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The hematopoietic cell kinase (HCK), a member of the Src family protein-tyrosine kinases
(SFKs), is primarily expressed in cells of the myeloid and B lymphocyte lineages. Neverthe-
less, the roles of HCK in glioblastoma (GBM) remain to be examined. Thus, we aimed to
investigate the effects of HCK on GBM development both in vitro and in vivo, as well as
the underlying mechanism. The present study found that HCK was highly expressed in both
tumor tissues from patients with GBM and cancer cell lines. HCK enhanced cell viability,
proliferation, and migration, and induced cell apoptosis in vitro. Tumor xenografts results
also demonstrated that HCK knockdown significantly inhibited tumor growth. Interestingly,
gene set enrichment analysis (GSEA) showed HCK was closed associated with epithelial
mesenchymal transition (EMT) and TGFβ signaling in GBM. In addition, we also found that
HCK accentuates TGFβ-induced EMT, suggesting silencing HCK inhibited EMT through the
inactivation of Smad signaling pathway. In conclusion, our findings indicated that HCK is in-
volved in GBM progression via mediating EMT process, and may be served as a promising
therapeutic target for GBM.

Introduction
Gliomas, the most common primary brain tumor in adults, included astrocytoma, oligodendroglioma,
mixed glioma, medulloblastoma, and ependymoma [1]. Glioblastoma (GBM) belongs to astrocytoma,
and is classified as grade IV by World Health Organization (WHO) [2]. The standard therapies for GBM
involve maximal surgical resection, followed by radiotherapy and alkylating chemotherapy with temo-
zolomide [3]. In the recent years, its overall prognosis is poor despite the aggressive standard therapies
[4]. The median survival of optimally treated GBM patients is 14 months, with a 4–5% 5-year survival
rate [5–7].

The hematopoietic cell kinase (HCK), a non-receptor or cytoplasmic tyrosine kinase, belongs to the
Src family protein-tyrosine kinases (SFKs), which regulate a series of cellular processes, including mi-
togenesis, differentiation, survival, migration, and adhesion [8]. The expression of HCK is limited to the
hematopoietic system, primarily including cells of the myeloid and B lymphocyte lineages [9,10]. Excessive
activation of HCK is reported to be associated with various leukemia, such as chronic myeloid leukemia
(CML), multiple myeloma, and acute lymphoblastic leukemia, as well as solid malignancies including col-
orectal, breast, and gastric cancer [11–13]. In CML, HCK is activated by BCR/ABL, an oncogenic fusion
protein in a large majority of CML as well as in some acute lymphocytic leukemia, leading to the persistent
activation of STAT5 and its excessive accumulation in the cytoplasm, where STAT5 activates AKT through
combining with PI3K and the adaptor protein GAB2, promoting cell growth and survival [14,15]. HCK is
also identified as an intermediate member of the erythropoietin/erythropoietin receptor and PI3K/AKT
or MAPK/ERK pathway, playing a critical role in GATA-1 and BCL-XL modulation, erythropoiesis mat-
uration, and cell death [16]. In cancer, HCK activation interacts with receptor tyrosine kinases (RTK),
such as platelet-derived growth factor receptor (PGDFR), epidermal growth factor receptor (EGFR), and
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fibroblast growth factor receptor (FGFR), activating ERK, AKT, and STAT3 signaling pathways, further stimulating
cell proliferation [14]. In addition, HCK plays a role in chemo resistance [17–19] and reduced drug efficacy in clinical
study [20].

HCK activation may indirectly promoting tumor progression through cytokine secretion in tumor-related im-
mune cells, except its direct oncogenic role in cancer cells. It plays an important role in the innate immune response
through modulating the proliferation and migration of neutrophil phagocytosis and macrophage [12]. Furthermore,
HCK is also associated with inflammatory signaling. It is involved in CD14/Toll-like receptor (TLR) 4 cell signaling,
and regulates the production of TNF-a, IL-1, and IL-6 stimulated by lipopolysaccharide, resulting in inflammation
perpetuation and neoplastic transformation sustentation in tumor cell [13,14].

