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Abstract. Hematopoietic progenitor kinase 1 (HPK1), also
known as mitogen-activated protein kinase kinase kinase
kinase 1 is a serine/threonine protein kinase. It is involved
in various cellular events, including mitogen-activated
protein kinase signaling, nuclear factor-xB signaling,
cytokine signaling, cellular proliferation and apoptosis,
T cell receptor/B cell receptor signaling and T/B/dendritic
cell-mediated immune responses. Therefore, HPK1 has
variety of roles in immunity, and is associated with the patho-
genesis of autoimmune diseases, cancer, and the inflammatory
response. In these cellular and immune events, HPK1 interacts
with several adaptor proteins, including caspase recruitment
domain family, member 11, hematopoietic cell-specific
protein 1, HPKI-interacting protein of 55 kDa, the growth
factor receptor-bound protein 2 family, linker for activated
T-cells, the SH2 domain-containing leukocyte protein of
76 kDa family, the v-crk avian sarcoma virus CT10 onco-
gene homolog family, B-cell adaptor molecule of 32 kDa
and non-catalytic region of tyrosine kinase adaptor protein.
These adaptor proteins can couple HPK1 with various effector
molecules, leading to the transmission of upstream signals to
downstream targets. They are crucial in regulating the relo-
cation, phosphorylation, activation and functions of HPKI.
HPKI1 can also phosphorylate certain proteins, consequently
modulating their functions. This review aims to describe
the adaptor proteins, which interact with HPK1, particularly
focusing on their modes of interaction with HPK1, and the
effects that these interactions cause.
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1. Introduction

Hematopoietic progenitor kinase 1 (HPK1), also known as
mitogen-activated protein kinase kinase kinase kinase 1
(MAP4K1) is a 97 kDa serine/threonine protein kinase,
which belongs to the germinal center kinase family (1,2). It
is comprised of an N-terminal Ste20-like kinase domain and
four proline-rich regions (P1, P2, P3 and P4, respectively). P1,
P2 and P4 contain the typical class II binding motif, which
can bind adaptor proteins containing Src homology 3 (SH3)
domains (3-5). HPK1 also has a citron homology (CNH)
domain at its C-terminus, which may act as a regulatory
domain and is involved in molecular interactions (6-8) (Fig. 1).
It contains 13 potential tyrosine phosphorylation residues, a
number of which can be phosphorylated by C-chain associated
protein kinase 70 kDa (ZAP-70), providing potential docking
sites for Src homology 2 (SH2)-containing molecules (9).

Theactivationof HPK1isinvolvedinadaptorproteinbinding,
relocating to the plasma membrane, autophosphorylation and
transphosphorylation by protein kinase D1 (a serine/threonine
kinase) and protein tyrosine kinases (PTKs) (4,8,10,11). It can
be activated by a variety of stimuli (2,12), including epidermal
growth factor (EGF) (13,14), prostaglandin E, (PGE,) (15),
transforming growth factor-f3 (TGF-p) (16,17), erythropoietin
(EPO) (18), T cell receptor (TCR) and B cell receptor (BCR)
stimulation (2,4,7,19). During T cell activation, HPK1 func-
tions upstream of protein kinase C (PKC) and Ras (6).
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2. Roles of HPK1 in immunity

HPK1 has a variety of roles in immunity. As a serine/threonine
protein kinase, HPK1 serves as an MAP4K and can transmit
signals through mitogen-activated protein kinase kinase
kinase (MAP3K), including mitogen-activated protein kinase
kinase (MEKK) 1, mixed-lineage protein kinase 3 and TGF-f3
activated kinase-1 (TAKI1) to mitogen-activated protein kinase
kinase (MAP2K), including MAPK kinase (MKK) 4 and
MKK?7, finally resulting in the activation of c-Jun N-terminal
kinase (JNK) (16,17,20-22).

HPKI1 can activate the a and 3 subunits of the inhibitor
of nuclear factor-xB (IkB) kinase (IKK) complex, resulting
in IxB degradation and nuclear factor-«B (NF-kB) activa-
tion (23).

HPKI is cleaved into two fragments by caspase-3 during
apoptosis at Asp385 within a conserved DDVD** motif: An
N-terminal region (43 kDa; aa2-aa385), which contains the
kinase domain and P1, and a C-terminal region (54 kDa;
aa386-aa833), which contains the CNH domain and the other
three proline-rich regions (8,19,24,25) (Fig. 1). The N-terminal
domain of HPK1 retains the ability to activate JNK, whereas
the C-terminal domain of HPK1 becomes an inhibitor of
NF-«xB (7,24,25). HPK1 also induces the expression of Fas
ligand (FasL) in T cells (2,26).

The JNK family is involved in various T cell responses,
which include Th1/Th2 differentiation, cellular proliferation
and apoptosis (26,27). It has been shown that the activation of
NF-«B can protect cells from cellular apoptosis (23,28,29),
whereas FasL is a known inducer of apoptosis in
T cells (26,28,29). The ability of HPK1 to regulate JNK,
NF-«B and FasL simultaneously indicates its complex and
conflicting role in controlling cellular proliferation and
apoptosis.

Inaddition to regulating cellular proliferation and apoptosis,
HPK1 is a negative regulator of TCR/BCR signaling and T/B
cell-mediated immune responses (1,11,30-32). Shui et al found
that HPK1”- mouse T cells are hyperproliferative in response
to stimulation with anti-CD3 and anti-CD28 antibodies, and
these cells produce increased IL-2,IL-4 and interferon (IFN)-y
when immunized with T cell-dependent antigens (6). In addi-
tion, T cell-dependent humoral responses in HPK1” mice are
more marked, compared with those in controls and HPK1™"
mice have been shown to exhibit more severe autoimmune
phenotypes in an experimental autoimmune encephalomyelitis
model of multiple sclerosis in mice (6). As with T cells, HPK1
negatively regulates Ras-related protein 1 (RAP1)-mediated
B cell adhesion; HPK1” mice B cells appear hyperresponsive
to a range of stimuli (12).

