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Abstract

Background: Yes-associated protein (YAP), the nuclear effector of the Hippo pathway, is a
candidate oncoprotein and participates in the progression of various malignancies. However, few
reports have examined the effect of YAP inhibition in human leukemia HL-60 cells.

Methods: We examined the effects of YAP knockdown or inhibition using short hairpin RNA
(shRNA) or verteporfin (VP), respectively. Western blot assays were used to determine the
expression levels of YAP, Survivin, cyclinD1, PARP, Bcl-2, and Bax. Cell proliferation was assessed
using the cell counting kit (CCK-8) assay. Cell cycle progression and apoptosis were evaluated by
flow cytometry, and apoptotic cell morphology was observed by Hoechst 33342 staining.

Results: Knockdown or inhibition of YAP led to cell cycle arrest at the GO/G1 phase and
increased apoptosis, inhibited cell proliferation, increased levels of Bax and cleaved PARP, and
decreased levels of PARP, Bcl-2, Survivin, and cyclinD1. Moreover, Hoechst 33342 staining
revealed increased cell nuclear fragmentation.

Conclusion: Collectively, these results show that inhibition of YAP inhibits proliferation and

induces apoptosis in HL-60 cells. Therefore, a novel treatment regime involving genetic or
pharmacological inhibition of YAP could be established for acute promyelocytic leukemia.
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Introduction

The first attempt to standardize the classification
of acute myeloid leukemia was undertaken by the
French, American, British group, which used
morphological analyses and cytochemistry to
characterize AML into six subtypes (M1 to M6) [1].
Acute promyelocytic leukemia (APL) is a sub-type of
AML (M3). APL is characterized by the t (15;17)
translocation, which fuses the promyelocytic
leukemia (PML) gene to the retinoic acid receptor a
(RARa) gene, and leads to the production of the
PML/RARa fusion protein [2]. The HL-60 cell line is
one of APL representative cell lines [3]. Patients with

APL can develop serious blood clotting or bleeding
problems and children with APL have a high
morbidity rate, looking for new treatment targets
important [4, 5]. Clinically, there are two therapeutic
agents used for the treatment of APL, all-trans retinoic
acid (ATRA) and arsenic trioxide (ATO), which
induce differentiation of and promote apoptosis in
APL cells, respectively [6, 7]. The use of these drugs
has greatly improved the prognosis for patients with
APL, and the complete remission rate is now over
90%. However, treatment with ATRA and ATO is not
suitable for 10-30% of patient with APL [8].
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Therefore, it is crucial to explore new treatment
strategies for APL.

YAP is an essential component of the Hippo
pathway, which plays important roles in controlling
organ size, regulating gene expression in response to
changes in differentiation, and in the self-renewal of
stem cells [9-11]. YAP, the mammalian ortholog of
Drosophila Yorkie, is the downstream effector of the
Hippo pathway [12]. Recently, several studies have
documented the oncogenic effects of YAP [13-18].
Additionally, YAP amplification and overexpression
have been observed in various human cancers,
including pancreatic cancer, renal cell carcinoma,
breast cancer, cholangiocarcinoma, and
medulloblastoma [14, 19-22]. Moreover, YAP
expression is significantly higher in patients with
leukemia, including chronic lymphoblastic leukemia,
and chronic myeloid leukemia than in healthy donors
[15, 23]. Furthermore, it has been suggested that YAP
may be a target for regenerative medicine and cancer
treatment [24]. Therefore, we wished to examine the
role of YAP in the pathogenesis of APL.

In this study, we found that knockdown of YAP
inhibited proliferation and induced apoptosis in
HL-60 cells. Importantly, we also found that
VP-mediated YAP inhibition significantly increased
apoptosis and slowed the rate of cell proliferation in
HL-60 cells. Taken together, these results suggest that
YAP is a novel potential therapeutic target for APL.

Materials and methods

Cell line and culture

HL-60 cell line was purchased from the Shanghai
Institutes for Biological Sciences (Shanghai, China).
HL-60 cells were cultured in RPMI-1640 (Gibco)
supplemented with ~10% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA), 100 U /mL penicillin
and 100 pg/mL streptomyecin.

