies in blocking buffer [Amersham™ ECL™
anti-mouse IgG, HRP-linked species-specific whole antibody from sheep (1:3000) or
Amersham™ ECL™ anti-rabbit IgG, HRP-linked species-specific whole antibody from
donkey (1:3000); both from GE Healthcare, Chicago, IL, USA]. Membranes were rinsed
with TBS-T as aforementioned and, posteriorly, incubated with Western Lightning™
chemiluminescence reagent plus (PerkinElmer, Waltham, MA, USA) for 1 min. Finally,
the membranes were exposed to Amersham™ Hyperfiim™ ECL films (GE Healthcare,
Chicago, IL, USA) for the optimum exposure time. After exposure, the membranes were
rinsed with TBS-T, as mentioned earlier, and incubated for 30 min in stripping buffer [25
mM glycine pH 2.5, 1% (w/v) SDS]. Membranes were rinsed again in TBS-T (6 times; 5
min each) and reused (starting at the blocking step). Unless otherwise stated, all rea-
gents were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The cytoskel-

eton protein alpha-tubulin was served as the loading control.

30



FCUP

Establishment of a LRP1B-Knockout Human Cancer Cell Line Model with a CRISPR/Cas9 Approach

Table 8. Primary antibodies used for western blot analysis.

Product name Immunogen Biological  Dilution Incubation
(commercialized by) source ratio conditions
LRP1B Polyclonal An- Synthetic peptide corre- Rabbit 1:1000 ON at4°C
tibody (Thermo Fisher sponding to amino acids
Scientific, Waltham, 4526 to 4589 of human
MA, USA) LRP1B
Anti-LRP1B (Sigma- Synthetic peptide corre- Rabbit 1:1000 ON at 4°C
Aldrich, St. Louis, MO, sponding to a sequence
USA) near the C-terminus of

human LRP1B
LRP1B polyclonal an- Synthetic peptide corre- Mouse 1:1000 ON at4°C
tibody (Abnova, Tai- sponding to amino acids
pei, Taiwan) 111 to 200 of human

LRP1B
Monoclonal  Anti-Al- Sarkosyl-resistant fila- Mouse 1:8000 1hatRT
pha-Tubulin (Sigma- ments from sea urchin

Aldrich, St. Louis, MO,
USA)

sSperm axonemes
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4 Results and Discussion

4.1 CRISPR/Cas9-Mediated Knockout Strategy Targeting the
LRP1B Locus

4.1.1 Target Site Selection

According to the literature, to generate the complete and permanent loss of gene
expression or function (knockout), the target region should be chosen within the most
upstream exon that is common to all the predicted transcripts of that gene (Campenhout
et al., 2019, Spiegel et al., 2019). Taking this into consideration, this study was initiated
by conducting a comparative analysis of the putative alternatively spliced protein-coding
transcripts of the human LRP1B using EMBL-EBI's Ensembl/GENCODE database
(Frankish et al., 2018). Briefly, the human LRP1B is located on the long arm of chromo-
some 2 at the position 2922.1-2922.2 (Figure 10, A). It spans from 140,231,423 to
142,131,016 bp, according to the human genome assembly GRCh38.p13 from the Ge-
nome Reference Consortium (Schneider et al., 2017); being approximately 1.90 mega-
base pairs (Mbp) long and composed of 91 exons that comprise 13.80 kilobase pairs
(kbp) of coding sequence (CDS). The exon-intron structure of LRP1B is depicted in Fig-
ure 10, B. The human LRP1B (ID: ENSG00000168702) has four putative protein-coding
transcripts [Figure 10, C; Frankish et al. (2018)]: (i) full-length LRP1B transcript (hereaf-
ter referred to as LRP1B transcript 1; ID: ENST00000389484.8), which includes all 91
annotated exons that together encode a 4599-amino acid membrane-bound protein
(LRP1B) and, (ii) three other predicted alternatively spliced LRP1B transcripts (LRP1B
transcripts 2, 3, and 4) that have their CDS incomplete on the 3’ end, 5’ end, or both
ends. Specifically, LRP1B transcript 2 contains 14 exons (1,2, 18-29; ID:
ENSTO00000434794.1), which encode a putative 781-amino acid soluble LRP1B isoform.
LRP1B transcripts 3 and 4 encode two putative membrane-bound LRP1B isoforms of
789 and 280 amino acids, respectively. LRP1B transcript 3 contains 17 exons (74-89,
91; ID: ENST0000043-7977.5), whereas LRP1B transcript 4 contains 7 exons (84-89,
including an extra 114 bp exon between exons 86 and 87; ID: ENST00000442974.1).

As outlined above, four protein-coding transcripts have been bioinformatically-
predicted for the human LRP1B (Frankish et al., 2018). However, there is not a single
exon that is conserved across all its protein-coding transcripts. Considering this, we de-
cided to target simultaneously two distinct exons, 1 and 85, which constitute the most

upstream exons shared by most of the LRP1B predicted transcripts (signaled with red
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flags, Figure 10, C). For this, we decided to use a paired sgRNA CRISPR/Cas9 deletion
strategy to maximize the likelihood of knocking out LRP1B. This strategy uses a SgRNA
pair to direct the Cas9 activity to the sites flanking the target region and simultaneously
induce two DSBs, which are frequently repaired through the NHEJ pathway (Figure 10,
D). In fact, this strategy has been used successfully for knocking out protein-coding
genes (Chenetal., 2014, Zheng et al., 2014, Brandl et al., 2015, Treuren & Vishwanatha,
2018, Grotz et al., 2019), small non-coding RNA (sncRNA) genes (Ho et al., 2015,
Hannafon et al., 2019), long non-coding RNA (IncRNA) genes (Chen et al., 2014, Han et
al., 2014, Aparicio-Prat et al., 2015, Zare et al., 2018) and enhancers (Li et al., 2014).
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Figure 10. Paired sgRNA CRISPR/Cas9 deletion strategy for the ablation of human LRP1B gene. A, Chromosomal
location of the LRP1B locus. The chromosome ideogram was obtained from the NCBI online tool, Genome Decoration
Page. B, Schematic representation of LRP1B gene structure. C, Comparison between the structure of the full-length
LRP1B transcript and the predicted alternatively spliced LRP1B transcripts. The gene and transcripts schemes were ob-
tained from Ensembl release 100. The most upstream exons shared by the majority of the LRP1B predicted transcripts
are signaled with red flags. D, Schematic representation of the paired sgRNA CRISPR/Cas9 deletion strategy. The Cas9
nuclease (gray) complexed with a sgRNA (dark gray) recognizes and binds to the PAM sequence (red). PAM binding
enables local DNA strand separation and subsequent base pairing between the sgRNA target sequence and its comple-
mentary DNA strand. Successful base-pairing induces Cas9 activation and leads to a DBS. The red arrowheads indicate
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the predicted Cas9 cleavage sites [3 bp upstream (5’) of the PAM sequence] within the target DNA. Simultaneous cleav-
age of both target sites, followed by NHEJ repair, often results in the deletion of the intervening DNA through the re-
ligation of the Cas9-induced distal blunt ends.

