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Nomenclature and abbreviations list

A - Alanine

AIDS - Acquired immune deficiency
syndrome

AIRE — Autoimmune regulator

AKT - Protein kinase B

Ala - Alanine

ALX - Hematopoietic SH2 domain-
containing protein
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Asn — Asparagine
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AS-PCR - Allele-specific PCR
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Blk - B lymphocyte kinase

CiGALTI - Core 1 synthase,
glycoprotein-N-acetylgalactosamine 3-
beta-galactosyltransferase 1

cAMP - Cyclic
monophosphate

CAR - Chimeric antigen receptor

Cas — CRISPR-associated protein

Cas9n — Cas9 nickase

CCL5 — C-C motif chemokine ligand 5

CD - Cluster of differentiation

cDNA - Complementary DNA

CMC - Critical micelle concentration

CRISPR -  Clustered regularly
interspaced short palindromic repeats

crRNA — CRISPR RNA

Csk — C-terminal Src kinase

CTLA4 - Cytotoxic T-lymphocyte-
associated protein 4

CXCL12 - C-X-C motif chemokine ligand
12

D — Aspartic acid

DNA - Deoxyribonucleic acid

DSCAM - Down syndrome cell adhesion
molecule

DSCAML1 - Down syndrome cell
adhesion molecule like 1

E — Glutamic acid

EF — Loop between E- and F-f3 strands

EGFR - Epidermal growth factor
receptor

adenosine

ERK - Extracellular signal-regulated
kinase

eSpCasg9 - Enhanced specificity
Streptococcus pyogenes Cas9

F — Phenylalanine

Fgr — Proto-oncogene tyrosine-protein

kinase Fgr

FRET - Forster resonance energy
transfer

Fyn - Proto-oncogene tyrosine-protein
kinase Fyn

Gads -  GRBa-related  adaptor

downstream of Shc

GFP — Green fluorescent protein

Glu — Glutamic acid

GRB2 - Growth factor receptor-bound
protein 2

gRNA — Guide RNA

GTPase - Guanosine-5'-triphosphate
hydrolase

Hck — Hemopoietic cell kinase

HDR - Homology directed repair

HIV — Human immunodeficiency virus

ICOS - Inducible T-cell Costimulator

IFN-y — Interferon gamma

IL — Interleukin

IO — Ionomycin

IS — Immunological synapse

ITAM - Immunoreceptor tyrosine-based
activation motif

Itk - Interleukin-2-inducible T-cell
kinase

JNK - c-Jun N-terminal kinase

JTAg — Jurkat TAg

KO - Knockout

LAD - Lck adaptor protein

LAT - Linker for activation of T cell

Lck - Lymphocyte-specific protein
tyrosine kinase

LDS - Lithium dodecyl sulfate

LFA-1 — Lymphocyte function-associated
antigen 1

LIME - Lck-interacting transmembrane
adapter 1

Lnk - Lymphocyte Adapter Protein

Lyn — Tyrosine-protein kinase Lyn

Lys — Lysine

MAP3K2 - Mitogen-activated protein
kinase kinase kinase 2



MAPK - Mitogen-activated protein
kinase

MAPK7 - Mitogen-activated protein
kinase 7

MHC - Major histocompatibility
complex

mRNA - Messenger ribonucleic acid

MS — Mass spectrometry

MSH2 — DNA mismatch repair protein
Msh2

mMTECs — Medullary thymic epithelial
cells

NCK1 — Non-catalytic region of tyrosine
kinase adaptor protein 1

NFAT - Nuclear factor of activated T-
cells

NF-kB - Nuclear factor kappa-light-
chain-enhancer of activated B cells

NHEJ — Non-homologous end joining

NK - Natural killer

N-WASP - Neural Wiskott-Aldrich
syndrome protein

PAM - Protospacer adjacent motif

PCR - Polymerase chain reaction

PDGFR - Platelet-derived growth factor
receptor

Phe — Phenylalanine

PI3K — Phosphatidylinositol 3-kinase

PKA - Protein kinase A

PKC - Protein kinase C

PLC-y — Phospholipase C, gamma 1

PMA - Phorbol myristate acetate

PP2 - 4-Amino-5-(4-chlorophenyl)-7-
(dimethylethyl)pyrazolo[3,4-
d]pyrimidine (Src kinase inhibitor)

pSer — Phosphoserine

PTB - Phosphotyrosine-binding domain

PTEN - Phosphatase and tensin
homologue

pThr — Phosphothreonine

PTPN22 — Protein Tyrosine Phosphatase
Non-Receptor Type 22

pTyr — Phosphotyrosine

Pyk2 — Protein tyrosine kinase 2 beta

Rho — Ras homolog

RIBP - RIk/Itk-binding protein

RPSA - 408 ribosomal protein SA

S — Serine

Ser — Serine

SH2 - Src homology 2

SH2D2A - SH2 Domain-Containing
Protein 2A

SH3 — Src homology 3

SHC - SH2 domain-containing
transforming protein

SHIP — SH2-domain-containing inositol
polyphosphate 5’ phosphatase

SHP1 - SH2 domain-containing
phosphatase-1
SHP2 - SH2 domain-containing

phosphatase-2

siRNA — Small interfering RNA

SLP76 - SH2 domain containing
leukocyte protein of 76kDa

SNP - Single nucleotide polymorphism

Sos1 — Son of sevenless homolog 1

Src — Proto-oncogene tyrosine-protein
kinase Src

ssODN -  Single-stranded donor
oligonucleotide

SV40 — Simian virus 40

Syk — Spleen tyrosine kinase

T — Threonine

TALEN —Transcription activator-like
effector-based nucleases

TCR — T-cell receptor

Tec — Tyrosine-protein kinase Tec

TGFBR — TGF-f receptor

TGF-B - Transforming growth factor
beta

Thr — Threonine

TNF-B — Tumor necrosis factor-beta

TP53 — Tumor protein p53

TSAd - T cell specific adaptor protein

Tyr — Tyrosine

VAV1 - Vav Guanine
Exchange Factor 1

VE-cadherin - Vascular endothelial
cadherin

VEGF - Vascular endothelial cell growth
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VEGFR2 — VEGF receptor 2
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Yes — Proto-oncogene tyrosine-protein
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ZAP70 — Zeta-chain-associated protein
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Introduction

The adaptive immune system

The immune system cells can detect most of the dangerous or abnormal
situations that put the organism at risk. Our common enemies are small,
numerous and constantly adjusting to new situations. To overcome
attacks from bacteria, fungi, viruses and parasites, our immune system
had to develop a method to equally quickly adapt to new invaders.
Therefore, evolution equipped us with an adaptive immune system

(Flajnik and Kasahara, 2010).

The two components which are the most important parts of the adaptive
(acquired) immune system are: antibodies produced by B cells
(Fagraeus, 1948) and TCR presented on the surface of T cells
(Zinkernagel and Doherty, 1975). B cells, T cells and NK cells are named
lymphocytes, as they are the main cells present in the lymph, allowing
them to perform a secondary lymphoid organs surveillance. NK cells are
considered to be a part of innate immune system, as they receptors
cannot acquire specificity toward targets. In contrast, both B cells and T
cells can recognize other molecules with very high specificity. Due to
that, they are tightly controlled on both the molecular and the cellular

level.

The first step in acquiring adaptive immunity is the scavenging
mechanism of antigen-presenting cells (APC). The professional APC,
which include dendritic cells, are continuously engulfing cellular and
molecular debris throughout the body. Whenever they receive a “danger”
signal (Matzinger, 1994), they start migrating towards the closest
secondary lymphoid organ. In the lymphoid organ, they present the
scavenged molecules (antigens) to the T cells (Steinman, 1991). If a T cell
recognizes the specific antigen presented by the dendritic cell, it becomes

activated and starts to proliferate. There are two major types of T cells:



cytotoxic CD8+* T cells and helper CD4* T cells, so-named with respect to
their main cellular function and surface expression of the TCR co-
receptors. A smaller subset of T cells, however crucial in regulating

adaptive immune responses, are the regulatory T cells.

T cells in the adaptive immune system

After activation, cytotoxic T cells migrate towards the “danger” site
where the “danger” signal originated and survey local cells. Most cells
present fragments of their proteins on the cell surface in the forms of
peptides bound to major histocompatibility complex (MHC) class I
molecules. If a CD8* T cell recognizes any of those fragments as their
specific antigen, it is most likely a foreign or abnormal protein. For the
CD8* T cell this is a signal to kill the targeted cell through cytotoxic
killing. In this way T cells can recognize malfunctioning cells, mutated

cancer cells or cells infected with bacteria and viruses (Cerottini et al.,

1970).

Meanwhile, the helper CD4* T cells perform a completely different
function (Fig. 1). Following activation, they stay in the secondary
lymphoid organs producing cytokines and seeking B cells to interact
with. B cells also reside in the secondary lymphoid organs, where they
have access to constant flow of antigens drained from the tissue. The B-
cell receptor (BCR) is similar to the TCR, whereby its specificity to
antigen is very high and can recognize only a small number of molecules
in their native form. As soon as the BCR binds an antigen, it is
internalized and the cargo is digested. The peptides created by the
digestion are loaded onto MHC class II molecules and presented on the
surface of the B cell (Lanzavecchia, 1985). These complexes are scanned
by the activated CD4* T cells. Whenever the CD4* T cell recognizes a
peptide presented by the MHC class II molecule on the B cell, it starts a

process called T-cell dependent activation of B cells. The purpose of this
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Figure 1. Helper CD4* T cell functions. The main function of helper CD4* T
cells is to shape the immune response by TCR-dependent cytokine secretion.
Cytokines serve as “help” signals and act as a secondary activation signal for nearly
all cells involved in the immune response. For instance, these cytokines can
stimulate B cells to produce high affinity antibodies, activate both cytotoxic CD8+*

T cells as well as innate immune cells.

process is to induce B cells to produce high affinity antibodies and to

create long-lasting memory B cells (Crotty, 2015).

The fact that the whole process of producing highly specific antibodies is
so complex is beneficial. Even a small mistake in the production of
antibodies can lead to autoimmune diseases. This is a state when the
immune system deploys abnormal inflammatory responses to healthy
parts of the body as a result of mistaking healthy tissue for a threat. The
origin of the autoimmune response can vary and usually is unknown.
Once it reaches the adaptive immune system response, it becomes
chronic and can lead to degradation of body tissues (e.g. thyroid gland in
Hashimoto thyroiditis, joints in rheumatoid arthritis, beta cells in
pancreas in type 1 diabetes, etc.). Autoreactive lymphocytes are
produced all the time, but most of them are removed during
development and maturation, or they become anergic due to improper

stimulation. Those that escape this regulation, are controlled by a special



subset of T cells, namely regulatory T cells. Regulatory T cells have been
linked to the prevention of autoimmune disease development
(Sakaguchi et al., 2008). As T cells are responsible for the control over
both themselves and B cells, T cell development has to be tightly
controlled to prevent the possibility of developing an autoimmune

disease. This is termed tolerance.

During maturation of T cells in the thymus central tolerance is
established. Firstly, T cells are tested for producing a functional TCR that
can interact with MHC class I (CD8* T cells) or MHC class II (CD4*
T cells) molecules (Klein et al., 2009). Only the T cells whose TCR
interacts with MHC molecules are allowed to survive. Secondly, an
important step of T cell maturation is the negative selection, when their
binding to self-antigens is assessed. As the whole process of maturation
is taking place in the thymus, there is a great need for the presence of
peptides specific for other tissues. To cope with that problem, the thymus
contains medullary thymic epithelial cells (mTECs) equipped with a
unique protein called AIRE. AIRE is a transcription factor that allows
mTECs’ expression of tissue-specific proteins (for example insulin —
physiologically produced only by beta cells of the pancreatic isles)
(Anderson et al., 2002). All the T cells that interact with self-peptides in
the context of MHC class I or 11, while being in the thymus medulla, are
killed via apoptosis. Thereby, all mature naive T cells exiting the thymus
should be self-tolerant.

The best examples showing the importance of T cells (helper CD4+ T cells
in particular) are HIV-infected patients with AIDS. HIV specifically
targets CD4* T cells (Dalgleish et al., 1984), which eventually leads to
their depletion. The functional insufficiency of helper CD4* T cells
causes increased susceptibility to cancer development and viral
infections, as they are necessary for proper activation of CD8+ T cells.
Moreover, people with AIDS are unable to generate new memory B cells

or new class-switched antibodies, as helper T cells mediate proper B cell



activation (Shen and Tomaras, 2011). CD4* T cells orchestrate the whole
acquired immune system, thus their depletion results in severe

immunodeficiency (AIDS).

T cell receptor

T cell activation depends on more factors than just the TCR affinity
alone. First, TCR recognition is MHC restricted (Zinkernagel and
Doherty, 1974). This means that a given T cell can recognize an antigen
only when presented by a specific MHC variant. If the antigen was
presented by another MHC variant, it does not activate that T cell.
Secondly, T cells need a co-stimulatory signal from other surface
molecules (for example: CD28, ICOS, CD40L, LFA-1) which interact
with corresponding ligands/receptors present on the APC (Crotty, 2015).
Without co-stimulation, T cells will turn anergic (another mechanism

preventing autoimmune responses).

The TCR is built of two different protein chains, which have only short
intracellular domains (Wilson and Garcia, 1997). To transduce the
extracellular signal into the cell, the TCR forms a complex with four CD3
chains: vy, §, € and ¢. CD3 chains contain one or three intracellular motifs
called immunoreceptor tyrosine-based activation motifs (ITAM), which
can initiate the intracellular signaling cascade. Additionally, a co-
receptor specific for MHC stabilizes its binding with TCR. These co-
receptors are CD4 and CD8 which bind MHC class II and MHC class I
respectively (Klein et al., 2009).

Although many models have been proposed on how the MHC binding
initiates the TCR signaling, it is still debated (Chakraborty and Weiss,
2014). One of the hypothesis suggests that the event responsible for
initiating the TCR signaling cascade is the release of CD3 chains’ ITAMs
from the membrane (Xu et al., 2008). Moreover, it seems that this event
is more of a mechanical than biochemical nature (Ma and Finkel, 2010).

It has been suggested that the pulling force between TCR and peptide
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Figure 2. T cell receptor signaling pathway. Upon recognizing an antigen
presented by an APC, the T cell receptor releases intracellular chains of co-
associated CD3 molecules. The chains can be phosphorylated by Lck and then,
serve as a binding platform for ZAP70. These events initiate a phosphorylation
cascade, which leads to T cell activation and modulation of certain genes’
transcription. See text for more details. PtdIns(4,5)P. — phosphatidylinositol 4,5-
bisphosphate, InsP; — inositol 1,4,5-trisphosphate, DAG — diacylglycerol.

loaded MHC causes the release of the intracellular domains of the CD3
chains. Exposing ITAMs intracellularly results in their phosphorylation
by lymphocyte-specific protein tyrosine kinase (Lck) (Voronova et al.,
1984), which initiates the intracellular T cell activation pathway. The
presence of Lck in the vicinity of the TCR is guaranteed by its interaction
with intracellular part of CD4/8 co-receptors (Veillette et al., 1988) and
is stabilized by Lck interaction with lipids in the cell membrane (Yurchak

and Sefton, 1995, Yasuda et al., 2000).

T cell receptor signaling pathway

As soon as CD3 ITAMs become exposed in the cytoplasm, Lck may
phosphorylate them (Fig. 2). Phosphorylated ITAMs serve as a binding
site for protein kinase ZAP70 (Wange et al., 1993). ZAP70 recruited to
the TCR can be activated by Lck through phosphorylation (Di Bartolo et

10



al., 1999). In the membrane, ZAP70 propagates the signaling by
phosphorylation of LAT (Wang et al., 2010). LAT is an adaptor protein
(Weber et al., 1998, Zhang et al., 1998), which operates as a major
signaling hub (Sommers et al., 2004). Phosphorylation of LAT recruits
other adaptor molecules (GRB2, SLP76 and NCK1), as well as enzymes
(Itk, VAV1 and PLC-y). LAT’s main function is to diversify the output

from the TCR, which leads to T cell activation at multiple levels.

VAV1 is a guanine nucleotide exchange factor, which translates
phosphorylation signaling into GTPase signaling (Barreira et al., 2018).
The Rho-family of small GTPases initiate cytoskeleton reorganization,
necessary for cell migration, adhesion or division, but it can also activate
transcription factor AP-1 through the MAPK pathway. Itk is another
kinase in the TCR signaling pathway, which performs phosphorylation
of specific phosphotyrosines on LAT (Perez-Villar et al., 2002), SLP76
(Sela et al., 2011), Lck (Granum et al., 2014), and PLC-y (Andreotti et al.,
2010). PLC-y, activated by Itk, catalyzes generation of inositol 1,4,5-
trisphosphate and diacylglycerol from phosphatidylinositol 4,5-
bisphosphate. These molecules trigger the intracellular release of
calcium ions and activate the Ras-family of small GTPases and protein
kinase C (PKC). Increased level of intracellular calcium activates the
calcineurin pathway, which governs NFAT nuclear import. NFAT is a
transcription factor responsible for, among others, IL-2 transcription
activation (Shaw et al., 1988). The Ras family of small GTPases regulates,
through the MAPK/ERK pathway, the transcription factor AP-1 (Mechta
et al., 1997). PKC is responsible for initiation of the pathway that leads
to the activation of the NF-xB transcription factor (Ghosh and Baltimore,
1990). All the transcription factors mentioned above are responsible for
induction of genes involved in T cells proliferation, differentiation,

migration, or cytokine production.
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T cell activation

The purpose of multilevel control over the incoming signal received via
the TCR is to prevent unnecessary activation of T cells. As mentioned
before, T cells with a low threshold for activation can cause autoimmune
diseases. The first threshold that the T cell has to cross is to collectively
initiate signaling from a certain number of TCRs (Pageon et al., 2016).
However, some studies show that this requirement could be overcome
by a strong affinity of the TCR to the antigen that would lead to
prolonged signaling (Mayya and Dustin, 2016). Therefore, the first
threshold can be overcome by either high affinity binding to the antigen
or high number of antigens. The second threshold is a consequence of
the first one. To sustain the signaling, the T cell forms an immunological
synapse (IS) with the APC, the immediate contact area between the T cell
and APC. In the IS, various molecules on the T cell surface become
organized into separate clusters (Kaizuka et al., 2007). As these
molecules are also enzymes participating in TCR signaling, the physical
separation on the surface will extend into the intracellular space and
modulate signaling (possibly in the form of phase separation (Ditlev et
al.,, 2019, Su et al.,, 2016)). However, even the prolonged signaling
sustained by the IS can be insufficient, if certain molecules in the
signaling pathway are blocked or inhibited. Therefore, the second
threshold depends on the molecular status of the T cell, which can be
changed by external (co-stimulation with receptors, interleukins,
cytokines, drugs (Chen and Flies, 2013)) or internal (gene expression,
protein regulation (Wirth et al., 2010)) stimuli. The third threshold is
again a consequence of the previous. As an end result of the TCR
signaling cascade, transcription factors are activated and translocated to
the nucleus. Expression of some genes (for example CD69 or CD25)
correlates with the amount of specific transcription factor translocated
to the nucleus (graded response) (Fuhrmann et al., 2016). However,

there are also genes (for example IL-2 and IFN-y) with a binary response

12



to the transcription factors — either it happens or not (Fiering et al.,
1990). Therefore, the third threshold is the final outcome of the previous
steps, which is the amount of transcription factors translocated to the
nucleus. The final outcome is the result of the interplay between various
gene activators and inhibitors, again modified by different signaling

pathways.

One overall purpose of T-cell activation is to upregulate gene expression
profiles necessary for T cell effector functions. Activated T cells may
produce many interleukins and cytokines, such as: IL-2, IL-4, IL-5, IL-
6, IL-9, IL-10, IL-13, IL-17, IFN-y, and TNF- (Zhu and Paul, 2010).
Moreover, activated T cells can be characterized by expression of the
surface proteins including: CD25, CD44, CD69, CD45R0, CD152, and
CDos5L (Shipkova and Wieland, 2012). There are also intracellular
proteins whose expression is induced upon TCR stimulation, such as
kinases (Itk (Miller et al., 2004), Tec (Tomlinson et al., 2004), JNK
(Weiss et al., 2000)) or adaptor molecules (TSAd (Spurkland et al.,
1998), LAT (Peters et al., 2000)). However, the impact of altered
expression of the intracellular proteins on TCR signaling of activated T

cells is still not well understood.
Lck —Lymphocyte-specific protein tyrosine kinase

Lck belongs to the family of Src tyrosine kinases. Therefore, Lck’s
structure and regulation are similar to those of Src, Fyn, Yes, Lyn, Hck
and Blk. The conserved structure of the Src family includes an N-
terminal end (which can be both myristoylated and palmitoylated), an
SH3 domain, an SH2 domain, a linker segment, a tyrosine kinase
domain, and a C-terminal tail (which can be phosphorylated).
Myristoylation (Yasuda et al., 2000) and palmitoylation (Yurchak and
Sefton, 1995) of the N-terminal end secure binding to lipid membranes.
The SH3 domain binds to proline-rich motifs (Erpel et al., 1995). The

SH2 domain can recognize and bind to specific phosphotyrosine motifs
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Figure 3. Regulation of Lck activity. Lck is regulated by two
phosphotyrosines (Tyr394 and Tyrsos), which phosphorylation dictates Lck
conformation. A number of kinases and phosphatases can affect these
phosphosites. Blunt arrows represent dephosphorylation, sharp arrows represent

phosphorylation.