However, the function of HCK in GBM remains to be examined. The present study found that HCK was highly
expressed in both tumor tissues from patients with GBM and cancer cell lines. Inhibition of HCK suppressed GBM
development both in vitro and in vivo. Moreover, gene set enrichment analysis (GSEA) analysis showed HCK was
closely associated with EMT and TGFβ signaling, and we also discovered a positive correlation between HCK and
N-cadherin, but an inverse relationship between HCK and E-cadherin. These findings suggest that HCK is involved
in GBM progression via mediating EMT process, and may be served as a promising therapeutic target for GBM.

Materials and methods
TCGA cancer analysis and gene set enrichment analysis
HCK expression between tumor and normal tissues of GBM were analyzed. The sample data from 163 tumor tissues
and 207 normal tissues were obtained from the TCGA database. To reveal the function of HCK in GBM, GSEA was
performed.

Cell culture and expression constructs
Three GBM cell lines (U251, SHG-44, and SNB-19 cells) were obtained from American Type Culture Collection
(ATCC; Manassas, U.S.A.), and one normal glial cell (HEB cell) was purchased from Beijing Beina Biotechnology
Academy (Beijing, China) All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen, Carls-
bad, CA, U.S.A.) supplied with 10% fetal bovine serum (FBS; HyClone, South Logan, UT, U.S.A.) at 37◦C in an atmo-
sphere with 5% CO2. The pCDNA-Flag-hHCK plasmid was constructed in the present study. The primer of HCK were
designed in accordance with pcDNA3.1 vector sequence and synthetized by Shanghai BioSune Biological Technol-
ogy Co., Ltd. The HCK sequences with double cleavage sites were amplified by PCR and connected to the pcDNA3.1
vector after double enzyme cutting. The plasmid that expressed HCK successfully were screened and identified. All
the constructs were verified by DNA sequencing.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was extracted from HEB, U251, SHG-44, and SNB-19 cells using TRIzol reagent (TaKaRa Bio,
Kusatsu, Japan). After RNA concentration detection, cDNA was synthesized from total RNA using First-Strand
cDNA Synthesis kit (TaKaRa Bio, Kusatsu, Japan). Next, SYBR was used for PCR amplification by StepOne-
Plus Real-Time PCR System (Applied Biosystems). The sequences of the primers were listed below. HCK, F:
5′-CTGCCAACATCTTGGTCTCT-3′; R: 5′- TCAGCAGGATACCAAAGGAC-3′.

Cell transfection
To construct stable cell lines with HCK knockdown, U251 and SHG-44 cells were transfected with HCK siRNA or
lentiviral shRNA vector. Cell were seeded in six-well plates for one day. After 40–50% confluence, siRNA or lentiviral
shRNA vector was transfected along with Lipofectamine 2000 into GBM cells according to supplied protocol. And
cells were transferred to complete medium 6 h after transfection. The levels of HCK was evaluated by western blotting
assay. The siRNA against HCK was purchased from MERCK (Germany). The shRNA against HCK shown as follows:
CCGGTACCAACAGCAGCCATGATAGCTCGAGCTATCATGGCTGCTGTTGGTATTTTTG.

Western blotting assay
Total proteins from cells were extracted using lysis buffer, and protein concentration was measured. Next, proteins
were separated by 10% sodium dodecyl sulphate/polyacrylamide gel electrophoresis (SDS/PAGE), and further trans-
ferred to polyvinylidene difluoride (PVDF) membranes, which were then blocked by non-fat milk for 2 h at room
temperature. After blockade, the membrane was incubated with primary antibodies at 4◦C overnight, followed by
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incubation with HRP-conjugated anti-rabbit secondary antibodies at 4◦C for 2 h. In the end, the membranes were
visualized using enhanced chemiluminescence reagents.

Cell Counting Kit (CCK)-8 assay
Cell Counting Kit (CCK)-8 assay was used to measure cell viability. After transfection, cells were collected and plated
in 24-well plates at 37◦C for 24, 48, 72, and 96 h. CCK-8 reagent (Sigma–Aldrich) was supplemented into each well,
and incubated with cells for 2 h. And then, the absorbance was measured at 450 nm using a microplate reader (Thermo
Fisher Scientific, Waltham, MA, U.S.A.).

Colony formation assay
After transfection, cells were collected and plated in six-well plates at 37◦C for 2–3 weeks. Next, cells were fixed with
4% paraformaldehyde for 30 min, and stained with crystal violet for 30 min. The number of colonies in each well
were counted.