4.1.2 sgRNA Selection

To select the optimal sgRNA pair for each LRP1B target exon (1 and 85), the
CRISPR Guide RNA design software (available online at https:/www.bench-

ling.com/crispr/) was used. First, the sequence of each target exon was screened for all

possible 20-nt sequences that immediately precede a canonical S. pyogenes Cas9
(SpCas9) PAM sequence [5’-NGG-3’; which occurs on average every 8-12 bp within the
human genome (Cong et al., 2013, Hsu et al., 2013a)]. The potential sgRNA target se-
guences retrieved of each target exon were ranked according to their predicted off-target
score [from the highest to the lowest; Hsu et al. (2013b)], which represents the overall
on-target specificity of each potential sgRNA in the reference genome. Then, sgRNA
pairs (one for each target exon) were manually selected according to the following crite-
ria: (i) to minimize the Cas9 off-target cleavage activity (and potential related off-target
effects) to provide reliable genotype-phenotype correlations, and (ii) to generate disrupt-
ing deletions easily detectable by conventional PCR. Since SpCas9 creates blunt-ended
DSBs 3 bp upstream (5’) of the PAM sequences (Jinek et al., 2012), and the NHEJ path-
way often leads to the accurate repair of two, close and concurrent, Cas9-induced DSBs
[direct ligation of the distal ends of the two DBSs; Geisinger et al. (2016), Guo et al.
(2018)], it is possible to predict deletions accurately. The sgRNA target sequences cho-
sen for the present study, as well as their respective off- and on-target scores, are shown
in Table 9. sgRNA1 and sgRNA2 were selected to target LRP1B exon 1, whereas
sgRNA3 and sgRNA4 were chosen to target LRP1B exon 85, as depicted in Figure 11.

Table 9. Off- and on-target scores for the sgRNA target sequences used in this study.

Target sgRNA  sgRNA target sequence (5 —»3’) PAM  Off-target On-target

exon ID score? scoreP
Exon sgRNA1 GACATTGTGGTCGCCCGGTA AGG 96.6 51.9
1 sgRNA2 CGTGGGAGCCGACCGAGGTA AGG 90.2 50.3
Exon sgRNA3 TTTGGTCCTTCATAGCGCGT TGG 94.8 32.1
85 SgRNA4 TTATAATGCAGTGCCCCCCA TGG 80.5 442

3 Hsu et al. (2013b); " Doench et al. (2016). Off- and on-target scores range from 0 to 100, with higher scores indicating
lower off-target potential and higher predicted Cas9 activity at the target site, respectively.
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Figure 11. Schematic representation of the four sgRNAs targeting the human LRP1B gene. Boxes on the horizontal
connecting black line (introns) represent exons. Filled black boxes (or portion of boxes) represent coding-sequence, and
the unfilled (white) portions of boxes represent non-coding sequence (i.e., untranslated region). Exons and introns are not
drawn at a precise scale. The CRISPR/Cas9 target sites are shown as colorful bars. The sgRNA target sequences (high-
lighted in color) and their respective PAM sequences (bold) are also represented. The predicted CRISPR/Cas9-mediated
deletions (A) are also indicated.

4.2 sgRNA/Cas9 Expression Vector Generation

To use the CRISPR/Cas9 system for genome editing, both Cas9 and target-spe-
cific sgRNA(s) must be delivered to the target cells. In this study, the pSpCas9(BB)-2A-
Puro (PX459) V2.0 vector (Ran et al., 2013) was chosen for the delivery and expression
of the CRISPR/Cas9 machinery in cells. To assemble (clone) the chosen sgRNA target
sequences into the PX459 vector and improve their expression, the appropriate sgRNA-
encoding oligonucleotides and their reverse complements were designed. Since this
vector uses the human U6 promoter to drive SgRNA expression and this promoter prefers
a guanine at the transcription start site (+1) (Guschin et al., 2010), an extra guanine was
added to the 5’ ends of the sgRNA target sequences 2, 3, and 4 (which do not start with
one). An additional cytosine was also added to the 3’ ends of the reverse-complement
sgRNA target sequences 2, 3, and 4. Moreover, the overhang sequences 5-CACC-3’
and 5-AAAC-3" were added to the 5’ ends of the sgRNA target sequences and the
reverse-complement sgRNA target sequences, respectively, for cloning into the Bbsl-
digested PX459 vector. The presence of two, asymmetrically arranged, non-palindromic
Bbsl recognition sites (in the cloning site of the PX459 vector) not only allows directional
cloning but also prevents self-ligation of the empty vector and tandem ligation of multiple
oligonucleotide duplexes. The designed single-stranded DNA (ssDNA) oligonucleotides
were synthesized and commercially obtained from Integrated DNA Technologies. Fol-
lowing the annealing of the ssDNA oligonucleotide pairs, these were independently
cloned into the PX459 vector (Figure 12, A). All sgRNA/Cas9 expression vectors (named
PX459-sgRNA1, PX459-sgRNA2, PX459-sgRNA3, and PX459-sgRNA4) were
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transformed into competent DH5a E. coli cells, which were plated onto LB-ampicillin agar
plates for overnight growth. To check for the correct insertion of the sgRNA-encoding
oligonucleotide duplexes, two ampicillin-resistant colonies of each plate (from each
transformation) were picked for plasmid DNA isolation (Figure 12, B) and Sanger se-
guencing validation. As expected, all colonies tested (8 out of 8) contained correctly as-
sembled sgRNA/Cas9 expression vectors (Figure 12, C).