(Zhou et al., 1993). Both SH3- and SH2-domains participate in targeting
the kinase substrates. The disordered structure of the linker segment
facilitates conformational changes of the kinase (Gonfloni et al., 1997).
The tyrosine kinase domain has a specificity unique for each Src-family
kinase, to assure coherence of the signaling pathway, in which the kinase
participates (Shah et al., 2018). The C-terminal tail contains one of the
most important regulatory sites of the Src-family kinases — a tyrosine
(Tyr) — which in Lck corresponds to Tyr5°5 (Yamaguchi and
Hendrickson, 1996).

Lck is a protein specifically expressed in lymphocytes, particularly in T
cells and NK cells. Removing Lck from T cells essentially abrogates TCR
signaling (Straus and Weiss, 1992). Lck knockout (KO) mice have a
significant, but incomplete block of T cell development (Molina et al.,
1992). If Lck KO is combined with Fyn KO, there is a complete block of

T cell development.
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Lck regulation and function is intrinsically linked with other proteins
specific for T cells (Fig. 3). The canonical model of Lck regulation
involves two phosphotyrosines (pTyr), pTyrs94 located in the activation
loop and pTyrs°5 located in the C-terminal tail. Phosphorylated Tyrs95
binds to the Lck SH2-domain, which forces Lck to adopt a closed
conformation (Boggon and Eck, 2004). However, dephosphorylation of
Tyrs505 is insufficient for Lck to become catalytically active (Philipsen et
al., 2017). Phosphorylation of Tyr3% is required for stabilization of the
open conformation of Lck (Boggon and Eck, 2004, Yamaguchi and

Hendrickson, 1996, Philipsen et al., 2017).

Two main enzymes govern Lck phosphorylation: tyrosine protein kinase
Csk and protein tyrosine phosphatase CD45 (Palacios and Weiss, 2004).
Csk is responsible for phosphorylation of Tyrses, while CD45
dephosphorylates this site. Tyrs94 1is phosphorylated through
transphosphorylation, by another Lck molecule (Yamaguchi and
Hendrickson, 1996). A number of phosphatases have been held
responsible for dephosphorylation of Lck Tyr3o4: SHP1 (Chiang and
Sefton, 2001), PTPN22 (Hasegawa et al., 2004, Wu et al., 2006) and
CD45 (McNeill et al., 2007). Although Lck pTyrs94/Tyrs05 is considered
to be the main active form and Lck Tyr394/pTyr5°5 is considered to be the
main inactive form of Lck, the existence of other variants is not excluded
(Philipsen et al., 2017). Moreover, there is no consensus in the field,
whether Lck pTyr3s94/Tyrs505 exists prior to TCR stimulation (Nika et al.,
2010), whether it is consequently generated (Burkhardt et al., 1994), or
whether it is subsequently increased (Ballek et al., 2015, Stirnweiss et al.,

2013).

Lck SH2 domain

The Lck SH2 domain is part of a fundamental mechanism involved in all
phosphotyrosine-based signaling pathways (Lim and Pawson, 2010).

The SH2 domains have highly conserved structures which consist of a
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Figure 4. The role of SH2 domain in phosphotyrosine signaling-based
pathways. Phosphotyrosine signaling is based on kinases’ ability to
phosphorylate certain tyrosines (“writing”). These phosphotyrosines can be
recognized by an SH2-domain containing protein (“reading”), which can perform
its own specific functions or serve as a binding platform for other proteins. The
signaling is disrupted by phosphatases which dephosphorylate the tyrosines
(“erasing”). Phosphorylated tyrosines are depicted by a filled circle and
desphosphorylated tyrosines are depicted with an open circle.

hydrophobic [-sheet flanked by two a-helices (Eck et al., 1994).
Additionally, two flexible loops (EF and BG), which are flanking the
binding groove of the SH2 domain, define the domain’s specificity (Liu

et al., 2019, Kaneko et al., 2010).

While kinases are “writers”, responsible for signal propagation, and
phosphatases are “erasers”, which dispose of the unnecessary signal,
SH2 domains are referred to as “readers” (Fig. 4). These domains
evolved to recognize pTyr motifs with high specificity. Their role in
phosphotyrosine signaling cascades is to act as direct “readers” of
phosphorylation events. There are three main functions of SH2 domains

present in kinases:

- Control of the molecule’s conformation (for example: the Lck SH2
domain binding to Lck pTyrs°s results in the closed conformation
of Lck (Boggon and Eck, 2004)).

- Recruitment of the substrates and stimulation of processive

phosphorylation (for example: the Lck SH2 domain facilitates the
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processive phosphorylation of phosphosites within the TCR
complex (Lewis et al., 1997)).

- Promotion of transphosphorylation (for example: SH2 domains of
ZAP70 bind phosphorylated ITAMs (Wange et al., 1993) which
exposes the molecule for a phosphorylation by another ZAP70 (Di
Bartolo et al., 1999))

Binding of pTyrs5°5 to the Lck SH2 domain is relatively weak and can be
easily outcompeted by other targets (Nika et al., 2007). Therefore, the
Lck SH2 domain can actively participate in positioning the molecule in
the vicinity of kinase substrates. However, its binding partners are not
well characterized. Many phosphopeptides have been attributed as
potential targets of the Lck SH2 domain, but only some of them were
validated on the protein level in cellular systems (Appendix Tab. 1).
Validated proteins include ZAP70 (Granum et al., 2014, Duplay et al.,
1994, Pelosi et al., 1999, Straus et al., 1996, Yamasaki et al., 1996), CD3¢e
(Lewis et al., 1997), CD45 (Courtney et al., 2017, Ng et al., 1996), LIME
(Brdickova et al., 2003, Hur et al., 2003), TSAd (Granum et al., 2008,
Granum et al., 2014, Marti et al., 2006), SHP1 (Granum et al., 2014,
Stefanova et al., 2003), Syk (Couture et al., 1996a), Pyk2 (Granum et al.,
2014), Itk (Granum et al., 2014), Lnk (Li et al., 2000), LAT (Granum et
al., 2014) and Lck itself (Lee-Fruman et al., 1996).

The Lck SH2 domain itself harbors another important phosphotyrosine
that participates in Lck regulation (Couture et al., 1996b, Courtney et al.,
2017). Phosphorylation of Tyr92 was recently found to inhibit CD45
interaction with Lck. As a result, dephosphorylation of Tyr595 is blocked
and Lck preserves a closed conformation (Courtney et al., 2017). This

phenotype is similar to CD45 KO T cells (McNeill et al., 2007).

Modification of the SH2 domain through phosphorylation is not
uncommon — Tyr192 is a conserved residue in the Src kinase family (i. e.

Src Tyr226). In both Src (Stover et al., 1996) and Fyn (Smida et al., 2007),
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phosphorylation of this residue increased kinase activity. There are also
examples of other proteins containing an SH2 domain that can be post-
translationally modified causing a change in protein behavior. For
instance, the SH2 domain of the adaptor protein Tensin-3, after being
phosphorylated, gets increased affinity towards its targets (Qian et al.,
20009).

It has also been shown that phosphorylation of Lck Tyr92 changes the
specificity of the Lck SH2 domain (Couture et al., 1996b, Granum et al.,
2014). Potentially, this may diverge Lck signaling to another pathway in
the T cells, through higher specificity toward given substrates. Syk
(Couture et al., 1996b), ZAP70 (Sjolin-Goodfellow et al., 2015, Couture
et al.,, 1996b) and Itk (Granum et al.,, 2014) have been shown to
phosphorylate Lck Tyr'92. As all of these are downstream of Lck in the
TCR signaling pathway, there is a possibility for the existence of negative
feedback loops. To fully understand the influence of Lck Tyr92 on TCR
signaling, it is necessary to establish a physiologically relevant system.
Only endogenously expressed Lck, which contains an altered SH2
domain, can ultimately reveal how the Lck SH2 domain specificity

affects TCR signaling pathway.

TSAd — T cell specific adaptor protein

TSAd, a protein encoded by the SH2D2A gene, was first identified in
1998 (Spurkland et al., 1998). It was soon found to interact with Lck,
thus its alternate designation is Lck adaptor protein (LAD) (Choi et al.,
1999). It was also named after other interaction partners: Rlk/Itk-
binding protein (RIBP) (Rajagopal et al., 1999) and VEGF receptor-
associated protein (VRAP) (Wu et al., 2000). TSAd has been mainly
studied in the context of TCR and VEGF signaling pathways. This may
be due to the TSAd expression pattern, as it is expressed only in

lymphocytes (specifically in T cells (Spurkland et al., 1998) and NK cells
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(Nejad et al., 2004)), endothelial (Wu et al., 2000) and epithelial cells
(Kolltveit et al., 2010).

TSAd has two particular domains: an SH2 domain and a long, disordered
C-terminal proline-rich tail containing four tyrosines. Five alternative
splicing variants of TSAd exist. Especially interesting is variant 5, which
omits exon 7 and, as a result, does not contain the proline-rich region
and the tyrosines (Granum et al., 2006). In T cells, TCR (Sundvold et al.,
2000, Spurkland et al., 1998) and cAMP signaling (Dai et al., 2004)
regulate TSAd expression. cAMP strongly induces TSAd mRNA
expression in primary T cells. Additionally, protein kinase A (cAMP-
dependent protein kinase) activity was required for TCR-dependent
induction of TSAd expression (Kolltveit et al., 2008). Another potent
activator of TSAd expression is a combination of phorbol myristate
acetate (PMA) and Ionomycin (I0), both in T cells and NK cells (Moussa
et al., 2015). PMA activates PKC directly, while IO directly induces Ca2+
release from the endoplasmic reticulum (Chatila et al., 1989). Although
it is an artificial system which bypasses ITAM phosphorylation, it is an
efficient method of initiating the gene transcription, induced by

aforementioned signaling pathways.

A polymorphism in the promoter region of SH2D2A, resulting in a
shorter promoter sequence, has been associated with increased
susceptibility to multiple sclerosis (Dai et al., 2001), juvenile rheumatoid
arthritis (Smerdel et al., 2004), chronic inflammatory demyelinating
polyradiculoneuropathy (Notturno et al., 2008) and Sjogren’s Syndrome
(Taylor et al., 2017). T cells homozygous for shorter variants of the
promoter region displayed lower levels of TSAd upon TCR stimulation
(Dai et al., 2001). SH2D2A contains at least 63 known single nucleotide
polymorphisms (SNPs). A SNP resulting in serine to asparagine
substitution at amino acid position 52 increased susceptibility to
multiple sclerosis (Lorentzen et al., 2008) and ovarian cancer (Kaplun

et al., 2012). Furthermore, asparagine in position 52 increased TSAd
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transcription and its interaction with Lck as measured by the yeast 3-

galactosidase reporter assay (Kaplun et al., 2012).

The initial report of SH2D2A-deficient mice having a mild autoimmune
phenotype (Drappa et al., 2003) has not been confirmed by our group
(Berge et al., 2012). However, a number of phenotypic characteristics
were discovered, when the mice were challenged in various models.
Tumor growth in TSAd KO mice is slower, possibly due to reduced
vascularization (Matsumoto et al., 2005). Additionally, they are slightly
more resistant to myeloma development than TSAd wild-type (WT) mice
in a myeloma-specific TCR-transgenic model (Berge et al., 2012). TSAd
KO mice are not responding to VEGF-induced vascular permeability.
VEGF stimulation does not disrupt VE-cadherin junctions in the
endothelial cell lacking TSAd (Sun et al., 2012). Challenged with viral
infections, TSAd-deficient mice displayed reduced clearance of murine
cytomegalovirus in the spleen (Moussa et al., 2015). Murine SH2D2A"/-
CDg4* T cells have impaired polarization of multiple molecules involved
in TCR signaling in the IS (Abrahamsen et al., 2018). Moreover, TSAd
KO mice had an accelerated rejection of heart transplants in the MHC
class II-mismatched model and they were resistant to graft-prolonging
therapy of costimulatory blockade in the fully mismatched model (Wedel
et al., 2019). Although the majority of studies pinpoint TSAd regulatory

role in T cells, the exact mechanism of action is still under consideration.

TSAd in the intracellular cell signaling

TSAd has been reported to control the opening of adherens junctions of
the endothelium and consequently, vascular permeabilization (Sun et
al., 2012, Li et al., 2016, Matsumoto et al., 2005). Upon VEGF binding to
VEGFR2, the receptor dimerizes and initiates downstream signaling
which engages tyrosine protein kinases. The SH2 domain of TSAd
recognizes pTyrdst (Tyr949 in mice) on the intracellular tail of VEGFR2.
Through that binding, TSAd bridges VEGFR2 with Src kinase, which can
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Figure 5. TSAd in the intracellular cell signaling. TSAd has been implied to
participate in a number of cell signaling pathways. Some of them, which were

studied the most, are illustrated in the figure. See text for more details.

bind to the TSAd proline-rich region. As a result of membrane
translocalization, Src kinase phosphorylates the VE-cadherin’s
intracellular domain, which leads to opening of adherens junctions (Sun
et al., 2012). VEGFR2 Y949F mutant mice have significantly reduced
vascular permeabilization, which blocks molecular extravasation,

oedema and metastatic cancer spread (Li et al., 2016).

While TSAd has been studied much more extensively in TCR signaling,
there is no consensus so far on its role in T cells. TSAd interaction with
Lck has been investigated the most. Lck can bind with its SH3 domain to
the proline rich region of TSAd (Granum et al., 2006). Additionally, Lck
can phosphorylate multiple tyrosines on TSAd (Tyr28°, Tyr29° and Tyr3°5)
and bind to them via its SH2 domain (Granum et al., 2008). It has also
been shown that presence of TSAd promotes diffusion of the Lck clusters
in the membrane (Kapoor-Kaushik et al., 2016). TSAd influences
phosphorylation of various molecules of the TCR pathway. For example,
TSAd promotes phosphorylation of Itk Tyrs1 (Berge et al., 2010) and Lck
Tyr192 (Granum et al., 2014), but downregulates phosphorylation of LAT,
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SLP76, PLC-y, ZAP70 and CD3( (Marti et al., 2006, Sundvold et al.,

2000).

As TSAd is an adaptor protein without any enzymatic activity, its only
function is to bind and bring together other molecules (for example
kinases with its substrates). Lck, Src and VEGFR are not the only
established TSAd interaction partners (Fig. 5). Itk can also bind to the
proline-rich region of TSAd via its SH3 domain (Berge et al., 2010,
Andersen et al., 2019). In mice, TSAd has been shown to become
phosphorylated upon platelet-derived growth factor receptor (PDGFR)
activation in bronchial epithelial cells (Park et al., 2001). That event
leads to TSAd association with PDGFR and GRB2, another adaptor
molecule. Also in mice, TSAd was proven to bind MAP3K2 and colocalize
with it in the IS (Sun et al., 2001). Upon epidermal growth factor
receptor (EGFR) stimulation, the TSAd-MAP3K2 interaction is
responsible for activation of MAPK7 and JNK, most likely by facilitating
their phosphorylation by Src (Yao et al., 2010, Sun et al., 2003). TSAd
can bind with its SH2 domain to Smad2 and Smad3, which are involved
in TGF-B receptor (TGFBR) signaling transduction (Richard et al.,
2006). Upon stimulation with CXCL12 and CCL5 chemokines, TSAd
brings together the -subunit of G protein-coupled chemokine receptor,
Lck and ZAP70, which is necessary for the activation of the latter
molecule (Park et al., 2007). The TSAd SH2 domain and the proline-rich
region mediates binding to the laminin binding receptor (RPSA), which
promotes T cell migration (Park et al., 2009). The SH2 domain of NCK1
can recognize TSAd pTyr28°¢ and pTyr3°s, while its SH3 domain can bind
to the TSAd proline-rich region (Hem et al., 2015). That binding
facilitates NCK1 interaction with Lck and SLP76, which potentially
promotes actin polymerization in T cells. Lastly, TSAd can possibly
interact with DSCAM and DSCAML1 in neurons, recognizing their
phosphotyrosine motifs, although the physiological relevance is

unknown (Sachse et al., 2019).
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We have previously shown a surprising connection between Lck pTyr292
and TSAd pTyr29°: phosphorylation of the Lck SH2 domain on Tyr92 (as
mimicked by Lck Y192E mutation) changed specificity and increased
affinity toward TSAd pTyr29 peptides (Granum et al., 2014). Therefore,
the original aim of the project was to define the interactome of the Lck
SH2 domain with Tyr92 mutated into a glutamic acid and to define the
binding partners of TSAd pTyr29°. However, during the project it was
revealed that the role of Lck pTyr92 is much more complex than
originally thought and that TSAd pTyr29° does not necessary serve as a
binding site.
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Aims of the project

The overall aim of the project was to decipher the role of conserved non-
classical phosphosites located in Lck (pTyr92) and its adapter protein
TSAd (pTyr29°). Therefore, the project had the following objectives:

1. To develop, using CRISPR/Cas9 genome editing, cell lines with the
endogenous expression of the mutated variants of Lck (Y192F and
Y192E) and TSAd (Y290F and Y290E).

2. To analyze the role of Lck pTyr92 in the TCR signaling pathway, as
well as in the Lck regulation, using stably mutated cell lines, various pull-

downs, mass spectrometry and other biochemical assays.

3. To analyze the role of pTyr29° in the TCR signaling pathway, as well as
in the TSAd regulation, using stably mutated cell lines, various pull-

downs, mass spectrometry and other biochemical assays.
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Methodological considerations

Cells

The primary choice of cells in the work presented in this thesis were
Jurkat TAg (JTAg) cells (Northrop et al., 1993). JTAg cells were derived
from Jurkat cells and were made to constitutively express SV40 large T
antigen, which enhances expression of SV40 origin-containing vectors.
The Jurkat cell line was first described in 1980, as a transformed human
T-cell line derived from childhood T acute lymphoblastic leukemia,
which was a particularly potent producer of IL-2 upon
phytohaemagglutinin stimulation (Gillis and Watson, 1980). The Jurkat
cell line soon became a model of resting T cells, which could be activated
upon various stimulations (anti-TCR, PMA/IO) (Manger et al., 1985).
Over the next 20 years, many mutants were generated from the initial
cell line, essentially defining our current knowledge of the TCR signaling
pathway (Abraham and Weiss, 2004). However, with growing
knowledge of the signaling molecules in T cells, several issues of the
Jurkat cells were also revealed. Jurkat cells does not express Syk kinase
(Fargnoli et al., 1995), CTLA4 (Lindsten et al., 1993), SHIP phosphatase
nor PTEN (Freeburn et al., 2002). Lack of PTEN (a tumor suppressor
commonly lost in cancer (Chen et al., 2005)) causes hyperactivity of
phosphatidylinositol 3-kinase (PI3K). As a result, Jurkat cells have
elevated activity of the protein serine-threonine kinase AKT and Itk,
since these enzymes are recruited to the cell membrane upon PI3K
signaling (Shan et al., 2000). Moreover, genome-wide sequencing has
confirmed that Jurkat cells are mainly tetraploidal, which means that
most of their genes have four copies. Additionally, some genes have
mutations linked to clinical syndromes (TP53, MSH2), or resulting in
protein KO (BAX, C1GALT1) (Gioia et al., 2018).

Despite all these defects, Jurkat cells remain a solid model system for T

cell receptor studies (Abraham and Weiss, 2004). The alternative to

25



Jurkat cells are primary T cells, either human or mice. Mice models are
in general more physiologically relevant than cell lines, but generation
of new transgenic or KO strains is time-consuming and requires
significant expenses. Moreover, some mutations or gene KOs are lethal,
and others result in a developmental block or defects in T cells. This was
partially resolved with introduction of conditional KO strains, but even
these systems are not perfect. Nonetheless, even if the murine immune
system is considered to closely resemble the human immune system,
certain details differ. ZAP70 is for example necessary for development of
CD4* T cells in mice (Negishi et al., 1995), while it is not essential in
humans (Arpaia et al., 1994). Additionally, working with both human
and mice primary T cells is ethically more challenging than performing

experiments on cell lines.

The versatility of the Jurkat cells increased with the development of
small interfering RNA (siRNA) technology, which has, within the last few
years, been supplemented with the CRISPR/Casg genome editing
technology. Both methods can be used for high-throughput screenings
of knock-down (Yeung et al., 2009) or KO gene libraries (Datlinger et al.,
2017), and therefore, they require a potent cell source. Although, siRNA
allows to knock-down the expression of defined proteins (Sharp, 1999),
its efficiency depends on the number of siRNA molecules per cell. As a
result, its efficiency varies from cell to cell and this dilutes the phenotype
of the bulk of cells. Additionally, siRNA knock-down can also cause off-
target effects (Echeverri et al., 2006). CRISPR gRNA libraries quickly
replaced siRNA libraries, as they could provide clean KO (Cong et al.,
2013).

To sum it up, Jurkat cells remain the major model system in biochemical
studies of TCR signaling. They are a relatively cheap and a quick source
of cells, due to their robustness and high proliferative rate. With new
technologies emerging (siRNA and CRISPR/Cas9) their potential has

increased even more. In this thesis, Jurkat cells were extensively used

26



for the generation of cell lines expressing mutated versions of Lck and
TSAd. As most of the experiments were performed with biochemical

methods, the robustness of the Jurkat cells model was a requirement.