Transwell assay
The ability of cell migration was measured using transwell assay. After transfection, cells were seeded in the upper
chamber (8μm) coated with 100μl Matrigel (BD Biosciences, CA, U.S.A.). The lower chamber was filled with DMEM
supplemented with 20% FBS. The chambers were incubated at 37◦C with 5% CO2 for 24 h. Next, cells in the lower
chamber were fixed by 4% paraformaldehyde, and stained by crystal violet. The number of stained cells was counted
under an inverted microscope.

Caspase-3 activity assay
To evaluate cell apoptosis, caspase-3 activity assay kit (Beyotime) was used according to the manufacturer’s instruc-
tions. After transfection, cells were collected, and lysed with lysis buffer on ice for 15 min. Caspase-3 substrate were
added into cell lysate, and incubated at 37◦C for 4 h. In the end, caspase-3 activity was detected.

Xenograft experiments
The animal work has taken place in Shanghai Jiao Tong University School of Medicine, and the ethics approval
has been obtained from Shanghai Jiao Tong University School Institutional Animal Care and Use Committee, No.
20200315. After transfection with shRNA, U251 cells were subcutaneously injected into the right of the center in the
back of Balb/c nude mice at the age of 4–5 weeks. Tumor volume was measured. After 21 days, the mice were killed
by i.p. injection of 1 ml of 2.5% avertin per mouse.

Statistical analysis
All data were analyzed using SPSS 21.0 software, and showed as means +− standard deviation (SD) from three inde-
pendent experiments. Student’s t-test and one way analysis of variance (ANOVA) were used to analyze the difference
between two groups and among multiple groups. P<0.05 was considered as significant difference in the present study.

Results
HCK was up-regulated in GBM tissues and GBM cell lines
To evaluate the expression levels of HCK in GBM, we first analyzed TCGA databases. A total of 163 tumor samples
from GBM patients and 207 normal samples were analyzed, and we found that HCK was highly expressed in tumor
samples compared with control samples (Figure 1A). Next, we investigated HCK expression in GBM cell lines (U251,
SHG-44, and SNB-19 cells), and normal glial cells (HEB cell). The results showed that the RNA and protein levels
of HCK were both significantly increased in GBM cells compared with HEB cell (Figure 1B,C). However, HCK was
weakly expressed in SNB-19 in relative to the other two GBM cells. Thus, we used U251 and SHG-44 cells for the
follow-up studies.

Inhibition of HCK reduced cell proliferation in GBM cell lines
To investigate the effects of HCK on GBM, gain-of-function and loss-of-function methods were used. SiHCK assay
was carried out to knock down HCK in GBM cell lines (U251 or SHG-44). After transfection, HCK expression was
detected by western blotting assay (Figure 2A). In addition, CCK-8 assay and colony formation assay were performed
to test cell viability and proliferation. The results of CCK-8 assay showed a weaker viability of cells in GBM cells with
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Figure 1. HCK was highly expressed in both tumor tissues from patients with GBM and GBM cell lines

(A) The expression levels of HCK in 163 tumor tissues and 207 normal tissues were analyzed by TCGA. The RNA (B) and protein

levels (C) of HCK in GBM cancer lines (U251, SHG-44, and SNB-19 cells) and normal glial cell (HEB cell). *P<0.05. **P<0.01.

***P<0.001.

Figure 2. Inhibition of HCK suppressed cell viability and proliferation in U251 and SHG-44 cells

(A) Western blotting assay verified HCK expression in cells transfected with HCK siRNA. (B) CCK-8 assay detected the role of HCK

knockdown on cell viability. (C,D) Colony formation assay examined the effect of HCK knockdown in cell proliferation. **P<0.01.

***P<0.001. (E) Western blotting assay tested HCK’s expression in HCK-OE U251 or SHG-44 cells. (F,G) Colony formation assay

examined the effect of HCK overexpression in cell proliferation. **P<0.01. ***P<0.001.
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Figure 3. Inhibition of HCK reduced cell migration and increased cell apoptosis

(A,B) The role of HCK knockdown in cell migration was determined by transwell assay. (C,D) Transwell assays experiments were

performed and statistical analysis was shown in HCK-OE U251 or SHG-44 cells. *P<0.05. ***P<0.001. (E) Caspase-3 activity

was promoted caused by HCK knockdown. (F) The protein levels of cleaved-PAPR were increased in cells with HCK knockdown

compared with control cells. **P<0.01. ***P<0.001.

