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Abstract
In the present study, we studied downstream signals of BCR-ABL with regard to Src family kinases and YAP, a transcription 
cofactor and an effector of the Hippo pathway. We first checked the phosphorylation status of YAP and found that it was 
constitutively phosphorylated at tyrosine 357 in CML-derived cell lines (TCC-S and K562) but not in AML-derived cell 
lines (HL-60 and KG-1a). Treatment with imatinib or RK-20449 inhibited cell growth and decreased tyrosine phosphoryla-
tion of YAP in both CML lines. Expression of Survivin or Cyclin D1 was decreased in TCC-S, but not in either HL-60 or 
KG-1a. Furthermore, we established BCR-ABL stable transfectant and control empty vector transfectant from TF-1, a factor-
dependent human erythroleukemia cell line, to verify our results obtained with CML cell lines. YAP was phosphorylated at 
Y357 constitutively in BCR-ABL stable transfectant but not in control transfectant, and treatment with imatinib or RK-20449, 
a Src family kinase-specific inhibitor, inhibited cell growth, YAP tyrosine phosphorylation, and expression of Cyclin D1 in 
BCR-ABL stable transfectant. These results suggest that BCR-ABL induces tyrosine phosphorylation of YAP presumably 
through Src family kinases, which results in expression of Survivin and Cyclin D leading to leukemogenesis in CML cells.
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Introduction

Chronic myeloid leukemia (CML) is caused by the fusion 
protein BCR-ABL generated by a reciprocal chromosomal 
translocation t(9;22) (q34;q11) [1]. To date, several down-
stream signaling pathways have been reported to underlie the 
leukemogenesis of CML such as the JAK/STAT pathway, the 
PI3 K/AKT pathway, and the Grb2/MAPK pathway [2]. For 
example, the JAK/STAT pathway plays an important role 
in cellular transformation, because conditional knockout of 
STAT5 suppressed the cell growth in BCR-ABL-induced 
CML mouse [3]. Inhibition of PI3K signaling suppresses 
the growth of CML cells, suggesting that PI3K/AKT is 
involved in BCR-ABL-mediated leukemogenesis [4]. BCR-
ABL has been reported to induce Grb2-mediated MAPK 

activation, which results in transformation of primary human 
hematopoietic cells [5]. Furthermore, the Src family kinases 
(SFKs), especially Hck, Lyn, and Fyn, have been suggested 
to be involved in BCR-ABL-induced transformation [6]. 
Although these studies have revealed important aspects of 
the downstream signals of BCR-ABL, the detailed molecu-
lar mechanism of CML has not been thoroughly elucidated.

Concerning the SFKs involvement, the tyrosine phos-
phatase SHP2 that is known to be required for BCR-ABL-
mediated hematopoietic cell transformation [5] plays a key 
role in their activation. Namely, BCR-ABL, via its phospho-
rylated Tyr177, recruits the adapter GRB2/GRB2-associated 
binding protein 2 (GAB2) complex and SHP2. Then acti-
vated SHP2 dephosphorylates PAG1 and paxillin, allowing 
SFKs to be activated through dissociation from CSK [7].

Yes-associated protein (YAP) is a transcriptional cofactor 
that functions as an effector of the Hippo pathway which reg-
ulates cell growth and survival. In the classical Hippo path-
way, YAP phosphorylated at serine 127 (S127) by LATS1/2 
is bound to 14-3-3 and prevented from nuclear transloca-
tion [8]. Apart from this serine/threonine phosphorylation, 
YAP undergoes phosphorylation at several tyrosine residues 

 * Toshiyuki Hori 
 toshihor@sk.ritsumei.ac.jp

1 Biomedical Sciences Course, Graduate School of Life 
Sciences, Ritsumeikan University, Noji-Higashi, Kusatsu, 
Shiga 525-8577, Japan

http://orcid.org/0000-0002-4339-1406
http://crossmark.crossref.org/dialog/?doi=10.1007/s12185-019-02726-7&domain=pdf