Oligonucleotide SN AN GACAT T GIGGTCGCCCGG T ARKS
Duplex Antisense 3 CTGTAACACCAGCGGGCCATCAAA &
U6 promotor Bbsl Bbsl v sgRNA scaffold
Cloning Site 5 [FAAAGGACGAAACACCIGCLERERREYC ATYXINIC TGTT T TAGAGCTAGAAATACCAAGT TAAA .3
9 3’..ACTTTCCTGCTTTE-?"G"‘GCCCTGACAA»AAATCTC‘GATCTTTATCGTTCA'ATTT...5'
A

CBh 3xFLAG SV40NLS SpCas9 NP NLS T2A PuroR bGHpA flori  AmpR
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SpCas9(BB)-2A-Puro (PX459) V2.0
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Figure 12. Generation of sgRNA/Cas9 expression vectors. A, Schematic representation for the scarless cloning of the
sgRNA-encoding oligonucleotide duplexes into the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector. The sgRNA-encoding
oligonucleotide duplex contains Bbsl-compatible to vector overhangs (bold). The sense oligonucleotide encodes the
sgRNA target sequence (highlighted in red). Digestion of PX459 with Bbsl allows direct insertion of the oligonucleotide
duplex. The partial DNA sequence was retrieved from https://www.addgene.org/62988/sequences/. The genetic elements
of the PX459 vector are shown in the correct order but are not at a precise scale. B, E. coli colonies from each transfor-
mation plate. The colonies picked for plasmid DNA isolation and Sanger sequencing validation are pointed out by white
arrowheads. C, Representative DNA-sequencing electropherograms of the four sgRNA/Cas9 expression vectors contain-
ing correctly cloned sgRNA target sequences (highlighted in colors).
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4.3 Transfection and Clonal Selection

The established sgRNA/Cas9 vectors were then used to transfect the U87 human
glioblastoma cell line. This was chosen for the establishment of a CRISPR/Cas9-induced
LRP1B-knockout in vitro model since it is described as being among the few cancer cell
lines reported to express LRP1B (Uhlen et al., 2017). Specifically, parental U87 cells
were transfected with (i) the empty vector PX459 (no sgRNA), (ii) PX459-sgRNA1 and
PX459-sgRNA2 (designed to target LRP1B exon 1), (iii) PX459-sgRNA3 and PX459-
sgRNA4 (designed to target LRP1B exon 85), and (iv) all four sgRNA/Cas9 expression
vectors (targeting both exons). Transfections were performed using the cationic lipid-
based Lipofectamine™ 3000 transfection reagent and a total amount of plasmid DNA of
500 ng (manufacturer's recommended DNA amount per well of a 24-well plate). For cells
transfected with all sgRNA/Cas9 expression vectors, a higher amount of DNA (1000 ng)

was also used.

After transfection, cells were selected with 1 pg/mL puromycin for 72 h: a con-
centration that killed non-transfected cells (non-resistant) while selecting those express-
ing the puromycin resistance gene (transfected cells). As expected, 72-h puromycin
treatment resulted in the death of all non-transfected control cells. On the other hand, in
wells with cells transfected with either the empty vector or the PX459-sgRNA1 and
PX459-sgRNA2 (experimental group 1) or PX459-sgRNA3 and PX459-sgRNA4 (exper-
imental group 2), although the levels of cell death were high, some viable cells were still
observed (about 20% compared to untreated control cells). Interestingly, in wells with
cells transfected with all four sgRNA/Cas9 expression vectors (experimental group 3A
and 3B, with 500 and 1000 ng, respectively), cell death levels were even lower (about
50% of cells survived compared to untreated control cells). These results suggest that
the transfection efficiency (indirectly observed through the estimated cell survival) was
higher in cells transfected with all sgRNA/Cas9 expression vectors and independent of

the total amount of transfected plasmid DNA.

After selection, cell pools (derived from each experimental group) were plated at
a very low cell density (<1 cell per well in 96-well plate) for the isolation of potential
LRP1B-knockout monoclonal cell lines. Only wells with one colony were considered
monoclonal and expanded for characterization. Six single-cell clones were derived from
experimental group 1, seven from experimental group 2, seven from experimental group
3A, and six from experimental group 3B. Interestingly, the clones showed profound dif-
ferences in their phenotypes (Figure 13). The main differences were in their (i) cell mor-

phology, between epithelial-like cells (unpolarized, polygonal shape; Figure 13, A and
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F) and fibroblastic-like cells (polarized, elongated shape; Figure 13, B, C, D, E, G, H and
1); (i) cell distribution, between well-distributed cells (Figure 13, A, C, E, and F) and cells
forming branch-like (Figure 13, D, G, and |) or sphere-like structures (Figure 13, B and
H); (iii) cell organization, between cells monolayers (Figure 13, A, E, and F), and multi-
layers (Figure 13, C, D, G, and I).

transfected U87 cells)

Experimental Group 1
(clones derived from PX459-sgRNA1 and PX459-sgRNA2

Experimental Group 3A
(clones derived from PX459-sgRNA1 to PX459-sgRNA4

transfected U87 cells)

transfected U87 cells)

Experimental Group 3B
(clones derived from PX459-sgRNA1 to PX459-sgRNA4

Figure 13. Representative phase-contrast images of nine potential LRP1B-knockout clones. Images were captured
using 4x and 20x objectives (upper and lower panels, respectively) 3 days after seeding.
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Regardless of the passage number, the clones maintained their phenotypic traits.
Since several clones derived from different combinations of the sgRNA/Cas9 expression
vectors transfected U87 cells were found to have similar phenotypes, we hypothesized
that the phenotypic differences observed within the single-cell clones could represent the
heterogeneity of the parental U87 human glioblastoma cell line (Figure 14). Actually,
several studies have found that single cell-derived clones, established from the same
parental cells (from different tissue origins), often exhibit distinct and heritable pheno-
types (Solimene et al., 2001, Wangsa et al., 2018, Wu et al., 2020).

Figure 14. Representative phase-contrast images of parental U87 human glioblastoma cell line. Images were cap-
tured using 4x and 10x objectives (left and right side, respectively) 3 days after seeding.

However, the hypothesis that some of the phenotypic traits found in the clones
could reflect the consequences of the CRISPR/Cas9-induced alterations was not ruled
out. Interestingly, the epithelial-like morphology (Figure 13, A and F) and sphere-like
structures (Figure 13, B and H) were exclusive of clones derived from PX459-sgRNA1
and PX459-sgRNA2 transfected U87 cells (experimental group 1) or PX459-sgRNA1,
PX459-sgRNA2, PX459-sgRNA3, and PX459-sgRNA4 transfected U87 cells (experi-
mental group 3A and 3B).