In humans, HPK1 is important roles in the pathogenesis of
systemic lupus erythematosus (SLE). It has been shown that
the mRNA and protein levels of HPK1 decreased significantly
in CD4* T cells from patients with SLE, compared with those
in healthy controls, and its mRNA expression was negatively
correlated with disease activity in the patients with SLE.
When the expression of HPK1 was knocked down in healthy
CD4* T cells using small interfering (si) RNA, increased
T cell proliferation, overproduction of IFNy and excessive B
cell stimulation was observed. By contrast, plasmid-induced
overexpression of HPK1 in SLE CD4* T cells resulted in
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reduced T cell proliferative activity, and decreased IFNy and
IgG synthesis. Therefore, HPK1 may serve as a novel target
in effective SLE therapy (31). In addition to SLE, microarray
analyses have suggested that the level of HPK1 is downregu-
lated in the peripheral blood cells of patients with psoriatic
arthritis (33,34).

In addition to autoimmune diseases, HPK 1 is involved in the
pathogenesis of cancer. It has been found that the level of HPK1
is altered in acute myeloid leukemia (35,36), bladder urothelial
carcinoma (37), extramammary Paget's disease (38) and colon
carcinoma (39). However, unlike in autoimmune diseases,
the expression of HPK1 is increased in these types of cancer.
Of note, it has been reported that inhibiting HPK1 promotes
resistance to cancer, and this results from the role of HPK1 in
immunity; HPK1 is a negative regulator of T cell and dendritic
cell (DC) activation. Mature HPK 1"~ bone marrow-derived
DCs (BMDCs) are superior to their wild-type counterpart
in stimulating T cell proliferation in vivo and in vitro. This
is due to mature HPK1”- BMDCs expressing higher levels of
costimulatory molecules CD80, CD86 and I-A®, and higher
levels of proinflammatory cytokines interleukin (IL)-1f3, IL-6,
IL-12 and tumor necrosis factor (TNF)-a. HPK1”- BMDCs
are significantly resistant to lipopolysaccharide-induced apop-
tosis. The vaccination of Lewis lung carcinoma-bearing mice
with HPK1” BMDCs can result in complete tumor eradica-
tion (1,40).

Alzabin et al (11) demonstrated that HPK1”- mouse T
cells are resistant to TCR- and PGE,-induced apoptosis, and
they can withstand PGE,-mediated suppression of T cell
proliferation, producing increased IL-2 and IFNy; following
the transfer of a Lewis lung carcinoma tumor cell line (3LL)
intravenously into wild-type or HPK 17 mice, the number and
size of tumors were smaller in the HPK1” mice, compared
with those in wild-type counterparts, and this tumor inhibi-
tion was T cell-mediated. When HPK1” mice splenocytes
were co-cultured with the 3LL cells, they were five times
more effective in killing 3LL cells than the wild-type sple-
nocytes. Following intravenous injection of wild-type or
HPK1” T cells with 3LL cells into T cell-deficient mice, the
number and size of tumors were markedly reduced in the
lungs of the mice exposed to HPK1” T cells. These results
suggest that reducing the level of HPK1 leads to an enhanced
anti-tumor response by T cells (11,40).

HPKI1 is also involved in the inflammatory response. It
is important for chemokine (C-X-C motif) ligand 1-induced
lymphocyte function associated antigen 1 (LFA-1)-mediated
polymorphonuclear neutrophil (PMN) adhesion to intercellular
adhesion molecule 1 (ICAM)-1 during the acute inflammation.
In addition, HPK1 is involved in CD11/CD18-mediated adhe-
sion strengthening, spread and the directed mechanotactic
crawling of PMNs under flow conditions. PMN adhesion
and extravasation are severely defective in HPK1-deficient
mice (41).

Geisberger et al (42) reported that HPK1 is cleaved into
N- and C-terminal fragments during monocytic differentiation,
and the N-terminal region of HPK1 can induce the differen-
tiation of progenitor cells towards the monocytic lineage (19).
HPKI1 interacts with the cytoplasmic tail of membrane IgE.
This may represent a missing link to upstream regulatory
elements in HPK1 activation (42).
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Figure 1. Schematic structure of HPK1. Full-length HPK1 is 97 kDa. It consists of an N-terminal kinase domain, four proline-rich regions (P1, P2, P3 and P4)
and a citron homology domain at its C-terminus. HPK1 is cleaved into two fragments by caspase-3 during apoptosis at Asp385 (within a conserved DDVD?*>
motif). The N-terminal region (43 kDa; aa2-aa385) contains the kinase domain and P1, whereas the C-terminal region (54 kDa; aa386-aa833), contains the
citron homology domain and the other three proline-rich regions. HPK1, hematopoietic progenitor kinase 1.

3. Adaptor proteins

Adaptor proteins are defined as proteins, which exert no
enzymatic activity (kinase or phosphatase) or transcriptional
activity, but contain noncovalent protein-protein interaction
domains, thus being able to selectively form multi-protein
complexes and transmit upstream signals to downstream
targets (14,43,44). They usually localize close to the plasma
membrane, and a number are directly associated with surface
receptors or the cytoskeleton (18). Adaptor proteins are essen-
tial in relaying extracellular signals from the plasma membrane
to the cell nucleus.

Those adaptor proteins, which interact with HPK1, usually
contain SH2/SH3 domains. The SH2 domains can bind phos-
phorylated tyrosine residue, and the SH3 domains can bind the
consensus sequence (PXXP), which is the minimal sequence
requirement for SH3 domain ligands and is located within the
proline-rich regions of HPK1 (14,25,45). With multiple binding
sites, these adaptor proteins can integrate and diversify cellular
signals by linking different signaling proteins to create various
combinations of multi-protein complexes (45,46).

Upon receiving upstream signals, these SH2/SH3 adaptor
proteins can recruit HPK1 from the cytoplasm to activated
receptors, which have been tyrosine-phosphorylated, localized
at the plasma membrane or glycolipid-enriched microdomains
(GEMs or lipid rafts), which facilitates the subsequent acti-
vation of HPK1 and downstream signaling events (13,14.,47).
Certain adaptor proteins can also link PTKs to HPK1 (9,14).

This review aims to describe those adaptor proteins, which
interact with HPK1, focusing particularly on their types of
interaction with HPK1 and the effects of these interactions.

4. CARD11

Caspase recruitment domain family, member 11 (CARDI1),
also known as CARMAI and Bimp3, belongs to the CARD
family and to the membrane-associated guanylate kinase
(MAGUK) family. The MAGUK family members usually
contain between one and three PDZ domains (named after
the domain-containing PSD-95, Dlg and ZO-1 proteins).

CARDII contains one PDZ domain, followed by SH3 and
GUK domains (48).

