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Abstract: Kinase drug discovery represents an active area of therapeutic research, with previous
pharmaceutical success improving patient outcomes across a wide variety of human diseases.
In pancreatic ductal adenocarcinoma (PDAC), innovative pharmaceutical strategies such as kinase
targeting have been unable to appreciably increase patient survival. This may be due, in part,
to unchecked desmoplastic reactions to pancreatic tumors. Desmoplastic stroma enhances tumor
development and progression while simultaneously restricting drug delivery to the tumor cells
it protects. Emerging evidence indicates that many of the pathologic fibrotic processes directly
or indirectly supporting desmoplasia may be driven by targetable protein tyrosine kinases
such as Fyn-related kinase (FRK); B lymphoid kinase (BLK); hemopoietic cell kinase (HCK);
ABL proto-oncogene 2 kinase (ABL2); discoidin domain receptor 1 kinase (DDR1); Lck/Yes-related
novel kinase (LYN); ephrin receptor A8 kinase (EPHA8); FYN proto-oncogene kinase (FYN);
lymphocyte cell-specific kinase (LCK); tec protein kinase (TEC). Herein, we review literature related
to these kinases and posit signaling networks, mechanisms, and biochemical relationships by which
this group may contribute to PDAC tumor growth and desmoplasia.

Keywords: pancreatic cancer; kinase therapy; fibrosis; desmoplasia; drug discovery; transcription
factors; SRC family kinases

1. Introduction

Pancreatic endocrine tissue contains distinct populations of hormone-producing pancreatic islet
cells. Islet α cells synthesize glucagon; islet δ cells synthesize somatostatin; islet β cells synthesize
insulin. Pancreatic exocrine tissue contains acinar cells that synthesize digestive enzymes subsequently
carried toward the duodenum by branched tubes lined by ductal epithelial cells. Most pancreatic
cancers (approximately 95%) develop from these ductal cells. These cancers are generally called
pancreatic ductal adenocarcinomas (PDAC) and present notoriously poor prognoses.
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PDAC accounts for approximately 90% of all pancreatic cancers and remains resistant to treatment,
in part, due to its extensive desmoplastic stroma [1]. PDAC manifests an extraordinarily dense fibrotic
stroma that supports pancreatic tumor progression and metastatic spread. The extreme desmoplastic
reaction to PDAC impedes nutrient and oxygen delivery to tissue and supports abnormal, oncometabolic
cellular processes. This fibrosis also hinders delivery of anticancer therapeutics and facilitates drug
resistance. The desmoplastic environment is beneficial to the disease and an obstruction to clinical
intervention. The extracellular matrix and its constituents play important roles in the differentiation,
proliferation, migration, and survival of nearby cells [2]. When the biophysical and biochemical
connections between substrate and tissue become dysregulated, the stromal dynamics that normally
maintain organ homeostasis break down [3]. Sufficiently distorted tissue microenvironments lose their
ability to attenuate tumor development and, instead, contribute to tumor progression [4]. Tissue injury
or chronic organ inflammation may serve as the impetus for this change. This desmoplastic stroma,
constituting up to 90% of PDAC tumor volume [1], represents a significant challenge to pancreatic cancer
therapy. These exaggerated fibrotic processes limit blood flow and drug delivery to pancreatic tumor
cells while also enabling cooperative relationships between tumor cells and stromal constituents that
enable malignant progression [5]. Prior reports suggest that targeting kinases involved in these unique
fibrotic pathways may enhance the antitumor effects of previously established PDAC therapies [6–11].

The mortality rate of pancreatic cancer is high; more than four decades of research have improved
5-year survival rates from 4 to 7% [12]. Radiotherapy, chemotherapy, and combination therapy
regimens are only minimally effective, in part due to obstacles presented by desmoplastic stroma.
Efforts to develop effective pancreatic cancer therapy have employed a gamut of techniques and
strategies from sophisticated pancreatic cancer surgeries to pharmaceutical modulation of cellular
signaling. Therapeutic targets include components of the tumor microenvironment, pancreatic cancer
stem cells, mediators of desmoplastic stromal reactions, and critical driver mutations.

Recently, our group undertook the identification of novel target kinases for PDAC using
patient-derived pancreatic cancer cell lines and wild-type pancreatic tissue specimens [13]. During our
investigation, we were struck by the appearance of many kinases related to fibrosis or desmoplasia.
Pancreatic cancer desmoplasia is an area of intense research interest, given its detrimental effects on
patient outcomes and its role in limiting therapeutic efficacy. Below, we review the 10 protein tyrosine
kinases implicated by our recent work [13] in the development, progression, or maintenance of the
inflammatory stroma that is characteristic of PDAC.

2. Fyn-Related Kinase (FRK)

Initially pursued as a potential tumor suppressor, more recent experimental results support the
characterization of Fyn-related kinase (FRK) as an oncogene. Indeed, the emerging narrative suggests
that FRK functionality is determined in an organ-specific manner [14]. In breast and brain cancer,
FRK demonstrates tumor suppressive functionality [15–19]. In pancreatic cancer, lung cancer, and liver
cancer, FRK demonstrates oncogenic functionality [20–23]. Overall, the functionality of FRK in cancer
remains controversial. FRK is overrepresented in our recent kinomic investigation of pancreatic
cancer, providing additional evidence for FRK as an oncogene in malignancies of pancreatic origin [13].
However, a broader interpretation of FRK literature suggests several previously reported mechanisms
may complicate this narrative.

Transgenic mice with a gene of interest operating under the control of insulin promoters
are frequently used to drive site-specific expression in the pancreas. The transcription factor
Pancreatic and Duodenal Homeobox 1 (PDX1) is a primary activator of insulin promoter regions.
While this transcription factor likely plays a role in the kinomic regulation of pancreatic cancer cells
(discussed below), genetically engineered insulin promoter sequences often rely upon PDX1 to drive
the expression of their downstream genes. Transgenic mice expressing FRK in this manner [24–26]
demonstrate increased beta cell mass but also demonstrate increased islet cell death [24]. Specifically,
FRK expression induces β cell proliferation in mice subjected to 60% partial pancreatectomy [24],
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although FRK expression enhances beta cell death in response to cytokine treatment or antineoplastic
therapy [24,27]. This suggests that the duality of FRK may not be sufficiently resolved in an
organ-specific manner; it may be that FRK functionality is determined by more complex biochemical
relationships. Efforts to elucidate the mechanisms responsible for FRK duality involve FRK activity as
a ligand, in addition to its activity as a protein kinase. This suggests that expression, regardless of
subsequent kinase activity, may be integral to the role of FRK in cancer.