HCK inhibition than that in the control group (Figure 2B). The colony formation assay showed a same result that
HCK inhibition caused a significant decline of cell proliferation in U251 and SHG-44 cells (Figure 2C,D). Next, we
generated the HCK overexpressed (HCK-OE) U251 or SHG-44 cells (Figure 2E). We defined that overexpression of
HCK significantly promoted the growth of U251 or SHG-44 cells (Figure 2F,G).

HCK promotes GBM cell migration and inhibits cell apoptosis
Using transwell matrigel assays to measure migration and invasion, we found higher metastatic potential in shN cells
compared with HCK knockdown U251 and SHG-44 cells (Figure 3A,B). Conversely, overexpressed HCK significantly
displayed increased invasion/migration capabilities (Figure 3C,D). Caspase-3 activity assay showed that HCK knock-
down significantly increased caspase-3 activity in GBM cells compared with control cells (Figure 3E). Furthermore,
the results of western blotting assay revealed that the protein levels of cleaved-PARP were higher in GBM cells with
HCK inhibition compared with that in control cells (Figure 3F). Caspase-3 and cleaved PARP are both biomarkers
of cell apoptosis, and cleaved PARP is the hydrolysis products of caspase-3. Thus, these findings suggest that HCK
knockdown promoted cell apoptosis.

HCK accentuates TGFβ-induced EMT
In the present study, we performed GSEA and found several pathways involved in GBM development. Among these
pathways, HCK was closely associated with epithelial mesenchymal transition (EMT), hypoxia, and TGFβ signaling
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Figure 4. HCK promoted the expression of P-Smad2/3 and N-cadherin and inhibited the expression of E-cadherin

The protein levels of P-Smad2/3, N-cadherin, E-cadherin, and vimentin of HCK knockdown U251 (A) and SHG-44 (B) cells were

measured by western blotting assay. The expression of P-Smad2/3, N-cadherin, E-cadherin, and vimentin was examined by west-

ern blotting in HCK overexpressed U251 (C) and SHG-44 (D) cells.

(Supplementary Figure S1). TGFβ and hypoxia have been reported to trigger the process of EMT [21,22]. Thus, to ver-
ify the association between HCK and EMT, we detected the expression of Smad2/3, an intracellular signaling molecule
activating different EMT transcription factors, and N-cadherin, an EMT marker. Western blotting assay demonstrated
a decline of P-Smad2/3 and N-cadherin protein levels, but a negative association of HCK with E-cadherin in HCK
knockdown U251 and SHG-44 cells, suggesting HCK might be involved in GBM via EMT (Figure 4A,B). Intriguingly,
we discovered a positive correlation between HCK and N-cadherin, but an inverse relationship between HCK and
E-cadherin (Figure 4C,D) in HCK overexpressed U251 and SHG-44 cells. We validated our observations that HCK
accentuates TGFβ-induced EMT.

Inhibition of HCK attenuated tumor growth in vivo
To gain additional insights into the function of HCK in vivo, stable HCK silenced U251 cells (sh HCK) were gener-
ated. sh HCK or control U251 cells were injected into nude mice and the tumor was observed. The results showed
that the tumor size was smaller in mice with HCK inhibition than that in control mice (Figure 5A). Tumor weight
and tumor volume were also decreased in mice with HCK compared with that in control mice (Figure 5B,C). Fur-
thermore, we detected the HCK, P-Smad2/3, E-cadherin, PCNA (a proliferation marker), and cleaved-PARP levels
in tumors derived from tumors and found the expression of HCK still decreased in the dissected tumors (Figure 5D).
Comparative analysis of sh HCK and control tissues showed a negative correlation between HCK and E-cadherin and
decreased P-smad2/3, vimentin, and PCNA levels were also observed in sh HCK tumor samples (Figure 5D). These
findings suggest that knockdown of HCK significantly inhibited tumor growth.