592 K. Moriyama, T. Hori 

1 3

by various kinases to be activated [9]. SFKs can phospho-
rylate and activate YAP, which has been demonstrated in 
some tumors [10] [11]. Among the several possible phos-
phorylated tyrosine residues, the phosphorylation at Y357 
(p-Y357) has been demonstrated to be the most important for 
tumorigenesis [12]. Therefore, it is possible that BCR-ABL 
directly or indirectly phosphorylates YAP through SFKs, 
and thus activated YAP is translocated into the nucleus and 
together with TEAD induces the expression of genes neces-
sary for cell growth and survival. With regard to this point, 
it should be noted that cell cycle regulator protein Cyclin 
D1 [13] and anti-apoptotic factor Survivin [14], have been 
reported to be YAP dependent and highly expressed in CML 
cells [15].

In the present study, we investigated the effects of 
imatinib and an SFK-specific inhibitor RK-20449 [16] on 
viable cell number, YAP p-Y357 and expression of Sur-
vivin as well as Cyclin D1 in CML-derived cell lines in 
comparison with AML-derived cell lines. Furthermore, we 
established BCR-ABL stable transfectants and the control 
lines derived from TF-1, a factor-dependent human erythro-
leukemia cell line, to verify our results obtained with CML-
derived cell lines.

Materials and methods

Cell lines and culture

CML-derived BCR-ABL-positive cell lines, TCC-S [17] 
and K562, and AML-derived BCR-ABL-negative cell lines, 
HL-60 and KG-1a, were cultured in RPIM1640 medium 
supplemented with 10% fetal bovine serum (FBS) and anti-
biotics. Erythroleukemia-derived TF-1 [18] was cultured in 
the same medium in the presence of 1 ng/ml recombinant 
human GM-CSF.

Plasmids and antibodies

BCR-ABL cDNA was subcloned from MSCV-BCR-ABL-
IRES-GFP (a kind gift of Dr. Jian) into pcDNA3.1.

The following antibodies were used in Western blotting: 
anti-YAP1 (Abnova, Taipei City, Taiwan), anti- Phospho-
YAP (Y357) (Abcam, Cambridge, UK), anti-c-Abl (Cell 
Signaling Technology, Inc., Danvers, MA), anti-GAPDH 
(Cell Signaling Technology), HRP-linked anti-mouse IgG 
(Cell Signaling Technology).

Cell proliferation assay

Cells were cultured at 2 × 105/ml in 96-well flat-bottomed 
plates in the absence or presence of serially diluted imatinib 
mesylate (Wako Pure Chemical, Osaka, Japan) or an 

SFK-specific inhibitor RK-20449 (Cayman Chemical, Ann 
Arbor, MI) for 48 h at 37 °C in a  CO2 incubator. Then via-
ble cells were counted using a microscope by trypan blue 
exclusion.

Western blot analysis

Expression of YAP and its tyrosine phosphorylation was visu-
alized by SDS-PAGE and Western blotting. In brief, cells were 
harvested and lysed in lysis buffer with Phosphatase Inhibitor 
Cocktail (Nakalai Tesque, Kyoto, Japan), Protease Inhibitor 
Cocktail EDTA free (Nakalai Tesque), and phenylmethylsulfo-
nyl fluoride, and applied to SDA-PAGE. After electrophoresis, 
samples were transferred to Immobilon-P Transfer Membrane 
(Millipore, Bedford, MA). Sample bands were visualized by 
chemiluminescence using Amersham Imager 600 (GE Health-
care Life Science, Marlborough, MA). In some experiments, 
densitometric analysis was done with the data files using 
Image J program and the ratio of YAP/GVHD was calculated 
for each sample.

