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Abstract
Chronic myeloid leukemia (CML) is a hematological tumor marked by the bcr-abl fusion gene formed by t (9;22) (q34; 
q11), which translated into the BCR-ABL protein. Tyrosine kinase inhibitors (TKIs) have been widely used to cure CML 
patients. Nevertheless, the emergence of TKI resistance has become the problem to the outcome of CML patients. Histone 
deacetylase 6 (HDAC6), a kind of Hsp90α deacetylase, was detected to be overexpressed in chronic myeloid leukemia stem 
cells. Besides, the loss of HDAC6 enzymatic activity can result in the degradation of Hsp90α’s client proteins, such as 
BCR-ABL, the oncoprotein of CML. Here, we explored the expression of HDAC6 and discovered that it was upregulated 
compared with control in CML. Then we explored the effect of Rocilinostat (ACY-1215), a specific HDAC6 inhibitor, on 
CML cells. Our results proved that ACY-1215 could induce apoptosis and cell cycle arrest in a ROS-dependent manner. 
Moreover, we detected a downregulation of the BCR-ABL signaling pathway in the ACY-1215 treatment group. Mechanis-
tically, we noted that the upregulation of PTEN was induced after being treated by ACY-1215 and its downstream protein 
p-Akt was decreased. The Akt activator SC79 can partially reverse the influence of ACY-1215 on CML cells. Besides, our 
results also proved that ACY-1215 can synergize with imatinib to suppress chronic myeloid leukemia in vitro and in vivo. 
On the whole, our study revealed that HDAC6 is a possible therapeutic target in CML, and the combination therapy of TKI 
and HDAC6 inhibitor may improve the outcome of CML patients.
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Introduction

Chronic myeloid leukemia is a myeloproliferative neo-
plasm characterized by the translocation t (9;22) (q34; 
q11), which leads to the formation of the bcr-abl gene and 
translated into the oncogenic BCR-ABL fusion protein 
(Apperley 2015). Multiple pro-survival signaling pathways 
could be activated by BCR-ABL, such as Stat5, Crkl and 
PI3K/Akt, which causes the abnormal proliferative and 
survival of leukemia cells (Kang et al. 2016). A variety of 
tyrosine kinase inhibitors (TKIs) have been developed for 

the treatment of CML, such as imatinib (IM), can effec-
tively inhibit the tyrosine kinase activity of BCR-ABL and 
its downstream signaling pathways (Cuellar et al. 2018). 
However, there are still some patients who do not respond 
to TKI treatment, and some of them can be explained by 
the amplification and mutation of bcr-abl gene and these 
patients then become resistant to TKI treatment, while 
the reason for TKI failure of the remaining patients is 
unknown. In subsequent studies, it was found that due to 
the presence of leukemia stem cells (LSCs) CML patients 
could not be completely cured and patients of deep molecu-
lar responses may relapse after TKI discontinuation. What 
is more, LSCs are insensitive to TKI. The features of LSCs 
make eradicating LSC a challenge (Holyoake and Vetrie 
2017). For those patients with poor response to TKI ther-
apy, hematopoietic stem cell transplant (HSCT) provides 
another treatment option (Innes et al. 2016). However, 
patients receiving HSCT are at a risk of developing graft-
versus-host disease (GVHD) (Malik et al. 2001). Therefore, 
a new treatment strategy or target should be found.
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More and more studies have used non-BCR-ABL inhibi-
tors to overcome TKI resistance of chronic myeloid leuke-
mia, such as the inhibitor of mTOR, JAK2, Hsp90, HDAC 
and sirtuin (Massimino et al. 2018). Among them, Hsp90 
is an important chaperone protein of many oncoproteins, 
include BCR-ABL. Hsp90 inhibitor showed excellent anti-
cancer effects on many cancers, include AML (Katayama 
et al. 2018), ALL (Mshaik et al. 2021), CML (Bhatia et al. 
2018) and myeloproliferative neoplasms (Hobbs et al. 2018). 
And studies have shown that high expression of Hsp90 sug-
gests a strong aggressiveness of the disease and Hsp90 level 
could serve as a risk factor in CML (Zackova et al. 2013). 
Hsp90 inhibitor have been used for the treatment of chronic 
myeloid leukemia and the inhibition of Hsp90 could kill 
TKI-resistant CML cells (He et al. 2016; Bhatia et al. 2018). 
Therefore, targeting the cheperone activity of Hsp90 may 
be a strategy to overcome TKI resistance of CML patients.