Discussion
The HCK, a member of SFKs, is expressed in hematopoietic system, primarily including cells of the myeloid and B
lymphocyte lineages [9,10]. Excessive activation of HCK is associated with various leukemia, such as CML, multiple
myeloma, and acute lymphoblastic leukemia, as well as solid malignancies including colorectal, breast, and gastric
cancer [11–13]. Nevertheless, the roles of HCK in GBM remain to be examined. Therefore, the present study is in-
tended for the exploration of how HCK functions in GBM progression by using cell experiment in vitro and mice
trial in vivo. Our results revealed that inhibition of HCK led to the decrease in cell viability, migration, and tumor
growth, as well as the increase in cell apoptosis via inhibiting EMT.

In the present study, HCK was demonstrated to be highly expressed in both tumor tissues from patients with GBM
and GBM cell lines. Previous studies also reported excessive HCK expression in colorectal, breast, and gastric cancer
[11–13]. Subsequently, we analyzed the effects of HCK on GBM development both in vitro and in vivo. In colorec-
tal cancer, HCK is involved in decreased proliferation and poorer differentiation, suggesting HCK overexpression
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Figure 5. HCK knockdown inhibited tumor growth in vivo

(A) The images of tumors in nude mice bearing xenograft U251 cells. (B) Tumor weight was detected. **P<0.01. (C) Tumor volume

was detected every three days. ***P<0.001. (D) The protein expression of HCK, P-Smad2/3, E-cadherin, PCNA, and cleaved-PARP

levels was analyzed by Western blotting.

promotes tumorigenesis [12]. Likewise, in mice excessive HCK activity promotes the growth of endogenous colonic
malignancies and of human colorectal cancer cell xenografts [10]. In the present study, inhibition of HCK caused
a decline of cell viability, proliferation, and migration, and induced cell apoptosis. The same result was observed in
mice xenograft model. Decreased HCK activity inhibited tumor growth. These findings suggest that HCK may be
served as a promising therapeutic target for GBM.

The mechanism by which HCK involved in GBM development was investigated. Our GSEA showed that HCK
was closely associated with EMT, hypoxia, and TGFβ signaling. TGFβ and hypoxia have been reported to trigger the
process of EMT, suggesting HCK may play an important role in EMT in GBM development [22,23]. EMT, a trans dif-
ferentiation process converting epithelial cells into motile mesenchymal cells, is involved in the induction of multiple
signaling pathways, and leads to cancer progression [24,25]. Previous studies have indicated that EMT is identified as
a mechanism resulting in the invasive phenotype of GBM cells [26,27]. TGFβ signaling pathway plays an important
role in regulation of EMT, and is activated in high-grade gliomas, leading to poor prognosis [28]. TGFβ activates type
I and type II serine-threonine kinase receptors, TbRI and TbRII, leading to the activation of receptor-regulated Smads
(R-Smads), Smad2 and Smad3, which further form heterotrimeric complexes with co-Smads and Smad4 [29,30]. The
complexes translocate into the nucleus, and regulate EMT target genes through interacting with various transcrip-
tion factors [30]. Smad2/3, an intracellular signaling molecule, activates different EMT transcription factors [31]. In
the present study, we found that the protein level of P-Smad2/3 was inhibited by HCK knockdown in GBM cells,
suggesting HCK is involved in EMT via TGFβ/Smad signaling pathway. In addition, we further demonstrated that
N-cadherin expression was also decreased in GBM cells with HCK inhibition. N-cadherin, a calcium-dependent
single-chain transmembrane glycoprotein, mediates homotypic and heterotypic cell-cell adhesion, playing a critical
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role in the regulation of the nervous system, brain, heart, skeletal muscles, blood vessels and hematopoietic microen-
vironment [32]. Furthermore, N-cadherin is a marker of EMT. It is well known that EMT is defined as the decreased
expression of the transmembrane protein E-cadherin and the excessive accumulation of mesenchymal markers such
as N-cadherin [33]. Previous study has reported that N-cadherin is highly expressed in various cancer, including
lung cancer, breast cancer, prostate cancer and squamous cell carcinoma, and abnormal expression of N-cadherin is
associated with tumor aggressiveness [32]. In a word, during the EMT process, the mesenchymal markers, such as
N-cadherin, are increased [34]. Our results showed HCK knockdown inhibited P-Smad2/3 and N-cadherin expres-
sion in GBM cell lines, revealing that HCK inhibition blocks EMT process.