Antibodies

Following antibodies were used in this study:
anti-YAP, anti-PARP, and anti-cyclinD1 (Cell
Signaling Technology, USA); anti-Bax, anti-Bcl-2,
anti-Survivin (Wanleibio, China); anti-p-Actin (Zhong
shan jin giao, China).

Transfection

Lentiviral-mediated short-hairpin RNA (shRNA)
was used to this study. The shRNA targeting YAP and
the non-targeting shRNA were purchased from Jikai
Genechem (Genechem Co. Ltd. Shanghai, China).
shRNA target sequences for YAP: CCGGGCCACC
AAGCTAGATAAAGAACTCGAGTTCTTTATCTAG
CTTGGTGGCTTTTTG. shRNA non-targeting seque-
nces for negative Control (NC): TTCTCCGAACGTG

TCACGT. HL-60 cells in the logarithmic growth
phase (1x10°/well) were seeded in a 24-well plate.
These cells were transfected with the GFP-expressing
lentiviral vector NC and shRNA-YAP and 1 pg/mL
polybrene (Genepharma) was added. After culture for
24 h, the medium was refreshed. Fluorescence was
detected following 72 h of incubation using the
fluorescence microscope. The lentiviral YAP-shRNA
and lentiviral vector NC-shRNA transfected HL-60
cells were screened with puromycin (Sigma-Aldrich,
St. Louis, MO, USA) and successful transfectants were
used for subsequent experiments. A fluorescence
microscope (%20) was used to observe the expression
of GFP. There were two groups in this experiment:
HL-60/shRNA-NC group and HI-60/YAP-shRNA

group.
Inhibitor of YAP

VP acts as a YAP inhibitor by blocking the
association between TEAD and YAP [25]. VP
purchased from Selleck (Selleckchem, Shanghai,
China). VP was dissolved in dimethyl sulfoxide
(DMSO). HL-60 cells were seed in different
concentration VP for 24 h, and the DMSO treatment is
control group.

Cell viability assay

The Cell Counting Kit-8 (CCK-8) assay (7Sea
Biotech, Shanghai, China) was used to test cell
viability. Cells in each group (1x10*/well) were
seeded in 96-well plates and incubated. In brief, 10 pL
of CCK-8 (7Sea Cell Counting Kit; Sevenseas Futai
Biotechnology Co., Ltd., Shanghai, China) was added
to each well followed by incubation for 2 h at 37 °C.
The cell viability was assessed by detection of
absorbance at 450 nm using a spectrophotometer. The
experiment was repeated at least three times.

RNA isolation and RT-PCR

Total RNA was extracted from cells in each
group using Trizol reagent, as per manufacturer’s
instructions (Invitrogen, Carlsbad, California). The
first-strand cDNA was synthesized from 1pg of total
RNA using a Prime Script Kit (TAKARA, Dalian,
China). YAP gene expression was tested by reverse
transcriptase polymerase chain reaction (RT-PCR)
with cDNA Synthesis Kit (TAKARA, Dalian, China).
B-Actin was used as an endogenous control. All
samples were run in duplicate for each experiment.
Do 1% agarose gel lelctrophoresis as soon as we
acquire the PCR product. And 5 pL PCR product was
used in each lane. Gene expression analysis was
performed with the Quantity One Software
(BIO-RAD, USA). The PCR conditions were:
pre-denaturation at 95 °C for 5 min, 35 cycles of
denaturation at 95 °C for 30 s, annealing at 64 °C for 30
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s, and extension at 72 °C for 100 s, and a final
extension at 72 °C for 5 min. The amplification of
B-Actin gene was the as for YAP. The mRNA
expression levels of the target gene were normalized
to those of B-Actin. The specific primers for YAP were
5'- TGAACAAACGTCCAGCAAGATAC-3' (forward)
and 5'- CAGCCCCCAAAATGAACAGTAG-3' (rev-
erse). Those for B-Actin were 5-CACCACACCTTCT
ACAATGAGC-3' (forward) and 5-GTGATCTCCTT
CTGCATCCTGT-3' (reverse).