4.4 Screening Single Cell-Derived Clones for CRISPR/Cas9-

Mediated Deletions and Clone Selection

To screen single cell-derived clones for CRISPR/Cas9-mediated deletions and
evaluate their allelic status (as non-deleted, monoallelic-deleted, or biallelic-deleted al-
leles), genomic DNA was amplified by PCR using different primer sets. The first PCR
was performed using two primers outside the predicted deleted region(s) of the target
exon(s) (Figure 15; Fw and Rv) designed to amplify either non-deleted or deleted DNA

fragments (Figure 15; upper and lower panels). The second PCR was performed using
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one primer outside the predicted deleted region(s) of the target exon(s) and another one
within the region(s) to be deleted (Figure 15; Fw and In). Only clones with at least one
non-deleted allele (non-deletion or monoallelic deletion clones) should present DNA am-
plification (Figure 15; upper panel). Before genotyping PCR, all primer sets were tested
against the genomic DNA from the parental U87 human glioblastoma cell line to assess
non-specific primer binding. All of these produced a single amplicon of the expected size

(data not shown).

LRP1B (non-deleted allele)

% 1 |“ s 85 86 S7gmm 88y 89 go0 91 ‘{
01-FW = e 01 -Rv 85-FW = ——— 35-RV
315 bp 682 bp
01-Fw = mmm<=01-In 85-Fw = e— < 8 5-I0
220 bp 506 bp
LRP1B (deleted allele)
}~ 1 } s E 86 87881 89 90 91 +
01-Fw commmm méa 01-Rv 85-Fw = e—— o 85-RY
221 bp 632 bp

Figure 15. Schematic representation of possible PCR amplicons according to LRP1B allelic status. Upper panel,
Schematic representation of LRP1B non-deleted allele. Lower panel, Schematic representation of LRP1B deleted allele.
Boxes on the horizontal connecting black line (introns) represent exons (white: non-coding region; black: coding region).
The CRISPR/Cas9 target sites are shown as colorful bars. Arrows indicate the positions and orientations of PCR primers.
The expected sizes of the PCR amplicons for LRP1B non-deleted and deleted alleles are also indicated.

The results presented in the following sub-sections (4.4.1 to 4.4.3) are repre-

sentative of two independent DNA extractions followed by separate PCR amplifications.

4.4.1 Analysis of Clones derived from PX459-sgRNA1
and PX459-sgRNA2 Transfected U87 Cells

The PCR genotyping analysis of the six clones derived from PX459-sgRNA1 and
PX459-sgRNA2 (designed to target LRP1B exon 1) transfected U87 cells (experimental
group 1) is depicted in Figure 16, A. Results from the first PCR (Figure 16, A, upper
panel) showed that three clones (C11, D6, and F8) were monoallelic deletion clones
exhibiting both non-deletion and deletion size amplicons (315 and 221 bp, respectively),
and two clones (D8 and H6) were biallelic deletion clones showing only a single deletion
size amplicon (221 bp). These results were further corroborated by the second PCR
(Figure 16, A, lower panel), where only the monoallelic deletion clones showed amplifi-
cation (220-bp size band). Interestingly, one clone (G1) yielded two unexpected PCR
bands of a larger size than the band expected from non-deleted alleles (Figure 16, A,
upper and lower panels). This may be due to the integration of random DNA fragments
into the CRISPR/Cas9 target sites within LRP1B exon 1.
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To characterize the CRISPR/Cas9-induced deletions of the biallelic deletion
clones (as homozygous or heterozygous), the deletion amplicons from clones D8 and
H6 were subjected to Sanger sequencing. In both clones, three sets of overlapping
peaks, downstream the predicted deletion junction in LRP1B exon 1, were observed
(Figure 16, B, highlighted with asterisks). These results suggest that these clones (D8
and H6) were actually derived from at least two biallelic-deleted cells [i.e., their origin is
not monoclonal; Dehairs et al. (2016)]. Therefore, these clones were not further studied.
However, this hurdle could be overcome by further subcloning these false-positive mon-
oclones. Overall, these results demonstrate that the SpCas9, together with the pair
sgRNA1 and sgRNAZ2, can efficiently excise the targeted region of LRP1B exon 1.
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Figure 16. Genotyping analysis of the clones derived from PX459-sgRNA1 and PX459-sgRNA?2 transfected U87
cells. A, Upper panel, the CRISPR/Cas9-targeted exon 1 was amplified from genomic DNA using the primers forward
(01-Fw) and reverse (01-Rv). The expected sizes of the PCR amplicons for LRP1B non-deleted and deleted alleles are
315 bp and 221 bp, respectively. A, Lower panel, the CRISPR/Cas9-targeted exon 1 was amplified from genomic DNA
using the primers forward (01-Fw) and reverse internal (01-In). The expected size of the PCR amplicon for the LRP1B
non-deleted allele is 220 bp. Control (+), positive control using genomic DNA from the parental U87 human glioblastoma
cell line and the appropriate primer set for each PCR; Control (-), negative control for each primer set (no DNA template);
DNA Ladder, 1 kbp DNA ladder. Schematic representation of the LRP1B non-deleted and deleted alleles is depicted on
the right side of the panels. Labeled black arrows indicate the positions and orientations of PCR primers. The arrowheads
indicate the CRISPR/Cas9 target sites within LRP1B exon 1. B, Representative DNA-sequencing electropherograms are
displaying the deletion junctions of the biallelic deletion clones. The nucleotide positions with three overlapping peaks are
indicated with an asterisk (*).
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4.4.2 Analysis of Clones Derived from PX459-sgRNA3
and PX459-sgRNA4 Transfected U87 Cells