In addition to its C-terminal MAGUK-like features,
CARDI11 contains a CARD within its N-terminus. A
coiled-coil domain is present after the CARD, and a linker
region is present between the coiled-coil domain and PDZ
domain (48).

It has been shown there is a constitutive association between
HPK1 and CARDI1 in T cells. The interaction between HPK1
and CARDI1 is mainly mediated by the coiled-coil domain
and CARD of CARDI1; and HPK1 phosphorylates the linker
region of CARDI1 upon TCR stimulation (49). The activa-
tion of NF-«kB in response to antigen receptor stimulation is
mediated by the IKK complex, and phosphorylation of the
linker region of CARDI11 is a precondition for IKK activa-
tion. Following phosphorylation, CARDI1 interacts with
B-cell lymphoma 10 and mucosa associated lymphoid tissue
lymphoma translocation gene 1, and induces activation of the
IKK complex. The loss of CARDI1 causes disruption of IKK
activation. Therefore, CARDI1 is important for the activa-
tion of NF-kB via HPK1 in lymphocytes (48,49). Ser551 in
CARDI1 is an important residue for the TCR-induced activa-
tion of NF-xB though HPK1, with Ser549 having an auxiliary
role (49).

It has been reported that HPK1 and PKCO alone can
increase the CARDI1-dependent activity of NF-«kB, and their
combined expression is able to further augment the activa-
tion of NF-kB. This indicates that CARDI1 can integrate
HPK1-mediated and PKCH-mediated signaling events to
enhance the activation of NF-xB (49).

5.HS1

Hematopoietic lineage cell-specific protein 1 (HS1) is mainly
expressed in hematopoietic cells (3,47,50). It contains several
characteristic structures, including an N-terminal actin-binding
domain, proline-rich sequences and a C-terminal SH3
domain (3,47). As an actin-binding protein, HS1 can bind to the
actin cytoskeleton and orchestrate TCR or BCR signaling (51).
It is reported to be involved in the activation of T/B cells and
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differentiation of erythroid cells. Upon hematopoietic cell
antigen receptor engagement, it is tyrosine-phosphorylated by
the Src family and Syk/ZAP-70 family (3,18,50).

In hematopoietic cells, HS1 is constitutively associated
with HPK1 through its SH3 domain (3,18). However, the sites
responsible for their binding in HPK1 remain to be elucidated.
By synthesizing a series of peptide analogs derived from the
proline-rich regions of HPK1 and examining their ability to
bind the SH3 domain of HS1, it has been found that the typical
class II PXXPXK binding motif is not sufficient to induce
the interaction with the SH3 domain of HS1 (3,52). An addi-
tive lysine, which locates two (in P2) or five (in P4) residues
following the basal PXXPXK motif (PXXPXKXKX in P2
or PXXPXKXXXXK in P4) is required for the high-affinity
binding of the HS1 SH3 domain (3). The finding that the cleaved
HS1 SH3 domain and full-length HS1 exhibit similar affinities
with the proline-rich regions of HPK1 demonstrates that the
whole HS1 does not affect the affinity of its SH3 domain and
the proline-rich regions of HPK1, and that the SH3 domain
contains all binding recognition determinants (3).

The effects of the association between HS1 and HPK1
remain to be elucidated, however, it is suggested that this inter-
action forms a possible link between the HPK1-JNK pathway
and HSI1 signaling cascades (18).

6. HIP-55

HPKl-interacting protein of 55 kDa (HIP-55), also
termed DBNL, SH3P7 and mAbpl, is a novel member of
the drebrin/Abpl family of actin-binding proteins. The
drebrin/Abpl family is conserved from yeast to mammals, and
is characterized by the presence of a homologous N-terminal
actin-depolymerizing factor homology domain (50,53).
This family includes SH3P7 in mice (47,53) and Abpl in
yeast (53). The drebrin/Abpl family, which binds filamen-
tous actin but not actin monomers, is involved in multiple
signaling events (53).

HIP-55 is a ubiquitously expressed protein, which consists
of an actin-binding domain at its N-terminus, two consensus
tyrosine phosphorylation sites, and an SH3 domain at its
C-terminus (50,53,54). Its C-terminal SH3 domain is homolo-
gous with HS1 (50).

HIP-55 has no actin polymerization activity (53). It
binds to filamentous actin and colocalizes with actin fila-
ments (54,55). As an actin-binding protein, HIP-55 may affect
immune synapse formation and TCR signaling by regulating
cytoskeletal reorganization (54). HIP-55 is able to inducibly
interact with and is phosphorylated by upstream ZAP-70 and
Fyn following TCR stimulation (53-55). It is possible that
HIP-55 may be involved in regulating the activity of ZAP-70
by modulating the recruitment of ZAP-70 to TCR via cyto-
skeletal reorganization in TCR signaling (54). It is also known
that HIP-55 is involved in BCR signaling. As Syk shares
similar regulatory mechanisms with ZAP-70, it is possible
that HIP-55 may interact with Syk, and affect B cells or other
antigen-presenting cells (APCs) via Syk (54).

In Jurkat T cells, HIP-55 constitutively binds HPK1, and
can increase the kinase activity of HPK1 (53,56). This inter-
action is mediated by the SH3 domain of HIP-55 and the P2
domain of HPK1 (51,56).
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Using 293T cells, the coexpression of HIP-55 with HPK1
has been shown to significantly increase HPK1 and INK kinase
activity (55,56). The activation of JNK by HIP-55 is mediated
by HPK1, as transfection with the kinase-dead HPK1 mutant
(HPK1-K46M) completely inhibits the activation of JNK by
HIP-55 (56). The knockdown of HIP-55 by RNA interference
(RNAI) in Jurkat T cells or the knockout of HIP-55 in mouse
T cells results in a marked decrease in the activity of HPK1
and JNK, but not that of extracellular signal-regulated kinase
(ERK) kinase upon TCR stimulation (54,55). Therefore,
HIP-55 serves as an upstream activator of HPK1 and the INK
signaling pathway (56).

HIP-55 also cooperates with HPK1 in inhibiting the
activity of nuclear factor of activated T cell (NFAT) in T cells.
Overexpressing HIP-55 or HPK1 alone leads to inhibition
of the transcriptional activity of NFAT following TCR
crosslinking, and this inhibitory effect is further augmented
by the coexpression of two proteins. Transfection with the
kinase-dead HPK1 mutant (HPK1-K46E), or knockdown of
either HIP-55 or HPK1 by RNAI, leads to the activity of NFAT
increasing in these systems (10,53).