Western blot analysis

Protein concentration was determined with BCA
method. A total of 50 pg of protein was added in 10%
sodium dodecyl sulfate-polyacrylamide gel, and then
transferred to polyvinylidene difluoride membrane.
The membrane was blocked with 5% non-fat milk for
2 h, then incubated with specific antibodies
(monoclonal) antibody overnight at 4 °C, followed by
incubation with HRP-conjugated secondary antibody
for 1.5 h at room temperature. Detection was
performed using the enhanced chemiluminescence
substrate (ECL) (Millipore, USA). Signals were
visualized and analyzed by the Bio-Rad Gel Imaging
System on cool image workstation II (Viagene, USA).
Each experiment was repeated at least three times.

Hoechst 33342 staining analysis

Cell apoptosis was analyzed by Hoechst 33342
staining (Apoptosis-Hoechst staining kit; Beyotime
Biotechnology, Haimen). Briefly, cells were immersed
in 0.5 mL of methanol for 15 min, followed by rinsing
third with PBS. Then cells were stained with 1 pg/mL
Hoechst 33342 compounds in a dark chamber at room
temperature for 10 min and again rinsed twice with
PBS. Cells were analyzed by fluorescence microscopy.
The apoptotic cells are seen as pyknotic and have
fragmented nuclei emitting intense fluorescence (*20).
The experiment was repeated at least three times.

Flow cytometric assay

Cells were washed using PBS. And the cell
pellets were resuspended and stained with annexin
V-FITC and propidium iodide (PI) (Sigma-Aldrich).
The rate of cell apoptosis was analyzed using a
FACsorter (BD Biosciences, San Jose, CA, USA) after
incubation for 15 min at room temperature. For cell
cycle detection, cells were fixed with pre-cooled 70%
ethanol overnight at -20 °C. After centrifugation, the
cells were resuspended with RNase solution in a 37 °C
water bath for 30 min. Then propidium iodide
staining solution was added and incubated for 30 min
in the dark at room temperature. The cell cycle
distribution was determined using a FACsorter. And
for the transfection efficiency also was tested by flow
cytometric. Each experiment was repeated at least

three times.

Statistical analysis

Values are expressed as the mean * standard
deviation. Statistical analysis was performed using
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). An
independent samples t-test was employed for
comparing the means between two groups. P < 0.05
was considered to indicate a statistically significant
difference. Each experiment was repeated at least
three times.

Results

Lentivirus-mediated YAP knockdown in
human leukemia HL-60 cells

The YAP-shRNA was introduced to HL-60 cells
to silence YAP expression. Cells containing
YAP-shRNA were identified by GFP fluorescence and
accounted for approximately ~80% of the cell
population (Figure 1A-B). RT-PCR assay showed that
mRNA level of YAP significantly lowered in the
sh-YAP (YAP-knockdown HL-60 cells) group
compared with NC (negative control HL-60 cells)
group (Figure 1C). Meanwhile, western blot analysis
also showed that YAP protein expression was
knocked down in these cells (P < 0.05) (Figure 1D-E).

The effect of YAP knockdown on proliferation
in human leukemia HL-60 cells

We used the CCK-8 assay to assess the effect of
YAP on HL-60 cell proliferation. Our results show
that, compared with that observed in NC group cells,
the proliferation of HL-60/sh-YAP cells was
significantly inhibited in a time-dependent manner (P
< 0.05) (Figure 2A). Additionally, the expression level
of Survivin was  significantly lower in
YAP-knockdown HL-60 cells than in control cells (P <
0.05) (Figure 2B-C). Further, we tested the cycle
distribution by FCM. Knockdown of YAP in HL-60
cells dramatically increased the percentage of cells in
the G0/G1 phase from 36.45% to 53.24% (Figure 2D).
Next, we detected the cycle-related protein, cyclinD1,
by western blot. Knockdown of YAP decreased the
level of cyclinD1 protein in HL-60 cells (Figure 2E-F).
These data provide strong evidence that YAP
knockdown inhibits HL-60 cell proliferation by
causing G0/Gl1 phase cell-cycle arrest.