The acetylated state of Hsp90 is regulated by HDAC, and 
deacetylated Hsp90 is able to exert its chaperone activity. 
Histone deacetylases (HDACs) can catalyze the deacetyla-
tion of proteins. Eighteen HDACs had been identified in 
mammals and can be classified into four categories. There 
are four members of class I, including HDAC1, HDAC2, 
HDAC3 and HDAC8. And HDAC4, HDAC5, HDAC6, 
HDAC7, HDAC9 and HDAC10 belong to class II, while 
sirtuins (SIRT1-7) belong to class III, and HDAC 11 is the 
only member of class IV.(Zhao et al. 2020). HDAC inhibitor 
was found to have anticancer effect against CML, including 
these cells resistant to TKI treatment (Fiskus et al. 2006; 
Lernoux et al. 2020; Nguyen et al. 2011). An early study 
revealed that vorinostat (SAHA), a pan-HDAC inhibitor, 
could synergize with IM and significantly suppress the via-
bility of drug-resistant  CD34+/CD38− CML stem cells. This 
study demonstrated that HDACs might be a new target to 
treat TKI-resistant CML patients. What is more, LAQ824, 
another inhibitor of HDAC, induced cell cycle arrest and 
apoptosis of CML blast crisis cells and inhibited BCR-
ABL expression, including BCR-ABL with T315I muta-
tion. Besides, LAQ824 also resulted in the acetylation of 
Hsp90 (Nimmanapalli et al. 2003). HDAC6 was discovered 
to be a Hsp90α deacetylase in 2005, and hyperacetylation of 
Hsp90α influences its chaperone activity (Aoyagi and Archer 
2005). And a recent investigation found that the inhibition 
of HDAC6 can trigger ubiquitination of BCR-ABL and its 
degradation (Losson et al. 2020).

PTEN is a potent tumor suppressor, and the loss of func-
tion is frequently observed in cancers (Eritja et al. 2021; 
Xia et al. 2021; Du et al. 2021). Even a subtle decrease in 
PTEN level and activity result in increased cancer suscep-
tibility and favors tumor progression. Previous studies had 
demonstrated that PTEN expression was inhibited by BCR-
ABL and PTEN deletion caused acceleration of CML devel-
opment (Peng et al. 2010). Besides, PTEN can inhibit the 

PI3K/Akt pathway, which is activated in CML. Therefore, 
activation of PTEN could be a strategy to eliminate CML 
cells.

ACY-1215 is a specific HDAC6 inhibitor that has been 
proved exert anticancer effects on a lot of cancers, including 
multiple myeloma (Santo et al. 2012), gallbladder cancer 
(Ruan et al. 2021), non-small cell lung cancer (Deskin et al. 
2020) and so on (Lee et al. 2018; Tan et al. 2019). Besides, it 
has been used in clinical trials (Santo et al. 2012). However, 
there is no study to research the effects and the correspond-
ing mechanism of ACY-1215 on CML. Here, we explored 
the antitumor effects of ACY-1215 on CML cells, especially 
TKI-resistant CML cells, alone or combined with IM and its 
underlying mechanism, which might provide new ideas for 
the therapy of CML patients.

Materials and methods

Reagents and antibodies

Ricolinostat (ACY-1215), imatinib (IM) and SC79 were 
bought from Topscience (China). DMSO was used to dis-
solve the drugs used in this study, and the final concentration 
was 50 mM. RPMI 1640 medium was used to dilute the 
drugs to the working concentration. Double-distilled water 
was used to dissolve the N-Acetyl-L-cysteine (NAC) (Beyo-
time, China) at a final concentration of 500 mM.