Upon TCR/BCR stimulation, HIP-55 and HPK1 trans-
locate to the T/B cell-APC junction and GEMs (53-55). The
SH3 domain and actin-binding domain of HIP-55 are essential
for its locating in the T/B cell-APC interface (53). It has been
suggested that HIP-55 may bind HPK1 and mediate the recruit-
ment of HPK1 to the T/B cell-APC interface, where HPK1
interacts with its substrates and downregulates the TCR/BCR
signaling pathway (10,47,53).

7. GRB2 family

The growth factor receptor-bound protein 2 (GRB2) family
consists of growth factor GRB2, GRB2-related adaptor
protein (GRAP) and GRB2-related adaptor downstream of
Shc (GADS), also termed GRAP2, GRAPL, Grf40, Grid and
Mona (5,43,45). The GRB2 family contains one N- and one
C-terminal SH3 domain flanking a central SH2 domain; and
GADS possesses a 120-amino acid unique region, which is
rich in glutamine and proline residues and is between the SH2
domain and C-terminal SH3 domain (5,45). A database search
indicated that this unique region has no apparent homology
with other proteins (45). GRAP has a similar SH2 and SH3
binding profile to GRB2 (5,57). GADS shares 40-50%
sequence homology in the SH3 domains and 57% homology in
the SH2 domain with GRB2 and GRAP (45), however, the SH3
domains of GADS cannot interact with certain proline-rich
proteins (5,43). GRB2 is expressed ubiquitously, whereas the
expression of GRAP and GADS are restricted to hemopoietic
cells (5.45).

GRB2 and GRAP constitutively associate with
HPK1 (9,13,57). The N-terminal SH3 domain of GRB2 binds
to the consensus motif (PXXPXR/K) (14,45,58). It has been
shown that P1, P2 and P4 of HPK1 bind to the N-terminal
SH3 domain of GRB2, and P2 is the primary site for GRB2
binding to HPK1, whereas P4 is the last of the three (13,14,58).
However, the exact binding domain of HPK1 to GRAP remains
to be elucidated.

GADS and HPKI1 can form a complex in cells, and the
TCR-induced phosphorylation of HPK1 is able to increase its
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ability to bind GADS (5,25,45). The C-terminal SH3 domain
of GADS mediates the binding with P2 (45) or P4 (5) of
HPK1, and the SH2 domain is associated with the tyrosine
phosphorylation of HPK1 (5).

Previous X-ray crystallography studies have found that the
typical B-barrel SH3 domain in GADS presents the binding
pocket to HPK1; there are 16 structured residues in HPK1
composing a peptide, which mediates the HPK1-GADS inter-
action. The specific structural characteristics of the peptide
comprise a 3,, helix between residues Arg9 and Lys12, and
a polyproline type II (PPII) helix between residues GIn2 and
Pro7. The PXVPXRXXK residues of this peptide are essen-
tial for mouse HPK1 binding to the GADS C-terminal SH3
domain, and the residues RXXK, which form the 3,, helix,
are the core motif. However, in the human HPK1 sequence,
the arginine can be substituted with a lysine, leaving only the
last lysine residue as a strictly conserved position. A PXXP
motif, which belongs to the PPII helix, is also essential for the
interaction of GADS and HPK1 (59).

In T cells, the SH2 and SH3 domains of GRB2 and
GRAP bind to similar proteins (5); in B cells, the absence
of GRB2 or GRAP only mildly reduces the kinase activity
of HPK1 upon BCR stimulation, whereas the absence of
both in B cells severely impairs HPK1 kinase activity upon
BCR stimulation (9,57). GRAP null mice exhibit no apparent
phenotypes (5). These findings suggest that GRB2 and GRAP
may share overlapping functions.

GRAP is able to inhibit the ERK pathway without affecting
the activation of JNK (60), which may provide an explanation
for how HPK1 negatively affects the ERK pathway in T cells.

In T cells, it has been suggested that GRB2 and GRAP
couple PTKs to the Ras pathway through the recruitment of
GRB2-son of sevenless homolog (SOS) or the GRAP-SOS
complex to tyrosine-phosphorylated linker for activation of T
cells (LAT) (5,57). By contrast, GRB2 has been shown to couple
upstream PTKSs, including Src, to HPK1 (13,18). As GRB2 can
couple PTKSs to the Ras pathway and to HPK1, it may serve as
a molecular bridge between these two biochemical pathways
and lead to interpathway cross-talk between these signaling
pathways (13).

GRB2 couples HPK1 not only to the TCR signaling
pathway, but also to the EGF receptor signaling pathway.
Upon EGF stimulation, GRB2 mediates the recruitment of
HPK1 to the autophosphorylated EGF receptor tail and to
the Shc docking protein, and HPK1 is phosphorylated on
tyrosine (9,13).

The cotransfection of GADS and HPK1 increases the
kinase activity of HPK1, suggesting that GADS may recruit
HPK1 to the proximity of other HPK1 activators; the coex-
pression of GADS and HPK1 also increases HPK-mediated
activation of the JNK pathway, and the additive effect is
mediated by the specific GADS-HPKI1 interaction; in Jurkat
T cells, the cotransfection of HPK1 and GADS also has an
additive effect by increasing the transcriptional activation of
IL-2 following TCR stimulation (45). It may be that, upon
TCR stimulation, GADS couples TCR and CD28 with PTKs
to HPKI1, facilitating the phosphorylation and activation of
HPKI1 by PTKs, and transmitting the signals downstream to
result in activation of the JNK pathway and the transcription
of IL-2 (45).
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GADS facilitates the phosphorylation of HPK1, however,
HPK1 also phosphorylates Thr254 (mouse) or Thr262
(human) of GADS, which mediates the binding of 14-3-3C
to GADS (61). GADS can also inducibly associate with LAT
in T cells, but it does not form a complex with SOS. Instead,
GADS binds to the SH2 domain-containing leukocyte protein
of 76 kDa (SLP-76)/B-cell linker (BLNK), which is impor-
tant in transmitting the signaling of TCR/BCR. Therefore,
through its association with SLP-76/BLNK and LAT, GADS
is central in transmitting the signaling from the activated
TCR/BCR (5,62).