Quantitative PCR

RNA was isolated with Sepasol-RNA (Nakalai Tesque) 
and used as template for reverse transcription reaction with 
RevatraAce (Toyobo, Osaka, Japan) to make cDNA. Diluted 
cDNA was mixed with Fast SYBR Green Master Mix 
(Thermo Fisher Science, Waltham) and quantitative PCR 
(qPCR) was done with StepOnePlus Real-time PCR System 
(Thermo Fisher) using GAPDH as an internal control. The 
primers used are as follows: human Survivin forward TGA 
ACT TCA GGT GGA TGA GGAGA, reverse GTC TAA TCA 
CAC AGC AGT GGCAA, human Cyclin D1 forward AAC TAC 
CTG GAC CGC TTC TT, reverse CCA CTT GAG CTT GTT CAC 
CA, human GAPDH forward GTC AGC CGC ATC TTC TTT 
TG, reverse GCG CCC AAT ACG ACC AAA TC.

Establishment of BCR‑ABL stable transfectant lines

TF-1 cells were transfected with linearized pcDNA3.1-BCR-
ABL or empty vector by electroporation using  Neon® Trans-
fection System (Thermo Fisher Scientific, Waltham, MA), and 
after 48 h, cells were subjected to selection with 800 μg/ml 
G418. After selection, stable transfectant clones were isolated 
by limiting dilution and checked for expression of BCR-ABL 
by Western blotting.
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Results

CML cells are sensitive not only to imatinib 
but also to SFKs inhibitor

We first confirmed the sensitivity of CML cell lines, TCC-S 
and K562, as well as BCR-ABL-negative AML cell lines, 
HL-60 and KG-1a, to imatinib. Cells were cultured at 
2 × 105/ml in 96-well plates in the absence or presence of 
serially diluted imatinib for 48 h at 37 °C in a  CO2 incu-
bator. Then viable cells were counted using a microscope 
by trypan blue exclusion. As shown in Fig. 1a, TCC-S was 
sensitive to relatively low concentrations of imatinib while 
K562 was less sensitive compared to TCC-S but responded 
to high concentrations of imatinib. Neither of the AML cell 
lines was sensitive to imatinib.

Next, we checked the sensitivity of these cell lines to an 
SFK-specific inhibitor RK-20449 in a similar way. As shown 
in Fig. 1b, TCC-S was sensitive to RK-20449, while K562 
and KG-1a needed higher concentrations of RK-20449. 
HL-60 was hardly sensitive to RK-20449.

YAP is constitutively phosphorylated at Y357 in CML 
cell lines

To explore the possible involvement of YAP in the down-
stream signaling of BCR-ABL, we examined the phos-
phorylation of YAP at tyrosine 357 (p-Y357) in these 
cell lines. Western blot analysis using anti-YAP p-Y357 
Ab indicated that YAP of both CML cell lines was phos-
phorylated at Y357 constitutively while such a band was 
scarcely detected in either of AML cell lines. Treatment 
with imatinib decreased YAP p-Y357 in TCC-S while much 
higher concentrations of imatinib were required to decrease 
YAP p-Y357 in K562, which was compatible to its low sen-
sitivity to imatinib in cell proliferation assay (Fig. 2a). These 
data suggest that BCR-ABL induces YAP p-Y357 directly 
or indirectly in CML cells, enabling them to proliferate. In 
the case of K562, it is possible that another tyrosine phos-
phorylation site on YAP or some signal transduction targets 
of SFKs other than YAP may be involved in proliferation in 
this particular cell line.