Early evidence suggests the tumor suppressor activity of FRK involves direct binding to
retinoblastoma (Rb) proteins inside cellular nuclei [28] (Figure 1). Later studies indicate FRK localizes to
perinuclear regions where phosphorylation inhibits cell growth independent of direct binding to Rb [15]
(Figure 1). More recent evidence indicates FRK directly binds and phosphorylates the phosphatase and
tensin homolog (PTEN) tumor suppressor protein, protecting PTEN from degradation and maintaining
its tumor suppressive effects [16] (Figure 1). Many tumor cells for which FRK acts as a tumor suppressor
are deficient in PTEN, so this relationship provides only partial explanation. Evidence supports an
alternative mechanism of FRK-mediated tumor suppression in which FRK downregulates epidermal
growth factor receptor (EGFR) kinase [29] (Figure 1). In normal adult tissue, EGFR regulates epithelial
development. Upon ligand activation, EGFR is internalized to transduce signals from outside the
plasma membrane into the intracellular space. The receptor may then be recycled to facilitate cellular
proliferative processes or degraded to maintain normal cellular homeostasis [30]. FRK directly binds
EGFR and may attenuate its oncogenic effects by slowing EGFR recycling [29]. FRK also phosphorylates
EGFR at its Tyr1173 [29]. Phosphorylation of Tyr1173 is associated with subsequent downregulation of
EGFR signaling pathways associated with tumorigenesis [31–34]. Application of these findings to our
previous PDAC experimental observations suggests that increased FRK activity should correspond to
decreased EGFR phosphorylation activity. Indeed, in Kinome Reverse Signature Analyzer (KRSA) [35]
analyses of PANC1 cells, FRK family kinase activity demonstrates a positive log fold change (+1.6)
while EGFR family kinase activity demonstrates a negative log fold change (−0.12) [13]. While there
are no specific FRK tyrosine kinase inhibitors, several investigational or FDA approved drugs directly
bind or otherwise inhibit FRK [36–38].
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3. B Lymphoid Kinase (BLK)

B lymphoid kinase (BLK) is a nonreceptor tyrosine kinase that is preferentially expressed in B cells,
and ectopically expressed in T-cell malignancies [39,40]. Preclinical studies demonstrate constitutive
BLK expression increases tumor development [41] and malignant transformation [42] in lymphoma.
Such evidence provides a basis for BLK as an oncogene and potential therapeutic target in blood
and lymphoid tissue [43]. While the role of BLK in solid human malignancy is not as convincingly
established, increased BLK activity amplifies drug resistance mechanisms in melanoma cells [44]. BLK is
targeted by several anticancer drugs including ibrutinib [45], bakuchiol [46], and dasatinib [47,48].
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BLK also serves as a target for additional synthetic compounds currently undergoing development [49].
Although a nascent body of evidence suggests BLK may be a useful biomarker and drug target in solid
human malignancies, BLK activity is context dependent and acts as a tumor suppressor in chronic
myeloid leukemia [50,51]. Recent identification of BLK as a player in the differential phosphorylation
signatures of PDAC cells across three PDAC cell lines using three bioinformatic pipelines suggests
BLK may play an important role in solid pancreatic malignancies. The normal physiologic role of BLK
in pancreatic tissue provides additional support for this hypothesis.

In normal adult pancreatic tissue, BLK is expressed by beta cells. BLK kinase activity enhances
the synthesis and secretion of insulin by upregulating the transcription factor PDX1 [52] (Figure 1).
While PDX1 demonstrates protective effects during certain stages of gastric [53] and pancreatic
cancer [54], it frequently switches from tumor-suppressor to oncogene after neoplastic transformation is
complete [55]. We have previously proposed and investigated PDX1 as a potential target for pancreatic
cancer therapy [56–58]; our group and others provide support for the oncogenic properties of PDX1 in
pancreatic cancer and suggest additional clinical significance for PDX1 as a biomarker in other solid
human malignancies such as colon, prostate, kidney, and breast cancer [59–63].

Endocrine and diabetes research provides complementary evidence of the relationship between
BLK, PDX1, and pancreatic pathophysiology. PDX1, formerly known as Insulin Promoter Factor 1
(IPF1), is a transcriptional activator of insulin and plays a major role in normal glucose metabolism.
Loss-of-function BLK mutations attenuate PDX1 expression to decrease insulin expression and
compromise downstream signaling mechanisms [52]. In this context, recent observations suggest
that increased BLK activity leads to increased PDX1 activation and enhanced insulin synthesis.
The intersection of insulin signaling, diabetes, and cancer represent an active area of oncometabolic
research [64–69], although the mechanistic underpinnings of these relationships remain incompletely
understood. Insulin positively modulates signaling cascades that provide rapidly growing tumor cells
energy and mitogenic action [70–72]. Many of these pro-cancer, insulin-initiated signal transduction
cascades rely on the insulin receptor (INSR) tyrosine kinase family. It is noteworthy that our recent
work demonstrated increased INSR family kinase activity in pancreatic cancer cells compared to wild
type [13].

4. Hemopoietic Cell Kinase (HCK)

Like BLK, hemopoietic cell kinase (HCK) can be found in B lymphocyte lineages [73].
Although HCK is predominantly expressed in B lymphocyte progenitors, rather than in mature
B lymphocyte [74], leukemias and many solid malignancies demonstrate a positive correlation between
HCK activity and cancer cell proliferation and survival [75]. It may be argued that HCK is associated
with hyperproliferative diseases because HCK is expressed in progenitor cells. There is emerging
recognition in hematological cancer research that failure of early progenitor cells to differentiate
contributes to cancer initiation and progression. HCK has previously been identified and studied as a
promising therapeutic target for colon cancer [76] where HCK acts to promote tumor progression [77].

Data concerning HCK and pancreatic cancer are not abundantly represented in the literature,
although one study demonstrates that gain of the HCK locus in PDAC patient biopsy predicts decreased
patient survival [78]. Interestingly, HCK inhibition serves as the cornerstone of several emerging
pharmacological strategies. Nonpeptide small molecule allosteric modulators using pyrimidine
diamine scaffolds as HCK ligands/inhibitors were recently investigated as potential treatments for
leukemia [79]. Novel immunotoxin-based strategies, in combination with drug-based inhibition
or genetic reduction of HCK, have been explored in PDAC, lymphoma, and ovarian carcinoma
models. Recombinant immunotoxins represent an emerging anticancer therapeutic modality reliant
upon bifunctional chimeric molecules composed of a targeting domain and a cytotoxic domain.
Immunotoxins are primarily used in the treatment of hematologic cancers, however, development of
solid tumor immunotoxin therapies is ongoing. Previous studies indicate that the anticancer effects
of an immunotoxin can be augmented by HCK inhibition [80]. Our recent results support HCK
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as a proto-oncogene and suggest increased focus on HCK in PDAC may be warranted. However,
the role that HCK plays in pancreatic cancer may extend beyond its ostensible, direct involvement in
tumor development.