CRISPR/Cas genome editing

Clustered regularly interspaced short palindromic repeats (CRISPR)
together with CRISPR-associated proteins (Cas) were initially
discovered as a prokaryotic immune system. In 2007, scientists showed
that bacteria and archaea use the CRISPR/Cas system in an adaptive
manner to defend against foreign DNA (for example of viral origin)
(Barrangou et al., 2007). First, Cas1 and Cas2 proteins acquire foreign
DNA material by recognizing in their sequences’ protospacer adjacent
motifs (PAM). PAM is a 2-6 base pair DNA sequence. In the most broadly
used CRISPR/Cas system, derived from Streptococcus pyogenes, the
PAM site is 5'-NGG-3' (Mojica et al.,, 2009). The foreign sequence
following the PAM site is cut out and incorporated into the CRISPR locus
as a “spacer”. Next, the CRISPR locus is transcribed as an RNA which is
subsequently cleaved into pieces of CRISPR RNA (crRNA). crRNA
contains each spacer’s sequence with a part of the repeat sequence
present in the CRISPR locus. The crRNA associates with Cas proteins,
forming a ribonucleotide complex (Brouns et al., 2008). This complex
detects foreign DNA, which has to contain the PAM site followed by the
specific spacer. Nuclease activity of the Cas protein is used to cut DNA

bound to the complex.

This bacterial process has been adapted and exploited into a simple, but
powerful gene editing method. The system requires only two things to be
delivered into cells: Cas9 protein and guide RNA (gRNA). gRNA is a
designable and simplified version of the crRNA. The whole system is
highly flexible, with many possible alternative uses. For example, Cas9
molecules can be delivered as a protein, as ribonucleocomplexes, as a

Cas9g-coding RNA, or as a Cas9-coding DNA, with multiple available
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transfection methods (viral vectors, electroporation, lipofection, etc.).
Moreover, there are many various versions of Casg protein in use
(Ribeiro et al., 2018): fluorescently labelled (for screening purposes),
Cas9n (nicking only one strand of DNA) (Ran et al., 2013a), eSpCas9g
(with enhanced target specificity) (Slaymaker et al., 2016), chemically-
inducible Cas9 (Liu et al., 2016), or base-editing Casg (Komor et al.,

2016).

However, the most important part of the system remains the chosen
gRNA and PAM site. gRNA is the spacer, from the bacterial CRISPR/Cas
system. Designing it for targeting the specific gene, although simple in
principle, it is more complicated than anticipated. The canonical PAM
site (recognized by predominantly used Cas9 from the Streptococcus
pyogenes) is prevalent enough to provide a high flexibility in gene
targeting (in humans “GG” frequency is 5.21%, which should give a “GG”
every 42 nucleotides (Read, 2009)). Nevertheless, gene targeting proved
to be much more difficult, as not all the PAM sites result in the Cas9-
mediated DNA cut. To overcome the problem, multiple in silico
techniques have been developed and has become publicly available as an
online software (Chuai et al., 2017). These gRNA design tools typically
use experimental data to predict gRNA on-target efficacy with machine
learning models. Although, they are taking into account multiple
parameters and their predictability increases with each generation, it is
still hard to explain why some gRNAs fail to target. Among the proposed
reasons are differences between cell types/organisms, nucleotide
preference, GC content, microhomology sequence patterns, gRNAs’
secondary structure, chromatin accessibility and epigenetic features

(Chuai et al., 2017).

Although specific targeting of the Cas9 machinery is the main key to
successful genome editing, the main concern of the scientific community
are off-target effects. These are a major drawback of any CRISPR/Cas9-
related clinical therapy trial. Although the initial reports about
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CRISPR/Cas9 unspecific targeting were alarming (Fu et al., 2013, Lin et
al., 2014), scientists are now more careful with the estimations (Tan et
al., 2015). Again, they point to gRNA as the most crucial part of
CRISPR/Cas9 specificity (Young et al., 2019). Nevertheless, the off-
target effects remain a subject of intensive research, for example, in
development of novel off-target prediction tools (Chuai et al., 2017), or
improved CRISPR/Cas9 systems, such as paired nickases Casgn (Ran et
al., 2013a) or enhanced specificity eSpCas9 (Slaymaker et al., 2016).

The most unpredictable feature of CRISPR/Casg system is the
probabilistic nature of DNA-repair mechanisms. When scientists
introduce knock-in mutations, they utilize the mechanism of homology
directed repair (HDR), which requires a homologous piece of DNA to
recreate the original sequence (or introduce a mutated sequence) (Ran
et al., 2013b). However, a much more prevalent endogenous repair
mechanism is non-homologous end joining (NHEJ), which utilizes short
homologous DNA sequences present at the site of DNA break (Moore
and Haber, 1996). NHEJ can perfectly recreate the original sequence, if
the DNA break resulted in “sticky ends”. Otherwise, the NHEJ
mechanism will create a homologous match by trimming the single DNA
strands. When the aim is to generate KO cells, the latter outcome is
preferred. Random deletions and insertions are the source of premature
stop codons, which terminate gene transcription prematurely, producing

a non-functional protein or none at all.

However, each KO clone, despite being generated in a similar manner,
usually has a completely different genotype. As long as Cas9, paired with
gRNA, is present in the cell, the target DNA sequence is repeatedly cut,
until NHEJ removes or mutates the PAM site. Such a strong selection
pressure gives a high rate of successful mutations, but the resulting DNA
sequence remains random. Recently, scientists noticed that the
outcome, to a certain extent, can be predicted. Using machine learning

and knowledge about the NHEJ mechanism, an online tool has been
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developed — inDelphi (Shen et al., 2018). The algorithm can predict what
the most probable DNA sequence outcome will be after using a certain
gRNA. Although, it is definitely a clever step toward reducing the
randomness of CRISPR/Casg9 genome editing, the final outcome

remains stochastic.

Besides off-target effects, another potential risk of CRISPR genome
editing is that each allele may be differentially repaired. Although
CRISPR genome editing targets the genes with unprecedented precision,
there is always a chance of generating heterozygous or hemizygous
clones. Combining it with the possibility of off-target effects and the
unpredictability of DNA-repair mechanisms, the outcome is hard to
foresee. Moreover, the source cells are always heterogeneous. Cell lines
are constantly mutating as their molecular brakes are removed, while
primary cells have various stages of
development/activation/senescence. Therefore, in this thesis all the
generated mutants were validated by treating them as individuals (as in
animal research). Any observed phenotype was validated in a number of
independently generated clones, to exclude the influence of clonal

heterogeneity.

Despite all its flaws, CRISPR/Cas9 is the most simple, user-friendly,
affordable, fast, robust, accessible and precise genome editing technique
currently in use. The increasing number of studies utilizing this
technique, including results presented in this thesis, testify to this

statement.

Phosphomimetics

Studying transient modifications of endogenously expressed proteins is
not a trivial task. For example, there are only three commonly used
methods measuring phosphorylation events: radiolabelling, antibody-
based techniques and mass spectrometry. All of them have their own

limitations and none are perfect. Measuring phosphorylation in living
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cells is even more problematic and it is mostly based on genetically
encoded, fluorescently labelled biosensors (Forster resonance energy
transfer (FRET)-based in particular) (HS Lu et al., 2012). A biosensor
structure is highly artificial and can disrupt biologically-relevant protein
interactions. Another popular method of monitoring phosphorylation-
based interactions is by using phosphoamino acid mimics (HS Lu et al.,
2012). However, these unnatural amino acids are synthetic, semi-
synthetic or incorporated via nonsense suppression, which can
significantly affect physiological behavior of proteins harboring such

amino acids.

Therefore, a lot of studies use natural phosphomimetics — amino acid
substitutions that resemble in size and charge phosphorylated serine
(Ser/S), threonine (Thr/T) or tyrosine (Tyr/Y). The most popular are
glutamic (Glu/E) and aspartic (Asp/D) acids, which quite closely mirror
phosphorylated serines and threonines (Maciejewski et al., 1995). It has
even been shown that Glu and Asp may be evolutionary precursors of
pSer, pThr and pTyr (Pearlman et al., 2011). However, substitution of
pTyr with Glu is widely criticized, as the amino acids are similar only in
the negative charge. Moreover, substitution of pTyr with alanine (Ala/A)
quite often results in similar phenotype as Glu, despite Ala being the
second simplest amino acid. On the positive side, phenylalanine (Phe/F)
is a great mimic of constantly dephosphorylated Tyr, as they share a

similar aromatic structure.

The most important advantage of using natural phosphomimetics is that
they can be physiologically incorporated into a protein structure,
following the proteins natural transcription and translation. Therefore,
they can be used to generate genetically modified animal models. Even
if Glu is not a perfect mimic of pTyr, it is still widely used in the
functional studies of phosphotyrosinylated proteins. However, the Glu
substitution should always be validated with comparison to Phe or Ala

(Anthis et al., 2009), to exclude the possibility that Glu is actually
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mimicking a not phosphorylated Tyr. In this thesis, all Glu substitutions

were compared with Phe mutations.

Immunoprecipitation and pull-down assays

Although immunoprecipitation and various pull-down assays of similar
concept are very old techniques, as reviewed in Current Protocols
(Bonifacino et al., 2016), they have never become trivial. The variety of
options and adjustable parameters make them flexible and difficult at
the same time. As the protocol and basic rules for the
immunoprecipitation and the pull-down assays are the same, all the
following considerations apply to both methods, unless specified

differently.

The first step that requires precise insight are the lysis conditions of the
cellular sample. The binding epitope on the protein can differ drastically
between denaturating and nondenaturating lysis conditions. In most
cases it is essential to perform the pull-down in nondenaturating
conditions, as this is the only way for most of the protein-protein
interactions to be preserved. The basic concept behind the lysis of cells
is to use a detergent strong enough to dissolve cellular membranes and
release the proteins of interest into the solution. By increasing the
detergent’s strength (defined by critical micelle concentration - CMC)
one can achieve a fractionation of cellular content, subsequently
releasing proteins from different cellular compartments (Baghirova et
al., 2015). However, believing that a lysis buffer affects only lipid
membranes within the cell is too simplistic. Detergents and ionic
strength of lysis buffers are not only disrupting the cell membranes, but
may also affect protein complexes and their intramolecular interactions.
Moreover, it is not known how various lysis conditions affect liquid-like,
phase separated nanoclusters, which are based on low affinity protein-
protein interactions (Ditlev et al., 2019, Su et al., 2016). Therefore, even

if the best conditions for retrieving the protein of interest will be defined,
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it does not necessarily mean that the conditions are optimal to preserve
interactions with other proteins from the complex. The majority of
experiments presented in this thesis was done using a combination of
0.1% LDS and 1% Triton in the cell lysis buffer. This rather harsh lysis
condition releases even proteins associated with cellular membranes
into the solution, allowing to screen for most interaction partners in one

experiment.

Another issue that requires proper considerations is unspecific binding.
Any beads, covered with antibodies or other molecules will, to a certain
degree, bind to unspecific proteins. A common tactic to solve that
problem is to perform preclearing of the lysate (Bonifacino et al., 2016).
Either this is done with uncoated beads or beads covered with an
irrelevant antibody (for example an isotype control which does not bind
anything specifically). However, unspecific binding is also generated by
the specific antibody used for immunoprecipitation. Therefore, the
preclearing step can be omitted if a proper control is used, in other words
a sample which does not contain the specific target. Such a control can
show the degree of unspecific binding in the experiment. It is especially
important for co-immunoprecipitation, as such a control can define the
background threshold of co-precipitated targets. The co-
immunoprecipitation experiments presented in this thesis were
performed using a preclearing step with empty beads. KO cell lines of the

target proteins were used as a negative control whenever it was relevant.

One of the major challenges of immunoprecipitation is the specificity of
the antibody. Antibody production is a stochastic process where the
researcher has very limited influence on the actual end product. Each
monoclonal antibody recognizes only a certain epitope, which does not
have to be present on all possible forms of the target protein. Therefore,
each antibody should be thoroughly validated. However, the protein
forms present in the samples are dependent on the sample separation.

As a consequence, it is nearly impossible to predict the actually
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precipitated molecular targets. The antibody can interact with different
post-translationally modified protein forms, with different protein
isoforms created by alternative splicing, with various protein
degradation products, with protein paralogs, with different
conformational states of the protein, or with various protein-protein
complexes. In tagged proteins pull-down there is additionally a risk that
the tag itself is affecting the physiological interactions of the protein. As
the assessment of the real antibody interactions within each experiment
would involve a lot of advanced methods, it is necessary to overcome the
problem through proper control design. Again, the most helpful control
is the one which does not contain the antibody’s target. That control can
easily define the antibody’s unspecific targets, which are unrelated to the
protein of interest. Alternatively, the immunoprecipitation experiment
can be performed in parallel with two different monoclonal antibodies
targeting the same protein. As mentioned in the previous paragraph, the

first option was the default approach used in this thesis.

The bait molecule itself is a commonly underappreciated problem in
pull-down assays. It is usually present in the final sample in amounts
higher than any other molecule, which can cause serious problems
during analysis procedures. In western blotting, the bait can give cross-
reactivity with the primary or secondary antibody. Due to bait molecule
abundancy, its unspecific interaction may give a very pronounced band
or a very strong background signal on the membrane. Additionally, if the
bait molecule’s major band migrates within the range of the analyzed gel,
it will thoroughly cover the area, as a consequence, blocking less
distinctive signals through spatial constraints. In this thesis, to avoid
such problems, beads covered with the bait molecule were directly run
on the gel and used as an additional control. Such a control analyzed
separately can reveal all the unspecific signal caused by the presence of
the bait in the sample. Additionally, in antibody-based pull-downs, light-

chain specific secondary antibodies were used to decrease the
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background caused by the presence of the antibody bound bait in the

sample.

The best alternative for studying protein-protein interactions, are
microscopic methods combined with assays giving signal only if the
proteins of interest are in close proximity. The best-known method of
this kind is FRET. However, the largest disadvantage of imaging-based
methods is that these techniques do not allow for unbiased screening.
With these techniques, each protein-protein interaction has to be tested
with separately designed constructs. Design of such constructs is
demanding and there is a high risk of affecting the physiological
interactions with the bulky fluorescent/molecular labels. For those
reasons, and especially the inability to easily adapt the method for
screening purposes, microscopic methods were not used to study

protein-protein interactions in this thesis.

Mass spectrometry

Mass spectrometry (MS) is an analytical method, which allows to
identify molecules in the sample through measurements of the mass-to-
charge ratio of ions. Protein samples are fragmented with digesting
enzymes, purified and fractionated with liquid chromatography. The
fractionated peptides are subsequently ionized, sorted by the mass
analyzer according to their mass-to-charge ratio and sent to the detector,
which records the abundance of each ion. Generated mass spectra are
compared with reference sequences from the UniProt human database

to identify presence of proteins.

MS performed in this thesis is based on immunoprecipitated/pull-
downed samples. MS results are completely dependent on the sample
preparation, hence they are affected by the same bias and issues as
described in the previous chapter. For example, MS is not compatible
with all detergents used for cell lysis, so its choice is crucial. However,
both LDS and Triton are tolerated by the MS, so the lysis methodology
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applied in this thesis did not require changes for the purpose of MS.
Other than this, there are a few other important differences between

analyzing samples with western blotting and MS.

With improved MS performance, the bait abundancy in the MS sample
is usually no longer as disturbing as the bait presence in the western blot
membrane. The bait peptides may still hide other, less numerous
peptides, but due to the different nature of the analyzing technique, it

should not affect the overall identification of proteins.

The biggest advantage of MS is an unbiased identification of all of the
most abundant proteins in the sample. Using western blot for the same
purpose, would require a tremendous amount of work and the use of a
few hundred antibodies. On the other hand, the antibody-based
detection by western blot depends on the antibody sensitivity, which is
usually much higher than the sensitivity of MS. This is especially
apparent when antibodies against post-translationally modified sites are
used. The MS needs a specific enrichment for a certain molecule or post-
translational modification to be able to detect the peptides containing
the modification. But similarly, as with unbiased detection of proteins,
MS enables unbiased detection of multiple (possibly unknown) post-
translationally modified sites on the protein of interest. In this thesis, all
the results generated by the MS, whenever possible, were confirmed by

western blot.

The largest advantage of MS, which is to detect unbiasedly the most
abundant proteins in the sample, is at the same time its biggest
disadvantage. The most abundant proteins in the sample, if it is of
cellular origin, are the housekeeping proteins. For cell lines, biasedness
can be further increased due to cancerous transformation, what led to
the development of a database called CRAPome (Mellacheruvu et al.,
2013), where the most abundant proteins for each cell line, under certain

conditions of sample preparation, were defined. To determine if the
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presence of the housekeeping protein in the sample is relevant, it is
necessary to have a proper control to define the background binding. In
this thesis, all samples were used to control each other. The significance
of each protein or protein modification detected by MS, was defined by
the comparison with another sample. The consecutive difference

between samples defined the specificity of the results.
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Summary of results:

Paper I — A simple and efficient workflow for
generation of knock-in mutations in Jurkat T
cells using CRISPR/Cas9

In this paper we reported our experience and methodological
considerations for the use of CRISPR/Cas9 genome editing to generate
knock-in mutated cell lines. We aimed to mutate two different genes on
multiple loci in Jurkat TAg cells. We succeeded in mutations of Lck Tyr92
into Phe92 or Glu92, Lck Tyrs505 into Pheso5, and TSAd Tyr290 into Phe29°
or Glu29°. However, we were not able to substitute TSAd Arg2° for Lys!2°,
neither TSAd Asn52 for Sers2.

Our protocol consists of several basic steps:

1. Subcloning of the original cell line to obtain monoclonal founder cell

lines.

2. Transfection of cells with the gRNA- and Cas9-encoding plasmid, a
GFP-encoding plasmid and a single-stranded donor oligonucleotide

(ssODN) repair sequence.

3. Bulk cell analysis to confirm the mutation occurrence and subsequent

limiting dilution to separate mutated clones from the bulk.
4. Allele-specific PCR (AS-PCR) screening to identify mutated clones.

5. Mutants validation with western blotting, flow cytometry and DNA

sequencing.

We underlined in the paper the importance of initial cell line subcloning,
because it will decrease the heterogeneity of generated clones. It is
especially important for the work with Jurkat cells, as their surface CD3

expression is heterogeneous within the initial population. Another
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important matter is the optimization of the AS-PCR in detection of

mutants, which is not always a simple task.

Next, we explained our choice of transfection setup. We discussed how
to test the setup efficiency with PCR and flow cytometry prior to clonal
dilution. We emphasized the need for a thorough screening of generated
mutants, as there are multiple possible defects that can be overlooked.
Western blotting can show if the protein products are the same in size as
the WT protein or produced new alternative variants. Flow cytometry
can show if the clones are truly homogenous. While sequencing can
confirm if the mutation was correctly introduced on both chromosomes

and if no additional mutations were introduced.

Finally we showed that on average, our protocol can generate around 2%
of homozygous knock-in mutants. We also discuss why some of our
target sites failed to undergo CRISPR/Cas9 genome editing. One of the
possibilities are differences in the histone methylation (and therefore,

the chromatin accessibility).

To sum it up, paper I presented a simple protocol for the generation of
CRISPR/Cas9-induced knock-in cell lines, which can be applied in any

basic molecular biology laboratory.

Paper II — Tyr92 is a critical regulator of
lymphocyte-specific tyrosine kinase activity in T

cells

In this paper, we explored the role of Lck Tyr»92 in a model, where
mutated variants of Lck Tyr92 were endogenously expressed. We used
the cell lines described in paper I which stably express Lck Phe92 and
Gluv2, These mutations are supposed to mimic constantly
unphosphorylated Tyr and constantly phosphorylated Tyr, respectively.

We aimed to answer the question if pTyr92, located in the Lck SH2
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domain, can change its specificity and, as a consequence, change the

substrate repertoire of Lck.

However, we observed that the phenotype of Lck Glu92 did not allow us
to achieve our goal. We showed that Lck Glu2 does not respond
properly to TCR activation, as it did not induce CD69 expression, had
reduced NFAT translocation and had reduced initial phosphorylation of
early signaling molecules. The reason for such a phenotype was a
concomitant hyperphosphorylation of Lck Tyrs05, which left the majority
of Lck in the closed conformation. Therefore, the observation that Lck
Glu92 did not bind Lck SH2 domain targets properly, was not necessarily
valid, as this mutant could not initiate phosphorylation of Lck SH2

domain binding partners.

To overcome this problem, we generated another set of CRISPR/Cas9
genome-edited cell lines, where we combined Lck Tyr92 mutations with
Lck Phesos substitution, creating double mutants. These Lck mutants
were constantly in the open conformation, as they lost the ability to be
phosphorylated on Lck Tyr595. To our knowledge, we have generated the
most active Lck mutants so far reported. Both Lck mutants,
Phe92/Pheso5 and Glu'92/Phes05, had a several times increased initial
phosphorylation of early signaling molecules upon TCR stimulation.
Although, Lck Glu'92/Phes05 was generating more phosphorylation, there
was no significant difference between both mutants in binding Lck SH2
domain target proteins. The hyperactive phenotypes could be explained

by increased phosphorylation of Lck Tyr3o4 in both double mutants.