We next examined the effect of RK-20449 on YAP p-Y357 
in these cell lines. Treatment with RK-20449 decreased YAP 
p-Y357 in both CML cell lines (Fig. 2b), suggesting that 
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Fig. 1  Effect of imatinib and RK-20449 on cell proliferation of TCC-
S, K562, HL-60, and KG-1a. Cells were cultured in the absence or 
presence of serial dilutions of imatinib (a) or RK-20449 (b) in flat-
bottomed 96-well plates for 48 h. Viable cells were counted by trypan 
blue dye exclusion. Bars indicate S.E. of the mean (n = 3)
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Fig. 2  Phosphorylation of YAP at Y357 in TCC-S, K562, HL-60, 
and KG-1a. After culture with serial dilutions of imatinib (a) or 
RK-20449 (b) for 12 h, cell lysates were analyzed by Western blot-
ting using anti-YAP p-Y357 (Abcam, Cambridge, UK), anti-YAP 
(Abnova, Taipei City, Taiwan), anti-c-ABL (CST, Danvers, MA), and 
anti-GAPDH (CST) antibodies
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SFKs are involved in tyrosine phosphorylation of YAP in 
CML cells. Since this reagent is highly specific for SFKs 
(IC50 less than 40 nM) and has ~ 100 times less inhibitory 
effect on c-ABL than imatinib [16], the inhibition of YAP 
p-Y357 was likely to be a direct effect on SFKs rather than 
BCR-ABL.

In these Western blots, we measured and compared the 
relative expression levels of YAP by densitometry. The YAP/
GAPDH ratios in the four cell lines were as follows, HL-60 
0.87, KG-1a 0.71, TCC-S 0.79, and K562 1.91, indicating 
that K562 but not TCC-S expressed higher levels of YAP 
than AML cell lines.

BCR‑ABL and SFKs are involved in YAP‑dependent 
gene expression

Then the next question was whether BCR-ABL or SFKs 
are involved in YAP-dependent gene expression. So, we 
examined the effects of imatinib and RK-20449 on expres-
sions of Survivin and Cyclin D1 mRNA which are both 

YAP dependent and closely associated with CML leuke-
mogenesis. As shown in Fig. 3, treatment with imatinib 
decreased the expression of Survivin as well as Cyclin 
D1 in TCC-S but not in the AML cell lines. As expected, 
K562 was less sensitive to imatinib in terms of Survivin 
and Cyclin D1 expression and needed much higher con-
centrations of imatinib.

Treatment with RK-20449 also decreased the expres-
sion of Survivin and Cyclin D1 in TCC-S, while it had no 
or only weak effect in K562 and the AML cell lines. These 
results suggest that certain SFKs may be involved in the 
signaling pathway from BCR-ABL to Survivin and Cyclin 
D1 expression at least in TCC-S. With regard to the results 
with K562, it is possible that some of SFKs or other tyros-
ine kinases might be activated independent of BCR-ABL 
and play roles in induction of Survivin and Cyclin D. It 
is likely that TCC-S is more dependent on the signals of 
BCR-ABL than K562 which seems to have various genetic 
abnormalities other than BCR-ABL that generate signals 
for cell growth and survival.
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Fig. 3  Expressions of Survivin and Cyclin D1 mRNA in HL-60, 
KG-1a, TCC-S, and K562. After culture with serial dilutions of 
imatinib (a, c) or RK-20449 (b, d) for 24 h, total RNA was isolated 
and expression of Survivin (a, b) or Cyclin D1 (c, d) mRNA was 
measured by qPCR. The primers used in these experiments were as 
follows: Survivin forward TGA ACT TCA GGT GGA TGA GGAGA, 

Survivin reverse GTC TAA TCA CAC AGC AGT GGCAA, Cyclin D1 
forward AAC TAC CTG GAC CGC TTC TT, Cyclin D1 reverse CCA 
CTT GAG CTT GTT CAC CA, GAPDH forward GTC AGC CGC ATC 
TTC TTT TG, GAPDH reverse GCG CCC AAT ACG ACC AAA TC. 
Bars indicate S.E. of the mean (n = 3)
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Establishment of stable transfectants of BCR‑ABL 
from TF‑1

In abovementioned experiments, we used two AML cell 
lines, KG-1a and HL-60, as controls for CML cell lines. 
However, they have distinct genetic abnormalities from 
CML cell lines, and therefore are not considered to be appro-
priate controls. Therefore, we established BCR-ABL stable 
transfectant lines from TF-1, an erythroleukemia-derived 
factor-dependent cell line [18]. TF-1 cells were transfected 
with pcDNA3.1-BCR-ABL or empty vector by electropo-
ration using  Neon® Transfection System (Thermo Fisher 
Scientific, Waltham, MA) and subjected to G418 selection. 
Several BCR-ABL stable transfectant lines were isolated 
which turned out to be very similar to each other and able to 
grow without GM-CSF. Here, we show the data of Western 
blot using anti-c-ABL Ab with a representative stable line 
of BCR-ABL (TF-1-BCR-ABL) and a control line of empty 
vector (TF-1-EV) (Fig. 4a).