Promotion of apoptosis by YAP knockdown in
HL-60 cells

Our FCM results show that YAP knockdown
promotes apoptosis in HL-60 cells (Figure 3A).
Furthermore, morphological changes characteristic of
apoptosis were observed in YAP knockdown HL-60
cells (Figure 3B). Western blot analysis showed that
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the expression levels of PARP and Bcl-2 proteins,
associated with apoptosis, were decreased, while
cleaved PARP and Bax were increased in YAP
silenced HL-60 cells (Figure 3C-G). These results
indicated that YAP knockdown triggers apoptosis in
HL-60 cells via regulating the expression of
apoptosis-related proteins.

The VP YAP inhibitor suppresses YAP
expression in HL-60 cells

RT-PCR and Western blot assay showed that
mRNA and protein expression of YAP were
significantly lowered in VP-mediated YAP inhibition
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NC
1
sh-YAP
3

group when compared with DMSO treatment group
cells (P < 0.05) (Figure 4).

VP inhibits proliferation of HL-60 cells

Using the CCK-8 assay to assess cell proliferation
activity, we observed that treatment with different VP
concentrations (0-20 pM) for 24 h resulted in a
dose-dependent reduction in cell viability (Figure 5A).
Based on these observations, 10 pM VP was chosen
for further analyses of YAP inhibition. In addition to
inhibiting YAP expression, VP also inhibited the
protein expression of Survivin (Figure 5B-C). These
data suggested that VP inhibits proliferation in HL-60
cells.
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Figure 1. Knock down YAP of HL-60 cell. (A) 1 and 3, light microscopy; 2 and 4, fluorescent microscopy. | and 2 images of HL-60 cells were transfected with
negative control lentivirus; 3 and 4 images of HL-60 cells were transfected with YAP-shRNA (%20). (B) The transfection efficiency was tested by FCM. (C) The mRNA
level of YAP was tested by RT-PCR. (D) The protein expression of YAP was detected by western blot. (E) Quantitative analysis was performed by measuring the
relative protein expression level of YAP to B-Actin. Data are expressed as means * SD. *P < 0.05.
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Figure 2. YAP knockdown inhibited proliferation of HL-60 cells. (A) Cells activity was detected by CCK-8 assay. (B) The expression level of Suvivin was tested by
western blot. (D) Cell cycle distribution was tested by FCM. (E) The expression level of cyclinD1 was determined by western blot analysis. (C and F) Quantitative
analysis was performed by measuring the relative protein expression levels of Survivin and cyclinD1 to B-Actin. Data are expressed as means * SD. *P < 0.05.

VP induced cycle arrest at GO/G1 phase

To further investigate the VP-induced
suppression of cell proliferation, we examined cell
cycle distribution by FCM. The percentage of cells
arrested the G0/G1 phase of the cell cycle increased
from 37.95% to 52.91% upon VP treatment (Figure
6A). To reveal the molecular mechanisms involved in
YAP inhibition-mediated cell cycle arrest, we
analyzed the expression of the cell cycle-related
protein, cyclinD1, using western blot assays.
Compared with the DMSO treatment group, cell
treated with VP exhibited decreased cyclinD1
expression level (Figure 6B-C). These results
suggested that VP inhibited cell proliferation by
down-regulating cell cycle-related protein expression
leading to cell cycle arrest.

VP induced apoptosis in HL-60 cells

To examine whether VP affects apoptosis in
HL-60 cell, we used FCM to quantify apoptotic cells.
The FCM results show that the percentage of
apoptotic cells increased after VP treatment (Figure
7A). We observed the morphological characteristics of
apoptotic cells using Hoechst 33342 staining and

observed nuclear fragmentation in the VP treatment
group, but not in the DMSO control group (Figure
7B). Additionally, we used western blot analysis to
examine the expression levels of apoptosis-related
proteins. Compared with the DMSO treatment group,
levels of cleaved PARP and Bax increased, and PARP
and Bcl-2 decreased in the VP treatment group (Figure
7C-G). These data indicated that VP induces apoptosis
in HL-60 cells.