Our results support the recent finding that Lck pTyr92 abrogates Lck
interaction with CD45 (Courtney et al., 2017). As Lck Glu'92 cannot be
dephosphorylated on Tyr5°5 any longer, the closed-conformation Lck
accumulates, negating the cellular response to TCR stimulation. When
we combined Lck Glu92 with Phes°5, we observed the accumulation of

pTyr394, which is consistent with CD45 being a regulator also of this Lck

40



phosphosite. However, upon TCR stimulation, the amount of pTyr394
increased, which suggested that not all Lck was constantly
phosphorylated on Tyr3%4. To examine how Glu92 affects
dephosphorylation of Lck pTyr3o4, we performed kinetics experiments.
Upon TCR-stimulation Lck pTyrs94 increased, to fall back to initial value
after 20 min, and to altogether vanish after 60 min of TCR-stimulation.
The kinetics were the same for all three mutants, which suggest that Lck
pTyrs%4 dephosphorylation, initiated by TCR signaling, is Lck pTyr292-
independent (and therefore, most likely also CD45-independent).

Finally, to elucidate why Lck Phe92 also displayed increased Lck pTyr3o4,
we performed Lck SH2 domain pull-down experiments, to compare
binding ability of Lck SH2 WT, Lck SH2 Phe92 and Lck SH2 Glu92. The
data showed that Lck SH2 Phe'92 binding capacity of the known
substrates was the same as WT, while Lck SH2 Glu92 binding capacity
was significantly reduced. This suggests that stable SH2 domain
specificity affects Lck pTyrso4. Increased stability of SH2 domain binding
to the substrates, promotes Lck Tyr394 transphosphorylation, and

therefore, increases its activity.

Overall, the data in paper II showed that mutation of Lck Tyr92 can
unlock Lck’s enzymatic potential and reveal novel details about its

regulation.

Paper III - A conserved pTyr motif in the
unstructured C-terminus regulates the function of
the T cell specific adaptor TSAd

In this paper, we aimed to discover the role of the conserved Tyr29 in the
function of the Lck adapter protein TSAd. This tyrosine, and its
surrounding amino acid motif, is conserved in amniotes, which suggests
that it plays an important role. However, it is not a conventional SH2 or

phosphotyrosine-binding (PTB) domain recognition motif.
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To define the interactome of pTyr29°, we performed an MS experiment
to identify proteins pulled down by TSAd Tyr29, pTyr29° and pTyr3os
peptides. TSAd pTyr29 peptides were not preferentially bound by any
SH2 or PTB domain-containing proteins in comparison to TSAd Tyr29°.
Moreover, there were no proteins which preferred pTyr29° over Tyr29°,
As a control, we compared protein binding of pTyr29° to that of pTyrs°s,
which contains a conventional SH2 domain binding motif. We did not
identify any convincing TSAd pTyr29 novel binding partners, although
we found a group of SH2 domain-containing proteins which specifically
preferred TSAd pTyrsos, i.e. PI3K, PLC-y, Src kinases (Lck, Src, Fyn) and
SHP2. We confirmed these MS results by western blotting.

As we were not able to identify the role of TSAd pTyr29° with peptide pull-
downs, we used CRISPR/Cas9 genome editing to generate cell lines
stably expressing TSAd Phe2%° or TSAd Glu29°. The first mutant should
mimic a constantly unphosphorylated Tyr29°, while the latter one should
mimic a constantly phosphorylated Tyr29. As a by-product of the
procedure, we also generated cell lines expressing TSAd Aex7 — a TSAd
variant which does not contain the proline-rich region and tyrosines

described in this paper.

The mutated versions of TSAd behaved in the western blot similarly to
the TSAd versions which they were mimicking. TSAd Phe29° migrated
similarly to unphosphorylated TSAd, while TSAd Glu29%° migrated
similarly to phosphorylated TSAd. This behavior did not change upon
phosphatase inhibition treatment, which confirmed the notion that
Tyr29 is crucial for TSAd phosphorylation. When we tested the TSAd
mutants’ ability to interact with other proteins, we found that TSAd
Phe2% binding capacity was essentially unchanged, while TSAd Gluz29°
was strongly inhibited. This was even more apparent, when compared
with TSAd Aex7, which displayed a similar binding pattern to TSAd WT
and TSAd Phe29°, but with much lower intensity.
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Lastly, we measured CD3¢ phosphorylation upon TCR stimulation. It
was shown previously, that TSAd-deficient cells display increased CD3(
phosphorylation, which cannot be reversed to normal by TSAd Phe29%°
reconstitution. We could confirm this with our mutated cell lines. Both
TSAd Phe29° and TSAd Aex7 displayed significantly higher amount of
CD3( tyrosine phosphorylation after TCR stimulation compared to TSAd
WT cells. These indicate that TSAd Tyr29° regulates TSAd function.

Our results pinpoint the importance of TSAd pTyr2% for the protein’s
function. However, pTyr29° does not necessarily form a binding site for
other proteins. In paper III, we hypothesized that pTyr29 participates in

the regulation of TSAd conformation.
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General discussion

Disordered protein regions

An intrinsically disordered region is a part of the protein that lacks a
stable three-dimensional structure as defined by currently available
scientific methods (Dunker et al., 2001). At first, it was shown that most
disordered regions of the proteins evolve faster than structured regions
(Brown et al., 2002). However, a few years later it was found that linear
motifs within the disordered regions, recognized by other domains (SH2,
SH3 or Ser/Thr kinases), are surprisingly conserved (Ren et al., 2008).
Additionally, the number of proteins containing unstructured regions of
50 amino acids in length or more is much higher in eukaryotes than in
bacteria or archaea (Dunker et al., 2000, Basile et al., 2019). This
suggests that the evolutionary purpose of developing an intrinsically
disordered region is to provide the proteins with higher flexibility. The
flexibility could allow complex organisms to produce multifunctional
proteins, whose role would differ within a signaling pathway or between

various cells.

What are the biological benefits of having a disordered structure? There
are a substantial number of features which characterize disordered

regions and define their unique function in the intracellular signaling.

Firstly, short linear motifs present in disordered regions are more
accessible to binding domains as they are constantly exposed (Ren et al.,
2008). If the motif would be hidden within the structured domain, the
binding conformation would be much more restricted as in the classic
model of lock-and-key protein-protein interactions. The unstructured
regions can bind proteins with high specificity, but low affinity, which
makes them ideal signaling hubs — both specific and reversible (Dunker
et al., 2005). However, such a perspective has been recently challenged

(Ivarsson and Jemth, 2019) and it was speculated, that disordered
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structure actually provides a low specificity with a high affinity, due to
its flexibility. Even if the binding affinity is low, the disordered structure
can adapt its surface, increasing the recognition surface and therefore,
increasing the interaction stability and its affinity (Sugase et al., 2007).
Additionally, disordered linear structures allow the binding motifs to
overlap (Ren et al., 2008). This greatly enhances the functionality of the
protein within the signaling pathway and/or allows it to participate in

distinct signaling pathways.

Secondly, studies show that phosphorylation events predominantly
happen within disordered regions of the proteins (Iakoucheva et al.,
2004), what is now commonly used in phosphorylation site prediction
softwares (Iakoucheva et al., 2004, Li et al., 2008b). This indicates that
a certain degree of sequence flexibility is necessary for the
phosphorylation to occur. Even the kinase activation loops, which need
a phosphorylated amino acid residue to become active, undergo
significant conformational changes during the phosphorylation process.
It is possible that during the conformation change, the loops become
partially disordered, allowing the phosphorylation to happen. In fact, the
EF loop of the Lck SH2 domain, where pTyr'92 is located, is also one of
the most flexible parts of the domain (Zvelebil et al., 1995). The post-
translational control over the unstructured region is much easier due to
the aforementioned reasons. There are multiple examples of
phosphorylation in the disordered regions which shape the protein
conformation (Khan et al., 2017, Kulkarni et al., 2017, Bah et al., 2015).
Such events can stabilize protein interactions (Khan et al., 2017), or on
the contrary, destabilize them (Bah et al., 2015, Kulkarni et al., 2017). In
addition, controlling the structure through post-translational
modifications can establish the order of events within the signaling
pathway. The post-translational modification can regulate which motifs

within the disordered region are exposed at various stages of the
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signaling cascade. Alternatively, it can relegate the protein to other

signaling pathways.

Thirdly, disordered regions can serve as linkers between functional
domains of the protein. It facilitates the function of the protein through
the flexibility of its domains (Gonfloni et al., 1997). These regions can
also allow proteins to perform auto-inhibition through interaction with
its own protein binding domains (Boggon and Eck, 2004). Alternatively
spliced protein variants are enriched in unstructured regions (Buljan et
al., 2013), which is another way to increase the signaling complexity of
the cell. TSAd itself is an example, as exon 77, which encodes much of its
disordered C-terminal tail, is subjected to alternative splicing (Granum
et al., 2006). Finally, disordered regions were shown to be a crucial
element of the formation of phase-separated microdomains within the
cell (Pak et al., 2016, Banjade et al., 2015). A phase-separated
microdomain is a membraneless cellular compartment which
concentrates certain molecules. These microdomains gained a lot of
interest in the T cell studies, as it was shown that LAT, Grb2, Gads, Sos1,
SLP76, NCK1 and N-WASp form such clusters, which are actively
transported via actin association to the center of IS (Su et al., 2016, Ditlev

et al., 2019).

Although, we do not have any direct results, showing with certainty the
role of TSAd pTyr29 in shaping the conformation of the molecule, we
have indirect evidence that this might be the case. The description of the
functions of the intrinsically disordered regions presented here should
also support our notion that the current knowledge of TSAd fits within

the field of unstructured proteins.

Lck-TSAd interaction via TSAd pTyrz29°

Our initial interest in the assessment of the interactome of TSAd pTyr29°
came from our previous results, which showed that this peptide

preferentially bound to Lck-SH2 domain harboring the Y192E mutation
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(Granum et al., 2014). In comparison, TSAd pTyr3°5 preferentially bound
the Lck-SH2 WT domain. Therefore, we aimed to simulate the
conditions where Lck would be predominantly phosphorylated on Lck
Tyr192 (pervanadate treated Jurkat cells) or dephosphorylated (PP2
treated Jurkat cells) and compared its binding to the TSAd
phosphopeptides. Although our assumption may be wvalid, it bears
unintentional consequences. The samples treated with pervanadate have
an excessive amount of all kinds of phosphopeptides, also
unphysiological, which can easily outcompete the lower affinity binding
of TSAd phosphopeptides to target proteins. Additionally, the excessive
phosphorylation can change the proteins’ conformation. For example,
most of the specific binding partners of TSAd pTyr3°5 are pronounced in
PP2 treated samples, while their binding is considerably reduced in
pervanadate treated cells as measured by mass spectrometry. Therefore,
it is probably impossible to assess the specificity of TSAd
phosphopeptides to the Lck SH2 domain with pTyr92 in that manner. A
better approach may be to repeat the TSAd peptides pull-down in Lck
Y192F and Y192E mutated cell lines as mimics of Lck SH2 domain with

Tyr92 and pTyr92 respectively.

TSAd Y290E lack of interaction with other molecules does not
necessarily have to exclude the possibility of Lck SH2 domain interaction
with TSAd pTyr2%. If pTyr29c was indeed changing TSAd molecule
conformation, it would do it only while interacting with other proteins.
The new conformation could still expose pTyr29° as a binding site.
However, it is possible that the conformational change obtained through
amino acid substitution results in the molecule folding in an
unphysiological manner. Consequently, the abnormal folding blocks the
engagement with other proteins. The order of events can be a crucial
factor for TSAd function. Previous work from our group indicate that
TSAd is processively phosphorylated by Lck (Granum et al., 2008),

which support the notion of TSAd actions being sequential.
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Other parts of TSAd and Lck can play a more important role in the TSAd-
Lck interaction. For example, Lck SH2 domain can bind other tyrosines
on TSAd and the Lck SH3 domain can bind prolines on TSAd (Sundvold-
Gjerstad et al., 2005, Andersen et al., 2019). The TSAd SH2 domain
specificity has been mapped with a peptide array (Li et al., 2008a) and a
dominating motif is pYXN. However, it is likely that the TSAd SH2
domain may have additional binding partners that do not have this
motif. For instance, VEGFR2 pTyr%, which is a known TSAd SH2
domain ligand, contains the pYVG motif (Matsumoto et al., 2005). It
may thus be that also the TSAd SH2 domain participates in the TSAd-
Lck interaction. In any of these cases, the measurement of the
interaction between TSAd pTyr29c and the Lck SH2 domain on the
protein level will inevitably be skewed by the binding of other sites.

Lck adaptor molecules

TSAd is not the only Lck adaptor protein, which phenotype is hard to
grasp. Other Lck adaptors include Lnk (Li et al., 2000), ALX (Shapiro et
al., 2008) and LIME (Brdickova et al., 2003, Hur et al., 2003). Both Lnk
and ALX contain an SH2 domain, and all three molecules contain
multiple phosphosites, whose functions were investigated. Similarly to
TSAd, all three of them have viable KO mouse models with various
abnormalities of the immune system (Perchonock et al., 2006, Velazquez
et al., 2002, Gregoire et al., 2007). In contrast, mouse models of SHC,
yet another Lck adaptor molecule, revealed that SHC KO die at
embryonic stage and conditional SHC KO mice showed that SHC is
essential for T cell development (Fukushima et al., 2006). However, the
seemingly redundant nature of TSAd, Lnk, ALX and LIME, actually
points toward the less obvious conclusion, that the mutant mice were not
challenged properly. The redundant function of the protein is assigned
by the scientist as an explanation for the lack of benefits from expressing
the protein in tested conditions. However, the protein can have an

irreplaceable role in specific conditions that happens in nature. Our
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organisms are challenged daily by an enormous number of external (and
internal) dangers. Therefore, testing them all out in mouse models is a
tremendous amount of work. Until new screening methods are
developed to systematically assess all aspects of the immune system, a
discovery connecting the disease/treatment model with one of the
proteins mentioned above will be random. Ideally, a molecular
mechanism is identified first, through a broad spectrum of in vitro
screening methods, and subsequently translated into physiological

relevance.

The interactome of the Lck SH2 domain

The initial aim of paper II was the identification of proteins that
preferentially interact with Lck SH2 domain upon phosphorylation of
Tyr192, Lek Tyr92 is located in the EF loop of the SH2 domain (Eck et al.,
1994). Itis known that both the EF and the BG loops, define the domain’s
specificity (Liu et al., 2019, Kaneko et al., 2010). In fact, the shift in the
specificity of the Lck pTyr92 may be due to altered conformation and
intramolecular interaction between pTyr92 and Arg!$4 within the SH2
domain pocket [Huszenicza et. al., submitted]. The SH2 domain is not
the only protein binding domain in which specificity can be shifted by
the phosphotyrosine. For instance, phosphotyrosines within the SH3

domain were also reported to affect its interactome (Mer6 et al., 2019).

To the best of our knowledge, there is no published report of an unbiased
screen for Lck SH2 domain interaction partners in T cells. However,
peptide array analysis, as well as low-throughput, such as single
molecule studies, have revealed that the Lck SH2 domain has a number
of confirmed or suspected binding partners in T cells (Appendix
Tab. 1). It is therefore of interest to investigate the influence of pTyr92
on the Lck SH2 domain interactome, as it has previously been poorly
addressed. In the initial paper from 1996 (Couture et al., 1996b), the

authors narrowed down their investigation to the comparison of anti-
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pTyr blots of pull-down with isolated Lck SH2 domains (WT, Y192F and
Y192E) performed in Jurkat cell lysates, not discussing which specific
proteins were affected by the Lck Y192 mutations. In a previous study
from our group, we also focused on the interactome of the isolated Lck
SH2 domains (Granum et al., 2014), and showed that there are
phosphoproteins and phosphopeptides that preferentially bind to the
isolated Lck Y192E SH2 domain mutant. However, we did not examine
the binding capacity of the Lck Y192F SH2 domain. In paper II, we
addressed that negligence by assessing both phosphoproteins and
specific proteins binding to all three Lck SH2 domains: WT, Y192F and
Y192E. Our analysis revealed that the WT and the Lck Y192F domain
have essentially the same binding capacity, while Lck Y192E has a

decreased binding of the Lck SH2 domain to most proteins.

Most signaling molecules, including Lck itself, contain multiple sites for
interaction with other signaling molecules. Thus, interactions observed
with the isolated Lck SH2 domains may not directly predict how full-
length intact Lck will interact with the same protein target. The most
striking example is VAV1, whose interactions with the isolated Lck SH2
domains differed from what we observed with the intact, endogenous
Lck. Binding of VAV1 to isolated Lck SH2 domains, but not to the intact
Lck molecules, was clearly affected by the Tyr92 mutation. It shows that
other VAV1 and Lck domains (for example SH3) are more critical for
their interaction. Moreover, in the Lck mutant cell lines, the amount of
VAV1 phosphorylation was affected by the absence of Lck, but not by the
Tyr92 mutation. Although VAV1is a known substrate for Lck (Gulbins et
al., 1993), also ZAP70 and Fyn phosphorylate VAV1 (Michel et al., 1998).
This may explain why there is no significant net effect of Lck pTyr92 on

Lck interaction with VAV1.

As a consequence of lower binding affinity to classical Lck targets and
hyperphosphorylation of Lck Tyrs95 (Courtney et al., 2017), Leck Y192E

fails to activate the T cell signaling pathway. However, our data also show
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that Lck Y192E is enzymatically active, as it can phosphorylate its targets
and to some extent initiate NFAT translocation. Yet, this activation was
not sufficient to initiate CD69 expression. Our data confirm that a
certain level of NFAT nuclear translocation must be reached to initiate
activation induced protein expression (Fiering et al., 1990). Even if the
Lck Y192E mutant is not physiologically accurate representation of

pTyr92; it clearly shows the importance of Lck Tyr192 for Lek functions.

Phosphorylation of the Tyr:92 in the Lck SH2

domain

The Lck Tyr92 site is conserved in the other kinases from Src family (Src
Tyr216, Fyn Tyr24 etc.). It is thus possible that the mechanism of the
kinase regulation described in paper II is a common characteristic for
the whole family. It was reported that phosphorylation of that site in
both Src (Stover et al., 1996) and Fyn (Smida et al., 2007) increases their
activity. In both papers, the authors explained increased kinase activity
with the blocked binding of C-terminal end inhibitory phosphotyrosine.
However, in the case of Fyn, phosphorylation of Tyr24 was accompanied
by increased phosphorylation of the inhibitory tyrosine (Tyr53t), which
implies that the regulatory mechanism may be similar to that of Lck
Tyr92, The basic scheme of regulation (active/inactive conformation
ruled by two phosphosites) is the same for the whole Src family (Boggon
and Eck, 2004). Therefore, it is highly likely that the phosphosite located
in the SH2 domain can be a third regulator of the Src kinase family

activity.

To our knowledge, there have been no previous reports on the function
of the phosphorylation of Lck Ser94 and Ser2:3. In paper 11, we observed
a direct correlation between pTyr92 (i.e. Glu2) and increased
phosphorylation of Ser9¥4 and Ser2:. However, the function or
mechanism of regulation of these sites is unknown. Presence of these two

phosphosites correlates with hyperphosphorylation of other Lck tyrosine
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sites, which are targets of CD45: Tyr5°5 (in Lck Y192E mutant) and Tyr3o4
(in Lck Y192E/Y505F mutant). Ser'94 is located in the EF loop, while
Ser213 is located at the beginning of the BG loop on the opposite side of
the Lck SH2 domain groove in relation to Tyr92. This shared location
suggests a plausible explanation. Phosphorylation of these serines can
be a side effect of pTyr92 (or Glu92) — where the altered charge (or steric
hindrance) of pTyri92 could shift the serine residues, increasing their
accessibility to serine kinases. Determining the function of Lck Ser194 and
Ser213 requires further exploration. It is possible that they can also alter

Lck SH2 domain specificity similar to pTyr92.

Another surprising observation in terms of Lck phosphorylation was that
we did not find pTyr192 phosphopeptides in the MS analysis of the Lck IP
from the Lck Y505F mutant lysates. This could be a methodological
defect or a consequence of the introduced mutation. It is possible that
pTyrs95 binding to the Lck SH2 domain (inactive Lck conformation)
stabilizes pTyr92, analogous to pTyr5°s itself being stabilized by Lck SH2
domain binding (Gervais et al., 1993). Thus, introduction of Y505F,
which prevents the Lck closed conformation, makes pTyr:92 exposed to
the activity of phosphatases and therefore, the site can be easily
dephosphorylated. On the other hand, this may imply that Lck Y505F
and Lck Y192F/Y505F are equal, as both would lack the possibility of
Tyr192 being phosphorylated. If both mutated cell lines had a constantly
prototypic SH2 domain specificity, both would have similarly enhanced
signaling. Yet, we can clearly see a superiority of Lck Y192F/Y505F over
Lck Y505F activity. Together, this suggests that even if pTyr92 is absent
in Lck Y505F samples, the phosphorylation must happen in the intact
cells, consequently affecting the TCR signaling. This issue requires more

attention in future studies of Lck Tyr92 phosphorylation regulation.
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Lck Y192E binding partners

Although we performed an unbiased MS screening for changes in the
interactome of Lck Tyr'92 mutants, we were unable to identify any
interaction partners specific for Lck Y192E (Fig. 6 A and B). There are
several possibilities that could explain this. Firstly, as mentioned above,
the interactions observed between intact proteins and between isolated
protein domains or peptides can differ drastically. The signaling network
of proteins is a highly dense mesh, which rely on multiple
binding/interaction sites. Changing a single interaction site can have a
redundant effect or a phenotype observed only under very specific
conditions. Therefore, increasing the physiological relevance of the
model may not necessarily provide better results than testing protein

interactions in isolation.