The related antibodies were described below: anti-
HDAC6 (Bimake, China); anti-P21, anti-c-Myc, anti-Cas-
pase3, anti-PARP, anti-c-abl, anti-phospho-c-abl, anti-phos-
pho-Stat5 and anti-β-Actin (CST, USA); anti-phospho-Crkl 
and anti-phospho-Akt1 (Abcam, UK); anti-CCND1 and anti-
PTEN (HuaBio, China); anti-Hsp90α (GENETEX, USA); 
and anti-Ac-lysine (Santa Cruz, USA).

Cell lines and clinical samples

The CML cell lines used in this study were K562, K562/G01 
and KCL22. And other cell lines used in this study were TK6 
(non-leukemic lymphoblasts cell line), Sup-B15 (acute lym-
phocytic leukemia cell line) and THP-1 (acute monocytic 
leukemia cell line). K562, K562/G01, KCL22, TK6 and 
THP1 were cultured in RPMI 1640 medium (Gibco, USA) 
supplemented with 10% FBS (Gibco, USA). Sup-B15 was 
grown in IMDM medium (Gibco, USA), which containing 
20% FBS. Both of them were cultured under a condition of 
5%  CO2 at 37 °C.

The clinical samples of healthy donors and CML patients 
were collected from the Second Affiliated Hospital of 
Chongqing Medical University. Bone marrow mononu-
clear cells (BMMNCs) of clinical samples were separated 
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according to the instructions of human BMMNCs isolation 
kit (Tbdscience, China).

Real‑Time polymerase chain reaction

TRIzol reagent was used to extract total RNA following the 
protocol. cDNA was synthesized using the EvoM-MLV RT 
kit (Accurate Biology, China). Q-PCR was carried out using 
SYBR® Green Premix (Accurate Biology, China). Table 1 
displays the primer sequences.

Western blotting

After being treated by ACY-1215 for 48 h, the cells were 
collected and lysed by using RIPA lysis buffer supple-
mented with PMSF (1%), NaF (1%) and  Na3VO4 (1%). BCA 
(Bytotime, China) assay was performed to determine the 
protein concentration. 10% SDS-PAGE was used to separate 
the proteins. After that, the wet transfer method was used 
to transfer the proteins onto the methanol-activated PVDF 
membranes. Then 5% skimmed milk was used to block the 
membranes at RT for 2 h. Briefly rinse the membranes in 
water and incubated overnight with the primary antibody 
against the target protein at 4 °C. The membranes were then 
rinsed by TBST for twice and then incubated at RT for 1.5 h 
with the corresponding secondary antibodies. The enhanced 
chemiluminescence substrate was used for detection.

Cell viability assay

The CCK-8 test was performed to determine the cell num-
ber of each group. CCK-8 was purchased from Topscience 
(China). K562 and K562/G01 cells were treated with ACY-
1215 for a specific time. To detect the combination effect 
of ACY-1215 and IM, CML cells were treated by both of 
them. Add 10 μl CCK-8 reagent to each well after a certain 
period of ACY-1215 treatment. The optical density (OD) 
value of each well was recorded at 450 nm after incubation 
at 37 °C for 2 h.

Colony formation assays

In a 96-well plate, K562 and K562/G01 cells were planted. 
After being treated by ACY-1215 for 7 days, the cell col-
ony number was counted and photographed.

Cell cycle analysis

The cell cycle distribution was assessed by the cell cycle 
detection kit (SIGMA, USA) and analyzed by flow cytom-
etry after being treated by ACY-1215.

Cellular apoptosis detection

To detect the apoptosis of CML cells, apoptosis was 
assessed by the Annexin V-PE/7-AAD apoptosis detec-
tion kit (Yeasen, China) or the Annexin V-PE/Rednucleus 
II apoptosis detection kit (Bioscience, China).

Immunofluorescence assay

Cells were spread on slides, and then, there was a 15 min 
of paraformaldehyde fixation at room temperature. After 
that, the cells were permeabilized for 15 min at 37 °C 
with Triton X-100 and blocked for 1 h at 4 °C using goat 
serum. The cells were then treated overnight with the pri-
mary antibody at 4 °C, followed by 1 h at 37 °C with the 
Cy3-labeled secondary antibody (Introvigen, USA). Then 
4',6-diamidino-2-phenylindole (DAPI) was used to stain 
the nucleus at 37 °C for 15 min in the dark. In the end, the 
slides were sealed using glycerin and photographed under 
a confocal microscope.