Renal fibrosis is a common sequela of chronic renal allograft injury and recent work identifies
HCK as an important driver of this fibrosis, with HCK overexpression activating fibrotic pathways,
and HCK knockdown inhibiting fibrotic pathways [81]. Additional studies indicate HCK may play a
role in other fibrotic diseases such as atherosclerosis and lung fibrosis [82,83]. Although the relationship
between HCK and PDAC fibrosis or desmoplasia remains unexplored, HCK’s role in other fibrotic
pathologies is suggestive of potential involvement.

5. ABL Proto-Oncogene 2 Kinase (ABL2)

Leukemogenic ABL proto-oncogene 2 kinase (ABL2) fusion proteins RCSD1-ABL2 and
ZC3HAV1-ABL2 have been reported in Philadelphia chromosome-like acute lymphoblastic leukemia
patients [84,85]. In vivo and in vitro treatments with ABL kinase inhibitors produced cytostatic effects
and in vivo, in vitro, or clinical combination therapy with dexamethasone resulted in remission [85,86].
ABL2 activity in solid tumors is not dependent upon translocation events and is instead driven by
differential expression and pathophysiologic modulation of tyrosine kinase activity. Perhaps for
this reason, the role of ABL2 in solid human malignancies is more paradoxical than in hematologic
malignancies. In PDAC, ABL2 expression is often upregulated [87]. The implication that ABL2 is
oncogenic in PDAC is supported by studies of lung cancer [88,89], hepatocellular carcinoma [90],
glioma [91], and gastric cancer [92]. However, the role of ABL2 may be context dependent with ABL2
demonstrating tumor suppressive properties in some cancer models [93–97].

As discussed above, PDAC is characterized by large-scale desmoplasia. In addition to
receptor tyrosine-kinase signal transduction pathways, signals from the extracellular environment
may be transduced by integrin molecules that bind and activate nonreceptor tyrosine kinases.
Collagens are well represented in the tumor stroma of PDAC and play significant roles in pancreatic
tumor progression [98–101]. Evidence suggests that pancreatic desmoplastic protumor signaling is
initiated by extracellular collagen proteins binding to intermembranous integrin molecules thereby
activating cytoplasmic ABL2 nonreceptor tyrosine kinase [102–107] (Figure 1). Thus activated,
ABL2′s kinase activity supports a number of downstream protumor cellular processes. Importantly,
integrin-ABL2 signaling is two-way. Phosphorylated ABL2 can, in turn, phosphorylate the integrin
tail and create a second binding interface for ABL2 [102]. This positive feedback likely enhances
ABL2′s effects on downstream cellular behavior. In addition to tumor cell behaviors such as
cell invasiveness [108], integrin-ABL2 signaling also regulates fibroblast cell behaviors such as
proliferation [109], adhesion-dependent cell edge protrusion [110,111], and perhaps even activation [109].
ABL2 has been identified as a high-affinity target of dasatinib [112,113]. Dasatinib therapy enhances the
inhibitory activity of paclitaxel and gemcitabine in human pancreatic cancer cells [114]. This supports
our hypothesis that ABL2 is an important player in PDAC.

6. Discoidin Domain Receptor 1 Kinase (DDR1)

Another collagen receptor, discoidin domain receptor 1 (DDR1) is a receptor tyrosine kinase
that belongs to a family of nonintegrin signal transducers (Figure 1). Of all the kinases discussed
in this review, DDR1 kinase demonstrates the highest expression levels in normal pancreatic tissue
(Figure 2). Beyond normal human physiology, increased DDR1 expression has been reported in
fibrotic disease and cancer [115]. Like many of the kinases in this list of emerging kinase targets,
evidence suggests DDR1 has dualistic characteristics that are context dependent. While the regulatory
direction (i.e., upregulation or downregulation) varies, DDR1 is generally involved in fibrotic processes.
Previous work associates DDR1 expression with poor prognosis in PDAC [115].
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for all kinases of interest including Fyn-related kinase (FRK); B lymphoid kinase (BLK); hemopoietic
cell kinase (HCK); ABL proto-oncogene 2 kinase (ABL2); discoidin domain receptor 1 kinase (DDR1);
Lck/Yes-related novel kinase (LYN); ephrin receptor A8 kinase (EPHA8); FYN proto-oncogene kinase
(FYN); lymphocyte cell-specific kinase (LCK); tec protein kinase (TEC)). Average median transcripts per
million (TPM) were calculated for adipose, brain, cervix, colon, esophagus, heart, and skin subcategories.
Asterisks (*) indicate key data relating to pancreatic ductal adenocarcinoma (PDAC). Samples collected
from nondiseased tissue.

An insightful review by Moll and colleagues documents additional points that highlight the
atypical landscape of current DDR1 research [116]. In brief, these include a paucity of laboratories
investigating DDR1 in inflammatory cells; a string of retractions undermining aspects of the topic’s
knowledge base; absence of a commercially available DDR1-specific human antibody; and—in at
least one study—a striking contrast between in vitro and in vivo results. Previous reports associate
upregulated DDR1 with increased metastatic potential in pancreatic cancer [117]. Activation of DDR1
contributes to tumorgenicity in PDAC [118] and selective, DDR1-specific kinase inhibitors can decrease
cancer cell proliferation, invasion, and adhesion across several cancer models [118,119]. In fibrotic
disease models, DDR1 inhibitors reduce inflammation and fibrosis [120–123], further positioning DDR1
as a kinase target of interest in PDAC.