Secondly, the interaction of an SH2 domain in a kinase can be transient
to support phosphorylation in a processive manner (Lewis et al., 1997).
Therefore, it could be impossible to capture all “Lck SH2 domain-target
protein” interactions with the methodology used in this thesis. A feasible
alternative would be to identify novel phosphorylation events caused by
the change in SH2 domain specificity. We are currently developing a
protocol for phosphoproteomics in samples enriched for pTyr
peptides/proteins (Abe et al., 2017, Lind et al., 2012). However, this
proved to be more technically challenging than anticipated and the

method will require additional optimization.

Thirdly, the phenotype of Lck Y192E, which directly affects Lck activity
in the cellular model, is a significant challenge for our experiments. Lck
activity directly corresponds to the amount of generated phosphosites in
the TCR signaling pathway. Therefore, Lck activity directly affects the
amount of available SH2 domain binding targets. In the case of Lck
Y192E, the amount of phosphopeptides is practically non-existent, while
for Leck Y192E/Y505F the amount of phosphopeptides is a few times
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higher than that of Lck Y505F. This makes it very challenging to find
novel targets in the Lck Y192E cells, while the results from Lck
Y192E/Y505F cells will be skewed by Lck hyperactivity (Fig. 6 C
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and D). Although the doubly mutated Lck cell lines proved to have
intriguing phenotypes, they did not help us map the shift in the
interactome of the Lck SH2 domain with the Tyr92 phosphorylation.

CRISPR/Cas9 as a tool for functional analysis of

endogenously expressed proteins

The protocol for knock-in mutant generation, described in paper I is
simple, relatively robust (easily scalable), and can deliver a mutated cell
line within three weeks. In our experience, the most challenging part is
the design of gRNA, ssODN repair templates and AS-PCR primers. All of
these components are prone to unspecific interactions, which can
disturb the experimental setup at various steps. Therefore, it is necessary
to have a possibility for testing them before performing the actual
experiment. We have proposed to establish AS-PCR prior to the
mutation experiments, using plasmids encoding the expected WT or
mutated protein products. We have proposed to test for mutated cells in
bulk prior to limiting dilution by flow cytometry (for the presence of KO
cells) or with AS-PCR (for the presence of knock-in mutation).

There are two alternative methods that we worked on, but were not
sufficiently established prior to manuscript submission, namely the
heteroduplex mobility assay and testing of gRNA targeting ability on

plasmids.

Heteroduplex mobility assay (Fig. 7) — The assay requires a PCR
product spanning the site of the cut, amplified from the bulk cells after
transfection. Running such a DNA sample on a 10% polyacrylamide gel
drastically increases the electrophoresis resolution (in contrast to an
agarose gel). It allows for observation of shorter and longer PCR
products, as well as, heteroduplexes formed by differentially mutated
sequences, which typically migrate with a significant delay. As a result,

the bands’ pattern of the cells successfully cut by Casg differs from WT
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(homozygous)

M
(heterozygous)

Figure 7. Heteroduplex mobility assay. PCR products spanning the knock-
in site were mixed with wild-type (WT) PCR product (+) or left alone (-). These
samples were resolved by polyacrylamide gel electrophoresis and visualized with
ethidium bromide staining. Mutant (M) sequences form different duplex variants
in comparison to WT. These duplex variants can be observed in the gel as a specific

pattern of DNA bands.
cells. The assay works well when applied on the single clones, but

experiments with bulk cells are inconsistent.

Testing gRNA targeting ability on plasmids — The assay requires
simultaneous transfection of cells with plasmids encoding gRNA-Cas9
and the target protein. If the gRNA was designed properly, the
expression of the target protein should gradually decrease within a
couple of days, as a consequence of the target protein plasmid being cut
by Cas9. The protein expression can be monitored by a fluorescent tag

or with a proper antibody by flow cytometry or western blotting.

We cannot exclude the possibility that TSAd-targeting gRNAs failed due
to unknown technical reasons. Therefore, we have to convincingly show
that TSAd-targeting gRNAs, which failed to generate the mutated cell
lines, are actually able to target the TSAd genomic sequence. Bulk

measurements of TSAd KO generation by flow cytometry was not
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optimal due to lack of monoclonal antibodies with high specificity, thus

we need to establish other methods to test the gRNA targeting abilities.

Our and others' results (van Overbeek et al., 2016, Shen et al., 2018)
point out towards sequence related outcomes of CRISPR/Cas9 genome
editing. There are two elements that define the outcome: the gRNA
sequence and the local sequence context (van Overbeek et al., 2016).
Both of these elements influence the DNA repair mechanisms, which
decide the actual outcome. It shows that both the CRISPR/Cas9 system,
as well as the DNA repair mechanisms are not only controlled by rules
which assure the repeatable outcome, but they can also be predicted to

certain degree (Shen et al., 2018).

The CRISPR/Cas9 system is not the only technique that could have been
used to explore the function of phosphosites described in this thesis.
Transient transfection of cDNA-containing plasmids, which was the
major technique used by our lab until now, has been broadly used in
molecular biology. While it is easy to perform, it is not perfect, as the
protein expression is not physiological nor uniform between cells.
Moreover, the corresponding endogenously expressed protein can affect
the results if it is not suppressed by siRNA knock-down. On the other
hand, developing a stably transfected cell line is time-consuming,
laborious and inefficient. Additionally, the random nature of the DNA

acquisition can cause an unspecific phenotype.

Before CRISPR/Casg system came to dominate the genome editing field,
there were other engineered nucleases in development i.e.:
meganucleases, zinc finger nucleases (ZFNs), transcription activator-
like effector-based nucleases (TALENs) (Urnov, 2018). The
CRISPR/Cas9 system became the primary choice for genome editing,

because of its feasibility, as demonstrated in paper I.

As mentioned in Methodological considerations, Jurkat cells are not a

perfect cellular model. Although, the cells should mirror the proximal
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TCR signaling quite precisely, their distal TCR signaling is not
necessarily authentic. Therefore, the phenotype of Lck mutants which
affects the proximal TCR signaling should be genuine, while the
phenotype of TSAd mutants which might affect both proximal and distal
TCR signaling may be distorted. Nonetheless, most methods are tested
at first on the cell lines due to their robustness and simple maintenance.
The next step is to apply our methods in primary T cells. Although
primary T cells are challenging to maintain due to limited viability, it
should be possible to establish mutated clones before they reach

exhaustion.

Future perspectives

In future studies, it would be interesting to start combining single amino
acid mutations in different proteins in single cell lines. We have already
shown in paper II, that such an approach, combining two amino acid
mutations in one protein, can produce an unexpected outcome.
Therefore, it is possible that a combination of certain mutations in two
proteins can rescue the phenotype of a single mutation. It is also possible
to observe a synergetic effect. Such experiments would not be as easy as

they are nowadays, if it was not for CRISPR/Cas9 genome editing.

Applying the knowledge from paper II into clinical practice can be more
than challenging. There is still a lot of unknowns about Lck activity
regulation in T cells. Our work is revealing more knowledge gaps than it
is closing. For example: Which phosphatases dephosphorylate Lck upon
TCR activation? Which phosphatases regulate Lck pTyr92
dephosphorylation? How stable/dynamic is the switch between
Tyr192/pTyr92? Would hyperactive Lck Y192E/Y505F lead to

autoimmune responses?

Although, the transition from basic science to clinical applications is a
long way, one can imagine a CAR T cell designed with intracellular motifs

which promote phosphorylation or dephosphorylation of Lck Tyr92. For
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example, it may be possible to recruit specific phosphatases or adaptor
proteins to the CAR which can regulate Lck Tyri92 phosphorylation
status. Scientists have just begun to think about modulation of
intracellular signaling with specifically designed CAR T cells (Karlsson
et al., 2015). It could thus be possible to achieve CAR T cells with
lower/higher threshold of activation based on the Lck Tyr92
phosphorylation status. Alternatively, knowing the site which regulates
Lck activity, it may be possible to design small molecular drugs which
could block or activate it (Merk et al., 2018). Nonetheless, Lck Tyr92
regulation of Lck activity requires much deeper understanding before

being applied for clinical use.

The phenotypes of TSAd Y290F and Y290E mutants have not been
explored sufficiently as of yet. There are a number of known TSAd-
related signaling abnormalities that should be tested with our mutants.
We have not explored mutants’ interaction with Itk (Berge et al., 2010,
Andersen et al., 2019), nor their influence on Itk phosphorylation (Berge
et al., 2010). The interaction of TSAd mutants and Lck needs further
studies (Marti et al.,, 2006, Granum et al., 2008), as well as TSAd
mutants’ influence on Lck phosphorylation (Granum et al., 2014). We
have started testing how TSAd mutants can affect conjugate formation
(Granum et al., 2014, Abrahamsen et al., 2018), however, the

experiments need to be repeated for a proper evaluation.

In addition, there are more substantial questions which should be
answered. We need to prove that TSAd pTyr29° affects protein
conformation. For this purpose, we could design a FRET probe that
would monitor TSAd conformational changes (Ohashi et al., 2007,
LeBlanc et al., 2018) or perform structural studies of TSAd mutated
proteins (Martin et al., 2016). Both methods can be challenging,
especially due to the unstructured nature of TSAd. Moreover, although
the knowledge about TSAd is steadily growing, there is still no consensus
on what the actual role of TSAd is in T cells. The mouse TSAd KO strain
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is viable and has a very mild phenotype. Therefore, there is a need for
wide screenings in the context of TSAd’s role in T cells. It is even
possible, that TSAd has more important functions downstream of other
receptors than the TCR. Our mutated cell lines should be of great use for
any kind of in vitro screening setup. In particular, due to the importance

of Tyr29¢ for TSAd function.
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Appendix

Table 1. Overview of the known and suspected Lck SH2
domain’s binding partners. ? - The phosphotyrosine motif has not
been identified yet. * - The interaction is speculated not to be based on

phosphotyrosine recognition.

Gene pY site Motif Ref.
pY131 QLIIEDPYYGNDSDF (Granum et al., 2014)
ACP1 pY132 LITEDPYyGNDSDFE (Granum et al., 2014)
pY752 GVENSEIyDYLRQGN (Granum et al., 2014)
AXL pY814 QEPDEILYVNMDEGG (Granum et al., 2014)
pY12 NVLAKALYDNVAESP (Granum et al., 2014)
pY128 SKAQQGLYyQVPGPSP (Granum et al., 2014)
pY165 PSPATDLyQVPPGPG (Granum et al., 2014)
pY222 PTRVGQGyYVYEAAQP (Granum et al., 2014)
pY234 AQPEQDEyYDIPRHLL (Granum et al., 2014)
pY249 APGPQDIyDVPPVRG (Granum et al., 2014)
pY267 SQYGQEVyDTPPMAV (Granum et al., 2014)
BCAR1 pY287 RDPLLEVyYDVPPSVE (Granum et al., 2014)
pY306 PSNHHAVyDVPPSVS (Granum et al., 2014)
pY327 PLLREETyDVPPAFA (Granum et al., 2014)
pY372 PPPAPDLyDVPPGLR (Granum et al., 2014)
pY387 RPGPGTLyDVPRERV (Granum et al., 2014)
pY410 GVVDSGVyAVPPPAE (Granum et al., 2014)
pY664 EGGWMEDyDYVHLQG (Granum et al., 2014)
pPY666 GWMEDYDyVHLQGKE (Granum et al., 2014)
pY368 TKVTQEQYELYCEMG (Granum et al., 2014)
BL pY674 SSSANATySLAARPL (Granum et al., 2014)
C pY731 QQIDSCTYEAMYNIQ (Granum et al., 2014)
pY774 SENEDDGyDVPKPPV (Granum et al., 2014)
? ? (Lewis et al., 1997)

CD247 pY72 QQGONQLYyNELNLGR (Granum et al., 2014)
CD28 PY209 TRKHYQPyAPPRDFA (Granum et al., 2014)
CD3E pY188 PPVPNPDYEPIRKGQ (Granum et al., 2014)
pY453 ASHVDNEySQPPRNS (Granum et al., 2014)
CDs pY487 DNSSDSDyDLHGAQR (Granum et al., 2014)
pY182 GLDAGDEYEDENLYE (Granum et al., 2014)

CD79A
pY188 EYEDENLYEGLNLDD (Granum et al., 2014)
CD79B pY196 GMEEDHTyEGLDIDQ (Granum et al., 2014)
pY727 LPTLVQTyVLQGDPR (Granum et al., 2014)
CSF3R pY752 GTSDQVLyGQOLLGSP (Granum et al., 2014)
pY787 LTPSPKSYENLWFQA (Granum et al., 2014)
pY184 VAAQDEFyRSGWALN (Granum et al., 2014)
CSK pY263 VEEKGGLyIVTEYMA (Granum et al., 2014)
pY1124 | NTGISTLyRNSYGAP (Granum et al., 2014)
CTNND2 | pv1154 QEPSRKDYETYQPFQ (Granum et al., 2014)
pY1197 GLKSTGNyVDFYSAA (Granum et al., 2014)
DAPP1 pY139 KVEEPSIyESVRVHT (Granum et al., 2014)
DLG1 pPY760 YEVDGRDYHFVTSRE (Granum et al., 2014)
pY296 LDSPPALyAEPLDSL (Granum et al., 2014)
pY341 KPLYWDLYEHAQQQL (Granum et al., 2014)
DOK1 pY362 DPKEDPIyDEPEGLA (Granum et al., 2014)
pY398 ARVKEEGYELPYNPA (Granum et al., 2014)
pY409 YNPATDDyAVPPPRS (Granum et al., 2014)
pY299 PRGQEGEyAVPFDAV (Granum et al., 2014)
DOK2 pY345 PPRPDHIyDEPEGVA (Granum et al., 2014)
pY208 PMEENSTIySSWQEVG (Granum et al., 2014)
DOK3 pY398 PPGNEHLYENLCVLE (Granum et al., 2014)
pY432 SPTTSPIyHNGQDLS (Granum et al., 2014)
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Gene pY site Motif Ref.
ESR1 pY537 CKNVVPLyDLLLEML (Granum et al., 2014)
ESR2 pY488 CKNVVPVyDLLLEML (Granum et al., 2014)
pY478 PPPPPPVYEPVSYHV (Granum et al., 2014)
EZR pY483 PVYEPVSYHVQESLQ (Granum et al., 2014)
FAS pY232 SDVDLSKyITTIAGV (Granum et al., 2014)
pY185 SETTKGAySLSIRDW (Granum et al., 2014)
FYN pY213 RKLDNGGYYITTRAQ (Granum et al., 2014)
pY531 FTATEPQyQPGENL (Granum et al., 2014)
pY266 TEFRDSTyDLPRSLA (Granum et al., 2014)
pY324 PATPLSAyQIPRTFT (Granum et al., 2014)
GAB2 pY409 RASSCETYEYPQRGG (Granum et al., 2014)
pY614 KSTGSVDyLALDFQP (Granum et al., 2014)
pY643 TSDEKVDyVQVDKEK (Granum et al., 2014)
pY337 PRTSGGGyTMHGLTV (Granum et al., 2014)
IFNAR2
pY4ll DPFPEEDYySSTEGSG (Granum et al., 2014)
pY387 VYFTYDPySEEDPDE (Granum et al., 2014)
IL.2RB pY418 LSGEDDAYCTFPSRD (Granum et al., 2014)
pY536 LPLNTDAYLSLQELQ (Granum et al., 2014)
pY593 SFDFNGPyLGPPHSR (Granum et al., 2014)
pY711 DPGVASGyVSSADLV (Granum et al., 2014)
IL3RB pY766 VKSGFEGYVELPPIE (Granum et al., 2014)
pY882 KALKQQDyLSLPPWE (Granum et al., 2014)
ITK pY512 REVLDDQyTSSTGTK (Granum et al., 2014)
AK pY785 NSLISSDyELLSDPT (Granum et al., 2014)
JAK3 pY980 LLPLDKDyYVVREPG (Granum et al., 2014)
KHDRBS1 | pv44o0 GAYREHPyYGRY (Granum et al., 2014)
pY109 GSVTHSPyQLSAPSD (Granum et al., 2014)
KIR2DL2 pY126 DIVITGLYEKPSLSA (Granum et al., 2014)
pY302 QODPQEVTYTQLNHCV (Granum et al., 2014)
pY568 EEINGNNyVYIDPTQ (Granum et al., 2014)
KIT pY578 IDPTQLPYDHKWEFP (Granum et al., 2014)
pY936 SESTNHIySNLANCS (Granum et al., 2014)
pY110 GANSVASYENEGASG (Granum et al., 2014)
pY156 ADEDEDDYHNPGYLV (Granum et al., 2014)
LAT pY200 SMESIDDyVNVPESG (Granum et al., 2014)
pY220 SLDGSREYVNVSQEL (Granum et al., 2014)
pY225 EEEGAPDYENLQELN (Granum et al., 2014)
LAX1 pY93 RQRAKNIyDILPWRQ (Granum et al., 2014)
pY192 NLDNGGFyISPRITF (Granum et al., 2014)
LCK pY505 FFTATEGQyQPQP (Granum et al., 2014)
dosrf;in pY independent* (Lee-Fruman et al., 1996)
pY113 SSFEEDDyESPNDDQ (Granum et al., 2014)
LCP2 pY128 DGEDDGDyESPNEEE (Granum et al., 2014)
pY145 PVEDDADyEPPPSND (Granum et al., 2014)
? ? (Hur et al., 2003)
LIME1 pY235 ALAGDLAYQTLPLRA (Granum et al., 2014)
pY254 SGPLENVYESIRELG (Granum et al., 2014, Brdickova et al., 2003)
pY193 SLDNGGYyISPRITF (Granum et al., 2014)
pY264 FGEVWMGYYNNSTKV (Granum et al., 2014)
pY305 HDKLVRLyAVVTREE (Granum et al., 2014)
LYN pY315 VTREEPIyIITEYMA (Granum et al., 2014)
PY500 QSVLDDFyTATEGQY (Granum et al., 2014)
pPY507 YTATEGQyQQQP (Granum et al., 2014)
pY1212 PMSEYPTyHTHGRYV (Granum et al., 2014)
MUC1 pY1218 | TYHTHGRyVPPSSTD (Granum et al., 2014)
pY1229 | SSTDRSPYEKVSAGN (Granum et al., 2014)
pY12 NLMARALYDNVPECA (Granum et al., 2014)
pY92 TFGQQKLyQVPNPQA (Granum et al., 2014)
pY106 AAPRDTIyQVPPSYQ (Granum et al., 2014)
pY112 IYQVPPSYQNQGIYQ (Granum et al., 2014)
NEDDg pY118 SYQNQGIyQVPTGHG (Granum et al., 2014)
pY1l64 PVRTGHGYVYEYPSR (Granum et al., 2014)
pY166 RTGHGYVYEYPSRYQ (Granum et al., 2014)
pY168 GHGYVYEyYPSRYQKD (Granum et al., 2014)
pY177 SRYQKDVyDIPPSHT (Granum et al., 2014)
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pY189 SHTTQGVyDIPPSSA (Granum et al., 2014)
pY317 VGSQNDAYDVPRGVQ (Granum et al., 2014)
NEDDg pY345 PQERDGVyDVPLHNP (Granum et al., 2014)
pY629 ERSWMDDyDYVHLQG (Granum et al., 2014)
pY631 SWMDDYDyVHLQGKE (Granum et al., 2014)
NFKBIA pY305 FTEDELPyDDCVFGG (Granum et al., 2014)
pY163 GLGMEGPYEVLKDSS (Granum et al., 2014)
pY181 NMVEDCLyETVKEIK (Granum et al., 2014)
pY341 LTVPESTyTSIQGDP (Granum et al., 2014)
PAG1 pY359 PSSCNDLyATVKDFE (Granum et al., 2014)
pY387 SEEPEPDYEATQTLN (Granum et al., 2014)
pY417 LVPKENDyESISDLQ (Granum et al., 2014)
PECAM1 PY690 PLNSDVQyTEVQVSS (Granum et al., 2014)
PIK3CA pY508 SREAGFSySHAGLSN (Granum et al., 2014)
pY463 FQEKSREyDRLYEEY (Granum et al., 2014)
pY467 SREYDRLYEEYTRTS (Granum et al., 2014)
PIK3R1 pY470 YDRLYEEyTRTSQETI (Granum et al., 2014)
pY607 NENTEDQySLVEDDE (Granum et al., 2014)
pY688 FAEPYNLySSLKELV (Granum et al., 2014)
pY472 KLAEGSAYEEVPTSM (Granum et al., 2014)
pY771 IGTAEPDYGALYEGR (Granum et al., 2014)
PLCG1 pY775 EPDYGALYEGRNPGF (Granum et al., 2014)
pY783 EGRNPGFyVEANPMP (Granum et al., 2014)
pY1253 | EGSFESRyQQPFEDF (Granum et al., 2014)
PLCG2 pY1217 | LNNQLFLyDTHQONLR (Granum et al., 2014)
pY179 RLLTMSFyRNYHAMT (Granum et al., 2014)
PLD2 pY470 GRWDDLHYRLTDLGD (Granum et al., 2014)
PRKCA pY657 SDFEGFSyVNPQFVH (Granum et al., 2014)
pY64 STFDAHIYEGRVIQI (Granum et al., 2014)
PRKCD pY155 TKQAKIHyIKNHEFT (Granum et al., 2014)
pY630 KVKSPRDySNFDQEF (Granum et al., 2014)
pY148 KPTLNFFyQQVKSDY (Granum et al., 2014)
pY397 SVSETDDyAEIIDEE (Granum et al., 2014)
pY407 IIDEEDTyTMPSTRD (Granum et al., 2014)
PTK2 pY570 GDFGLSRyMEDSTYY (Granum et al., 2014)
pY861 PIGNQHIyQPVGKPD (Granum et al., 2014)
pY925 DRSNDKVYENVTGLV (Granum et al., 2014)
pY402 CSIESDIYAEIPDET (Granum et al., 2014)
PTK2B pY440 EGFFGEVYEGVYTNH (Granum et al., 2014)
pY881 DRTDDLVyLNVMELV (Granum et al., 2014)
pY61l TQNSGDFyDLYGGEK (Granum et al., 2014)
pY64 SGDFYDLyGGEKFAT (Granum et al., 2014)
PTPN6 pY377 MQRAYGPySVINCGE (Granum et al., 2014)
pY536 QKGQESEYGNITYPP (Granum et al., 2014)
pY564 SKHKEDVyENLHTKN (Granum et al., 2014, Stefanovi et al., 2003)
pY63 TQNTGDYyDLYGGEK (Granum et al., 2014)
pY66 TGDYYDLyGGEKFAT (Granum et al., 2014)
PTPN11
pY304 PNEPVSDyINANIIM (Granum et al., 2014)
pY584 REDSARVYENVGLMQ (Granum et al., 2014)
? pY independent* (Courtney et al., 2017, Ng et al., 1996)
PTPRC pY705 NGDAGSNyINASYID (Granum et al., 2014)
pY978 RNSNVIPyDYNRVPL (Granum et al., 2014)
pY31 FLSEETPySYPTGNH (Granum et al., 2014)
pY40 YPTGNHTyQETIAVPP (Granum et al., 2014)
PXN pY181 PGALSPLyGVPETNS (Granum et al., 2014)
pY375 QPYCEKDyHNLFSPR (Granum et al., 2014)
pY340 RGQRDSSyYWEIEAS (Granum et al., 2014)
RAF1 pY341 GQRDSSYyWEIEASE (Granum et al., 2014)
SH2B3 ? ? (Li et al., 2000)
pY280 PKPSNPIyNEPDEPI (Granum et al., 2014, Marti et al., 2006, Granum et al., 2008)
SH2D2A PY290 PDEPIAFyAMGRGSP (Granum et al., 2014, Marti et al., 2006, Granum et al., 2008)
pY305 GEAPSNIyVEVEDEG | (Granum et al., 2014, Marti et al., 2006, Granum et al., 2008)
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pY174 YPTDNEDyEHDDEDD (Granum et al., 2014)
SH3BP2 pY183 HDDEDDSyLEPDSPE (Granum et al., 2014)
pY448 GDDSDEDYEKVPLPN (Granum et al., 2014)
pY349 EEPPDHQyYNDFPGK (Granum et al., 2014)
SHC1 pY427 ELFDDPSyVNVQNLD (Granum et al., 2014)
pY90 SVEEVPLYGNLHYLQ (Granum et al., 2014)
S pY95 PLYGNLHYLQTGRLS (Granum et al., 2014)
IT1 pY169 SGPEPELYASVCAQT (Granum et al., 2014)
pY188 ASFPDQAYANSQPAA (Granum et al., 2014)
pY219 LSSLTIPYEEDEEEE (Granum et al., 2014)
pY232 EEEKEETyDDIDGFD (Granum et al., 2014)
SKAP1
pY271 EKEEEDIyEVLPDEE (Granum et al., 2014)
pY295 TRRKGVDyASYYQGL (Granum et al., 2014)
pY203 ARDNNGSYALCLLHE (Granum et al., 2014)
pY244 LWQLVEHYSYKADGL (Granum et al., 2014)
pY323 STVSFNPyEPELAPW (Granum et al., 2014)
SYK pY348 LPMDTEVyESPYADP (Granum et al., 2014)
pY518 ADENyYYKAQTHG (Couture et al., 1996a)
pY519 ADENYyKAQTHG (Couture et al., 1996a)
pY1048 | GMTCAELYEKLPQGY (Granum et al., 2014)
TEK pY1108 | TYVNTTLYEKFTYAG (Granum et al., 2014)
VAV1 pY826 GWWRGE I yGRVGWFEFP (Granum et al., 2014)
? ? (Yamasaki et al., 1996, Straus et al., 1996, Duplay et al., 1994)
pYl64 AHERMPWyHSSLTRE (Granum et al., 2014)
pY315 MPMDTSVyESPYSDP (Granum et al., 2014)
ZAP70 :
pY319 TSVYESPySDPEELK (Pelosi et al., 1999)
pY474 LLNVNRHyAKISDFG (Granum et al., 2014)
pY492 ALGADDSyYTARSAG (Granum et al., 2014)
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Abstract