Co‑Immunoprecipitation

Cells were collected after being treated by 5 μM ACY-
1215 for 48 h while the untreated cells were collected 
as control. Cells were harvested and lysed using IP lysis 
buffer (Beyotime, China) on ice for 10 min. Add the cor-
responding antibodies to protein A/G magnetic beads 
(MCE, USA) and rotated tube at room temperature for 
0.5 h. Then, the magnetic beads were rinsed with PBST 
for six times. After that, the proteins were mixed with 
the magnetic beads and rotated at 4 °C overnight. Then 
rinsing the complex of bead–antibody–protein for six 
times. Finally, 2 × loading buffer was added to the mag-
netic beads, and the proteins were denatured at 100 °C 
for 5 min. The antibodies used in this experiment were 
as follows: anti-c-abl (1:100, CST, USA), anti-Hsp90α 
(1:100, GENETEX, USA), anti-Ac-lysine (1:20, Santa 

Table 1  Primers used for Q-PCR

Gene Forward/
Reverse

Primer Sequence (5'-3')

HDAC6 F AAG ACC TAA TCG TGG GAC TGC 
R ACG TGG TTG AAC ATG CAA TAG 

PTEN F AGA GCG AGG GGC ATCAG 
R GCA GGA AAT CCC ATA GCA ATAA 

β-actin F ACT TAG TTG CGT TAC ACC CTT 
R TGT CAC CTT CAC CGT TCC 
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Cruz, USA), rabbit IgG (1:100, Beyotime, China) and 
mouse IgG (1:100, Beyotime, China).

Reactive oxygen species detection

ROS generation was analyzed using the Reactive Oxygen 
Species Assay Kit (Beyotime, China) after being treated 
with ACY-1215 according to the instructions.

Murine tumor models

5-week-old female NOD/SCID mice were ir radi-
ated by 250 cGy X-ray before intravenous injection. 
Twenty mice were distributed into 4 groups randomly 
and injected with 5 ×  106 K562/G01 cells through the 
tail vein. After 1 week of xenograft leukemogenesis, 
ACY-1215 (50  mg/kg) or imatinib (50  mg/kg) was 
injected intraperitoneally (i.p.) every two days and for 
eight times in total. All procedures in the experiment 
were approved by the Ethics Committee of Chongqing 
Medical University.

Statistical analysis

The statistical difference between the two groups was com-
pared using an unpaired Student’s t-test using GraphPad 
Prism 8.0. A p-value < 0.05 was considered statistically 
significant.

Results

HDAC6 is upregulated in CML

To understand the difference of HDAC6 expression between 
normal and CML patients, we analyzed the mRNA expres-
sion level of HDAC6 in CML patients by searching the GEO 
database (GDS2342/206846_s_at). The result showed that 
HDAC6 was overexpressed in  CD34+ hematopoietic stem 
and progenitor cells of CML patients compared to nor-
mal people (Fig. 1a). After that, we collected bone mar-
row cell samples from three healthy individuals and eight 
CML patients and then detected HDAC6 expression. Higher 
mRNA level of HDAC6 in some CML patients was con-
firmed by Q-PCR (Fig. 1b). To further analyze the HDAC6 

Fig. 1  HDAC6 is overexpressed 
in CML. (a) The HDAC6 
mRNA expression level was 
analyzed in the GEO database 
using GDS2342/206846_s_at. 
There were eight samples of 
healthy people and nine samples 
of CML patients. (b) Bone mar-
row mononuclear cells of CML 
patients (8) and healthy donors 
(3) were separated to analyze 
the HDAC6 mRNA expression 
level. (c) The HDAC6 mRNA 
expression levels were detected 
in leukemia cells THP-1, 
Sup-B15, K562, K562/G01, 
KCL22 and TK6 control. (d) 
The protein levels of HDAC6 
were examined in leukemia 
cells THP-1, Sup-B15, K562, 
K562/G01, KCL22 and TK6. 
**p < 0.01, ***p < 0.001
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expression level, several leukemia cell lines were used. As 
shown in Fig. 1c-d, HDAC6 expression levels were much 
higher in leukemia cell lines compared with TK6, including 

CML cell lines. In summary, these results showed that 
HDAC6 was upregulated in CML, suggesting HDAC6 might 
play an important role in CML.