7. Lck/Yes-Related Novel Kinase (LYN)

Desmoplasia restricts oxygen and nutrient delivery; decreased vascularization results in hypoxic
collections of cells with abnormal, compensatory metabolic processes that allow surviving tumor
cells to overcome otherwise uninhabitable environmental conditions [124]. Without sufficient oxygen,
tumor cells switch from high-yield oxidative phosphorylation to low-yield anaerobic glycolysis.
This strategy requires increased delivery of glucose to tumor cells. With blood supplies restricted,
tumor cells increase glucose transporters [125]. In normal adult muscle and fat cells, insulin stimulates
glucose uptake by upregulating glucose transporter 4 (GLUT4). While insulin primarily upregulates
GLUT4 in normal physiologic contexts, the aberrant metabolic landscape of pancreatic cancer allows
insulin to enhance GLUT1 expression [126]. In pancreatic cancer cells, upregulation of GLUT1
transporters accommodates aerobic glycolysis [127]. Lck/Yes-related novel kinase (LYN) directly
phosphorylates insulin receptor 1 (IRS-1) [128], which plays a role in GLUT4 translocation [129],
GLUT1 translocation [130], and appears to be required for oncometabolic changes [131]. LYN activation
sensitizes insulin receptors [132,133], and increases glucose transport [128,134]. LYN is an important
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player in multiple tumor-related functions [135] and is upregulated in cervical cancers [136], prostate
cancers [137], colon cancer [135], and Ewing’s sarcoma [138]. Further, LYN expression predicts poor
prognoses for renal cancer patients [139], head and neck squamous cell carcinoma patients [140],
nonsmall cell lung cancer patients [141], and breast cancer patients [142]. Phosphorylation studies
(as opposed to expression studies) determined LYN kinase activity to be significantly elevated in
glioblastoma [143]. Knockdown studies in pancreatic cancer cell lines demonstrate decreased pancreatic
cancer cell proliferation, migration, and invasion [22] (Table 1). The mechanisms by which LYN regulates
oncogenic behavior in pancreatic cancer remain incompletely understood, though several nodes in its
doubtless complex signaling web have been identified and are described below.

Serotonin demonstrates vasoactive properties and promotes fibroblast activation and collagen
deposition in select fibrotic contexts [144]. Serotonin is implicated in pulmonary fibrosis, [145–147],
hepatic fibrosis [148], and renal fibrosis [149,150]. Serotonin also induces epithelial–mesenchymal
transdifferentiation of renal proximal tubular epithelial cells [149] and promotes tumor growth in
hepatocellular carcinoma [151]. PDAC patient tissue samples show increased serotonin concentrations
relative to wild-type controls and these increased serotonin concentrations produce prosurvival and
antiapoptotic effects in some pancreatic cancer cell models [152]. Protumor serotonin signaling is
mediated by LYN and causes increased glucose uptake and increased anaerobic glycolysis [152].
Although serotonin does not exhibit prosurvival and antiapoptotic effects in all pancreatic cancer cell
lines, these effects are observed in PANC-1 cells [152]. Consistently, our recent study identifies LYN as
a lead kinase responsible for the peptide phosphorylation patterns observed in PANC-1 [13].

Alternatively, another signaling node of LYN in pancreatic cancer involves the megakaryocyte-
associated tyrosine kinase (MATK) (Figure 1). This kinase is overexpressed in breast cancer
patient samples and demonstrates tumor suppressive properties, inhibiting cancer cell growth and
proliferation [153]. In PANC-1 cells, MATK directly phosphorylates and inhibits LYN kinase to curb
pancreatic cancer cell proliferation and invasion [154]. The results from our PANC-1 and Patient-derived
pancreatic ductal adenocarcinoma cell line 15 (PDCL-15) kinome arrays support and elaborate upon
this observation [13]. In our experiments, the peptide sequences phosphorylated by LYN kinase are
significantly overrepresented such that LYN kinase is identified as a lead candidate responsible for
the overall phosphorylation patterns observed in PAN-C-1 and PDCL-15 cell lines. Furthermore,
our experimental data suggests MATK kinase activity does not play a significant role in the peptide
phosphorylation signatures observed in PANC-1 and PDCL-15. In other words, LYN kinase activity is
appreciably upregulated when MATK kinase activity is not.

Table 1. Summary table of selected kinases in pancreatic cancer.

Kinase Study Samples Implication Citation

FRK

Pancreatic cancer cell lines:
PANC-1 (pancreatic
epithelioid carcinoma)
MIA PaCa-2 (undifferentiated
pancreatic carcinoma)
Capan-1 (metastatic pancreatic
adenocarcinoma obtained from liver)
Capan-2 (pancreatic adenocarcinoma)
HPAC (pancreatic adenocarcinoma).

FRK directly contributes to
pancreatic cancer cell proliferation
and migration in PANC-1, MIA
Paca-2, Capan-1, and HPAC

[22]

HCK

Pancreatic ductal adenocarcinomas
(PDACs) from 43 patients
Well differentiated (n = 12)
Moderately differentiated (n = 24)
Poorly differentiated (n = 4)
Lymph node metastasis
Positive (n = 36)
Negative (n = 6)

Gain of the HCK locus in PDAC
patient biopsy predicts decreased
patient survival

[78]
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Table 1. Cont.

Kinase Study Samples Implication Citation

ABL2 22 adenocarcinoma samples
16 pancreatic cancer cell lines

In PDAC, ABL2 expression is
often upregulated [87]

DDR1

205 PDAC patient samples.
T classification: T1 (n = 11); T2 (n = 31);
T3 (n = 125); T4 (n = 38)
n Classification: Absent (n = 136);
Present (n =69)
AJCC Stage: Stage I (n = 38);
Stage II (n = 135); Stage III (n = 21);
Stage IV (n = 14)
Liver metastasis: Absent (n = 191);
Present (n = 14)

DDR1 expression is associated
with poor prognosis in PDAC [115]

DDR1

Pancreatic cancer cell lines:
PANC-1
AsPC-1 (metastatic pancreatic
adenocarcinoma obtained from ascites)

Upregulated DDR1 is associated
with increased metastatic potential [117]

DDR1

Pancreatic cancer cell lines:
AsPC-1
PANC-1
BxPC-3 (pancreatic adenocarcinoma)
xenograft models

Activation of DDR1 contributes to
tumorgenicity in PDAC.
DDR1 inhibition reduces
collagen-mediated tumorigenicity
in PDAC

[118]

LYN

Pancreatic cancer cell lines:
PANC-1
MIA PaCa-2
Capan-1
Capan-2
HPAC

LYN directly contributes to
pancreatic cancer cell proliferation
and migration in PANC-1,
MIA Paca-2, Capan-1, Capan-2,
and HPAC

[22]

FYN

12 PDAC patient samples
Stage IIA (n = 3)
Stage IIB (n = 9)
Lymph node metastasis:
Yes (n = 9); No (n = 3)

Activator phosphorylation sites
on FYN demonstrate a two-fold
increase in tumor tissue compared
to wild type pancreatic
patient tissue

[155]

FYN

Pancreatic cancer cell lines:
PANC-1
MIA PaCa-2
Capan-1
Capan-2
HPAC

FYN directly contributes to
pancreatic cancer cell proliferation
and migration in PANC-1,
MIA Paca-2, Capan-1, Capan-2,
and HPAC

[22]

FYN

28 pancreatic cancer patient samples
Staging: metastatic (n = 11);
nonmetastatic (n = 17)
TNM staging: T1 (n = 4); T2 (n = 9);
T3 (n = 5); T4 (n = 10)
Additional experiments were
performed using BxPC3 cell lines and a
nude mouse xenograft model

FYN detected in 24 (of 28) tumors
Metastatic pancreatic cancer
demonstrates increased
FYN expression
TNM staging did not correlate
with FYN expression
FYN inhibition reduces primary
tumor weight and volume, as well
as metastasis
FYN inhibition decreases cell
proliferation and
increases apoptosis

[156]
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Table 1. Cont.