Stable BCR‑ABL transfectant is sensitive 
to both imatinib and RK‑20449

Then we examined the sensitivity of the transfectants to 
imatinib as well as RK-20449 by viable cell counting. As 
shown in Fig. 4b and c, GM-SCF independent growth of 
TF-1-BCR-ABL was sensitive to both reagents, while GM-
CSF-dependent growth of TF-1-EV was not, indicating that 
signals of BCR-ABL and certain SFKs are crucial for the 
autonomous growth of TF-1-BCR-ABL.

Next, we examined whether the tyrosine phosphorylation 
of YAP that we detected in CML cell lines could be detected 
in the stable transfectants. As shown in Fig. 4d, YAP was 
constitutively phosphorylated at Y357 in TF-1-BCR-ABL 
but not TF-1-EV even in the presence of GM-CSF, and this 
phosphorylation was inhibited by treatment with imatinib 
or RK-20449 in a dose-dependent manner, indicating that 
BCR-ABL and SFKs are involved in tyrosine phosphoryla-
tion of YAP at Y357.

Unexpectedly, expression of Survivin was inhibited nei-
ther by imatinib nor RK-20449 in TF-1-BCR-ABL. With 
regard to this, we noticed that parental TF-1 with or with-
out GM-CSF expressed high levels of Survivin, which was 
suggested by relative amounts of Survivin at time 0: △Ct 
(Survivin Ct—GAPDH Ct) of TF-EV with GM-CSF, TF-EV 
without GM-CSF, and TF-BCR-ABL were 4.13, 3.60, and 
3.78, respectively. In addition, original TF-1 has been 
reported to express high levels of Survivin that is dependent 
on STAT3 [19]. Therefore, it is clear that this cell line was 
not suitable for analysis of BCR-ABL-induced expression of 
Survivin. On the other hand, expression of Cyclin D1 in TF-
1-BCR-ABL was inhibited by imatinib as well as RK-20499, 

suggesting that BCR-ABL and SFKs are involved in autono-
mous cell growth of this transfectant.

Discussion

In the present study, we investigated the role of YAP in the 
leukemogenesis of CML with regard to its tyrosine phos-
phorylation. We found that YAP was constitutively phos-
phorylated at Y357 in CML cell lines but not in AML cell 
lines. Not only imatinib but also RK-20449 inhibited this 
phosphorylation and at the same time expression of Survivin 
and Cyclin D1, both YAP-dependent genes. Experiments 
with TF-1 derived stable transfectants indicated that YAP 
was phosphorylated at Y357 in TF-1-BCR-ABL but not in 
TF-1-EV, and again this phosphorylation and expression of 
Cyclin D1 were inhibited by imatinib or RK-20449. These 
results suggest that BCR-ABL induces these gene expres-
sions through the activation of SFKs and subsequent tyros-
ine phosphorylation of YAP.

Accumulating evidence has indicated that YAP plays a 
critical role in progression of various cancers [20–22]. YAP 
promotes malignant progression through the expression of 
Survivin [21] and Cyclin D1 [22]. Nuclear translocation and 
activation of YAP are not only induced by dephosphoryla-
tion at S127 but also by tyrosine phosphorylation at Y357 
[23, 12]. Upon DNA damage, c-Abl phosphorylates YAP at 
Y357 and induces its association with p73 resulting in cel-
lular apoptosis [24]. It has not been determined, however, 
whether BCR-ABL directly phosphorylates YAP at Y357 
without DNA damage. Our results suggest that BCR-ABL 
induces YAP p-Y357 directly or indirectly via SFKs, lead-
ing to YAP-dependent gene expression for cell growth and 
cell survival.