The PCR genotyping analysis of the seven clones derived from PX459-sgRNA3
and PX459-sgRNA4 (designed to target LRP1B exon 85) transfected U87 cells (experi-
mental group 2) is depicted in Figure 17. Results from the first PCR (Figure 17, upper
panel) showed that all clones were non-deletion clones, exhibiting only a single non-
deletion size amplicon (682 bp). These results were further validated by the second PCR
(Figure 17, lower panel), where all clones showed amplification (506-bp size band).
These results suggest that the SpCas9, together with the pair sSgRNA3 and sgRNA4,
cannot excise the targeted region of LRP1B exon 85 (at least efficiently). The absence
of CRISPR/Cas9-mediated deletions might be explained by the individual low on-target
score of the sgRNA3 (32.1 out of 100) and sgRNA4 (44.2 out of 100), which represents
the efficiency of sgRNA binding and Cas9 cleavage at the target site (Doench et al.,
2016). However, these on-target scores were between the best on-target scores for all

the possible sgRNA target sequences within LRP1B exon 85.
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Figure 17. Genotyping analysis of the clones derived from PX459-sgRNA3 and PX459-sgRNA4 transfected U87
cells. Upper panel, the CRISPR/Cas9-targeted exon 85 was amplified from genomic DNA using the primers forward (01-
Fw) and reverse (01-Rv). The expected sizes of the PCR amplicons for LRP1B non-deleted and deleted alleles are 682
bp and 632 bp, respectively. Lower panel, the CRISPR/Cas9-targeted exon 85 was amplified from genomic DNA using
the primers forward (01-Fw) and reverse internal (01-In). The expected size of the PCR amplicon for the LRP1B non-
deleted allele is 506 bp. Control (+), positive control using genomic DNA from the parental U87 human glioblastoma cell
line and the appropriate primer set for each PCR; Control (-), negative control for each primer set (no DNA template);
DNA Ladder, 1 kbp DNA ladder. Schematic representation of the LRP1B non-deleted and deleted alleles is depicted on
the right side of the panels. Labeled black arrows indicate the positions and orientations of PCR primers. The arrowheads
indicate the CRISPR/Cas9 target sites within LRP1B exon 85.
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4.4.3 Analysis of Clones Derived from PX459-sgRNAL1 to
PX459-sgRNA4 Transfected U87 Cells

Regarding the genotyping analysis of the clones derived from PX459-sgRNAL,
PX459-sgRNA2, PX459-sgRNA3, and PX459-sgRNA4 transfected U87 cells (experi-
mental group 3A and 3B), the LRP1B target exons (1 and 85) were analyzed separately.

Regarding exon 1, the results from the first PCR (Figure 18, A, left side) showed
that: one clone (E6) was a non-deletion clone exhibiting only a single non-deletion size
amplicon (315 bp), one clone (C4) was monoallelic deletion clone showing both non-
deletion and deletion size amplicons (315 and 221 bp, respectively) and nine clones (A5,
B9, C2, C9, D4, D11, F5, G5, and H7) were biallelic deletion clones exhibiting only a
single deletion size amplicon (221 bp). Besides the expected non-deletion and/or dele-
tion size amplicons, two clones (H3 and H9) yielded other unexpected amplicons; there-
fore, these were excluded for further analysis. Intriguingly, among the nine clones (A5,
B9, C2, C9, D4, D11, F5, G5, and H7), initially identified as biallelic deletion clones, only
three clones (A5, B9, and H7) were confirmed as such due to the lack of amplification
with the gene-specific primer set, 01-Fw and 01-In (Figure 18, A, right side). The other
six clones (C2, C9, D4, D11, F5, and G5) presented amplicons of the same size as the
expected amplicons for LRP1B non-deleted alleles (220 bp; Figure 18, A, right side).
These results cannot be explained by sample cross-contamination or PCR reagents con-
tamination (with exogenous DNA) since identical results were obtained from two inde-
pendent DNA extractions followed by separate PCR amplifications, and the negative
control lacked amplification. Moreover, the hypothesis that these clones could be, in fact,
monoallelic deletions clones seemed rather unlikely since no non-deletion size ampli-
cons (315 bp) were generated with the first set of primers (01-Fw and 01-Rv; Figure 18,
A, left side). Since it was not possible to confirm the biallelic-deleted status of C2, C9,
D4, D11, F5, and G5 by the PCR genotyping analysis, and there was no obvious expla-
nation for these non-concordant PCR results, these were not further studied.

To characterize the CRISPR/Cas9-induced deletions of the biallelic deletion
clones (as homozygous or heterozygous), the deletion amplicons of clones A5, B9, and
H7 were subjected to Sanger sequencing. Clone A5 turned out to be a false-positive
monoclone (i.e., its origin is not monoclonal), and therefore it was excluded from further
analysis. Clones B9 and H7 were found as heterozygous for the deletion. The manual
alignment of the sequences of each deleted allele with the wild-type sequence (from the

parental U87 human glioblastoma cell line) revealed that (Figure 18, B): (i) clone B9
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harbored one allele with a precise 94-bp deletion (mediated by accurate NHEJ) and an-
other with a 1-bp insertion at the vicinity of the predicted deletion junction (93-bp dele-
tion), and (ii) clone H7 harbored two alleles with distinct insertions close to predicted
deletion junction (2-bp and 20-bp insertions that corresponds to 92-bp and 84-bp dele-
tions, respectively). The insertions had homology to the sequence within the predicted
CRISPR/Cas9-mediated deletion (Figure 18, B). Since only two biallelic deletion clones
were examined, no conclusions can be drawn regarding whether this sgRNA pair can
generate precise deletions (of defined length) mediated by accurate NHEJ repair of the
Cas9-induced DSBs.
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Figure 18. Genotyping analysis of the clones derived from PX459-sgRNA1, PX459-sgRNA2, PX459-sgRNA3, and
PX459-sgRNA4 transfected U87 cells. A, Left side, the CRISPR/Cas9-targeted exon 1 was amplified from genomic
DNA using the primers forward (01-Fw) and reverse (01-Rv). The expected sizes of the PCR amplicons for LRP1B non-
deleted and deleted alleles are 315 bp and 221 bp, respectively. A, Right side, the CRISPR/Cas9-targeted exon 1 was
amplified from genomic DNA using the primers forward (01-Fw) and reverse internal (01-In). The expected size of the
PCR amplicon for the LRP1B non-deleted allele is 220 bp. Control (+), positive control using genomic DNA from the
parental U87 human glioblastoma cell line and the appropriate primer set for each PCR; Control (-), negative control for
each primer set (no DNA template); DNA Ladder, 1 kbp DNA ladder. B, Sequencing analysis of the deletion junctions of
the biallelic deletion clones identified by PCR. The deleted amplicon sequences are aligned with the LRP1B wild-type
sequence. The PAM (bold) and DNA target (highlighted in color) sequences within LRP1B exon 1 are depicted in the wild-
type sequence. The number within the LRP1B wild-type alleles represents the number of nucleotides not shown. The
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vertical dashed lines indicate the predicted Cas9 cleavage site, 3-nt upstream (5’) of the PAM sequence (5-NGG-3’). The
deleted nucleotides are shown as dashes (-). The number of deleted nucleotides is displayed on the right side of the
deleted amplicon sequences.