Kinase Study Samples Implication Citation

FYN

Pancreatic cancer cell lines:
BxPc3
AsPc1
PaCa2
28 pancreatic cancer patient samples
TNM Staging: T1 (n = 4); T2 (n = 9);
T3 (n = 5);
T4 (n = 10)
Staging: Nonmetastatic (n = 17);
Metastatic (n = 11)
Differentiation: High (n = 3);
Middle (n = 16); Low (n = 9)

FYN activity is increased in
metastatic pancreatic
cancer tissue
Mechanistic studies exploring
the signaling axis of FYN in
pancreatic cancer suggest
significant coordination and
regulation of apoptosis which
promotes pancreatic cancer
proliferation and metastasis

[157]

FYN

Pancreatic cell lines:
HPDE6-C7 (immortalized human
pancreatic duct epithelial cells)
QGP1 (human pancreatic islet cell
carcinoma)
PANC-1
BxPC-3
SW1990 (metastatic pancreatic
adenocarcinoma obtained
from spleen)
30 pancreatic cancer patient samples
TNM Staging: T1 (n = 4); T2 (n = 10);
T3 (n = 6); T4 (n = 10)
Staging: Nonmetastasis (n = 17);
Metastasis (n = 13)
Differentiation: High (n = 3);
Middle (n = 15); Low (n = 12)

FYN mRNA expression is
higher in tumor tissue
compared to adjacent
normal tissue
FYN expression correlates
with metastasis and staging

[158]

8. Ephrin Receptor A8 Kinase (EPHA8)

Ephrin receptor (EPH) family kinases are receptor tyrosine kinases integral to normal human
development. During development, members of the EPH kinase family participate in the generation and
maintenance of early vasculature and coordinate cell segregation and positioning in the gastrointestinal
tract [159–161]. In adult tissue, members of the EPH kinase family are implicated in several solid human
tumors [162–166]. In pancreatic cancer, evidence suggests increased EPH kinase family activity may
be involved in carcinogenesis, cancer cell motility and invasion, as well as overall tumor progression
and associated pain [167–170]. The EPH kinase family includes more individual kinases than any
other RTK family [171,172]. Compared to other EPH kinase family members, EPHA8 is not as well
studied in pancreatic cancer, and a query of PubMed using the search terms “EPHA8” and “pancreas”
or “pancreatic” returns only two articles [173,174]. Of these, only one examines EPHA8 in a pancreatic
cancer context [174]. The authors focus on the oncocytic subtype of intraductal papillary mucinous
neoplasia of the pancreas; even when this neoplasm is associated with an invasive carcinoma, its course
is less aggressive than conventional PDAC [174]. In patient samples, the authors identified two missense
mutations in EPHA8 (R375H; R384H) [174]. The effects of these mutations on EPHA8 kinase activity
are not immediately apparent. Increased expression of kinase-inactive EPHA8 mutants enhances cell
adhesion to fibronectin proteins in the extracellular matrix [175]. These adhesions are mediated, in part,
by the same integrin subunits relevant to our previous discussion of ABL2 [102,108,175] (Figure 1).
Primarily a product of fibroblast cells, high concentrations of fibronectin are detected in PDAC stromal
tissue, but not in normal tissue [176,177]. The biochemical signaling networks linking EPHA8 and
pancreatic cancer remain unclear; follow-up studies may provide useful insights into the role that
EPHA8 plays in desmoplasia. Previous investigations of EPHA8 in normal cells and tumor cells from
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other cancer models suggest EPHA8 likely demonstrates kinase-dependent and kinase-independent
oncogenic properties.

In fibroblasts, kinase-independent EPHA8 signaling may proceed through phosphatidylinositol
3-kinase (PI3K) mechanisms [175] (Figure 1). In neuroblastoma models, EPHA8 demonstrates
kinase-independent activation of mitogen-activated protein kinase (MAPK) to promote axonal
projections [178] (Figure 1). In contrast, some glioma studies suggest expression of EPHA8 suppresses
migration and invasion [179]. Notably, EPHA8-mediated inhibition of cell migration does require
EPHA8 kinase activity [179]. Proliferation, migration, and invasion of gastric cancer cells are
associated with EPHA8 kinase-mediated signaling involving the ADAM10 protein and downstream
serine/threonine kinase AKT pathways [180]. Increased EPHA8 expression also associates with
increased clinicopathological features or poor prognoses in oral tongue squamous cell carcinoma [181],
colorectal cancer [182], and ovarian cancer [183]. Studies of EPHA8 phosphorylation sites revealed
physical associations between EPHA8 and FYN proto-oncogene kinase (FYN) and implicate FYN
kinase as a major downstream target for EPHA8 signaling [184]. This observation, first made in 1999,
remains largely unexplored.

9. FYN Proto-Oncogene Kinase (FYN)

FYN regulates downstream serine-threonine kinase activity modulating fibroblast–epithelial cell
interactions and promoting organ fibrosis [185,186]. FYN signaling pathways regulate cell adhesion [187],
drive epithelial-to-mesenchymal transition (EMT) [188], and play a role in migration [189], cancer cell
growth and motility [190–192], cancer progression [193], as well as antiapoptotic activity [194]. Overall,
FYN plays a significant role in the pathogenesis of many cancers [195] and varying degrees of evidence
link FYN with hepatocellular carcinoma [196], oral cancer [193], mesothelioma [194], breast cancer [197],
chronic myelogenous leukemia [198,199], prostate cancer [191,192], melanoma [200], brain cancer [190],
and esophageal squamous cell carcinoma [201]. Evidence suggests that the role of FYN in pancreatic
cancer is consistent with the role of FYN in other cancers, although its mechanism in pancreatic
cancer may be somewhat unique. FYN expression is upregulated in many pancreatic cancers and its
kinase activity is enhanced. In phospho-proteomic studies, activator phosphorylation sites on FYN
demonstrate a two-fold increase in tumor tissue compared to wild type pancreatic patient tissue [155].
FYN knockdown or inhibition significantly reduces proliferation, migration, metastasis, and invasion in
pancreatic cancer models [22,156]. Recent data suggest FYN associated pancreatic tumor pathology
may depend on KRAS and TP53 mutational profiles [13,202].