Conclusion
The present study demonstrated that HCK was highly expressed in tumor tissues from patients with GBM and GBM
cell lines. HCK caused an augment of cell viability, proliferation, migration, and tumor growth, and induced cell
apoptosis. GSEA showed HCK was closely associated with EMT, and it is further verified by western blotting assay
that HCK knockdown decreased the protein levels of P-Smad2/3 and N-cadherin. These results indicate that HCK is
involved in GBM progression via mediating EMT process, and may be served as a promising therapeutic target for
GBM.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
The authors declare that there are no sources of funding to be acknowledged.

Author Contribution
Zhenlin Wang and Meiqing Lou participated in the design of the study, performed the measurements and the statistical analysis.
Zhenlin Wang, Chenting Ying, Anke Zhang, Houshi Xu, and Yang Jiang helped in data collection and the interpretation of data.
Yang Jiang and Meiqing Lou wrote the manuscript. All authors read and approved the manuscript.

Abbreviations
ATCC, American Type Culture Collection; CCK, Cell Counting Kit; CML, chronic myeloid leukemia; DMEM, Dulbecco’s Modi-
fied Eagle’s Medium; EMT, epithelial mesenchymal transition; ERK, extracellular regulated protein kinases; GBM, glioblastoma;
GSEA, gene set enrichment analysis; HCK, hematopoietic cell kinase; HCK-OE, HCK overexpressed; PVDF, polyvinylidene di-
fluoride; qRT-PCR, quantitative reverse transcription polymerase chain reaction; SFK, Src family protein-tyrosine kinase; STAT3,
signal transducer and activator of transcription 3.

References
1 Wang, J., Shen, F., Yao, Y., Wang, L.L., Zhu, Y. and Hu, J. (2020) Adoptive cell therapy: a novel and potential immunotherapy for glioblastoma. Front.

Oncol. 10, 59, https://doi.org/10.3389/fonc.2020.00059
2 Naro, G.R., Noverati, N. and Craig, T. (2020) The role of C1-esterase inhibitors in the management of vasogenic edema in glioblastoma. Case Reports

Med. 2020, 7981609, https://doi.org/10.1155/2020/7981609
3 Pan, Y.B., Wang, S., Yang, B., Jiang, Z., Lenahan, C., Wang, J. et al. (2020) Transcriptome analyses reveal molecular mechanisms underlying phenotypic

differences among transcriptional subtypes of glioblastoma. J. Cell. Mol. Med., https://doi.org/10.1111/jcmm.14976
4 Himes, B.T., Arnett, A., Merrell, K.W., Gates, M., Bhargav, A.G., Raghunathan, A. et al. (2020) Glioblastoma recurrence versus treatment effect in a

pathology-documented series. Can.J. Neurol. Sci. Le J. Canadien des Sciences Neurologiques 1–18
5 Stupp, R., Mason, W.P., van den Bent, M.J., Weller, M., Fisher, B., Taphoorn, M.J. et al. (2005) Radiotherapy plus concomitant and adjuvant

temozolomide for glioblastoma. N. Engl. J. Med. 352, 987–996, https://doi.org/10.1056/NEJMoa043330
6 Weller, M., Butowski, N., Tran, D.D., Recht, L.D., Lim, M., Hirte, H. et al. (2017) Rindopepimut with temozolomide for patients with newly diagnosed,

EGFRvIII-expressing glioblastoma (ACT IV): a randomised, double-blind, international phase 3 trial. Lancet Oncol. 18, 1373–1385,
https://doi.org/10.1016/S1470-2045(17)30517-X

7 Ostrom, Q.T., Gittleman, H., Truitt, G., Boscia, A., Kruchko, C. and Barnholtz-Sloan, J.S. (2018) CBTRUS statistical report: primary brain and other
central nervous system tumors diagnosed in the United States in 2011-2015. Neuro-oncol. 20, iv1–iv86, https://doi.org/10.1093/neuonc/noy131