A recent study showed that the frequency of accurate NHEJ in the repair of two
close and concurrent Cas9-induced DSBs (distances ranging from 23 to 148 bp) was
high (Guo et al., 2018). Interestingly, a former study showed that the distance between
the CRISPR/Cas9 target sites negatively correlated with the frequency of the deletion
and the accuracy of the NHEJ repair pathway [for distances greater than 1 kbp up to 1
Mbp; Canver et al. (2014)]. Hence, the NHEJ repair pathway can be exploited to improve
CRISPR/Cas9-mediated genome editing that requires out-of-frame or in-frame precise
deletions. Interestingly, Guo et al. (2018) indicated that the frequency of accurate NHEJ
in repairing two (close and concurrent) Cas9-induced DSBs was hampered by frequent
1-bp and 2-bp insertions at the predicted deletion junctions. As a matter of fact, several
studies have shown that Cas9 generates predominantly blunt DNA ends but occasionally
DNA ends with 5’ overhangs, particularly 1-nt and 2-nt 5’ overhangs, that often result in
template-dependent insertions [Figure 19; Jinek et al. (2012), Zuo and Liu (2016),
Lemos et al. (2018), Taheri-Ghahfarokhi et al. (2018), Gisler et al. (2019)].
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Figure 19. Models depicting possible DNA repair outcomes after paired Cas9-induced DSBs. Cas9 generates pre-
dominantly blunt DNA ends but occasionally staggered DNA ends (5 overhanging ends), particularly 1-nt and 2-nt 5’
overhangs. In the repair of paired Cas9-induced DSBs, the distal blunt ends can be accurately rejoined (precise deletion)
or result in random indels at the predicted deletion junction (through deletion by exonuclease activity prior to ligation or
nucleotide insertion by a DNA polymerase). In the repair of paired Cas9-induced DSBs, the distal ends with 5" overhangs
can be precisely re-ligated by the NHEJ repair pathway if the two 5’ overhangs are compatible or may lead to templated
insertions.

Although clones B9 and H7 were found as heterozygous for the CRISPR/Cas9-
mediated deletion (i.e., clones have distinct alleles; Figure 18, B), part of the 5’-untrans-
lated region (UTR) and the entire protein-coding region of LRP1B exon 1 was excised

(except for one of the alleles of clone H7, downstream the start of the protein-coding
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region of LRP1B exon 1). These CRISPR/Cas9-mediated deletions caused (i) the trun-
cation of the 5° UTR (in which 10-nt to 12-nt at the 3’ end is deleted) and (ii) the loss of
the canonical AUG start codon on LRP1B mRNA. The translation of this mutant mRNA
might be abrogated entirely (due to the canonical AUG start codon's removal) or may
proceed if a downstream alternative start codon (usually the first downstream ATG) is
available and the truncated 5’ UTR is still functionally active (Marino et al., 2009, Parsons
et al., 2015). On the assumption that the truncated 5’ UTR is still functionally active, and
intron 1 is correctly spliced out from the mutant LRP1B mRNA, the first downstream ATG
present at exon 2 may encode an alternative translation start site. If this is the case, the
translation initiated at the first alternative start codon can be shortly ceased due to the
presence of an in-frame PTC [predicted using the ExPASy translate online tool,
Gasteiger et al. (2003)]. Alternatively, the aberrant LRP1B mRNA (harboring a PTC) can
be degraded through the NMD pathway. One of these events may also occur on the
mutant LRP1B mRNA, with the first ATG (encoding the translation start site), due to the
presence of another in-frame PTC. Hence, the biallelic deletion clones B9 and H7 were

considered potential LRP1B knockout clones.

Since only one non-deletion clone (clone E6; Figure 18, A, left side) was found,
its non-deletion amplicon was subjected to Sanger sequencing. Remarkably, this non-
deletion clone revealed that it carried a 1-bp deletion in the sgRNAL1 binding region and
a 25-bp deletion in the sgRNA2 binding region. At first sight, this clone appeared to be
homozygous for the individual deletion events (i.e., identical mutations at the individual
SgRNA binding sites in both alleles; Figure 20, A). However, in contrast to the parental
U87 human glioblastoma cell line, clone E6 did not show a single-nucleotide variant
(SNV) at the nucleotide position 210 (C—G transversion; Figure 20, B, red arrowhead)
in the 5’-UTR of the human LRP1B (which is upstream the target region within exon 1).
Considering that (i) the biallelic deletion clones (B9 and H7) also showed the same SNV
(data not shown) and (ii) the U87 human glioblastoma cell line is hypodiploid containing
43 to 45 chromosomes (Law et al., 2005, Hu et al., 2013), we hypothesized that this
clone derived from a parental U87 cell containing only one copy of chromosome 2 (where
the human LRP1B locus is located). This hypothesis can be proved (or disproved) by
karyotyping clone EG6. Interestingly, the 25-bp deletion in the sgRNA2 binding region
caused the elimination of the last 7-bp of LRP1B exon 1 and the first 18-bp of LRP1B
intron 1; therefore, disrupting exon 1 natural 5’ splice site. This can result in either exon
skipping, intron retention, or the introduction of a new splice site within an exon or intron
(Baralle & Baralle, 2005). Since this 5’ splice site disruption may affect the correct pro-

cessivity (i.e., splicing) of the precursor mRNA [pre-mRNA; (Baralle & Baralle, 2005)],
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clone E6 was also considered a potential LRP1B knockout clone.
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Figure 20. Sequencing analysis of the non-deletion amplicon of clone E6. A, The non-deleted amplicon sequence is
aligned with the LRP1B wild-type sequence. The PAM (bold) and DNA target (highlighted in color) sequences within
LRP1B exon 1 are depicted in the wild-type sequence. The number within the LRP1B alleles represents the number of
nucleotides not shown. The vertical dashed lines indicate the predicted Cas9 cleavage site, 3-nt upstream (5’) of the PAM
sequence. The deleted nucleotides are indicated as dashes (-). The number of deleted nucleotides is indicated on the
right side of the non-deleted amplicon sequence. B, Representative DNA-sequencing electropherograms are depicting
the presence of an SNV at the nucleotide position 210 (C—G transversion; red arrowhead) in the 5’-UTR of the human
LRP1B in the parental U87 human glioblastoma cell line and its absence in clone E6.