Foremost among potential therapeutic targets in pancreatic cancer stand cancer’s most frequently
mutated oncogene family, the RAS genes [203]; and the “guardian of the genome” TP53 tumor
suppressor gene. PDAC presents with approximately 90% KRAS mutation frequency [204]. While there
are no clinically approved drugs directly targeting KRAS, several indirect KRAS inhibitors—targeting
proteins that support oncogenic KRAS functionality, rather than targeting KRAS itself—demonstrate
encouraging results in other cancers yet remain unable to appreciably improve pancreatic cancer
outcomes. Predictably, all patient-derived pancreatic cancer cell lines (PDCL5 and PDCL15) used in
our recent study contain oncogenic KRAS mutations. However, PDCL5 cells express dysfunctional,
mutant TP53, while PDCL15 cells express wild-type TP53. This is significant because FYN kinase
is identified as a lead candidate kinase only in PDCL15 cells with functional p53 tumor suppressor
proteins [13].

Mechanistic studies exploring the signaling axis of FYN in pancreatic cancer suggest significant
modulation of cell cycle and apoptotic behaviors [156–158]. Mechanistic studies in other cancer models
suggest inhibition of FYN leads to greater cell death in KRAS mutant cells than in KRAS wild-type
cells [202]. Other cancer models also provide evidence that FYN phosphorylates and enhances
the activity of the GTPase PIKE-A, ultimately influencing p53 behavior (Figure 1). The PIKE-A
proto-oncogene directly binds and regulates two serine-threonine kinases, AMPK and AKT (Figure 1).
When PIKE-A binds AMPK, it diminishes AMPK’s tumor suppression properties [205]. In the
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absence of PIKE-A or when AMPK is otherwise active, p53 is increasingly phosphorylated to
arrest cell cycle progression [206]. In some cellular contexts, when functional p53 is not present,
AMPK-dependent cell cycle arrest cannot be initiated [206]. This suggests that in TP53 mutant
pancreatic tumors, FYN-mediated AMPK suppression would impart insignificant cancer cell survival
advantage. Correspondingly, FYN is not identified as a lead candidate kinase in our analyses of
PDCL5 cells; these cell lines already have functionally deficient TP53. In contrast, our analyses
did identify FYN as a candidate kinase in PDCL15 cells which express wild-type, fully functional
TP53. Perhaps FYN demonstrates increased enzymatic activity in this cell line in order to subvert
AMPK-dependent p53 tumor suppressive activity. When PIKE-A binds AKT, it enhances AKT’s
antiapoptotic properties [207]. When functional p53 is present in pancreatic cancer cells, FYN-mediated
AKT activation may also demonstrate antiautophagic activity. Other solid cancer cells exposed to
the same nutritional insufficiencies common to pancreatic tumor cells use AKT signaling to trigger
compensatory metabolic changes [208,209]. In breast cancer cell lines, AKT activates wild-type p53
proteins to protect breast cancer cells from autophagic cell death [209]. Our data implies that the
oncogenic role of FYN kinase in PDAC requires mutant KRAS and wild-type TP53.

10. Lymphocyte Cell-Specific Kinase (LCK)

The lymphocyte cell-specific kinase (LCK) is an important regulator of T-cell functionality.
Activation of the T-cell receptor (TCR) induces conformational change [210] and phosphorylation [211]
of LCK (Figure 1). The enzymatic activity of LCK is critical to TCR-induced downstream activation of
T cells [211]. This evidence agrees with general conceptualizations of LCK as a critical initiator of T-cell
receptor signaling, as well as T-cell activation, development, and proliferation. LCK also transmits
signals received by other cell receptors in T lymphocytes, natural killer lymphocytes, and B lymphocytes.
Unsurprisingly, LCK has been implicated in several leukemias and immunotherapies [212]. Knowledge
of the role that LCK plays in solid human tumors is developing, with reports that LCK is expressed
in human breast cancer specimens [213]; LCK is overexpressed and activated in lung cancer cell
lines [214]; LCK is upregulated in bile duct cancer cells and associates with early tumor recurrence [215];
LCK inhibition in human glioma cells decreases malignant progression [216]. The role that LCK
plays in cancer progression may be complicated by opposing roles in tumor infiltrate and in tumor
cells. LCK expression appears to be a positive prognostic marker in colorectal cancer [217] with
potential to serve as a useful biomarker in early diagnosis [218]. LCK is highly expressed in subsets of
primary and/or metastatic melanomas from 331 patients and associates with significantly improved
survival [219]. LCK’s association with positive therapeutic outcomes in solid human cancers is likely
due to immune response, rather than intrinsic cancer cell LCK abnormalities. Masitinib mesylate is
a veterinary medication targeting LCK [220] that enhances Gemcitabine’s antiproliferative effects in
human pancreatic cancer in in vitro and in vivo models [221]. LCK is overexpressed in pancreatic
endocrine tumors, although significant associations between LCK and clinical outcomes have not been
identified [222].

11. Tec Protein Kinase (TEC)

TEC family kinases are conspicuous in the development and treatment of hematogenous [223] and
solid cancers including breast cancer [224], prostate cancer [225,226], liver cancer [227], glioblastoma [228],
small cell lung cancer [229], colorectal cancer [230], and epithelial neoplasia [231]. The TEC family
consists of TEC, BTK, ITK, TXK, and BMX nonreceptor tyrosine kinases. BTK (Bruton’s tyrosine kinase)
is crucial to the oncogenic signaling pathways that drive leukemic cell survival and proliferation;
BTK inhibitors demonstrate significant antitumor activity and the BTK inhibitor ibrutinib is approved
as a first-line therapy in certain lymphocytic malignancies [232]. Ibrutinib also targets the TEC family
member ITK (IL2 inducible T-cell kinase) and is proposed to be an effective clinical ITK inhibitor for
treatment of T-cell malignancies [233]. Likewise, TEC family member TXK is implicated in T cell
activation and cancer therapy [234–238]. While TEC family kinases are expressed in hematopoietic cells,
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BMX and TEC are also expressed in cells with high migratory potential [239]. BMX is expressed in
cancer cells and its kinase activity is activated by extracellular matrix proteins [240]. BMX inhibition
blocks integrin-mediated tumor cell migration [240]. While TEC kinase is the inaugural member of the
TEC kinase family, its role in cancer pathology is incompletely understood. Overexpression of TEC
kinase is reported in one study of liver cancer patients [227] but it otherwise remains largely unstudied
in cancer contexts (Table 2). Recent evidence identifies TEC as a key player in the inflammatory
response associated with severe pancreatitis [241]. Chronic pancreatitis is a fibrotic pathology [242]
conveying increased risk of pancreatic cancer [243]. Differential phosphorylation patterns observed
in pancreatic cancer imply two possible roles for TEC kinase in PDAC: increased enzymatic TEC
activity may contribute to the inflammatory milieu, indirectly supporting pancreatic cancer progression;
or increased enzymatic TEC activity may play a direct role, acting within the pancreatic tumor cells to
activate malignant phenotypes. Further study will be required to contextualize TEC kinase activity
more accurately in pancreatic cancer and desmoplasia.