The three members of the GRB2 family are known to
be involved in forming distinct signaling complexes during
TCR stimulation (5,14), indicating that these adaptors are
involved in the TCR signaling pathway. Although the majority
of signaling molecules involved in TCR signaling have their
counterparts in B cells, no functional analog of LAT has been
identified in B cells (62), therefore, the mechanisms mediating
the recruitment of the GRB2 family to BCR remain to be
elucidated.

8.LAT

LAT is a 36-38 kDa palmitoylated transmembrane-associated
adaptor protein. It is localized in GEMs (9,54,55). Following
TCR stimulation, LAT can be heavily tyrosine phosphory-
lated by the Syk/ZAP-70 family (9,47). It subsequently serves
as a docking protein for several SH2 domain-containing
signaling molecules, including SLP-76, GRB2, GADS,
phospholipase C (PLC)-y1, and the p85 subunit of phospha-
tidylinositol 3-kinase (PI3K) (9,54,55). The LAT-associated
proteins recruit various signaling molecules to GEMs,
where these signaling molecules are activated and promote
multiple downstream signaling events, including the activa-
tion of MAPK, release of intracellular calcium and increased
production of IL-2 (54,55).

It has been shown that the presence of LAT is required
for TCR-induced HPK1 activation (4). In Jurkat T cells,
LAT can form an inducible complex with HPK1 as early as
1 min post-TCR stimulation, and LAT recruits HPK1 into
GEMs, leading to the activation of HPK1 by PTKSs (6,9). The
proline-rich regions of HPK1 are critical to the HPK1-LAT
interaction. As LAT does not contain an SH3 domain for its
direct binding to the HPKI1 proline-rich regions, the induc-
ible HPK1-LAT complex formation is likely via SH2/SH3
adaptors. It is possible that GRB2 or GADS mediate the
HPKI1-LAT interaction, which bind LAT through the SH2
domain and interact with HPK1 by the SH3 domain. GRB2 or
GADS may bring HPK1 to the LAT signaling complex, where
HPKI interacts with its effector molecules and substrates upon
TCR stimulation (9,47).

9. SLP-76 family

The SLP-76 family includes SLP-76, its B-cell homolog BLNK
(also termed SLP-65 or BASH), and cytokine-dependent hema-
topoietic cell linker (CLNK; also termed MIST) (57,62,63).
They all contain a similar structure with an N-terminal acidic
region, which contains a tyrosine-based SH2 domain-binding
motif, a central proline-rich region, which interacts with SH3
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domains, and a C-terminal SH2 domain, which interacts with
phosphotyrosine (46,63-65).

SLP-76 is widely expressed in T cells, natural killer (NK)
cells, myeloid cells, platelets and mast cells; BLNK accumu-
lates predominantly in B cells, whereas, CLNK is contained
exclusively in cytokine-stimulated hemopoietic cells, including
IL-2-induced T cells and NK cells, and IL-3-induced myeloid
cells and mast cells (64).

SLP-76 and BLNK are adaptor proteins specific to T cells
and B cells, respectively, and they are crucial in the signal
transmission of TCR and BCR (59,63,66). Upon TCR or BCR
stimulation, SLP-76 and BLNK are tyrosine phosphorylated
by the Syk/ZAP-70 family members, and translocate into
and recruit several signaling molecules into GEMs, where
the activated TCR and PTKs can activate downstream effec-
tors (6,62,63). They can interact with several components of
TCR or BCR signaling pathways, including Vav, non-catalytic
region of tyrosine kinase adaptor protein (NCK), GADS,
GRB2, Btk, Itk, Cbl, PLC-yl and PLC-y2 (47,62,63). They
also bind HPK1 following TCR or BCR stimulation (6,32,47).
It has been reported that GRB2, GADS and LAT interact with
SLP-76/BLNK, and may mediate the interactions between
SLP-76/BLNK and HPK1 (62,63,67).

The majority of HPK1-adaptor proteins interactions are
mediated by the proline-rich regions of HPK1 and the SH3
domains of adaptor proteins; however, the HPK1-SLP-76 and
HPK-BLNK interactions are mediated by Tyr379 (mouse) or
Tyr381 (human), located in the N-terminal of HPK1 P2, and
phosphorylated by the Syk/ZAP-70 family following TCR
or BCR stimulation and the SH2 domains of SLP-76 and
BLNK (10,62,63,65).

When T cells lack SLP-76 or B cells lack BLNK, the
kinase activity of HPK1 induced by TCR or BCR stimulation
is reduced (57,62,63). It is noted that BLNK contributes to the
activation, but not to the tyrosine-phosphorylation, of HPK1
by BCR stimulation (63).

SLP-76 is involved in activating HPK1, however, HPK1
also phosphorylates the serine and threonine residues of
SLP-76 (6,51,67). It has been shown that HPK1 is able to
directly phosphorylate the serine residues of SLP-76, conse-
quently creating 14-3-3-binding sites, the critical one being
phosphorylated Ser376, on SLP-76 and inducing the binding
of 14-3-3C (67) and T (6) isoforms to serine-phosphorylated
SLP-76. The protein 14-3-3C and t are negative regulators of
the TCR signaling pathway (6,67). They can bind and inhibit
PI3K and PKCO. PI3K can trigger TCR-induced calcium
signaling, and PKCO can promote TCR-induced ERK phos-
phorylation (6). PKCH is also able to increase the activity
of RAPI1 (51). RAPI1 can mediate LFA-1 integrin activation
through its binding to RAP ligand, a regulator for cell adhesion
and polarization enriched in lymphoid tissues, which assists T
cells in adhering to ICAM-1 and spreading (51). Upon TCR
stimulation, adhesion and degranulation promoting adaptor
protein (ADAP) binds SLP-76, and their binding causes
membrane recruitment of active RAP1. HPK1, which also
binds SLP-76, competes with ADAP for SLP-76 and reduces
the recruitment of RAPI (51). The phosphorylation of Ser376
also mediates SLP-76 proteasomal degradation and Lys30
ubiquitination. The Lys-30 ubiquitination of SLP-76 can atten-
uate the activation of JNK and ERK (66). Lasserre et al (61)
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reported that, following activation, HPK1 is incorporated into
SLP-76-containing microclusters, subsequently phosphory-
lating SLP-76 on Ser376 and GADS on Thr254 (mouse) or
Thr262 (human), respectively. These modifications recruit
the 14-3-3C protein dimer, which in turn dissociates the
SLP-76-GADS-14-3-3C complex from phosphorylated LAT
and prevents its incorporation into a new one, consequently
reducing the persistence of SLP-76-containing microclusters
and downregulating TCR signaling (61). These results explain,
at least in part, the mechanisms through which HPK1 causes
downregulation of the TCR signaling pathway and inhibition
of T cell activity.