Fig. 2  ACY-1215 inhibits the growth of CML cells. (a) ACY-1215’s 
chemical structure. (b) CCK-8 experiment was performed to deter-
mine the cell viability of CML cells that had been exposed to a range 
of ACY-1215 concentrations. (c) The proliferation potential of CML 
cells treated with ACY-1215 was determined using a colony forma-

tion assay. Colony numbers and sizes were counted and photographed 
7 days later. (d, e) Cell cycle distributions of CML cells were exam-
ined using flow cytometry after being treated with ACY-1215 for 
48  h. Cell cycle-related proteins were investigated using a western 
blot assay. **p < 0.01, ***p < 0.001, ****p < 0.0001
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ACY‑1215 inhibits the proliferation of CML cells

ACY-1215 (Fig. 2a) is a specific HDAC6 inhibitor. To 
learn more about HDAC6's function in CML, K562 
(imatinib-sensitive) and K562/G01 (imatinib-resist-
ant) cells were treated with ACY-1215. As shown in 
Fig.  2b, ACY-1215 suppressed the cell viability of 
CML cells significantly, while it had little effect on 
the cell activity of TK6 cells with low expression of 
HDAC6 (sFigure 1a). As the concentration of ACY-1215 

increased, the colony formation assay also showed fewer 
and smaller colonies after being treated by ACY-1215 
(Fig. 2c). We next analyzed the cell cycle distributions 
of each group and found that there are fewer cells in 
S-phase in the ACY-1215 treated group, which indicated 
that the ability of cells to proliferate is weakened. A 
western blot also showed an increased level of P21 and a 
decreased level of CCND1 and c-Myc (Fig. 2d, e). These 
findings suggested that ACY-1215 could suppress the 
proliferation of CML cells.

Fig. 3  ACY-1215 promotes the apoptosis of CML cells. (a) The 
nuclear morphology was examined using DAPI labeling. The white 
arrow indicates cell apoptosis. Scale bar, 10 μm. (b) The activation 

of caspase-3 and PARP were examined using western blot. (c) CML 
cells were treated with ACY-1215 for 48 h, and then, FCM was used 
to detect the cell apoptosis
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ACY‑1215 induces apoptosis of CML cells

To further test whether ACY-1215 can induce apoptosis 
of CML cells. CML cells received a 48-h treatment of 
ACY-1215. DAPI staining was performed, and the mor-
phological changes indicated apoptosis in the ACY-1215 
treated group (Fig. 3a). A western blot showed the acti-
vation of caspase-3 and PARP in K562 and K562/G01 
cells after treatment of ACY-1215 (Fig. 3b), suggesting 
the apoptosis was caspase-3-related. Besides, we also per-
formed flow cytometry to detect cell apoptosis. Our results 
showed an increased apoptosis rate after treated by ACY-
1215 (Fig. 3c). Meanwhile, 8 μM ACY-1215 treatment for 
48 h could not induce apoptosis of TK6 cells (sFigure 1b). 
Taken together, these results showed that ACY-1215 can 
induce apoptosis of CML cells.

ACY‑1215 inhibits BCR‑ABL signaling pathway

Hsp90α is a substrate of HDAC6 and also an important chap-
erone protein of BCR-ABL. We found that ACY-1215 can 
result in the hyperacetylation of Hsp90α (Fig. 4a), thus los-
ing its chaperone activity and reducing the combination with 
BCR-ABL (Fig. 4b, c). Next, we detected the BCR-ABL 
signaling pathway. Our findings indicated that the expres-
sion of BCR-ABL and its key downstream proteins, such as 
p-Stat5 and p-Crkl, was decreased (Fig. 4d). In summary, 
our results showed that ACY-1215 can inhibit the BCR-ABL 
signaling pathway.