Table 2. Summary table of selected kinases in other contexts.

Kinase Context Implication Citation

FRK Breast cancer; brain cancer Tumor suppressive functionality [15–19]

FRK Lung cancer; liver cancer Oncogenic functionality [20,21,23]

FRK Transgenic mice

Increased expression increases
beta cell mass, islet cell death, and
beta cell proliferation after partial
pancreatectomy

[24]

FRK Cytokine treatment or
antineoplastic therapy

Increased expression enhances
beta cell death [24,27]

FRK Molecular
Direct binding to Rb proteins
inside cellular nuclei alters Rb
tumor suppressor activity

[28]

FRK Molecular

Direct binding and
phosphorylation of PTEN protects
PTEN from degradation and
maintains tumor
suppression activity

[16]

FRK Molecular
Direct binding of EGFR slows
EGFR recycling and attenuates
oncogenic effects

[29]

FRK Molecular
Phosphorylation of EGFR
downregulates tumorigenic
EGFR pathways

[29,31–34]

BLK Immune cells
Preferentially expressed in normal
B cells and ectopically expressed
in T cell malignancies

[39,40]

BLK Lymphoma
Constitutive expression increases
tumor development and
malignant transformation

[41,42]

BLK Melanoma cells Amplifies drug resistance
mechanisms in melanoma cells [44]

BLK Chronic myeloid leukemia Tumor suppressor [50,51]

BLK Beta cells

Kinase activity enhances the
synthesis and secretion of insulin
by upregulating the transcription
factor PDX1

[52]
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Table 2. Cont.

Kinase Context Implication Citation

HCK Leukemias; solid malignancies
Positive correlation between
activity and cancer cell
proliferation and survival

[75]

HCK Colon cancer Promotes tumor progression [77]

HCK Immunotoxin therapy Anticancer effects of immunotoxin
are augmented by HCK inhibition [80]

HCK Renal fibrosis
Overexpression activates fibrotic
pathways; knockdown inhibits
fibrotic pathways

[81]

HCK Atherosclerosis; lung fibrosis Implicated in
inflammatory pathways [82,83]

ABL2 Lung cancer; hepatocellular
carcinoma; glioma; gastric cancer Oncogenic properties [88–92]

ABL2 Prostate cancer; breast cancer;
other cancer models Tumor suppressive properties [93–97]

ABL2 Fibroblast cells
Regulates proliferation and
adhesion-dependent cell edge
protrusions

[109–111]

DDR1 Skin; kidney; lungs

Mediates fibrotic processes in the
skin; plays a protective role in the
kidney and lung
Expression profiles are similar in
the skin and kidney, but different
in the kidney and lung

[116]

DDR1 Fibrotic disease models Inhibition reduces inflammation
and fibrosis [120–123]

LYN Cervical cancer; prostate cancer;
colon cancer; Ewing’s sarcoma Upregulated [135–138]

LYN

Renal cancer; head and neck
squamous cell carcinoma;
nonsmall cell lung cancer;
breast cancer

Predicts poor prognosis [139–142]

LYN Glioblastoma Kinase activity is elevated [143]

EPHA8 Neuroblastoma
Kinase-independent activation of
MAPK to promote
axonal projections

[178]

EPHA8 Glioma
EPHA8-mediated inhibition of cell
migration requires EPHA8
kinase activity

[179]

EPHA8 Gastric cancer

Proliferation, migration,
and invasion of gastric cancer cells
are associated with EPHA8
kinase-mediated signaling
involving ADAM10 and
downstream AKT pathways

[180]

EPHA8
Oral tongue squamous cell
carcinoma; colorectal cancer;
ovarian cancer

Expression associates with
increased clinicopathological
features or poor prognoses

[181–183]
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Table 2. Cont.

Kinase Context Implication Citation

FYN Organ fibrosis

Regulates downstream
serine-threonine kinase activity
that modulates
fibroblast–epithelial cell
interactions and promotes
organ fibrosis

[185,186]

FYN Various experimental contexts

FYN signaling pathways regulate
cell adhesion, drive
epithelial-to-mesenchymal
transition (EMT), and play a role
in migration, cancer cell growth
and motility; cancer progression;
as well as antiapoptotic activity.

[187–194]

FYN

Hepatocellular carcinoma;
oral cancer; mesothelioma;
breast cancer; chronic
myelogenous leukemia;
prostate cancer; melanoma;
brain cancer; esophageal
squamous cell carcinoma

Varying degrees of evidence
implicate FYN in the pathogenesis
of these cancers

[190–201]

FYN Colorectal cancer

Mechanistic studies suggest
inhibition of FYN leads to greater
cell death in KRAS mutant cells
than in KRAS wild-type cells

[202]

LCK T cells
Enzymatic activity is critical to
TCR-induced downstream
activation of T cells

[211]

LCK Leukemia and immunotherapies Implicated in several leukemias
and immunotherapies [212]

LCK Breast cancer Expressed in human breast
cancer specimens [213]

LCK Lung cancer Overexpressed and activated in
lung cancer cell lines [214]

LCK Bile duct cancer
Upregulated in bile duct cancer
cells and associates with early
tumor recurrence

[215]

LCK Glioma Inhibition in human glioma cells
decreases malignant progression [216]

LCK Colorectal cancer

Expression appears to be a
positive prognostic marker;
demonstrates potential as early
diagnosis biomarker

[217,218]

LCK Melanoma

Highly expressed in subsets of
melanoma patients and associates
with significantly
improved survival

[219]

LCK Pancreatic endocrine tumors Overexpression [222]

TEC Liver cancer Overexpression [227]

TEC Pancreatitis
Implicated in the inflammatory
response associated with
severe pancreatitis

[241]
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12. Tyrosine Kinase Inhibitors