CRISPR/Cas9 is a powerful gene editing tool allowing for
specific gene manipulation at targeted sites in the genome.
Here we used CRISPR/Cas9 mediated gene editing to better
characterise signalling pathways during T cell activation.
Knock-in mutations were introduced in Jurkat T cells by
homologous directed repair using single stranded oligode-
oxynucleotides. Specifically, we aimed to create targeted
mutations at two loci within LCK, a constitutively expressed
gene, and at three loci within SH2D2A, whose expression
is induced upon T cell activation. Here we present a simple
workflow that can be applied by any laboratory equipped
for cell culture work, utilising basic flow cytometry, western
blotting and PCR techniques. Our data reveal that gene ed-
iting may be locus-dependent and can vary between target
sites, also within a gene. In our two targeted genes, on av-
erage 2% of the clones harboured homozygous mutations
as assessed by allele-specific PCR and subsequent sequenc-
ing. We highlight the importance of decreasing the clonal
heterogeneity and developing robust screening methods to
accurately select for correct knock-in mutations. Our work-
flow may be employed in other immune cell lines, and acts
as a useful approach for decoding functional mechanisms of

proteins of interest.

Introduction

Immunity to infection depends on adequate intracellular signal-
ling in many different immune cell types. Elucidation of these
signalling pathways and the function of single signalling pro-
teins, have often been performed in cell lines and rodents using
a variety of protein specific inhibitors, knock-down assays and
knockout techniques to target the protein of interest. Although
these techniques have proven effective, many signalling mole-
cules contain multiple functional domains. Thus, knocking out
an entire gene may hide domain-specific activity of the encoded
protein. To explore the function of specific sub-domains, cDNA
encoding recombinant proteins with domain specific mutations
can be forcibly expressed in both primary cells and in cell lines.
However, such exogenous expression of cDNA may not be reg-
ulated by cellular processes and the resulting recombinant pro-
tein might compete with the endogenous protein.

Methods for genome editing of specific loci in intact cells in
order to alter endogenous protein activity through specific sin-
gle point mutations, have been hampered by low efficiency and
technical difficulties [1]. However, with the recent discovery of
clustered regularly interspaced palindromic repeats (CRISPR)/
Cas (CRISPR-associated protein) system, a prokaryotic adap-
tive immune system [2], researchers now have a powerful gene
editing tool to precisely introduce gene edits in various living
cells and organisms [3].

In general, the molecular machinery of CRISPR/Cas consists
of two major components: a DNA binding domain directing the
machinery to a defined locus and an effector domain that facil-
itates DNA cleavage resulting in a double-strand break (DSB).
While several CRISPR/Cas systems exist, the most widely used
system adapted for genome editing is CRISPR/Cas9, derived
from Streptococcus pyogenes [4]. Cas9 is an endonuclease,
evolved to be guided to the target site by a single guide RNA
(sgRNA) that binds to a complementary target DNA strand.
Specific cleavage of a double stranded DNA by Cas9 requires
binding of Cas9 to the sgRNA-target DNA complex as well as
the presence of a protospacer adjacent motif (PAM) in the target
DNA sequence [5, 6]. In this case, the Cas9 recognises a 5’-
NGG PAM sequence immediately downstream of the sgRNA
binding site [7] (Supplementary Fig. 1).

In a eukaryotic cell, there are several DNA mechanisms in
place to repair the DSB. The most common and rapid repair
occurs through non-homologous end joining (NHEJ), where
micro-homologous overhangs are used to join the DSB [8]. Al-
though small insertions or deletions may occur in NHEJ, it is
relatively accurate. In contrast, microhomology mediated end
joining, another DSB repair mechanism, aligns broken strands
with homologous sequences of 5-25 bp in length and is highly
error prone [9]. Microhomology mediated end joining often re-
sults in insertions, deletions (indels) and inversions; some more
frequently occurring than others. A majority of indels result in
frame shifts of the sequence and consequently occurrence of
premature stop codons, resulting in knockout mutations. The
CRISPR/Cas9 system works with high efficiency, and as such
has become a popular tool to create knockout mutations [6, 10,
11].

Alternatively, DNA breaks can be repaired by homology-di-
rected repair (HDR). By combining a CRISPR/Cas9 cleavage
with DNA templates, defined point mutations can be introduced
[4]. The DNA template for HDR can be provided as a single
stranded deoxynucleotide (ssODN), commonly referred to as
a repair template, and contains homologous arms complemen-
tary to either the target or non-target DNA strand. Recently,
it has been shown that knock-in mutations work with higher
efficiency when ssODNs are complementary to the non-target
DNA strand, as this is more available to binding post-cleavage
[12]. The repair template ssODNs contain the desired knock-
in mutation and an additional synonymous knock-in mutation

STo whom correspondence may be addressed: Department of Molecular
Medicine, Institute of Basic Medical Sciences, Tel.: +47 22851125, E-mail:
anne.spurkland@medisin.uio.no

Abbreviations list: HDR — homologous directed repair, CRISPR — clustered
regularly interspaced palindromic repeats, Cas9 — CRISPR-associated protein,
DSB — double-strand break, sgRNA — single guide RNA, PAM — protospacer
adjacent motif, NHEJ — non-homologous end joining, ssODN — single stranded
deoxynucleotide, LCK — lymphocyte-specific protein tyrosine kinase, TSAd —
T cell specific adaptor protein, SNP — single nucleotide polymorphism, AS-
PCR — Allele specific PCR, WT — Wild-type, GFP — Green fluorescent protein.
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for the PAM site to prevent repeated binding of sgRNA-Cas9
and re-cutting of the target strand. Together with the host DNA
repair machinery, the ssODN mediates HDR which introduces
the desired mutations into the gene of interest (Supplementary
Fig. 1C-D).

To better characterise signalling pathways controlling T cell ac-
tivation, we have employed the CRISPR/Cas9 system to intro-
duce targeted point mutations by HDR in Jurkat T cells using
ssODNs. Specifically, we were interested in how phosphoryla-
tion associated domains of lymphocyte-specific protein tyrosine
kinase (LCK) and T cell specific adaptor protein (TSAd) func-
tion in T cell activation [13, 14]. We thus sought to introduce
knock-in mutations in the LCK and SH2D24 genes that encode
for LCK and TSAd respectively, in order to either abolish phos-
photyrosine binding (TSAd-SH2) or to mimic phosphorylation
dependent alteration of SH2 domain specificity (LCK-SH2)
[13]. Additionally, we mutated two other phosphotyrosines:
LCK Y505 and TSAd Y290, which both are known ligands for
the LCK SH2 domain [13]. In parallel efforts, we performed
experiments to generate Jurkat T cells homozygous for the
non-synonymous single nucleotide polymorphism (SNP),
rs926103, in SH2D2A. This SNP is known to affect the inter-
action of TSAd with LCK [15], hence we aimed to determine
how this SNP affects endogenously expressed LCK and TSAd
in intact cells.

Altogether we attempted to edit five loci in these two genes
in multiple knock-in experiments. We successfully introduced
knock-in mutations within exon 6 and exon 13 of the LCK gene
and in exon 7 of SH2D2A4. However, knock-in mutation experi-
ments in the early exons of SH2D2A were unsuccessful, imply-
ing that the gene editing system may be influenced by its target
site.

We successfully generated knock-in mutated Jurkat cells in
repeated independent experiments for three of the five target-
ed loci. There were striking differences in mutation efficiency
within the same gene. Based on our results, we here provide an
overview of a simple workflow used for generating and identi-
fying knock-in mutations in cell lines, and we discuss potential
challenges faced when editing constitutively expressed genes
compared to genes that are upregulated following T cell acti-

vation.

Results

Heterogeneity of cell lines may affect interpretation
of genome editing results

To study LCK and TSAd mediated phosphotyrosine dependent
signalling in Jurkat T cells, we aimed to create point mutations,
Y192F, Y192E and Y505F in LCK (Supplementary Fig. 2A),
and N52S, R120K, Y290F and Y290E in SH2D2A (Supple-
mentary Fig. 2B). Here we report our results from a total of 31

Figure 1. Workflow for creating knock-in mutations in Jurkat T cells using
CRISPR/Cas9. Schematic depiction of mutation strategy: Jurkat T cells are
subcloned and assessed for expression of CD3 and the protein of interest prior
to CRISPR/Cas9 gene editing. Single clones are co-transfected with sgRNA/
Cas9 encoding plasmid, GFP encoding plasmid and the ssODN repair template.
Three days after transfection, bulk DNA is tested by AS-PCR to detect evidence
of knock-in mutations or flow cytometry to detect evidence of knockout of the
gene of interest. A limiting dilution is carried out and after 2-3 weeks single
clones are screened by AS-PCR for successful knock-in mutations. Positive
clones are further validated using Western blotting and flow cytometry before
being confirmed by sequencing. Heterozygous samples are subjected to a sec-
ond round of limiting dilution to exclude possible polyclonality.
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CRISPR/Cas9 knock-in mutant generation
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Figure 2. Initial necessary steps prior to genome editing: sub-cloning of chosen cell line and AS-PCR optimisation. (A) Analysis of clonal variation of Jurkat
T cell response to TCR stimulation. Western blot shows tyrosine phosphorylation in Jurkat T cell subclones after 2 min stimulation with anti-CD3 antibodies (B-C)
Analysis of surface CD3, LCK and TSAd expression levels in Jurkat T subclones as assessed with flow cytometry. (B) Selected histograms of data presented as
graphs in (C). (D) Sequences of AS-PCR primers used to screen for knock-in mutations of N52S in SH2D2A. The additional mismatches introduced in position -3
from the 3’ end of the primer are indicated. (E) AS-PCR was performed on cDNA encoding TSAd-N52 (top gel) or TSAd-S52 (bottom gel). Primers correspond to
those presented in (D). (F) AS-PCR performed on isolated DNA from blood donor samples using the N/S52 3A primers (D). (G) Sequencing analysis of the N/S52
region of DNA from donor 1 and donor 3 in (F). The nucleotide determining the N/S52 codon is indicated with a red box.

gene-editing experiments of LCK and SH2D2A4 in Jurkat cells
performed over a period of three years. Our current overall mu-
tation and cloning workflow, based on results presented in the
following section, is depicted in Fig. 1.

Similar to other cancer cell lines, Jurkat T cell lines are inher-
ently heterogenous [22]. During the course of our studies, we
noticed that our Jurkat T cells had heterogeneous expression of
surface CD3, which may be a clonotypic property. Our protein
of interest, LCK and TSAd, directly or indirectly interact with
CD3 to initiate or modulate downstream signalling events in the
T cell. Therefore, it was essential that Jurkat T cell clones with
uniform expression of surface CD3, LCK and TSAd were se-
lected for our gene-editing experiments. Thus, prior to perform-
ing genome editing experiments involving isolation of single
clones by limiting dilution, we subcloned our Jurkat T cell line
creating monoclonal founder cells, hereafter referred to as WT.
The resulting clones were analysed for response to anti-CD3
stimulation, expression of surface CD3 and expression of our
two proteins of interest, LCK and TSAd (Fig. 2). The results
showed considerable variability in the Jurkat T cell clones’ re-
sponse to anti-CD3 stimulation when assessed with anti-phos-
photyrosine immunoblotting (Fig. 2A). Some clones (including
clone 6) responded more strongly than the mother cell line (Jur-
kat), while other clones (including clone 7) responded relatively
weaker. This variability was better correlated to the amount of
CD3 expressed on the cell surface than to the amount of LCK
expressed (Fig. 2C).

Establishment of method for reliable screening of
knock-in mutants

To identify successful targeted point mutations in the Jurkat T
cell clones as well as in bulk cells prior to limiting dilution, we
used allele-specific PCR (AS-PCR) (Fig. 1), a technique also
used to detect SNPs [23, 24]. For all loci, we used a common
primer in one orientation and two alternate detection prim-
ers in the other orientation. The detection primers were com-
plimentary at the 3’-end either to the WT sequence or to the
knock-in mutation, including the PAM site mutation if relevant
(Supplementary figure 3).

Despite lacking exonuclease activity, Taq polymerase tolerates
a certain degree of 3’ mismatch in the primer [25]. To further
destabilise the primer-template complex and ensure specific
amplification of either WT or the mutated variant, we in addi-
tion introduced mismatches 2-5 bases upstream of the 3’-end
in the detection primers [26]. The effect of one such additional
mismatch in the +3 position from the 3’ end was systematical-
ly tested for the rs926103 SNP (with alleles here referred to
as N52 (asparagine) and S52 (serine)) (Fig. 2D). As seen from
Fig. 2E, when the detection primers lacking a destabilizing +3
nucleotide were tested against cDNA-containing plasmids en-
coding one or the other of the two variants, none of them reli-
ably distinguished the two variants from each other. However,
for both detection primers, inclusion of an A base in position
+3 was sufficient to discriminate one allele from the alternative
variant. The two alternate bases C or G, had a similar effect only
for the primer detecting the allele encoding N52 (Fig. 2E).



Manuscript CRISPR/Cas9 knock-in mutant generation
Transfection Bulk DNA analysis
A Brightfield GFP Merged C PCR primers: LCK Y192 Y192F Y192E
= LCKbuk . g g . FE - FE - FE
knock-in:
300bp [0 |
170bp ;

Transfected Jurkat T cells

Bulk cells analysis

509 -
3 Day 1
P 407 =1 Day 2 7
8 304 mm Day 3 .
T
& 20 4
=R
104 -
Cas9 plasmid 0-
amount(ug: 0 1 3 10 1 3 10 0GFP1 5 10 1 5 10
Plasmids: =  TSAd LCK = TSAd LCK |

px458 (GFP+Cas9+sgRNA) px330 (Cas9+sgRNA)

+0,50g EGFP-N1 (GFP)

LCK sgRNA No transfection

% of LCK low cells
S

o

0

0102 103 104 105 01 103 104 105
Atto NHS 425

Day 4 mDay 3 Day 2 mm Control

Day: Control 2 3 4
1 No transfection

=1 LCK sgRNA

Figure 3. Transfection and CRISPR/Cas9 setup validation on bulk cells. (A) Cells were co-transfected with sgRNA-Cas9 and GFP encoding plasmids. The GFP
signal serves as indication of successful transfection. Images were taken one day after transfection. (B) Cells were transfected with the indicated plasmids. The GFP
signal was subsequently assessed up to 3 days after transfection. (C) 3 days after transfection, DNA isolated from bulk cells was analysed by AS-PCR to detect the
presence of knock-in mutation. “-“ symbolises untransfected cells. (D) Cells were transfected with sgRNA-Cas9 plasmid targeting LCK or left untreated. Samples
were collected three days in a row, barcoded with varying CTV concentrations and analysed by flow cytometry. (E) Graph presents the median and range of the
percentage of cells with low LCK expression obtained from experiments (n=2) as in (D).

As genomic DNA is more complex than a cDNA containing
plasmid, we subsequently used the TSAd-N/S52 detection
primers containing the +3A nucleotide to genotype the DNA of
four anonymous blood donors. Donors 1, 2 and 4 were found
to carry the S52 allele, while donor 3 was found to carry the
N52 allele. Addition of betaine to the PCR mixture [27], clearly
improved the specificity of the PCR, and revealed that donor 3
also carried the S52 allele (Fig. 2F). These genotyping results
were confirmed by sequencing (Fig. 2G). Taken together, estab-
lishment of AS-PCR for testing of knock-in mutations should
be done prior to gene editing experiments. Systematic testing of
alternate mismatches in the 3’-end of detection primers for AS-
PCR should be performed, to ensure a specific screening assay
for knock-in mutations. This is particularly important when the
desired knock-in mutation only differs by one or two nucleo-
tides from the WT sequence.

Transfection and bulk analysis of sgRNA targeting
efficiency

Co-expression with cDNA encoding green fluorescent protein
(GFP) may allow monitoring of transfection efficiency with
plasmids encoding both sgRNA and Cas9 (Fig. 3A). Initial ex-
periments using the alternative PX458 plasmid encoding both
sgRNA, Cas9 and GFP in cis, showed very low GFP expression
efficiency (less than 10% of positive cells) (Fig. 3B). Attempts
to isolate GFP positive cells by cell sorting, did not yield in
any mutated cells (data not shown). In all experiments reported
here, we thus co-transfected cells with px330 plasmids encod-
ing the sgRNA and Cas9 together with a plasmid encoding GFP
(pEGFP-N1) (Fig 3B).

Limiting dilution to obtain clonal cells is time consuming, thus
if possible, a few days post transfection, the bulk of cells should
be monitored for CRISPR-Cas9 targeting efficiency prior to
further experimental work. With AS-PCR established prior to
genome editing (Fig. 2E-G), the bulk of transfected cells can
be tested for the presence of knock-in mutations already at day
3 post-transfection, as shown in Fig. 3C. However, we noticed

that when the detection primers were complementary to the
ssODN repair template, false positive AS-PCR may result, due
to excess ssODN present in the media or intracellularly after
the transfection (data not shown). In addition, provided the tar-
geted gene product can be detected by flow cytometry, initial
experiments with sgRNA-Cas9 transfection in the absence of
ssODN repair template may allow assessment of Cas9 target-
ing efficiency through loss of the target protein in the bulk of
transfected cells, as a consequence of generated knockouts. An
example of this in the bulk cells expressing Cas9 and sgRNA
targeting Lck Y192 is shown in Fig. 3D and E.