Regarding the analysis of exon 85, as expected, no deletion was detected
through PCR (data not shown). Nevertheless, for the clones found to be potential LRP1B
knockouts from the analysis of exon 1 (B9, E6, and H7), the non-deletion amplicons were
subjected to Sanger sequencing. Interestingly, clones E6 and H7 showed small deletions
(ranging from 1-bp to 2-bp) in the sgRNA4 binding region (light blue, Figure 21). These
deletions were predicted to introduce an ORF-interrupting PTC. No mutation was found
for clone B9. Although our results showed that the SpCas9, together with the pair
sgRNA3 and sgRNA4, was unable to excise the targeted region of LRP1B exon 85, the
sgRNA4/Cas9 complex was able to bind to the DNA target sequence and induce a DSB
within the target DNA [3-nt upstream (5’) of the PAM sequence; Figure 21]. These results
were not a surprise since the on-target score of the sgRNA4 (44.2 out of 100) is higher
than the on-target score of the sgRNA3 (32.1 out of 100).
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Figure 21. Sequencing analysis of the non-deletion amplicons of potential knockout clones. The non-deleted am-
plicon sequences are aligned with the LRP1B wild-type sequence. The PAM (bold) and DNA target (highlighted in color)
sequences within LRP1B exon 85 are depicted in the wild-type sequence. The number within the LRP1B alleles repre-
sents the number of nucleotides not shown. The vertical dashed lines indicate the predicted Cas9 cleavage site, 3-nt
upstream (5’) of the PAM sequence (5-NGG-3’). The deleted nucleotides are shown as dashes (-). The number of deleted
nucleotides is indicated on the right side of the non-deleted amplicon sequences.
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The summary of the genetic characteristics of the potential LRP1B knockout

clones is depicted in Table 10.

Table 10. Summary of the characteristics of the potential LRP1B knockout clones.

Target  Clone Allelic CRISPR/Cas9-in- Deletion length (bp) Effect of the deletion in LRP1B
exon name status duced deletions mRNA
1 B9 Biallelic-  Heterozygous 94 (precise deletion) Loss of the putative Kozak con-
deleted sensus sequence? and the ca-
nonical AUG start codon
93 (1-bp insertion) Loss of the putative Kozak con-
sensus sequence? and the ca-
nonical AUG start codon
H7 Biallelic-  Heterozygous 92 (2-bp insertion) Loss of the putative Kozak con-
deleted sensus sequence? and the ca-
nonical AUG start codon
84 (20-bp insertion) Preservation of the putative
Kozak consensus sequence®
and the canonical AUG start
codon
E6 NA NA 26 (1-bp deletion in the Loss of the exon 1 natural 5
sgRNAL binding region and splice site (5-AG/GUAAGU-3’
25-bp deletion in the sgRNA2  consensus sequence)
binding region)
85 B9 NA NA No deletion NA
H7 NA NA 1-bp deletion in the sgRNA4  Introduction of an ORF-inter-
binding region rupting PTC
2-bp deletion in the sgRNA4  Introduction of an ORF-inter-
binding region rupting PTC
E9 NA NA 2-bp deletion in the sgRNA4  Introduction of an ORF-inter-

binding region rupting PTC

2 The first AUG start codon occurs in the context of the so-called Kozak consensus sequence, which functions as the
protein translation initiation site (TIS) in most eukaryotic mRNA transcripts (Kozak, 1989). TIS Miner (Liu & Wong,
2003) and NetStart 1.0 (Pedersen & Nielsen, 1997) were used to predict the putative TIS. Abbreviation: NA, non-
applicable.

Interestingly, clones B9 and H7 exhibit similar phenotypes, whereas clone E6
shows a remarkably different phenotype (Figure 22). The question remains as to
whether these phenotypic differences could (i) represent the heterogeneity of the paren-
tal U887 human glioblastoma cell line or (ii) reflect the consequences of the
CRISPR/Cas9-induced alterations. To clarify this question, it would be essential to per-
form: (i) a short tandem repeat (STR) DNA profiling analysis, which enables the authen-
tication of the identity of the cell line (Reid et al., 2013), and (ii) a karyotyping analysis,
which allows the identification of the numerical and structural chromosomal abnormali-
ties (Tidball, 2019).
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Clone B9 Clone H7 Clone E6

Clones derived from PX459-sgRNA1 to PX459-sgRNA4
transfected U87 cells

Figure 22. Representative phase-contrast images of potential LRP1B-knockout clones. Images were captured using
4x and 20x objectives (upper and lower panels, respectively) 3 days after seeding.

4.5 Assessing LRP1B mRNA Expression in Potential Knockout

Clones

To evaluate LRP1B mRNA expression in the three potential knockout clones (B9,
E6, and H7), two-step probe-based RT-qPCRs were carried out using three different
gene expression assays targeting three distinct exon-exon junctions of LRP1B mRNA:
assay A for the exon-exon junction 1-2, assay B for exon-exon junction 3-4, and assay
C for exon-exon junction 85-86 (Figure 23). The human TBP was selected as the en-
dogenous reference gene (i.e., housekeeping gene) for this study since it was previously
described as suitable for the normalization of gPCR gene expression data in human gli-
oblastoma tumors or cell lines (Valente et al., 2009, Aithal & Rajeswari, 2015). As shown
in Figure 23, no LRP1B mRNA expression was observed in the three potential knockout
clones using assay A (target region, exon-exon junction 1-2). Using assay B (target re-
gion, exon-exon junction 3-4), no LRP1B mRNA expression was observed in clone E6.
In contrast, clones B9 and H7 showed gene expression, although to a lesser extent than
in the parental U887 human glioblastoma cell line. Using assay C (target region, exon-
exon junction 85-86), in conformity with the results mentioned above, no expression of
the human LRP1B was detected in clone E6. Interestingly, the expression level of LRP1B

in clone B9 and clone H7 was similar to the parental U87 human glioblastoma cell line.
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Figure 23. RT-gPCR analysis of the LRP1B mRNA levels in the potential knockout monoclonal cell lines. Data was nor-
malized to the human TBP using the 2°°T method. Data represent mean + SEM from three independent experiments.

These results suggest that the 25-bp deletion of exon 1-intron 1 junction (disrup-
tion of exon 1 natural 5’ splice site) in clone E6 resulted in the complete abrogation of
the LRP1B mRNA. As previously mentioned, the disruption of a splice site can result in
either exon skipping, intron retention, or the introduction of a new splice site within an
exon or intron (Baralle & Baralle, 2005). However, considering the results obtained, we
hypothesized that the complete ablation of the LRP1B mRNA might be attributed to intron
1 retention and the consequent establishment of a PTC that elicits nonsense-mediated
decay of the mutant LRP1B mRNA. In fact, intron retention was already associated with
down-regulation of gene expression via the NMD pathway (Ge & Porse, 2014) mainly
because retained introns frequently interrupt the main ORF of the mRNA and often lead
to the introduction of PTCs (Jacob & Smith, 2017). Clone E6 is therefore proposed to be
an LRP1B knockout monoclonal cell line.