8 Podar, K., Mostoslavsky, G., Sattler, M., Tai, Y.T., Hayashi, T., Catley, L.P. et al. (2004) Critical role for hematopoietic cell kinase (Hck)-mediated
phosphorylation of Gab1 and Gab2 docking proteins in interleukin 6-induced proliferation and survival of multiple myeloma cells. J. Biol. Chem. 279,
21658–21665, https://doi.org/10.1074/jbc.M305783200

9 Wang, J., Chen, R., Liu, X., Shen, J., Yan, Y., Gao, Y. et al. (2017) Hck promotes neuronal apoptosis following intracerebral hemorrhage. Cell. Mol.
Neurobiol. 37, 251–261, https://doi.org/10.1007/s10571-016-0365-0

8 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.3389/fonc.2020.00059
https://doi.org/10.1155/2020/7981609
https://doi.org/10.1111/jcmm.14976
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/S1470-2045(17)30517-X
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1074/jbc.M305783200
https://doi.org/10.1007/s10571-016-0365-0


Bioscience Reports (2020) 40 BSR20200975
https://doi.org/10.1042/BSR20200975

10 Poh, A.R., Love, C.G., Masson, F., Preaudet, A., Tsui, C., Whitehead, L. et al. (2017) Inhibition of hematopoietic cell kinase activity suppresses myeloid
cell-mediated colon cancer progression. Cancer Cell 31, 563.e565–575.e565, https://doi.org/10.1016/j.ccell.2017.03.006

11 Zheng, X., Resnick, R.J. and Shalloway, D. (2008) Apoptosis of estrogen-receptor negative breast cancer and colon cancer cell lines by PTP alpha and
src RNAi. Int. J. Cancer 122, 1999–2007, https://doi.org/10.1002/ijc.23321

12 Roseweir, A.K., Powell, A., Horstman, S.L., Inthagard, J., Park, J.H., McMillan, D.C. et al. (2019) Src family kinases, HCK and FGR, associate with local
inflammation and tumour progression in colorectal cancer. Cell. Signal. 56, 15–22, https://doi.org/10.1016/j.cellsig.2019.01.007

13 Poh, A.R., Dwyer, A.R., Eissmann, M.F., Chand, A.L., Baloyan, D., Boon, L. et al. (2020) Inhibition of the SRC kinase HCK impairs STAT3-dependent
gastric tumor growth in mice. Cancer Immunol. Res., https://doi.org/10.1158/2326-6066.CIR-19-0623

14 Poh, A.R., O’Donoghue, R.J. and Ernst, M. (2015) Hematopoietic cell kinase (HCK) as a therapeutic target in immune and cancer cells. Oncotarget 6,
15752–15771, https://doi.org/10.18632/oncotarget.4199

15 Chatain, N., Ziegler, P., Fahrenkamp, D., Jost, E., Moriggl, R., Schmitz-Van de Leur, H. et al. (2013) Src family kinases mediate cytoplasmic retention of
activated STAT5 in BCR-ABL-positive cells. Oncogene 32, 3587–3597, https://doi.org/10.1038/onc.2012.369

16 Roversi, F.M., Pericole, F.V., Machado-Neto, J.A., da Silva Santos Duarte, A., Longhini, A.L., Corrocher, F.A. et al. (2017) Hematopoietic cell kinase (HCK)
is a potential therapeutic target for dysplastic and leukemic cells due to integration of erythropoietin/PI3K pathway and regulation of erythropoiesis:
HCK in erythropoietin/PI3K pathway. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 450–461, https://doi.org/10.1016/j.bbadis.2016.11.013

17 Acharyya, S., Oskarsson, T., Vanharanta, S., Malladi, S., Kim, J., Morris, P.G. et al. (2012) A CXCL1 paracrine network links cancer chemoresistance and
metastasis. Cell 150, 165–178, https://doi.org/10.1016/j.cell.2012.04.042

18 Saito, Y., Kitamura, H., Hijikata, A., Tomizawa-Murasawa, M., Tanaka, S., Takagi, S. et al. (2010) Identification of therapeutic targets for quiescent,
chemotherapy-resistant human leukemia stem cells. Sci. Transl. Med. 2, 17ra19, https://doi.org/10.1126/scitranslmed.3000349