Controlling the heterogeneity of generated mutants

To obtain single clones with homozygous knock-in mutations,
the cells were subjected to limiting dilution three days after the
transfection. Clones were subsequently screened for successful
knock-in mutations 2-3 weeks later, using AS-PCR (Fig. 4A).
Positive clones were further tested with detection primers for
the WT allele (Fig. 4B), to reveal possible heterozygosity. Fur-
ther characterisation of the clones included analysis of expres-
sion of the targeted protein by Western blotting (Fig. 4C and D)
and flow cytometry (Fig. 4E and F). Western blotting may re-
veal changes in protein expression or length. Thus, performing
a high percentage PAGE (12% or 4-20% gradient gels depend-
ing on the protein of interest) could be a measure of precaution
(Supplementary Fig. 4). It is especially useful for target sites at
the C-terminus as they are unlikely to generate a knockout (e.g.
Lck Y505), but the change in protein length can be observed.
Presence of more than one clone in a sample, may be detected
by flow cytometry, provided that one of the clones is hemizy-
gous or knockout for the protein of interest (Fig. 4E). Since both
of our target genes affect T cell activation and TCR-signalling,
we also monitored surface expression of the CD3 again. As
shown in Fig. 4F, in the LCK knockout cell lines we observed a
trend towards lower surface expression of CD3 compared to the
starting Jurkat T cells clone and the LCK expressing daughter
clones (Fig. 4F).
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Figure 4. Screening knock-in clones with AS-PCR, western blotting and flow

cytometry. (A) 2-3 weeks after limiting dilution, single clones were screened by

AS-PCR to identify clones harbouring the knock-in mutation. Initial screening was performed with a 96-well 2% agarose gel, here testing the presence of Lck Y192F
mutation. Samples with positive AS-PCR result are shown with white boxes (B) Positive hits from analysis performed as in A were verified with 16-well 2% agarose
gel for better resolution. (C and D) Western blot show the expression of indicated proteins in various LCK mutated (C) and TSAd mutated clones. (E) Example of
the analysis of clonal homogeneity of one LCK mutated clone as assessed by flow cytometry. (F) Monitoring with flow cytometry the surface CD3 expression and

intracellular LCK expression of various mutated LCK clones.

Sequencing of knock-in mutants reveal a wide
range of mutations and deletions

The screening methods described above provide most of the in-
formation needed to identify knock-in mutants. However these
screening methods may not reveal knockout mutants resulting
from indels at the C-terminus, nor will they reveal possible ad-
ditional silent mutations or mutations resulting in amino acid
substitutions outside of the targeted codon. Thus, all clones
must also be verified by sequencing.

During the course of our experiments we sequenced amplicons
of approximately 250 bp covering the targeted locus in a total
of 54 clones for LCK Y192, 10 clones for LCK Y505, 15 clones
for TSAd Y290 and 2 clones for TSAd R120. For LCK Y192
and TSAd Y290, clones with suspected gene disruption were
also included for sequencing, explaining the higher number of
sequenced clones in comparison with the other loci. Fig. 5SA
shows the sequencing trace around LCK codon 192 of a WT
clone as well as five mutants. We used EMBOSS Needle pair-
wise sequence alignment tool to deconvolute the sequences and
establish the two sequences present in the clones. Examples of
possible sequences obtained in LCK Y192 or LCK Y505 mu-
tated clones are shown in Fig. 5B and C respectively. Some
sequence outcomes were more likely to occur than others. We
observed multiple instances of hemizygous knock-in mutants
(where one allele is a knockout and the other allele harbours
the correct knock-in mutation). Clones determined to be WT/
knock-in heterozygous could either truly be heterozygous or a
mixture of a WT clone with a knock-in homozygous mutant
clone. As a rule of thumb, we subjected all heterozygous clones,
as determined by AS-PCR (Fig. 4B), to a second round of lim-
iting dilution. Even in the presence of a correctly mutated locus
of interest, the remaining sequence sometimes contained addi-

tional mutations (indels or substitutions, i.e. sequence 1 and 2 in
Fig 5B and sequence 1 in Fig 5C) in the vicinity of the targeted
locus.

Differing knock-in efficiency in the LCK and the
SH2D2A genes

A total of three different knock-in mutations in LCK at two dif-
ferent loci (the codons encoding Y192 and Y505 respectively)
were performed in Jurkat T cells. The mutation frequency as
estimated by AS-PCR after limiting dilution was between 5-13
% of the total number of clones screened (Fig. 6A). Subsequent
genotyping by sequencing revealed that nearly 80% of the AS-
PCR positive clones were non-homozygous mutants (heterozy-
gous or hemizygous) or knock-out giving a false-positive signal
(Fig 6B). Among the total number of clones isolated by limit-
ing dilution for each independent experiment, on average 2%
harboured the Y192E and Y192F and 1% harboured the Y505F
homozygous knock-in mutation (Fig. 6C).

CRISPR/Cas9 mediated cleavage of DNA is independent of
whether the strand is sense or non-sense with respect to mRNA
transcript for the respective proteins. After cleavage of DNA,
the target strand remains bound to the DNA binding domain
of Cas9, whereas the non-target DNA strand becomes exposed
and available for pairing with the ssODN (Richardson et al.,
2016) (Supplementary Fig. 1A-C). During the course of these
studies, and as suggested by Richardson et al, we thus created
asymmetric ssODN that were 103-127-nt long, with the shorter
homology arm of the ssODN pairing with the non-target DNA
strand 36-nt away from the cut site. We were however unable to
detect an improved mutation frequency when using asymmetric
ssODN for mutation of the same locus (Fig. 6A and C).

In parallel efforts, we performed experiments to introduce four
different knock-in mutations in three different loci (N52, R120
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2 TCTGGACAACGGTGGCTTCTTCATCTCACCTC-—- G-ATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

3 TCTGGACAACGGTGGCTTCTACATCTCCCCTC-————————————————— G-ATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA 2x
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6 TCTGGACAACGGTGGCTTCTACATCTCCCCTC-——————————————————————————————————————— TGAACTGGTCCGCCATTACACCA

7 TCTGGACAACGGTGGCTTCT--——-——-————— TTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

8 TCTGGACAACGGTGGCTTCT--- TTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

9 TCTGGACAACGGTGGCTTCT--- GAATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA 2x

10 TCTGGACAACGGTGGCTTCTA AA: TTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

11 TCTGGACAACGGTGGCTTCTACATCTCCCCTC- TTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

12 TCTGGACAACGGTGGCTTCTACATCTCCCCTC---—-————————————-— G-———————- TTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

13 TCTGGACAACGGTGGCTTCTACATCTCCCCTC ACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA 2x

14 TCTGGACAACGGTGGCTTCTACATCTCCCCTC--——————————————-—— G—---ACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

15 TCTGGACAACGGTGGCTTCTACATCTCCCCTC---—--——-———————————-— AATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

16 TCTGGACAACGGTGGCTTCTACATCTCCCCTC--~- - ----GGAATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA 8x

17 TCTGGACAACGGTGGCTTCTACATCTCCCCTC-—- ——---—----AAGAATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA 2x

18 TCTGGACAACGGTGGCTTCTACATCTCCCCTC-———————————— GAAAAGAATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

19 TCTGGACAACGGTGGCTTCTACATCTCC----- GCTGGAAATCTCACCTCGAATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA

20 TCTGGACAACGGTGGCTTCTACATCTCCCCTCACTTTTCCCGGCCTGCATGAATCACTTTTCCCGGCCTGCATGAACTGGTCCGCCATTACACCA
C LCK Y505 genome editing outcomes Clonal

PAM Y505 occurence

Y505 WT CTGGAGGACTTCTTCACGGCC-ACAGAGGGCC AGTACCAGCCTCAG

Y505F CTGGAGGACTTCTTCACGGCC-ACAGAAGGCC AGTTCCAGCCTCAG
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5 CTGGAGGACTTCT--——-—--—— GCAGAGGGCC AGTACCAGCCTCAG

6 CTGGAGGACTTCTTCACGGCCAACAGAGGGCC AGTACCAGCCTCAG 3x

7 CTGGAGGACTTCTTCACGGCC-ACAGAAGGCCAGTTCCAGCCTCAGCCTTGAGAGGCCTTGAGAGGCCCTGGGGTTCAGTACCAGCCTCAG

Figure 5. Screening knock-in clones with sequencing. Jurkat T cells were subjected to knock-in mutations for Y192E/F and Y505F in LCK. Amplicons of the
region around the targeted loci from selected clones were subjected to Sanger sequencing. (A) Representative sequencing results showing various outcomes of the
mutation. (B-C) Examples of various genome editing outcomes revealed by sequencing: (B) Sequences from cells targeted by LCK Y192 sgRNA (aberrant mutation
outcomes are labelled 1-20) and (C) targeted by LCK Y505 sgRNA (aberrant mutation outcomes are labelled 1-7). Correctly introduced mutations are highlighted in

yellow. Grey highlight represents unchanged WT sequence.

and Y290) in the SH2D2A4 gene. The knock-in mutation fre-
quency after limiting dilution in Y290, as assessed by AS-PCR,
was on the average 4% and 6% for the Y290E and Y290F muta-
tions respectively (Fig. 6D-F). Sanger sequencing of amplicons
of the mutated regions revealed that on average 2% of the total
number of clones screened were homozygous for the knock-in
mutation. The homozygous knock-in frequencies for Y290E or
Y290F were comparable to the frequencies of the knock-in mu-
tations in the LCK gene (Fig. 6B). In contrast, less than 1% of
total clones were positive for R120K as determined by AS-PCR
(Fig. 6D). Of the two clones that were positive for the knock-in
allele by AS-PCR, genotyping by Sanger sequencing did not
reveal any homozygous knock-in mutations (Fig. 6E and F). For
mutation of N52 to S52, in two independent experiments we
were unable to detect any successful knock-in mutations in bulk
transfected Jurkat T cells prior to limiting dilution, neither did
we observe any AS-PCR positive clones after limiting dilution
(data not shown).

Epigenetic gene profiles correspond to knock-in
efficiency

Our data show that the CRISPR/Cas9 knock-in mutation ef-
ficiency varied considerably both between genes and also be-
tween different loci within the same gene. Whereas LCK and
TSAd are both expressed in T cells, LCK is constitutively ex-
pressed while TSAd expression is upregulated following T cell
activation [17]. We therefore speculated that the expression
pattern of the genes could have implications for gene editing.
CRISPR/Cas9 target cleavage may be inhibited by nucleosomes
[28] or other epigenetic mechanisms [29].

We hypothesised that SH2D24 is inaccessible to Cas9 in rest-
ing cells as a consequence of epigenetic modifications or local
chromatin structure. The epigenetic profile of primary T cells
from peripheral blood supports this notion (Fig. 6G), as the four
exons at the 5’ end of SH2D2A, encoding S52 and R120, are
associated with multiple histone markers [30]. In contrast, the
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Figure 6. Efficiency of LCK and TSAd knock-ins. Jurkat T cells were subjected to knock-in mutations for Y192E/F and Y505F in LCK (A-C) or for R120K
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Epigenomics Mapping Consortium [30].

3’ exons of SH2D2A, including exon 7 which contains the Y290
codon (Fig. 6G) has a different epigenetic profile, resembling
that of LCK exon 6 and exon 13 encoding Y192 and Y505 re-
spectively (Fig. 6H).

In an attempt to increase the accessibility of Cas9 to the TSAd
locus, we activated Jurkat T cells by anti-CD3 or PMA/iono-
mycin (treatments which induce expression of TSAd in Jur-
kat cells) before or after transfection for gene editing of TSAd
R120. Only one TSAd R120K heterozygous clone was obtained

following activation of the Jurkat cells with anti-CD3 antibody
prior to CRISPR/Cas9 transfection (Fig. 6E).

Discussion

In this study, we report our experience with gene editing of Jur-
kat T cells to elucidate domain specific functions of signalling
molecules in T cell activation. Further, we report locus depen-
dent knock-in mutation efficiencies, also within the same gene,
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which may be due to local variation in chromatin structure. Our
workflow for generation of knock-in mutants using the CRIS-
PR/Cas9 system can easily be applied by laboratories equipped
to use basic molecular biology techniques.

To successfully introduce a desired knock-in mutation using
CRISPR/Cas9, there are two events which must occur concur-
rently in a precise manner. Firstly, the Cas9 machinery must
be targeted to the correct location and secondly the Cas9 endo-
nuclease must facilitate DNA cleavage. This involves accurate
directing of Cas9 by the sgRNA to the target site and efficient
binding to the PAM site respectively [7].

Unsuccessful CRISPR/Cas9 experiments may be caused by
PAM site inaccessibility [31]. Several groups have addressed
ways to improve Cas9 target efficiency, for instance by using
algorithms to predict efficient sgRNA target sites, according to
sequence features [32]. In the case of increasing knock-in effi-
ciency, selecting efficient PAM sites that are <10-nt away from
the site of the mutation, was proposed [33].

The limited availability of PAM sites near the mutation site,
represent an important challenge for successful generation
of knock-in mutations. The frequency of “GG” in the human
genome has been reported to be 5,21% [34]. This means that
“GG” should occur on the average every 42 bases. Accounting
also for “CC” (representing the PAM site on the complementa-
ry strand) will give on average one PAM site within a 10 base
distance from the mutation site of interest.

Since the first reports of gene disruption in Jurkat T cells using
CRISPR/Cas9 [35, 36], there has been an ever increasing num-
ber of reports where CRISPR/Cas9 technology has been used
to disrupt selected genes in Jurkat T cells (80 publications in
PubMed, September 2019). However, to our knowledge, the ef-
ficiency of gene editing by HDR in Jurkat T cells using CRISPR/
Cas9 technology has not previously been reported. The relative-
ly low homozygous knock-in frequency compared to knockout
frequencies observed in our study of Jurkat T cells, is consis-
tent with previously reported data from human primary CD4+
T cells and CD34+ HSPCs [37]. Although the frequencies were
low, we repeatedly introduced knock-in mutations across inde-
pendent experiments with the same experimental setup (Fig. 6
A-C). We have successfully used the resulting mutants to study
LCK function in T cell signalling (Borowicz et al., submitted).
Generation of knock-in mutants is time-consuming, and one
single experiment takes a minimum of three weeks to complete.
It is therefore advantageous to check the performance of the
sgRNA already prior to the limiting dilution step, while the cells
are still in bulk. However, this strategy also has its limitations.
If detection primers are complementary to the ssODN repair
template, initial bulk DNA analysis may give false positive re-
sults, as the ssODN may still be present in the medium or the
transfected cells. This should however not be a problem during
the clonal screening, as the ssODN would be sufficiently diluted
or degraded by then. Hence, if possible, the detection primers
should be non-complementary to the ssODN.

If the targeted site is located in the C-terminus of the protein
(as in the case of LCK Y505), the potential mutations may not
generate protein knockout, but rather truncated versions of the
protein. Additionally, it is important to be aware of the exis-
tence of alternative spliced variants of the targeted protein. If
the targeted mutation is located in an exon that can be omitted
by alternative splicing, the mutation will not deplete the cell
of all splicing variants of the targeted gene (as exemplified by
TSAd Y290 in exon 7 of SH2D24) [38].

CRISPR/Cas9 knock-in mutant generation

CRISPR/Cas9 mediated genome editing involves a certain risk
of generating off-target effects in the treated cells due to un-
specific guidance of Cas9 [39]. However, the heterogeneity of
the resulting mutated clones may also be a consequence of the
inherent heterogeneity of the starting cell lines, as our analy-
sis of the Jurkat T cell sub-clones clearly demonstrated (Fig.
2A-C). To control pre-existing heterogeneity, we thus strong-
ly recommend to generate one or several founder cell lines. It
is particularly important to ensure sufficient expression of key
molecules crucial in pathways contributing to phenotypes in the
knock-in cell line. In our case, establishing founder Jurkat T
cell lines was necessary to ensure that the phenotypes of the
later knock-in mutations were not biased by the variation in the
expression of surface CD3, LCK or TSAd between the mutated
clones.

An additional source of unspecific effects of CRISPR/Cas9 me-
diated gene editing is the stochastic nature of DNA repair mech-
anisms, which can create substantial local gene rearrangements
[40] as we also observed (Fig 5C and D). A striking observa-
tion in our experiments was repeated similar repair patterns ob-
served in independent mutation experiments. This fits with the
notion that particular outcomes of NHEJ DNA repair to some
extent can be anticipated. The software InDelphi [41], predicts
the likelihood of given NHEJ results based on microhomology
analysis. We have compared our results with InDelphi predic-
tions in Supplementary Figure 5. Consistent with the InDelphi
predictions, we observed that the sequences predicted to occur
with the highest frequencies, were observed in our sequencing
results.

Our workflow proposes methods for mutated clones’ valida-
tion, which should ensure desired homozygous knock-in mu-
tations and omit clones with unspecific mutations. In some of
our knock-in mutants, we observed protein products of various
length, which were not present in the WT samples. Even if
the expressed knock-in mutated protein seems to be of correct
length by Western blotting, DSB increases the chance of intro-
ducing random mutations into the gene of interest. Therefore,
it should be carefully monitored by sequencing. We observed
within the 250 bp sequenced, additional mutations occurring at
some distance from the targeted codon. Thus, it is possible that
we may have overlooked some additional mutations outside of
the sequenced region.

A striking observation from our work, was the variable success
rate for CRISPR/Cas9 targeting at different loci in the same
gene, which might be explained by variable chromatin accessi-
bility. This could be due to an error in the generation of the sgR-
NA or Cas9 from our px330 plasmid. However, for the R120
site in SH2D2A, we tested three different PAM sites and sgRNA
target sites to improve efficiency, while still remaining in prox-
imity to the desired site of mutation. Still, we were unable to de-
tect any successful knock-in mutations. We thus hoped that ac-
tivation of the Jurkat T cells prior to the mutation experiments,
would change local chromatin structure and hence increase the
accessibility of Cas9 to the target mutation site. However, de-
spite different activation methods, we were unable to success-
fully increase the frequency of knock-in mutations at the R120
site and only obtained one heterozygous clone for R120K.
Although activation of Jurkat T cells through TCR prior to gene
editing did not improve the mutation efficiency of TSAd R120,
it does not exclude the possibility that local chromatin structure
is a determining factor. Besides Cas9 accessibility, local chro-
matin domains might determine which DNA repair pathway is
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taken to repair the DSB, i.e. through NHEJ or HDR [29]. Fur-
thermore, it is known that NHEJ occurs more frequently and at
a faster rate compared to HDR [8], which may result in HDR
machinery being outcompeted by NHEJ. If this is the case, we
would expect to see a high frequency of indels at the R120 site,
which to a certain degree can be picked up by our screening
methods. As we did not observe any abnormalities, it suggests
that R120 was not successfully targeted by the sgRNA and
Cas9. Several groups have addressed ways to promote HDR
pathways, such as calibrating the cells to be in the G2 phase of
the cell cycle, where HDR is suggested to be more active than
NHEJ repair mechanisms [42]. Alternatively, inhibiting NHEJ
pathways [43] might be a possible strategy to enhance HDR
mediated knock-in efficiency.

In conclusion, we have successfully used CRISPR/Cas9 tech-
nology to target single domains in the LCK and SH2D2A genes
using a setup which is simple and easy to establish for labs with
basic skills in molecular biology. Our work reveals variabili-
ty in mutation frequency, also within the same gene. Inability
to target a given locus may be associated with the chromatin
structure in the vicinity of the locus affecting sgRNA abilities to
guide Cas9 to the desired genomic location.

Materials and Methods

Reagents. The plasmids used were pX330-U6-Chimeric BB-
CBh-hSpCas9 [4], pSpCas9(BB)-2A-GFP (PX458) [3] (Ad-
dgene), pEGFP-N1 (Clontech), pEF-HA-TSAd (encoding S52)
[16]. sgRNA encoding oligonucleotides targeting the loci of
interest were cloned into the pX330 or PX458 vectors. pEF-
HA-TSAd-N52 was obtained using Quick Change Mutagenesis
(Thermo Fischer Scientific). All new constructs were verified
by sequencing. Oligonucleotides for generating sgRNA en-
coding plasmids, ultramer ssODN for HDR repair, as well as
sSODN for PCR and sequencing referred to in the text were cus-
tom synthesized by Integrated DNA technologies (Coralville,
Iowa). Primary antibodies used were: anti-CD3¢ (clone OKT-3,
American Type Culture Collection), anti-LCK (unconjugated
or conjugated to AF647, clone 3AS5, Santa Cruz Biotechnol-
ogy), anti-SH2D2A (DyLight 488, clone 3C7, Origene), an-
ti-phosphotyrosine (clone 4G10, Upstate Biotechnology), an-
ti-GADPH (clone 6C5, Chemicon) and anti-TSAd antibodies
raised against synthetic peptides of TSAd [17, 18] or the recom-
binant C terminus of TSAd (a generous gift from Virginia Sha-
piro). Secondary antibodies used were: AF647 goat anti-mouse
IgG (H+L) (ThermoFisher), HRP conjugated goat anti-mouse
(H+L) and HRP conjugated goat anti-rabbit antibodies (Jackson
ImmunoResearch).