ACY‑1215's anticancer effects are associated 
with ROS production

Chemotherapy drugs usually exert antitumor activities by 
stimulating the generation of ROS. Our results found that 
ACY-1215 treatment can significantly result in the ROS gen-
eration of CML cells in a dose dependent manner (Fig. 5a, 
b). Next ROS was scavenged using NAC, an antioxidant, to 
investigate the function of ROS in the anticancer effects of 
ACY-1215 on CML cells. NAC was given to CML cells for 
a one-hour pretreatment, and then, ACY-1215 was added 
for another 24 h. Results of flow cytometry showed that 
ROS inhibition can partially rescue CML cells from ACY-
1215-induced apoptosis (Fig. 5c, d). Besides, NAC treat-
ment also partially prevented CML cells from cell cycle 
arrest induced by ACY-1215 (Fig. 5e, f). In conclusion, our 
results indicated that the anticancer activities of ACY-1215 
on CML cells are associated with ROS generation.

ACY‑1215 exerts anticancer effects through the ROS/
PTEN/Akt pathway

PTEN is a crucial tumor suppressor protein of CML. Here, 
we found that ACY-1215 induced PTEN expression in not 
only mRNA but also protein level (Fig. 6a, b). Besides, 
PTEN membrane translocation occurred in CML cells 
after ACY-1215 treatment (Fig. 6c), which contributed 
to its cancer suppressor function. PTEN is a suppressor 

Fig. 4  ACY-1215 inhibits the BCR-ABL signaling pathway. (a) 
Co-IP was performed to detect the acetylation of Hsp90α. (b, c) 
Co-IP was used to detect the binding of BCR-ABL and Hsp90α with 

or without ACY-1215 treatment. (d) Western blot was used to detect 
the expression of p-BCR-ABL, p-STAT5, p-CRKL in CML cells
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of the PI3K/Akt pathway, which is usually activated in 
CML. The result of the western blot revealed that the 
activity of p-Akt was inhibited in the ACY-1215 treat-
ment group (Fig. 6b). And SC79, an Akt activator, can 
partially prevent CML cells from ACY-1215-induced cell 
viability inhibition (Fig. 6d). And western blot showed 
that SC79 could effectively activate Akt (sFigure 2). Then 
we explore the relationship between ROS and PTEN, the 
results showed that ROS inhibition decreased the expres-
sion level of PTEN, including mRNA and protein levels, 
and the increased PTEN expression induced by ACY-1215 
treatment could partially be rescued by NAC treatment 
(Fig. 6e, f). To sum up, our results indicated that ACY-
1215 kills CML cells by inhibiting the PI3K/Akt pathway 
and ROS acts as a positive regulator of PTEN expression.

ACY‑1215 synergizes with imatinib to show 
antileukemic activity in vitro and in vivo

Drug combination therapy is often used to overcome single-
drug resistance. Hence, we combined ACY-1215 with IM to 
explore the combined effect. Flow cytometry results showed 
that the co-treatment can result in a higher apoptosis rate of 
CML cells, including K562/G01, an IM-resistant CML cell 
line (Fig. 7a, b). In order to analyze whether ACY-1215 and 
IM have a synergistic effect, we used CompuSyn to calculate 
the combination index (CI) of ACY-1215 and IM. If CI < 1, 
it means that the two drugs have a synergistic effect. Our 
results demonstrated that ACY-1215 and IM can synergisti-
cally inhibit CML cell viability (Fig. 7c, d).

To further observe the effect of combination treatment, 
we constructed a xenograft model of chronic myeloid leu-
kemia. NOD/SCID mice were injected intravenously with 
K562/G01 cells and randomly divided into four groups. 
The mice received ACY-1215 and IM treatment at a dos-
age of 50 mg/kg each time for three weeks (8 times in 
total, i.p.) at 7 days post-construction of tumor model, 
while the mice of control group received the same volume 
of cosolvent. Mice were killed 5 weeks after the injection 

Fig. 5  ACY-1215 induces apoptosis and cell cycle arrest by ROS 
generation. (a, b) CML cells were treated with ACY-1215 for 48 h. 
Then ROS production of each group was detected by the DCFH-
DA fluorescent probe. Fluorescence intensity was measured by flow 
cytometry. ROS was scavenged by NAC, a ROS inhibitor. NAC was 
applied to CML cells for 1 h before cells were treated by ACY-1215 
for another 24 h. Apoptosis rates (c, d) and cell cycle distributions (e, 
f) were detected by FCM. *p < 0.05, **p < 0.01