19 Zhou, J. and Chng, W.J. (2014) Identification and targeting leukemia stem cells: the path to the cure for acute myeloid leukemia. World J. Stem Cells 6,
473–484, https://doi.org/10.4252/wjsc.v6.i4.473

20 Pene-Dumitrescu, T., Peterson, L.F., Donato, N.J. and Smithgall, T.E. (2008) An inhibitor-resistant mutant of Hck protects CML cells against the
antiproliferative and apoptotic effects of the broad-spectrum Src family kinase inhibitor A-419259. Oncogene 27, 7055–7069,
https://doi.org/10.1038/onc.2008.330

21 Guan, F., Schaffer, L., Handa, K. and Hakomori, S.I. (2010) Functional role of gangliotetraosylceramide in epithelial-to-mesenchymal transition process
induced by hypoxia and by TGF-{beta}. FASEB J 24, 4889–4903

22 Dongre, A. and Weinberg, R.A. (2019) New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer. Nat. Rev.
Mol. Cell Biol. 20, 69–84, https://doi.org/10.1038/s41580-018-0080-4

23 Lu, W. and Kang, Y. (2019) Epithelial-mesenchymal plasticity in cancer progression and metastasis. Dev. Cell 49, 361–374,
https://doi.org/10.1016/j.devcel.2019.04.010

24 Zhang, F., Ren, C.C., Liu, L., Chen, Y.N., Yang, L. and Zhang, X.A. (2018) HOXC6 gene silencing inhibits epithelial-mesenchymal transition and cell
viability through the TGF-beta/smad signaling pathway in cervical carcinoma cells. Cancer Cell Int. 18, 204,
https://doi.org/10.1186/s12935-018-0680-2

25 Cheng, C.S., Chen, J.X., Tang, J., Geng, Y.W., Zheng, L., Lv, L.L. et al. (2020) Paeonol inhibits pancreatic cancer cell migration and invasion through the
inhibition of TGF-beta1/Smad signaling and epithelial-mesenchymal-transition. Cancer Manag. Res. 12, 641–651,
https://doi.org/10.2147/CMAR.S224416

26 Song, Y., Chen, Y., Li, Y., Lyu, X., Cui, J., Cheng, Y. et al. (2019) Resveratrol suppresses epithelial-mesenchymal transition in GBM by regulating
Smad-dependent signaling. Biomed. Res. Int. 2019, 1321973, https://doi.org/10.1155/2019/1321973

27 Iser, I.C., Pereira, M.B., Lenz, G. and Wink, M.R. (2017) The epithelial-to-mesenchymal transition-like process in glioblastoma: an updated systematic
review and in silico investigation. Med. Res. Rev. 37, 271–313, https://doi.org/10.1002/med.21408

28 Jiang, Y., Zhou, J., Hou, D., Luo, P., Gao, H., Ma, Y. et al. (2019) Prosaposin is a biomarker of mesenchymal glioblastoma and regulates mesenchymal
transition through the TGF-β1/Smad signaling pathway. J. Pathol. 249, 26–38, https://doi.org/10.1002/path.5278

29 Sakai, S., Ohhata, T., Kitagawa, K., Uchida, C., Aoshima, T., Niida, H. et al. (2019) Long noncoding RNA ELIT-1 acts as a Smad3 cofactor to facilitate
TGFbeta/Smad signaling and promote epithelial-mesenchymal transition. Cancer Res. 79, 2821–2838,
https://doi.org/10.1158/0008-5472.CAN-18-3210

30 Ouanouki, A., Lamy, S. and Annabi, B. (2017) Anthocyanidins inhibit epithelial-mesenchymal transition through a TGF-β/Smad2 signaling pathway in
glioblastoma cells. Mol. Carcinog. 56, 1088–1099, https://doi.org/10.1002/mc.22575

31 Lin, Y.T. and Wu, K.J. (2020) Epigenetic regulation of epithelial-mesenchymal transition: focusing on hypoxia and TGF-beta signaling. J. Biomed. Sci.
27, 39, https://doi.org/10.1186/s12929-020-00632-3

32 Cao, Z.Q., Wang, Z. and Leng, P. (2019) Aberrant N-cadherin expression in cancer. Biomed. Pharmacother. 118, 109320,
https://doi.org/10.1016/j.biopha.2019.109320
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