Cell cultures. Jurkat TAg cells, expressing large T antigen [19]
(Jurkat T cells) were cultured in complete RPMI 1640 media
(supplemented with 10% fetal calf serum, ImM sodium py-
ruvate, 10mM HEPES, 1mM MEM nonessential amino ac-
ids, penicillin (100 U/ml), streptomycin (100pg/ml) (all from
GIBCOBRL®, Thermo Fischer Scientific) and 50uM B-mer-
captoethanol (Sigma)). To reduce the impact of clonal hetero-
geneity in the gene editing experiments, Jurkat T cells were
subcloned by limiting dilution. Clones were assessed for ex-
pression of LCK, TSAd and surface CD3 by Western blotting
and flow cytometry. Clones which displayed similar amounts as
the median values of bulk Jurkat T cells were selected for the
use in subsequent experiments.

Cell stimulation. For activation of Jurkat cells by OKT3, a T75

CRISPR/Cas9 knock-in mutant generation

flask was coated with 10ml of S5pg/ml OKT3 for 1 hour. 1 x 107
cells were then activated at 37°C, 5% CO2 for 16hrs. For acti-
vation by PMA/ionomycin, 1 x 107 Jurkat cells were incubated
with 50 ng/ml PMA and 500 ng/ml ionomycin at 37°C, 5% CO2
for 16hrs. After activation, cells were washed with PBS and re-
suspended in complete RPMI prior to transfection experiments.
Design of sgRNAs and mutation donor ssODNs. PAM sites
where identified both on the sense and the non-sense strand in
the immediate vicinity of the loci to mutate. Potential sgRNA
(20-23 bp) located 5’ to these PAM-sites were identified and
evaluated using CRISPOR [20]. From one to three sgRNA se-
quences for each locus were chosen for experiments. 103-127
nt long ssODNs complementary to the non-target strand were
designed based on the genomic sequence centred on the locus
to mutate. Some of the ssODNs were symmetric with the Cas9
cut site located in the middle of the ssODN [4], while later in
the course of experiments asymmetric ssSODNs, with the Cas9
cut site approximately 36 nucleotides (nt) away from the cut site
on the 5’-end of the non-target strand, were generated [12]. All
ssODNSs contained the desired codon and mutations of the PAM
site when necessary.

Cell transfection. 1x107 Jurkat T cells were transfected with
0,5ug of pEGFP-N1 plasmid, 5 pg of sg-RNA-pX330 plas-
mid as well as 1 pM of donor ssODN (IDT) (containing the
desired mutation at the targeted locus as well as the adjacent
PAM site) at 240V for 25 ms using a BTX electroporator (Ge-
netronix). Three days after transfection, a limiting dilution in
96-well plates with 1 cell per well was performed. After two-
three weeks of expansion, clones were screened for the defined
knock-in mutation by allele-specific PCR. Successful knock-ins
were assessed for CD3 expression as well as for the protein of
interest using flow cytometry and Western blotting.

Genomic DNA extraction. To obtain genomic DNA for geno-
typing, Jurkat T cells were lysed in Tris-EDTA buffer (pH 8.0),
0,1% SDS (BioRad) and incubated with 0,2pg/ul proteinase K
(Sigma) at 55°C for 3 hours and subsequently at 80°C for 10 min
to deactivate proteinase K. Cell lysates were diluted 20 times
with purified water before used for genotyping. DNA from nu-
cleated blood cells of healthy anonymous donors from the Oslo
University hospital blood bank was isolated using rapid salting
out method [21].

Genotyping by allele specific-PCR and sequencing. Allele
specific PCR (AS-PCR) assays were used to identify knock-
in mutations. Wild-type (WT) and knock-in specific primers
differed in the 3’ end of the primers by two or more nucleo-
tides, representing the WT or mutated codon sequence or the
PAM site mutation. In most cases, to increase the specificity of
the primer, a mismatch was introduced 3-4 nucleotides away
from the 3’ end of the primer. To increase the specificity of the
PCR reaction, in some experiments betaine (final concentra-
tion 1.3M) was added. The PCR protocol with Taq Polymerase
(PROMEGA) used for all AS-PCRs was: 95°C for 2 min, 40
cycles for 95°C for 15 s, 58°C for 15 s, 72°C for 15 s and final
extension at 72°C for 7 min. Resulting PCR products were ana-
lysed by electrophoresis at 90V for 30min on a 2% agarose gel.
Samples for Sanger sequencing, to confirm knock-in mutations,
were prepared by using primers flanking the knock-in region
and the same PCR protocol as described above. Amplicons
were purified with Wizard SV Gel and PCR Clean-Up System
(PROMEGA) and custom sequenced (GATC Biotech).
Sequence analysis of heterozygous mutants. The sequencing
results were translated by the DNA Baser Assembler (Heracle
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BioSoft) to the standard nucleotide ambiguity codes and cor-
rected manually, if necessary. The resulting sequences were
aligned to the WT sequence of the targeted gene using pairwise
sequence alignment with EMBOSS Needle. Heterozygous se-
quences were deconvoluted by manipulating the parameters of
the algorithm and by manual rearrangements.

Flow cytometry. Cells were barcoded with three different con-
centrations of CellTrace Violet (ThermoFisher) according to
the manufacturer’s protocols. Different clones were either kept
unlabelled, or stained with the varying concentrations of CTV
and combined respectively. Surface stain (CD3): The com-
bined samples were incubated for 20 min on ice with anti-CD3¢
(OKT3) and fixed with 2% paraformaldehyde. Subsequently,
fixed cells were incubated with AF647 goat anti-mouse 1gG
(H+L) antibodies. Intracellular stain (TSAd, LCK): The com-
bined samples were fixed with 2% paraformaldehyde at room
temperature, permeabilised with 0,1% saponin for 15 min and
subsequently stained for 1h at room temperature with antibod-
ies: anti-LCK (AF647), anti-SH2D2A (DyLight 488). Barcod-
ed, fluorescently labelled samples were analysed with FACS-
Canto II flow cytometer (BD biosciences) and FlowJo software
(Tree Star, Ashland).

Lysis and Western blotting. Stimulated or treated cells were
pelleted and lysed with 0.1% LDS/ 1% Triton solution con-
taining 0,5% Triton X-100 (VWR International S.A.S), 50mM
HEPES (GIBCOBRL®, ThermoFisher), 0,05% LDS (Merck),
0.05 M LiCl, 0.5 mM PMSF, 2.5 mM EDTA (pH 8.0), ImM so-
dium vanadate and 1x SIGMAFAST protease inhibitor cocktail
(all from Sigma). Cells were lysed for 45 min on ice. Lysates
were sonicated briefly to break the DNA. The appropriate vol-
ume of loading buffer (containing 0.35 M Tris HCI, 10% SDS,
6% B-mercaptoethanol (all Sigma), 30% glycerol (VWR inter-
national S.A.S), 0.175 mM bromophenol blue (Fluka Ag), pH
6.8) was added to the samples. All samples were denatured by
boiling at 95°C for 10 min. Denatured samples were run with
SDS-PAGE and transferred onto PVDF membranes (Bio-Rad
laboratories) with Trans-Blot Turbo Transfer System (Bio-Rad
laboratories). The membranes were incubated with primary an-
tibodies diluted in tris-buffered saline (pH 7.4), 0.1% Tween
(Sigma-Aldrich) and 3% skimmed milk or 3% bovine serum
albumin (Bio-Rad laboratories) (when combined with anti-pTyr
antibodies). After overnight incubation at 4°C, the membranes
were incubated with appropriate HRP-conjugated secondary
antibody for 1h at room temperature. SuperSignal West Pico
Stable Peroxide Solution (Pierce) was used to visualize bands
using ChemiDocTM Imaging System (Bio-Rad Laboratories).
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Supplementary Figure 1. Schematic depiction of CRISPR/Cas9 system mediating targeted point mutations. (A) When
designing the CRISPR/Cas9, an optimal target site for the sgRNA to direct the Cas9 and a PAM site (pink) positioned in the non-
target strand, directly downstream of the sgRNA target site, need to be identified. (B) When expressed in the cell, Cas9 (grey)
complexes with the sgRNA, which contains the complementary target sequence (blue). The Cas9-sgRNA complex is directed to
the target DNA strand and Cas9 interacts with the PAM site. (C) Cas9 mediates double strand DNA cleavage 3-4 bases upstream
of PAM. Exonucleases degrade the exposed overhangs of the cleaved non-target strand. Homologous arms of the ssSODN repair
template bind to the non-target strand and repair based on the ssODN occurs. (D) The ssODN repair template containing the
desired knock-in mutation is used to repair the DSB through homology directed repair, resulting in both non-target and target strand

containing the desired mutations.
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ex 6 X ex3 ex4 ex7
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LCK HN—T"sh3 H sH2 H Kinase domain I—I{—COOH TSAd HN— [Tsh2 | [PRR AI—COOH
) )
Y192 Y505 N52  R120 Y290

C sgRNA site PAM LCK Y192F
gDNA anti-sense 5"~ (N) ,,~GGCCGGGAAAAGTGATTCGAGGGGAGATGTA~ (N) , -3
PAM mutation Y192F

Lok Y192F 37 - (N) |,~CCGGCCCTTTTCACTAAGCTCCACICTACTT- (N) ,, -5
ssODN assym

81

. PAM
sgRNA site
gDNA anti-sense 5’ - (N) ,.~GGCCGGGARAAGTGATTCGAGGGGAGATGTA- (N) -3

47
PAM mutation Y192F

Lok Y192F 3/~ (N) ,,~CCGGCCCTTTTCACTAAGCTCCAQICTACTT- (N) -5
ssODN sym

sgRNA site PAM LCK Y192E
gDNAanti-sense 5'~ (N) |, ~GGCCGGGAAAAGTGATTCGAGGGGAGATGTA- (N) ,, -3’

PAM mutation Y192E
Lok Y192E 37~ (N) | .~CCGGCCCTTTTCACTAAGCTCCAQICTARAG- (N) -5
ssODN assym
X sgRNA site PAM
gDNAanti-sense 5/ (N)  -GGCCGGGAARAGTGATTCGAGGGGRGATGTA- (N) , -3’

PAM mutation Y192E
Lok YA92E 5, () | ~CCGGCCCTTTTCACTAAGCTCCACICTARAG- (N) -5

ssODN sym
SgRNA site PAM LCK Y505F
gDNA sense 5’ (N) ,,~GAGGACTTCTTCACGGCCACAGRGGECCAGTAC (N) -3
PAM mutation Y505F
Lok Y505F 3"~ (N) |, ~CTCCTGAAGAAGTGCCGGTGTCI TCLGGTCRAGH (N) -5
p1620 ssODN
sgRNA site PAM
gDNA anti-sense 5’ - (N) | ~GAGGCTGGTACTGGCCCTCTGIGG (N) , -3
Y505F PAM mutation
Lok Y505F 37 - (N) , ~CTCCGACCTTGACCGGGAGACAACH (N) | -5
p1630 ssODN

D sgRNA site PAM TSAd R120K
gDNAsense 5'- (N, ~GCCTCAGGGGTGCTACTTGGTGLGGH (N) , -3’
R120K
TSAR120K 3- (N) ,,~CGGAGTCCCCACGATGAACCACITCH (N) -5’
ssODN p422
. sgRNA site PAM
gDNA anti-sense 5’ (N) |, ~GAACCGCACCAAGTAGCRCCLCTG- (N),, -3
R120K
TSAd R120K 37 (N) | ~CTTGAABTGGTTCATCGTTGGGAC (N) ,, -5’
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. sgRNA site PAM
gDNAanti-sense 5’ - (N) ,-gcccctcacCTGTAAGTCAGCACGARGGTCACCGCGCTCTCGCTGAACCG- (N) , -3/
R120K
TSAd R120K 37~ (N) |, ~CGGGGAGTGGACATTCAGTCGTGCTTGCAGTGGCGCGAGAGCGACTTGAA- (N) , -5°
ssODN p450

sgRNA site PAM TSAd N52S
gDNAsense 5/~ (N) |, ~GCCCCGGAGGCTGCCTCCAACACARGER (N) -3

N52S  PAM mutation

TSAd N52S 37~ (N) ,,~CGGGGCCTCCGACGGAGEICGIGTCG (N) -5

ssODN
sgRNA site PAM TSAd Y290F and Y290E
gDNA anti-sense 5~ (N) ,~GGCCCATGGCATAGARAGCTATGG- (N) -3’
Y290F PAM mutation
TSAd Y290F 3/~ (N) ,~CCGGGTACCGITTLTTTCGATARC- (N) ,, -5*
ssODN
sgRNA site PAM

—37
42

gDNA anti-sense 5’ - (N) ,,~GGCCCATGGCATAGAAAGCTALGGF (N)

Y290E PAM mutation

TSAd Y290 3' - (N) ,,~CCGGGTACCGRAGICTTTCGATRACH (N) ,,-5¢
ssODN

Supplementary Figure 2. Design of knock-in strategies for LCK and SH2D2A. (A) Knock-in mutations in exon 6 and exon 13
of LCK results in an amino acid substitution at positions Y192 and Y505 respectively in the LCK protein. (B) Knock-in mutations
in exon 3, exon 4 and exon 7 of SH2D2A results in an amino acid substitution at positions N52, R120 and Y290 respectively in the
TSAd protein. (C-D) Non-target strand containing the PAM site (gDNA) and the homologous repair donor template (ssODN) are
indicated for Y192F, Y192E and Y505F for LCK knock-in mutations (C) and N52S, R120K, Y290E and Y290F for SH2D2A knock-
in mutations (D). Whether the non-target strand is sense or non-sense with respective to the gene transcript is annotated.

13



Manuscript CRISPR/Cas9 knock-in mutant generation

Lck Y192F and Y192E AS-PCR
Reverse primer:

Lck intron 7 GGAGTAGGGCATTGAAAGATGGATG
Forward primers:

Lck intron 6 CCAGACTCACTGCGTTCTTTCG
Lek Y192Y CTGGACAACGGTGGCGTCTA

Lck Y192F CTGGACAACGGTGGCGTCT

Lck Y192E GGACAACGGTGGCTTCGA.

Lck Y505F AS-PCR

Forward primer:

Lck exon 13 CGGAGGTGATTCAGAACCTG
Reverse primers:

Lckintron 13~ GTGCATAGGCCATGTGACTA
Lck Y505Y CTCTCAAGGCTGAGGTTGGT
Lck Y505F CTCTCAAGGCTGAGGTTGG.

TSAd R120K AS-PCR

Reverse primer:

TSAdintron 4 CGGGGAATGAGCTAAGAGC
Forward primers:

TSAdintron 3  GCCCTAGCCTTTCTCTAGCC
TSAd R120R GGGGTGCTACTTGGTACG

TSAd R120K GGGGTGCTACTTGGTG

TSAd Y290F and Y290E AS-PCR

Reverse primer:

TSAd intron 7 TTGCACCTACCTTTCCCTGC
Forward primers:

TSAdintron 6  AGGCTGGGAGTTAGGCTGG
TSAd Y290Y CCTGATGAACCCATAGCTGTCTA
TSAd Y290F CCTGATGAACCAATAGCTGTICT
TSAd Y290E CCTGATGAACCAATAGCTGTCGA.

TSAd N52 and S52 AS-PCR

Forward primer:

TSAdintron 2  TCTCTGGAAGCCAGAACAGC
Reverse primers:

TSAd exon 3 GTGCTGCAGGAGCCAGTG
TSAd N52 WT  CCTCTCAGCATTCCCTGTG
TSAd N52 A CCTCTCAGCATTCCCTGAG
TSAd N52 C CCTCTCAGCATTCCCTGCG
TSAd N52 G CCTCTCAGCATTCCCTGGG

TSAd S52 WT  CCTCTCAGCATTCCCTGTG
TSAd S52 A CCTCTCAGCATTCCCTGAG

TSAd S52 C TCTCAGCATTCCCTGCG
TSAd 852 G TCTCAGCATTCCCTGGG

PAM Mutation
Introduced mismatch

Supplementary Figure 3. The list of AS-PCR primers used in this study. AS-PCR primers used to detect WT and knock-in
mutations are listed for the respective knock-in mutations. All are listed in the 5’ to 3’ orientation. The exon/intron primers are the
common forward/reverse primers which are matched with the detection forward/reverse primer for WT or the knock-in mutation.
PAM mutations are highlighted in purple, knock-in mutations in green and introduced mismatches in red. When amplicons were
prepared for sequencing, the intron/exon primers flanking the knock-in site were used.
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Supplementary Figure 4. CRISPR/Cas9 genome editing creates protein products of abnormal length. (A-B) Full size images
of the anti-Lck blot shown in Fig.4C. (A) Short and (B) long exposure.
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A

LCK Y192 sequence outcomes

Clonal PAM  Cut

occurence site  site
GGCTTCTACATCTCCCCTCCGAATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCTCAGAATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCTCGGAATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCTCTGAATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCT- | GAATCACTTTTCCCGGCCTGCA
1x GGCTTCTACATCTCCCCTC | ~AATCACTTTTCCCGGCCTGCA|
GGCTTCTACATCTCCCCT- | ~AATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCC-- | GAATCACTTTTCCCGGCCTGCA|
GGCTTCTACATCTCCCCTC|--ATCACTTTTCCCGGCCTGCA|
GGCTTCTACATCTCCCC-~- | ~AATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCT- | ——ATCACTTTTCCCGGCCTGCA,
GGCTTCTACATCTCCC--- | GAATCACTTTTCCCGGCCTGCA,

GGCTTCTACATCTCCCCTC | ——-TCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCC---~-| GAATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCTC | ----CACTTTTCCCGGCCTGCA|
GGCTTCTACATCTC----— | GAATCACTTTTCCCGGCCTGCA
2x ST ICACANCICCCCIE | ===== ACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCC-- | ---——-ACTTTTCCCGGCCTGCA|
1x GGCTTCTACATCTCCCCTC | —=———--TTTTCCCGGCCTGCA
GGCTTCTACATCTCCC--~ | -———-ACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCT- | ---—---— TTTCCCGGCCTGCA,
GGCTTCTACATCTCC----|-——-— ACTTTTCCCGGCCTGCA|
1x GGCTTCTACATCTC-———— === ACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCC---| ——-TTTTCCCGGCCTGCA|
GGCTTCTACATCTCCCCT- | -====-=--~ TTCCCGGCCTGCA|
GGCTTCTACA-=-=—==——-— | ==ATCACTTTTCCCGGCCTGCA
GGCTTCTACATCTCC---—|-—————— TTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCT- | -——==——---- TCCCGGCCTGCA|
GGCTTCTACATC--—---— | —~ACTTTTCCCGGCCTGCA
GGCTTCTACATCTCCCCTC | -==-———=====~— CCGGCCTGCA|
GGCTTCTACATCT-----— | === TTTCCCGGCCTGCA
GGCTTCTACA--—-—----- | —-CTTTTCCCGGCCTGCA|
GGCTTCTACATCTCCCC-~ | —=—========== CGGCCTGCA
GGCTTCTACATCTCCCC-—|--——— —--GGCCTGCA
GGCTTCTACATCTCCC-—= | -===———————--~— GGCCTGCA
GGCTTCTAC---—==——-— | TTTTCCCGGCCTGCA
GGCTTCTACATCTCC | === GGCCTGCA
GGCTTC---——---- —-—-—-ACTTTTCCCGGCCTGCA
GGCTTCTACATCTCC--==|—=——=—=======——— CCTGCA|

5 10
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AGG-—————————————— | === GCCAGTACCAGCCTCAG
AGGACTTCTTCACGGCC- | —=====—==—————————~ TCAG
AGGACTTCTTCACGGCCA |

1x AGGACTTCTTCACGGCCA | --
AGGACTTCTTCACGG-——|—————— GCCAGTACCAGCCTCAG
AGGACTTCTTCA-----— | =——GAGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGG--—|—=——— GGCCAGTACCAGCCTCAG
AGGACTTCTTCACG----| -——AGGGCCAGTACCAGCCTCAG
AGGACTTCTTCAC----— | ~AGAGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGG---| ---AGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACG---- | CAGAGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGGCCA | -—---GGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGGC--| ~AGAGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGGCCA | -—-AGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGGCC- | --GAGGGCCAGTACCAGCCTCAG

1x AGGACTTCTTCACGGCCA | --GAGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGGCC- | CAGAGGGCCAGTACCAGCCTCAG
AGGACTTCTTCACGGCCA | ~-AGAGGGCCAGTACCAGCCTCAG

3x AGGACTTCTTCACGGCCAACAGAGGGCCAGTACCAGCCTCAG

Cut PAM
site  site 0 10 20 30 40 50
Predicted
Frequency [%)]

LCK Y505 sequence outcomes

Predicted  Sequenced

Supplementary Figure 5. CRISPR/Cas9 genome editing outcomes predicted by InDelphi. (A and C) Frequency of the sequence
outcomes predicted by the InDelphi software according to the parameters: lowest frequency 0.5%, indels ranging from +1bp to
-60bp, microhomology deletions, microhomology-less deletions. Grey highlight indicates sequence outcomes discovered in our
experiments, which corresponded to the sequences predicted by InDelphi. (B and D) Venn diagrams show the summary of the
number of sequence outcomes that overlap between the InDelphi prediction and our results. (A and B) LCK Y192 target site. (C and

D) LCK Y505 target site.
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