◂

Fig. 6  ACY-1215 inhibits CML cells by ROS/PTEN/Akt pathway. 
(a, b) The expression of PTEN in mRNA and protein level were con-
firmed using Q-PCR and western blot, respectively. p-Akt expres-
sion of each group was examined by western blot. (c) PTEN location 
was detected by immunofluorescent and photographed by confocal 

microscope. (d) SC79, an Akt activator, was used. CCK-8 was used 
to determine the cell viability. (e) PTEN expression of mRNA was 
determined by Q-PCR. (f) The protein level of PTEN was examined 
using western blot
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of cells. As shown in Fig. 7e, the infiltration of leukemia 
cells in mice of the combined treatment group was much 
less. Furthermore, the immunofluorescent assay find-
ings demonstrated that the combination therapy group 
had lower BCR/ABL protein expression in tissues and 
BM than the other groups (Fig. 7f). Correspondingly the 
mice in the combined treatment group have a longer sur-
vival time (Fig. 7g). In general, our results demonstrated 
that the combination therapy of ACY-1215 and IM has 
an excellent therapeutic effect on IM-resistant mouse 
models.

Discussion

It is now considered that cancer is regulated by epigenet-
ics, and epigenetic disorders provide preconditions for the 
occurrence and development of tumors (Feinberg, Ohlsson, 
and Henikoff 2006). In CML, as the disease progresses, a 
variety of epigenetic mechanisms have changed, including 
DNA methylation, histone modification and non-coding 
RNAs (Koschmieder and Vetrie 2018). TKI resistance has 
been attributed mostly to the mutations of BCR-ABL and 
the existence of leukemia stem cells (LSCs) (Linev et al. 
2018; Zhou and Xu 2015). However, it has been found that 
epigenetic disorders also play a role in TKI resistance. Drugs 
targeting epigenetics-related proteins combined with TKI 
can overcome the resistance of CML to TKI, indicating the 
important role of those proteins in CML (Bugler et al. 2019; 
Florean et al. 2011).

Many proteins undergo acetylation modification on their 
lysine residues. Histone acetyltransferases (HATs) add acetyl 
groups, whereas HDACs remove them. Acetylation modifi-
cations of histones can regulate gene expression. Acetylation 
is involved in the formation of open chromatin and gene 
expression, while hypoacetylation is related to condensed 
chromatin and transcriptional inhibition. Besides, HATs and 
HDACs can regulate the acetylation of many non-histone 

proteins, such as Hsp90, ERK1 and p53, and are involved in 
a variety of cellular processes (Florean et al. 2011; Di Gen-
naro et al. 2004). Up to now, there have been many studies 
on the role of HDACs inhibitors and TKI in CML, such as 
SAHA (Dai et al. 2008; Bu et al. 2014), LAQ824 (Nimmana-
palli et al. 2003) and MAKV-8 (Lernoux et al. 2020), and the 
results are encouraging. However, the pan-HDACi has many 
side effects, so it is necessary to target a specific HDAC.

HDAC6 belongs to Class IIB HDAC. It can catalyze the 
deacetylation of a variety of proteins, such as ERK1, Ku70, 
Hsp90α, LC3II and Prx I/II, and is involved in apoptosis, 
autophagy, oxidative stress and so on (Losson, Schneken-
burger, et al. 2020). Among them, Hsp90α is an important 
chaperone protein of BCR-ABL. Acetylated Hsp90α will 
not be able to exert its chaperone activity, leading to the 
degradation of its client protein (Aoyagi and Archer 2005; 
Losson, Gajulapalli, et al. 2020). These results suggest that 
HDAC6 might be another therapeutic target of CML.