The TCR-induced phosphorylation of SLP-76 tyrosine is
higher in HPK1”- T cells and thymocytes than in wild-type
cells, and it has been found that several serine and threonine
residues are located in the proximity of three primary phos-
photyrosine sites (Tyrl13, Tyr128 and Tyrl45) on SLP-76.
Therefore, it is possible that the phosphorylation of SLP-76
serine and threonine residues mediated by HPK1 changes the
conformation of SLP-76, and results in altered protein-protein
interactions and decreased tyrosine phosphorylation, creating
further effects (6). Sauer et al (62) reported that HPK1 can
inhibit the activation of activator protein-1 (AP-1), and this
depends on it antagonizing the recruitment of positive effec-
tors into the SLP-76 SH2 domain.

Following BCR stimulation, HPK1 is also able to phosphor-
ylate BLNK Thrl152, which mediates BLNK/14-3-3 binding.
Thrl152 phosphorylation also induces BLNK proteasomal
degradation and ubiquitination at Lys37, Lys38 and Lys42. It
has been found that an E3 ligase is recruited to BLNK via
14-3-3, mediating and inducing BLNK ubiquitination. These
ubiquitination sites can inhibit the activation of ERK, JNK and
IKK. All of these, in turn, attenuate BCR signaling and B cell
activation (32).

Unlike SLP-76, HPK1 can induce BLNK to interact with
all seven isoforms of 14-3-3, with the relative affinity order y >
T>1n>¢e>p>0d>C. In contrast to HPK1-deficient T cells,
in which the SLP-76/14-3-3 interaction is only partially lost,
BLNK/14-3-3 binding is undetectable in HPK1-deficient B
cells, suggesting HPK1 is involved exclusively in B cells (32).

As mentioned previously, HPK1 can activate
JNK (16,17,20-22) and IKK (23). However, through
SLP-76/BLNK, HPK1 also has an inhibitory effect on the acti-
vation of JNK and IKK. In an HPK1-overexpression system,
the expression of SLP-76/BLNK is limited for HPK1-mediated
feedback inhibition. Consequently, the positive effect of HPK1
on the activation of JNK and IKK can overcome the inhibitory
effect. However, in HPK1-deficient cells, the inhibitory role of
HPKI is predominant (32,66).

CLNK is the third member of the SLP-76 family. It is a
cytokine inducible (IL-2 and IL-3) adaptor protein (47). Unlike
SLP-76 and BLNK, CLNK does not interact with Vav, NCK,
GRB2, GADS or PLC-y (64), and it is not required for immune
system functions (68).

Upon TCR engagement, CLNK binds HPK1 with its SH2
domain. The conserved residue, Arg335, within the CLNK
SH2 domain, and phosphorylated Tyr379 (mouse) or Tyr381
(human) within HPK1 is essential for their interaction (10,64).
However, deletion of the CLNK SH2 domain only partially
(~75%) reduces the ability of CLNK to bind with HPK1 in
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Cos-1 cells. Therefore, there may be additional motifs involved
in the CLNK-HPK1 binding (64). The association between
CLNK-HPKI1 is significantly higher, compared with that of
SLP-76-HPK1 (10,64). The expression of CLNK is able to
augment the extent of tyrosine phosphorylation and kinase
activity of HPK1, and CLNK is also phosphorylated by
HPK1 (10,64).

The coexpression of CLNK and Lck can result in HPK1
membrane recruitment, which in lymphocytes results in the
recruitment of HPK1 to the contact site of T-cell-APC conju-
gates, where HPK1 is tyrosine phosphorylated and activated.
However, CLNK alone is incapable of localizing HPK1 to the
plasma membrane; HPK1 appears to divert CLNK away from
the plasma membrane (10).

It has been reported that the expression of HPK1 alone
is able to inhibit the activity of the IL-2 promoter, and the
introduction of CLNK alone can increase the activation of the
IL-2 promoter, although the coexpression of CLNK and HPK1
causes more pronounced activation of the IL-2 promoter,
compared with CLNK alone. Their cooperation requires the
enzymatic activity of HPK1, as the kinase-inactive HPK1
(K46E) inhibits the ability of CLNK to upregulate IL-2
promoter activity (64).

It has been suggested that CLNK may permit the involve-
ment of HPK1 in a signaling pathway, which differs from that
used by HPK1 alone. In this signaling pathway, HPK1 turns
from an inhibitor to a positive regulator of IL-2 promoter acti-
vation. This change may be due to a CLNK-mediated change
in HPK1 cellular localization or a modification in its substrate
specificity (64).

CLNK and SLP-76 may transmit immunoreceptor signaling
in a similar manner but using different sets of partners. CLNK
can restore antigen receptor-induced transcriptional events in a
manner analogous to that of SLP-76 in SLP-76-deficient cells,
indicating that CLNK is capable as a functional substitute for
SLP-76 in immunoreceptor signaling (64).

Through CLNK, certain requirements for immuno-
receptor signaling, including the formation of a proper
SLP-76-GADS-LAT complex in T cells, may be alleviated,
resulting in the facilitation of cell activation. In T cells, this
property may reduce the requirements for engagement of
coreceptors (CD4 and CD8) and costimulatory molecules
(CD28), which has been described in memory T cells (64).
Therefore, the interaction between CLNK and HPK1 indi-
cates the possibility that HPK1 can be involved in T cells
which have been activated by cytokines, for example memory
T cells (47).

10. CRK family

V-crk avian sarcoma virus CT10 oncogene homolog (CRK)
adaptor proteins consist of CRK I-, CRK II- and CRK-like
protein (CRKL) (14,69). All CRK proteins contain SH2 and
SH3 domains (58,69). CRKI and CRKII result from alterna-
tive RNA splicing. CRK I consists of one N-terminal SH2
domain followed by one SH3 domain, and CRK II consists
of one N-terminal SH2 domain followed by two tandem SH3
domains; CRKL, which is cloned from chronic myelogenous
leukemia cells, shares 60% overall homology of CRK II
and contains two SH3 domains (14,43). CRK I is expressed
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in embryonic cells, whereas CRK II and CRKL are widely
expressed (43).