The absence of LRP1B mRNA expression in the clones B9 and H7 using assay
A (target region, exon-exon junction 1-2) is explained by the probe binding site that is
inside the region targeted by the sgRNA pair 1-2. Even though clones B9 and H7 showed
RT-gPCR amplification of a specific targeted LRP1B mRNA sequence using the other
assays (B and C; target region, exon-exon junction 3-4 and exon-exon junction 85-86,
respectively), the expression levels of LRP1B in these clones were substantially lower
compared to the parental U87 human glioblastoma cell line with assay B. The results
suggest that aberrant LRP1B transcripts putatively harboring an in-frame PTC (of clones

B9 and H7) are subjected to NMD. However, it seems that some aberrant LRP1B
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transcripts escaped the NMD pathway. The mRNA resistance to NMD may result from
the specific localization of the PTC in exon 2 of LRP1B. In fact, the UAG stop codon is
localized to the position occupied by the exon junction complex (EJC; 20-nt to 24-nt up-
stream of the exon-exon junction), which serves to orient the NMD machinery and may
be masked during the first (or pioneer) round of translation (Hwang & Kim, 2013, Popp
& Maquat, 2016). Still, the presence of transcripts that have not escaped NMD does not
imply that the aberrant LRP1B transcripts will be efficiently translated (Hwang & Kim,
2013). Moreover, on the assumption that the first alternative ATG (located in exon 2)
encodes a translation start site, the translation initiated at the alternative AUG start codon
would be shortly ceased (due to the existence of an ORF-interrupting PTC). In respect
to the results obtained with assay C, no explanation was found. Although clones B9 and
H7 seemed to be potential knockout clones, these were further tested for the presence
of LRP1B through Western Blot. Unfortunately, we could not confirm their knockout sta-
tus (using this technique) due to problems associated with the commercial anti-LRP1B

antibodies (data not shown).
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5 Conclusions

The aim of this study was to establish an LRP1B-knockout human cancer cell line
using the CRISPR/Cas9 genome-editing tool. To achieve this, we decided to target the
most upstream exons shared by the majority of the four predicted protein-coding tran-
scripts of the human LRP1B gene. Thus, exon 1 and exon 85 were identified as targets
for specific CRISPR/Cas9-mediated disrupting deletions. Four sgRNAs were designed
and successfully cloned into the PX459 plasmid containing both the sgRNA scaffold and
the SpCas9 nuclease. In total, four sgRNA/Cas9 expression vectors were generated:
two designed to target LRP1B exon 1 (PX459-sgRNA1 and PX459-sgRNA2) and an-
other two designed to target LRP1B exon 85 (PX459-sgRNA3 and PX459-sgRNA4).
Combinations of these sgRNA/Cas9 expression vectors (two or all four) were effectively
co-transfected into U87 glioblastoma cells using a cationic lipid-based transfection rea-
gent. Transfected cells were selected, and single-cell clones were successfully isolated
using limiting dilution. Our results showed that the SpCas9, together with the pair
sgRNA1 and sgRNA2, can efficiently excise the targeted region of LRP1B exon 1. In
contrast, the SpCas9, together with the pair sgRNA3 and sgRNA4, is unable to excise
the targeted region of LRP1B exon 85 (at least efficiently). Overall, we were able to iden-
tify three potential knockout clones (B9, H7, E6) through PCR and sequencing analysis.
In clones B9 and H7, the CRISPR/Cas9-mediated deletions resulted in the downregula-
tion of LRP1B gene expression. Additional studies are needed to further evaluate the
effect of CRISPR/Cas9-induced deletions in LRP1B protein expression and confirm their
knockout status. In clone E6, the disruption of exon 1 natural 5’ splice site (deletion of
exon 1-intron 1 junction) resulted in the complete abrogation of the LRP1B mRNA, there-
fore, clone EG6 is proposed to be an LRP1B knockout. In summary, we were able to es-
tablish an LRP1B-knockout human cancer monoclonal cell line using the CRISPR/Cas9
genome-editing tool. The now developed LRP1B-knockout model can be extremely use-

ful for deciphering the LRP1B associated cancer mechanisms.
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7 Appendix
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Introduction

The low-density lipoprotein (LDL) receptor-
related protein 1B (LRP1B) is a member of
the LDL Receptor (LDLR) protein family
which includes several structurally related
cell-surface receptors with highly diverse
biological functions, ranging from cargo
transport to cellular signaling2, (RPIB
inactivation by either chromosomal,
epigenetic or microRNA-mediated
mechanisms has been reported in multiple
cancer types; being proposed as a tumor
suppressor gene®. LRP1B binds to a myriad
of ligands, activating extracellular
proteolytic cascades and modulating ligand
internalization and trafficking*:. Therefore,
LRP1B can influence several cellular
functions such as growth, migration, and
invasion’s, Furthermore, LRP1B endocytic
activity may contribute to resistance to
liposomal therapies and have clinical
impact=n. Nevertheless, its role in cancer
remains  elusive.  The  accumulated
knowledge on LRP1B has largely arisen from
studies based on the expression of LRP1B
minireceptors (comprising only part of the
protein}, or LRP1B known soluble
ectodomains. Additionally, LRP1B
downregulation using RNA interference-
based strategies has also been used to
validate specific resultssm Regardless of
being extremely useful, these approaches
may underestimate the full potential of
LRP1B.

CRISPR/Cas9 system has become an
unprecedented powerful genome-editing
tool:. The current system relies on
programmable short single guide RNAs
(sgRNAs) that drive DNA targeting and
cleavage by Cas9 to introduce, delete or
replace a genomic region of interest,

Aim

The aim of the ongoing project is to
establish and characterize CRISPR/CasS-
induced LRP1B-knockout glioblastoma cell
line model.
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What's Next?

) Characterization of CRISPR/Cas9-induced mutations by Sanger sequencing.

(7 Validation of biallelic knockout clones at mRNA and protein level,

{ Characterization of LRP1B-knockout clones in terms of cell viability, proliferation, motility and

invasion, b

This project will allow the development of an LRP1B-knockout model of upmost importance for the
study of the LRP18 role in cancer.
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