As to the involvement of SFKs in pathogenesis of CML, 
Hu et al. reported that Lyn, Hck, and Fgr are required for 
BCR-ABL-induced B ALL but not CML because retrovirus-
transduced marrow from mice lacking all three Src kinases 
efficiently induced CML but not B-ALL in recipients. In 
addition, the kinase inhibitor CGP76030 impaired the prolif-
eration of B-lymphoid cells expressing Bcr-Abl in vitro and 
prolonged survival of mice with B-ALL but not CML [25]. 
However, in our view, this report did not demonstrate that 
any SFKs are not required for CML, because in their knock-
out mice models, BCR-ABL might use some SFKs other 
than Lyn, Hck, and Fgr to cause CML due to the redundancy 
among SFKs. Furthermore, CGP76030 is now known to be 
not specific for SFKs.

A recent paper has suggested that YAP/TAZ is dispensa-
ble for normal as well as pathological hematopoiesis, using 
an established orthotopic mouse model of AML, based on 
the retroviral transduction of hematopoietic progenitor cells 
with the MLL-AF9 oncogene [26]. It should be noted that 
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their claim is that YAP/TAZ is dispensable in the particular 
case of MLL-AF9-caused leukemia and may not be appli-
cable to other types of leukemia. Their results should not be 
generalized to other hematopoietic malignancies.

In fact, Li et al. have reported that inhibition of YAP sup-
presses CML cell proliferation and enhances the efficacy of 
imatinib in vitro and in vivo [27]. They showed that YAP is 
upregulated in samples from CML patients and CML cell 
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Fig. 4  Establishment of TF-1-BCR-ABL and its characterization. 
Expression of BCR-ABL protein in the TF-1-derived stable trans-
fectant in Western blotting using anti-c-Abl Ab (CST) (a). Stable 
transfectant TF-1-BCR-ABL was sensitive to imatinib (b) as well 
as RK-20449 (c). YAP was constitutively phosphorylated at Y357 
in TF-1-BCR-ABL and this phosphorylation was inhibited by either 
imatinib or RK-20449 (d). Expression of Survivin mRNA in TF-

1-BCR-ABL was not inhibited by imatinib or RK-20449 (e), while 
expression of Cyclin D1 mRNA was inhibited by these reagents (f). 
Bars indicate S.E. of the mean (n = 3). As to Fig. 4e, relative amount 
of Survivin of each sample as the ratio to GAPDH instead of compar-
ison with time 0 was as follows: ΔCt (Survivin Ct—GAPDH Ct) of 
TF-EV with GM-CSF, TF-EV without GM-CSF, TF-BCR-ABL were 
4.13, 3.60, and 3.78, respectively
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lines and silencing of YAP inhibits the proliferation of CML 
cells. In the present study, we observed that YAP expression 
was upregulated in K562 but not TCC-S compared to two 
AML cell lines, suggesting that their claim is not always 
adequate in CML. Instead, we demonstrated for the first time 
that YAP is constitutively phosphorylated in CML cells and 
treatment with imatinib or RK-20449 inhibited this phospho-
rylation and expression of Survivin or Cyclin D1 coinciden-
tally at least in one cell line.

Taken together, our results suggest that BCR-ABL phos-
phorylates and activates YAP directly or indirectly through 
phosphorylation at Y357 leading to overexpression of YAP-
dependent Survivin and Cyclin D1. We have not determined 
which SFK is involved in the downstream signaling of 
BCR-ABL. Our preliminary overexpression experiments in 
HEK293T have indicated that some of SFKs can phospho-
rylate YAP at Y357 without BCR-ABL. However, it remains 
to be determined which SFK is activated by BCR-ABL and 
practically involved in YAP phosphorylation resulting in 
leukemogenesis. Further studies are required to specify the 
relevant SFKs and disclose the downstream signaling from 
activated YAP.
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