In Jurkat T cells, CRK inducibly binds HPK1 following
TCR stimulation for 10 min, with CRKL forming a constitu-
tive complex with HPK1 (9). The P2 and P4 of HPK1, which
contain the consensus motif (PXLPXK), may be involved in
recognition of the CRK family (14,70,71). This consensus motif
is unique and incompatible with the majority of other SH3
domain-binding motifs (58). HPK1 P2, the sequence of which
is fully conserved between mouse and humans, is considered
to be the primary site for the CRK family binding. The Lys400
of P2 is important in the recognition of CRK and CRKL by
HPK1 (14). In terms of HPK1 P4, its sequence is not conserved
between humans and mouse; therefore, it is not likely to be
essential for the interaction with CRK/CRKL (14,58). The
members of the CRK family preferentially use their first SH3
domain to bind HPK1 (9,14,58), and the binding is independent
of the catalytically activity of HPK1, as the inactive HPK1 can
form more stable binding with the CRK proteins than active
HPKI1 (58).

HPK1 can phosphorylate CRK mainly on threonine, with
weaker phosphorylation on serine, whereas HPK1 phosphory-
lates CRKL mainly on serine with weaker phosphorylation on
threonine (14,47).

Upon TCR stimulation, CRK and CRKL are shown to
form inducible complexes with tyrosine kinases ZAP-70
and Fyn, respectively (9). Therefore, CRK and CRKL may
couple HPK1 to ZAP-70 and Fyn, respectively, to become
involved in the TCR-mediated signaling events following
TCR engagement. In addition to TCR stimulation, HPK1 is
tyrosine-phosphorylated by EGF stimulation and is recruited
to the EGF receptor tail via the CRK adaptors, suggesting
that the CRK adaptors are also involved in the recruitment of
HPKI1 to the EGF receptor (9,14).

In 293T cells, the CRK family can activate HPK1, and
shares common downstream effectors, including TAKI,
MEKKI1 and MKK4, for the activation of JNK with HPK1;
the CRK family can cooperate with HPK1 to activate JNK
synergistically when they are coexpressed. These data indicate
that the CRK proteins function as upstream regulators of the
HPK1-mediated JNK signaling cascade (14). In contrast to the
results in 293T cells, the overexpression of CRKL and HPK1
does not further activate JNK in Cos-7 cells (58). These results
indicate the role of CRKL in modulating the activation of
HPK1 and activity of JNK depends on the cell types or the
accessory proteins of every cell type (14). Upon stimulation,
the CRKL-HPKI1 interaction may also translocate HPK1
from the cytoplasm to areas of signal transduction, including
GEMs (47).

CRK interacts with two guanine nucleotide exchange
factors for Ras family members, SOS and RAP guanine
nucleotide exchange factor 1 (RAPGEF1), also known as
C3G. SOS is a known activator of Ras, and RAPGEFI is
an exchange factor of RAPIA and RAPIB. CRK may be
involved in the activation of JNK through RAPGEF1 (14,43).
CRKL has also been shown to activate the Ras and JNK
signaling pathways in cells (14). HPK1 has the potential
to inhibit RAP1 by sequestration of RAPGEF]I though the
interaction of HPK1 and CRKL, leading to the inhibition of
T cell activity (51).


https://www.spandidos-publications.com/10.3892/mmr.2017.7494

ZHANG et al: HPK1 AND ITS ADAPTOR PROTEINS

Table I. Adaptor proteins binding HPK1.
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Binding domain Binding domain

Adaptor protein Structure Mode of binding within HPK1 within adaptor
CARDI11 CARD-(coiled-coil)-linker-PDZ-SH3-GUK Constitutive Undetermined CARD, coiled-coil
HS1 AB#PR"-SH3 Constitutive Undetermined SH3
HIP-55 (ADF-H)-pTyr-SH3 Constitutive P2 SH3
GRB2 SH3-SH2-SH3 Constitutive P1,p2,p4 SH3(N°)
GRAP SH3-SH2-SH3 Constitutive Undetermined Undetermined
GADS SH3-SH2-120aa‘-SH3 Inducible P2, p4 SH3(C?)
LAT EX"-TMe-pTyr Inducible Indirect Indirect
SLP-76 pTyr-PR-SH2 Inducible Ptyr379(m"), SH2
Ptyr381(h’)
BLNK pTyr-PR-SH2 Inducible Ptyr379(m), SH2
Ptyr381(h)
CLNK pTyr-PR-SH2 Inducible Ptyr379(m), SH2
Ptyr381(h)
CRK 1 SH2-SH3 Inducible P2, p4 SH3
CRK II SH2-SH3-SH3 Inducible P2, p4 SH3(N)
CRKL SH2-SH3-SH3 Constitutive P2, p4 SH3(N)
BAM32 SH2-PH Constitutive Undetermined Undetermined
NCK SH3-SH3-SH3-SH2 Inducible All SH3 All PR

*Actin-binding domain; Pproline-rich region; °N-terminal; “amino acid; °C-terminal; ‘extracellular domain; étransmembrane domain; "mouse;

human. HPK 1, hematopoietic progenitor kinase 1.

11. BAM32

B-cell adaptor molecule of 32 kDa (BAM32), also known as
DAPP1 and PHISH, is a recently identified adaptor protein,
which is restricted primarily to hematopoietic cells with
particularly high expression in B cells (72). BAM32 consists
of an N-terminal SH2 domain and a C-terminal pleckstrin
homology (PH) domain. It is recruited to the plasma membrane
in a PI3K-dependent manner following BCR crosslinking, and
appears to function as a dual adaptor for phosphotyrosine and
3-phosphoinosides (46). BAM32" B cells are defective in
T cell-independent, but normal in T cell-dependent responses
to antigens in vivo (46).

BAM32 associates with HPK1, and this is not dependent
on BCR stimulation (46); it can directly localize fHPK1 to the
plasma membrane (46). BAM32 is important for the activa-
tion of HPK1, ERK and JNK following BCR stimulation.
BAM32" B cells show defects in the activities of HPK1, ERK
and JNK in response to BCR crosslinking, however, p38 is not
affected in the absence of BAM32 (47,50). The exact associa-
tion between BAM32 and HPK1 requires further investigation.

12.NCK

NCK includes NCKa and NCKf, NCKa is encoded by the nck
gene, whereas NCKf3, also known GRB4, is encoded by a novel
gene. NCKf shares 68% amino acid identity with NCKa. (43).
The NCK proteins contain one SH2 domain and three SH3
domains, and can be phosphorylated on serine, threonine and
tyrosine residues (47).