ACY-1215 is a hydroxamic acid derivative that has a 
particular inhibitory effect on HDAC6. It has been used in 
clinical trials of several cancers, such as relapsed chronic 
lymphocytic leukemia and relapsed or refractory lymphoid 
malignancies (Santo et al. 2012; Losson et al. 2020). Based 
on the above research, we reasonably speculated that ACY-
1215 possesses the potential to treat CML. Our study dem-
onstrated that ACY-1215 can induce apoptosis and cell cycle 
arrest of CML cells (Fig. 2, 3). To further elucidate the 
mechanism of the anticancer effect of ACY-1215 on CML, 
we first detected ROS production in vitro. ACY-1215 caused 
a considerable increase in ROS generation, according to our 
findings. Then, in order to highlight ROS’s importance in 
ACY-1215-induced apoptosis and cell cycle arrest, we used 
NAC to inhibit ROS. We found that NAC can partially pre-
vent CML cells from ACY-1215-induced apoptosis and cell 
cycle arrest, which indicates the important role of ROS in 
the anticancer effect of ACY-1215 (Fig. 5). Interestingly, we 
found that PTEN, a crucial tumor suppressor, was upregu-
lated in the ACY-1215 treated group. Furthermore, ROS 
regulated PTEN at the transcription and translation levels. 
Corresponding to the upregulation of PTEN, the PI3K/Akt 
axis was inhibited and the Akt activator SC79 could partially 
rescue the antitumor effect (Fig. 6).

BCR-ABL is a client protein of Hsp90α, the degradation 
of BCR-ABL cells was detected after treating with ACY-
1215. And the downstream proteins that participated in 
CML’s development were also decreased. Hsp90α was in 
a hyperacetylated state and the combination of Hsp90α and 
BCR-ABL was also reduced (Fig. 4), which explains why 
BCR-ABL has been decreased.

More and more researches have illustrated that combined 
treatment exert excellent antitumor activity on drug-resistant 
tumor models (Xiao et al. 2020; Li et al. 2021). We found 
that the combination of ACY-1215 and IM had a stronger 

Fig. 7  ACY-1215 and IM synergistically inhibit CML cells in  vitro 
and in vivo. (a, b) CML cells were exposed to ACY-1215 and IM for 
48 h, apoptosis rate was detected by FCM. (c, d) In order to deter-
mine the cell viability, CCK-8 experiment was carried out. Com-
puSyn software was used to calculate the combination index (CI) 
values. CI < 1 means that the two drugs have a synergistic effect. (e) 
H&E was used to examine murine liver and spleen infiltration in four 
groups, and Wright's stain was used to examine bone marrow cells. 
Scale bar, 100  μm. (f) An immunofluorescence test was used to 
detect BCR/ABL expression. Scale bar, 50  μm. (g) Survival curves 
were analyzed by Kaplan–Meier methods using GraphPad Prism 8.0. 
*p < 0.05. (h) The working model of ACY-1215-induced cell apop-
tosis and cycle arrest in CML. ACY-1215 induced acetylation of 
Hsp90α, thus resulting in degradation of BCR-ABL. Besides, ACY-
1215 increased the production of ROS and PTEN expression, which 
inhibited the PI3K/Akt pathway.
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antitumor effect toward CML, which led to a higher apop-
tosis rate than a single drug. The combination index further 
clarified that these two drugs had a synergy effect. We dem-
onstrated the synergy effect not only in vitro but also in vivo. 
Consistent with in vitro experimental results, though a single 
drug had little effect on CML mice, the combined treatment 
showed an excellent antitumor effect against IM-resistant 
CML mice (Fig. 7).

Our research also has some limitations. First, the underly-
ing mechanism was not complete. The inhibition of ROS and 
activation of Akt only partially rescued the effect of ACY-
1215, indicating that there are other mechanisms involved in 
the antitumor effect of ACY-1215. Besides we have carried 
out certain explorations at the cellular and animal level, but 
we lack the support of clinical trials. There are more need 
to be explored.

Nonetheless, our research still has a certain meaning. Our 
results demonstrated that the HDAC6 inhibitor ACY-1215 
could induce BCR-ABL degradation and kill CML cells 
through the ROS/PTEN/Akt pathway in vitro. Moreover, 
the combination of ACY-1215 and IM could synergisti-
cally show an antitumor effect in IM-resistant CML mouse 
model, providing a theoretical basis for targeting HDAC6 to 
treat TKI-resistant CML patients. Finally, HDAC6 inhibitor 
ACY-1215 has been used in clinical trials of a variety of can-
cers, it is hopeful that HDAC6 inhibitors would be applied 
to treat CML in the future.
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