Discussion

APL is a rare form of cancer, and targeted
therapy has successfully eradicated leukemia stem
cells in the majority of affected patients. ATRA and
ATO lead to complete remission in most patients with
APL, but a large proportion of patients eventually
experience relapse [2, 26]. Therefore, novel
therapeutic targets are necessary to improve the
outcomes for patients with APL [27]. YAP functions as
an oncoprotein by interacting with TEAD, forming a
protein complex critical for the transcription of
downstream genes such as c-Myc and Survivin [15,
22]. Recently, porphyrin family members including
VP, hematoporphyrin, and protoporphyrin IX have
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been found to abrogate the interaction between YAP
and TEAD and found function as YAP inhibitors [25,
28]. However, while MST1/2 and YAP1 gene
expression have been analyzed in AML [29], and
inhibition of YAP results in a significant anti-leukemia
effect in chronic myeloid leukemia [15], the effect of
YAP inhibition in APL remains unclear. Here, we
demonstrate the effects of YAP knockdown and the
inhibition of YAP function by shRNA and VP,
respectively, in HL-60 cells. Regrettably, due to a lack
of clinical samples and other suitable leukemia cell
lines, our analysis was limited to the examination of
the effect of YAP inhibition, or knockdown, in human
leukemia HL-60 cells. Our study revealed that YAP
might be involved in the pathogenesis of APL and
could be a potential target for the treatment of APL.

Using a CCK-8 assay, we showed that cell
proliferation was significantly inhibited in both YAP
knockdown and VP treatment groups, compared with
control group. Inhibition of Survivin expression could
promote apoptosis in leukemia cells [27, 30]. Here, we
observed that the expression levels of Survivin and
cyclinDldecreased in YAP knockdown and VP
treatment groups, compared with control groups.
Furthermore, the cell cycle in the GO/G1 phase
significantly increased in both YAP knockdown and
VP treatment groups, compared with control groups.
cyclinD1 is a cell cycle-related protein, closely
associated with the proliferation of cancer cells, and
may promote tumor formation [31]. Therefore, our
results suggested that cell proliferation was inhibited
in HL-60 cells by inducing cell cycle arrest at the
GO0/G1 phase.
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Figure 3. Knockdown YAP induced apoptosis of HL-60 cells. (A) Cells apoptosis was analyzed by FCM using double staining with FITC-labeled annexin-V and
propidium iodide. Cells undergoing early apoptosis are Annexin V-FITC*/Pl-, whereas cells undergoing late apoptosis are Annexin V-FITC*/PI*. The percentages of
late and early apoptotic cells were summed to give the total number of apoptotic cells. (B) Morphological features of the cell apoptosis were observed by Hoechst
33342 staining (*¥20). (C) The expression levels of PARP, cleaved PARP, Bcl-2, and Bax were determined by western blot. (D-G) Quantitative analysis was performed
by measuring the relative protein expression levels of PARP, cleaved PARP, Bcl-2, and Bax to B-Actin. Data are expressed as means + SD. *P < 0.05.
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Figure 7. VP induced apoptosis in HL-60 cells. (A) Cells apoptosis was analyzed by FCM. (B) Morphological features of the cell apoptosis were observed by Hoechst
33342 staining (*x20). (C) The expression levels of PARP, cleaved PARP, Bcl-2, and Bax were determined by western blot. (D-G) Quantitative analysis was performed
by measuring the relative protein expression levels of PARP, cleaved PARP, Bcl-2, and Bax to B-Actin. Data are expressed as means * SD. *P < 0.05.

We used FCM to examine apoptosis and found
that YAP knockdown and inhibition significantly
increased the percentage of apoptotic HL-60 cells. We
observed the morphological characteristics of
apoptotic cells using Hoechst 33342 staining and
found that nuclear fragmentation, indicative of late
stage apoptosis, was easily observed in YAP
knockdown or inhibition groups, but not in NC or
DMSO treated groups. Additionally, we observed
significantly increased levels of cleaved PARP and
Bax, and decreased levels of Bcl-2 and PARP
following knockdown of YAP by shRNA, or
inhibition of YAP function using VP. These results
suggest that knockdown of YAP, by shRNA or
VP-mediated inhibition of YAP function, induces
apoptosis through regulating the expression levels of
apoptosis-related proteins.

In conclusion, knockdown of YAP by shRNA or
inhibition of the function of YAP using VP, impedes

cell proliferation and induces apoptosis in HL-60 cells.
Therefore, YAP might be a potential new target for the
treatment of APL.
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