NCKa can interact directly with HPK1 (9,13), although
the interaction of NCKf3 with HPK1 remains to be elucidated.
Using the yeast two-hybrid assay, the three NCK SH3 domains
are able to interact with any of the four proline-rich motifs
of HPK1, indicating that NCK may recognize multiple HPK1
proline-rich regions (13). It has been shown that the binding
between NCK and HPK1 occurs primarily through the second
SH3 domain of NCK, which is also known to bind the SOS
and Abl proteins (58).

In Jurkat T cells, the interaction between HPK1 and
NCK occurs following TCR stimulation for 1 min, and
the HPK1-NCK complex is sustained until 10 min of TCR
stimulation. The kinetics of the interaction between HPK1 and
NCK correlates with that of the activation of HPK1 during
TCR stimulation, suggesting that NCK may be involved in the
regulation of HPK1 during TCR stimulation (9).

Upon TCR stimulation, NCK and HPK1 translocate to
GEMs (9,53), where NCK can interact with the CD3¢ chain
and modulate downstream signals (44). It has been suggested
that NCK may be involved in recruiting HPK1 to the acti-
vated TCR complex and GEMs, and transmitting upstream
signals (47).

The interaction between HPK1 and NCK is induced not
only by TCR stimulation, but also by EGF stimulation (13).
The overexpression of GRB2 can significantly decrease
the association between HPK1 and NCK, suggesting that
these two adaptors can compete with each other for binding
HPK1 (13). NCK also interacts with the SH2 domain binding
motifs in the N-terminal region of SLP-76, which encompass
phosphorylated Tyr113, Tyr128 and Tyrl45 (61,67).



Table II. Functions of adaptor proteins.
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Adaptor Other name Family Function
CARDI11 CARMAL, CARD/MAGUK Activates IKK and NF-xB
Bimp3
HS1 - - Affects HPK1-JNK pathway
HIP-55 DBNL, SH3P7, drebrin/Abpl Activates HPK1 and JNK;
mAbpl inhibits NFAT and TCR/BCR signaling

GRB2 - GRB2 Activates HPK1; affects Ras/EGFR/
TCR/BCR signaling

GRAP - GRB2 Activates HPK 1; inhibits ERK; affects
Ras/TCR/BCR signaling

GADS GRAP2, GRAPL, Grf40, GRB2 Activates HPK 1, JNK and IL-2;

GRID, Mona affects TCR/BCR signaling

LAT - - Activates HPK1; composes
platform for signal complexes

SLP-76 - SLP-76 Activates HPK1; inhibits JNK, ERK;
AP-1 and TCR signaling; composes
platform for signal complexes

BLNK SLP-65, BASH SLP-76 Activates HPK1; inhibits JNK, ERK,
IKK and BCR signaling; composes
platform for signal complexes

CLNK MIST SLP-76 Activates HPK1 and IL-2; functionally
substitutes for SLP-76

CRK 1 - CRK Activates HPK1 and JNK

CRK II - CRK Activates HPK1 and JNK

CRKL - CRK Activates HPK1 and JNK

BAM32 DAPP1, PHISH - Activates HPK1, JNK and ERK

NCK - - Activates HPK1; affects TCR signaling

13. Conclusions and future directions

The features of the adaptor proteins described above are
summarized in Tables I and II. As mentioned above, these
adaptor proteins do not interact with HPK1 separately, they
also associate with each other. Among these adaptors, LAT
and SLP-76/BLNK have a specific status; they serve as
docking proteins to form a platform for signal complexes.
Following TCR/BCR stimulation, LAT and SLP-76/BLNK
are tyrosine phosphorylated by the Syk/ZAP-70 family.
SLP-76/BLNK is recruited onto LAT via their association
with the GRB2 family (61,62,67) to form a central scaffold,
and their phosphotyrosines provide docking sites for SH2
and phosphotyrosine-binding domains of enzymes and other
adaptor proteins (10,62). This promotes the activation of
effector molecules, including HPK1.

There are several controversies surrounding the data on
HPKI1. For example, it has been shown that the kinase-dead
mutant of HPK1 cannot inhibit the activation of JINK by
anti-CD3 and anti-CD28 co-stimulation (9,57); another
study reported that the kinase-dead mutant of HPK1 inhibits
the Vav-mediated activation of JNK following TCR stimu-
lation (73). Kiefer et al (70) reported that HPK1 does not
affect the ERK family following transfection into Cos-1
cells, whereas others have reported that HPK1 negatively
affects the ERK signaling pathway in an overexpression

system using T cells (57,62), and that HPK1” T cells and
thymocytes enhance the TCR-induced activation of ERK (6).
Reports have indicated that HPK1 negatively affects the
transcriptional activity of AP-1 (6,57,62,64), whereas others
have shown that HPK1 enhances the transcriptional activity
of AP-1 (14,16,39,45,71). Previous studies have indicated
that HPK1 is a negative regulator of TCR-induced IL-2 gene
transcription (4,6,11,64,67), whereas others have reported
that HPK1 can enhance the transcriptional activity of
IL-2 (14,24,45,49,71).

In terms of cellular proliferation, there is data showing that
HPKI1 can assist PGE, in suppressing T cell proliferation (11),
and that HPK1” T cells are hyperproliferative in response to
TCR stimulation (6). Nagata et al (18) confirmed that antisense
S-oligonuleotides to HPK1 mRNA can significantly inhibit
EPO-dependent FD-EPO cell growth in a dose-dependent
manner.

It has been reported that the overexpression of HPK1
promotes spontaneous apoptosis and anti-CD3-mediated
apoptosis of T cells (26); HPK1” T cells have been shown
to withstand PGE,-mediated T cell apoptosis (11), however,
Shui et al (6) reported that HPK1”" T cells undergo apoptosis
in a similar manner to wild-type T cells following stimula-
tion with anti-CD3 or anti-Fas. Others have shown that the
siRNA-mediated knockdown of HPK1 increases T cell apop-
tosis induced by TCR stimulation (7).
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The conflicting findings reported may result from using

different cell types and stimuli. Which factors have definitive
roles in these events remain to be elucidated. It may be that
these adaptor proteins couple HPK1 with various effector
molecules, which leads HPK1 to different signaling pathways,
and/or alters the cellular localization of HPK1, or they may
modify substrate specificity to determine the functions of
HPK1. This requires further investigation.
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