Desmoplastic stromal reactions create a biophysical barrier to drug delivery, whilst also directly
promoting tumor growth and contributing to treatment resistance [244]. In the absence of sufficiently
beneficial medical intervention, therapeutics that target protein tyrosine kinases represent promising
drug development strategies [10]. Protein tyrosine kinases regulate key pancreatic cancer signaling
pathways such as RAS-MAPK [245], PI3K-AKT [246], and JAK-STATs [247]. Inhibition of the protein
tyrosine kinases that contribute to desmoplastic stromal reactions and established pancreatic cancer
signaling pathways demonstrate compelling preliminary results [248–250]. Recent preclinical and
clinical studies are rapidly contributing to our knowledge of the specific mechanisms by which
individual tyrosine kinases contribute to cancer cell behavior. Collagen-induced DDR1 activation
and epithelial–mesenchymal transition can be attenuated by the DDR1 inhibitor 7f which disrupts
DDR1-PYK2-PEAK signaling in pancreatic cancer [251]. FRK inhibition attenuates aerobic glycolysis in
some cancer cell models [23], while studies performed in other cancer cell models suggest FRK inhibition
increases proliferation by downregulating the FRK-PTEN axis [252]. HCK inhibition decreases
tumor growth, perhaps by impairing TGFBeta-SMAD signaling pathways [253] or STAT3-dependent
tumor growth [254]. ABL2 inhibition decreases CXCL12/CXCR4-induced cancer cell invasion [91].
LYN inhibition increases cancer cell apoptosis, and reduces cancer cell proliferation, migration,
and invasion, likely by inactivating the WNT/Beta-Catenin and AKT/mTOR pathways and activating
the mitochondrial apoptotic pathway [135]. FYN inhibition decreases migration and invasion,
possibly via STAT3 signaling [255]. Targeted inhibition of LCK results in inhibition of tumor-sphere
formation in cancer stem cells [216].

Many of the inhibition studies referenced above rely upon genetic knockdown, rather than targeted
inhibition of kinase activity. For pancreatic cancer, highly specific pharmaceuticals targeting single
kinases (rather than families or groups of kinases) remain underdeveloped. Currently, Bosutinib [80],
7f [251], Dapagliflozin [256], Masitinib [221], and glycofullerenes [257] have been studied as potentially
useful kinase inhibitors in pancreatic cancer. Alternatively, agents such as proteolysis targeting
chimeras (PROTACs) degrade—rather than inhibit—protein targets and may prove better mimics of
genetic knockdown for instances in which nonenzymatic activity (e.g., activity as a ligand) underlie a
kinase’s role in a particular disease [258].

Overall, kinase inhibitors continue to show great promise in many cancers, but their contribution
to improved pancreatic cancer survival has not been significant. Kinase inhibitors that attenuate the
antitherapeutic characteristics of desmoplasia may play a crucial role in realizing future therapeutic
efficacy. Such inhibitors may not be clinically efficacious on their own, however. Kinase inhibitors that
simultaneously target desmoplastic processes and oncogenic processes would be ideal. While highly
specific monotherapies have great utility as research chemicals, many kinase-controlled molecular
mechanisms have robust compensatory pathways that limit the clinical impact of targeted kinase
inhibition. Few absolute-selective (i.e., having a single target) small molecule inhibitors have been
identified, although many dual- or multiple-target inhibitors are in use [259,260]. Polytherapy or
polypharmacologic agents capable of targeting multiple components of cancer pathology are gaining
traction [261,262] and may be the route of choice for future development of clinically significant
anticancer drugs.

13. Conclusions

These studies provide support for the validity of ongoing drug development strategies targeting
protein tyrosine kinases. Our identification and contextualization (Tables 1 and 2) of 10 kinases
identified as candidate or lead candidate kinases responsible for the differential phosphorylation
signatures observed between commercial and patient-derived PDAC cell lines compared to wild-type
pancreatic patient samples encourages further study of the unique relationship between pancreatic
tumor cells and the desmoplastic stromal environments that support tumor progression and present
significant obstacles to pancreatic cancer treatment. Identification of the BLK, HCK, FRK, ABL2, DDR1,
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LYN, EPHA8, FYN, LCK, and TEC kinases as potentially significant mediators of pancreatic cancer
progression and fibrotic development fits well into established knowledge while also advancing new
avenues of investigation and discovery. Combining emerging evidence with previously published
findings, we suggest a mechanism for the relationship between BLK, the PDX1 transcription factor,
and pancreatic disease. This review outlines additional mechanisms by which HCK, ABL2, and DDR1
may play a role in pancreatic cancer and fibrosis. We review evidence supporting the role of LYN in
oncometabolic processes and pathways by which FRK, LYN, EPHA8, and FYN may facilitate oncogenic
cellular behavior. Lastly, we provide a rationale for continued investigation of the complex interplay
between anticancer immune response and the activity of LCK and TEC kinases. Overall, this review
identifies potential areas of investigation capable of meaningfully advancing drug development efforts
targeting protein tyrosine kinases for the treatment of PDAC.
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Abbreviations

ABL2 Abl proto-oncogene 2, nonreceptor tyrosine kinase
ADAM10 A disintegrin and metalloprotease domain 10
BLK Blk proto-oncogene, Src family tyrosine kinase
BMX Bmx nonreceptor tyrosine kinase
BTK Bruton tyrosine kinase
DDR1 Discoidin domain receptor tyrosine kinase 1
EGFR Epidermal growth factor receptor
EMT Epithelial-to-mesenchymal transition
EPH Ephrin receptor family kinases
EPHA8 Eph receptor A8
FRK Fyn related Src family tyrosine kinase
FYN FYN proto-oncogene, Src family tyrosine kinase
GLUT1 Glucose transporter 1
GLUT4 Glucose transporter 4
HCK Hck proto-oncogene, Src family tyrosine kinase
IL2 Interleukin-2
INSR Insulin receptor
IPF1 Insulin promoter factor 1
ITK Il2 inducible T cell kinase
KRSA Kinome reverse signature analyzer
LCK Lck proto-oncogene, Src family tyrosine kinase
LYN Lyn oroto-oncogene, Src family tyrosine kinase
MAPK Mitogen-activated protein kinase
MATK Megakaryocyte-associated tyrosine kinase
PDAC Pancreatic ductal adenocarcinoma
PDCL Patient-derived pancreatic ductal adenocarcinoma cell line
PDX1 Pancreatic and duodenal homeobox 1 transcription factor
PI3K Phosphatidylinositol 3-kinase
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PTEN Phosphatase and tensin homolog tumor suppressor protein
Rb Retinoblastoma
RTK Receptor tyrosine kinase
TCR T-cell receptor
TEC Tec protein tyrosine kinase
TP53 Tumor protein 53
TXK Txk tyrosine kinase
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