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A B S T R A C T   

One of the most frequent cytogenetic abnormalities in acute myeloid leukemia (AML) is t(8;21). Although pa-
tients with t(8;21) AML have a more favorable prognosis than other cytogenetic subgroups, relapse is still 
common and novel therapeutic approaches are needed. A recent study showed that t(8;21) AML is characterized 
by CCND2 deregulation and that co-inhibition of CDK4/6 and autophagy induces apoptosis in t(8;21) AML cells. 
In this study, we examined the in vivo effects of co-inhibiting CDK4/6 and autophagy. We used a mouse model in 
which t(8;21)-positive Kasumi-1 cells were subcutaneously inoculated into NOD/Shi-scid IL2Rgnull mice. The 
mice were treated with the autophagy inhibitor chloroquine (CQ), a CDK4/6 inhibitor (either abemaciclib or 
palbociclib), or a CDK4/6 inhibitor plus CQ. After 20 days of treatment, tumor volume was measured, and 
immunostaining and transmission electron microscopy observations were performed. There was no change in 
tumor growth in CQ-treated mice. However, mice treated with a CDK4/6 inhibitor plus CQ had significantly less 
tumor growth than mice treated with a CDK4/6 inhibitor alone. CDK4/6 inhibitor treatment increased the 
formation of autophagosomes. The number of single-strand DNA-positive (apoptotic) cells was significantly 
higher in the tumors of mice treated with a CDK4/6 inhibitor plus CQ than in mice treated with either CQ or a 
CDK4/6 inhibitor. These results show that CDK4/6 inhibition induces autophagy, and that co-inhibition of 
CDK4/6 and autophagy induces apoptosis in t(8;21) AML cells in vivo. The results suggest that inhibiting CDK4/6 
and autophagy could be a novel and promising therapeutic strategy in t(8;21) AML.   

1. Introduction 

Acute myeloid leukemia (AML) is a genetically and clinically het-
erogeneous disease, characterized by the expansion of undifferentiated 
myeloid precursor cells [1]. One of the most common chromosomal 
abnormalities in AML is t(8;21)(q22;q22)/RUNX1-RUNX1T1 (also 
known as AML1-ETO, hereafter referred to as t(8;21)) [2]. Genetic risk 
stratification classifies the prognosis of patients with t(8;21) AML as 
favorable [3]. Although most patients with t(8;21) AML achieve com-
plete remission after intensive chemotherapy, relapse occurs in 30–40% 
of patients and is associated with a poor prognosis [4]. Therefore, novel 
therapeutic approaches are needed. 

Frequent mutations in the CCND2 gene (which encodes cyclin D2 
protein) in t(8;21) AML were reported by several groups including ours 
[5–7]. D-type cyclins, including cyclin D2, form complexes with 

cyclin-dependent kinase 4 (CDK4) and the closely related CDK6 to 
induce cell cycle progression from G1 to S phase [8]. CCND2 mutations 
stabilize cyclin D2 and promote cell proliferation [5]. CCND2 is a crucial 
transcriptional target of the RUNX1–RUNX1T1 fusion protein, which 
also contributes to the deregulation of CCND2 in t(8;21) AML [9]. Pa-
tients with deregulated D-type cyclins, such as t(8;21) AML patients, 
may benefit from treatment with CDK4/6 inhibitors [10]. 

Recently, we studied the effectiveness of CDK4/6 inhibitors in t 
(8;21) AML cells [11]. CDK4/6 inhibition suppressed cell proliferation 
by inducing cell cycle arrest in the G1 phase; however, CDK4/6 inhibi-
tion also induced autophagy in t(8;21) AML cells. Autophagy is an 
intracellular degradation mechanism that recycles cellular components 
by engulfing them into double-membrane vesicles called autophago-
somes [12]. In cancer cells, autophagy is associated with resistance to 
chemotherapy, and autophagy inhibition is a promising strategy to 
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overcome chemotherapy resistance [13]. Chloroquine (CQ) is a 
well-known autophagy inhibitor that blocks autophagosome-lysosome 
fusion (late stage of autophagy), resulting in the accumulation of auto-
phagosomes in the cytoplasm [14]. We examined the effect of the 
combination of a CDK4/6 inhibitor and CQ, and found that the two 
inhibitors acted synergistically to induce apoptosis in t(8;21) cells [11]. 
However, that study did not analyze the in vivo efficacy of the combi-
nation therapy. Here, we evaluated the efficacy of the combination 
therapy targeting CDK4/6 and autophagy in a mouse xenograft model of 
t(8;21) AML. 

2. Materials and methods 

2.1. Cell line 

The Kasumi-1 cell line was purchased from the German Collection of 
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). 
The cell line was cultured in Roswell Park Memorial Institute 1640 
medium supplemented with 10% fetal bovine serum and 1% penicillin/ 
streptomycin at 5% CO2 and 37 ◦C. 

2.2. Mice 

NOD/Shi-scid IL2Rgnull (NOG) mice were purchased from the Cen-
tral Institute for Experimental Animals, Japan. 

2.3. Compounds 

We selected the commercially available CDK4/6 inhibitors abema-
ciclib and palbociclib for use in this study because many clinical trials 
use these drugs [15]. Abemaciclib was obtained from MedChemExpress 
(HY-16297) and dissolved in 1% hydroxyethyl cellulose solution in 
phosphate-buffered saline (PBS). Palbociclib was obtained from Pfizer 
(La Jolla, CA) and suspended in 0.5% methyl cellulose solution. CQ was 
obtained from Sigma-Aldrich (C6628) and dissolved in PBS. 

2.4. In vivo study 

Kasumi-1 cells (5 × 106/mouse) were injected subcutaneously into 
NOG mice (25–30 weeks old; male) as described previously [16]. Once 
tumor volume reached 100 mm3, the mice were randomized into four 
groups and treated once daily for the next 20 days with the following 
treatments: (1) control vehicle (via intraperitoneal injection and orally), 
(2) CQ (40 mg/kg via intraperitoneal injection) and control vehicle 
(orally), (3) abemaciclib or palbociclib (75 mg/kg orally) and control 
vehicle (via intraperitoneal injection), and (4) CQ (40 mg/kg via 
intraperitoneal injection) and abemaciclib or palbociclib (75 mg/kg 
orally). The doses of CQ, abemaciclib, and palbociclib used were 
determined from previous studies [17,18]. The number of mice for each 
group was five to six, except for the control group and the CQ-treated 
group in the palbociclib study, which contained three mice to avoid 
the unnecessary use of mice. Tumor volume was measured daily using a 
caliper and calculated using the equation: length × (width2)/2. On day 
20, mice were euthanized and the tumors were collected for further 
analysis. A schematic illustration of the in vivo study is presented in 
Fig. 1. 

All animal studies were properly conducted in accordance with the 
Regulation on Animal Experimentation at Kyoto University, based on 
the International Guiding Principles for Biomedical Research Involving 
Animals. All procedures used in this study were approved by the Kyoto 
University Animal Experimentation Committee (permit number: Med 
Kyo 20021). 

2.5. Transmission electron microscopy (TEM) 

Tumor samples were fixed in 4% paraformaldehyde, 2% glutaral-
dehyde, and 0.1 M phosphate buffer at 4 ◦C, washed in isotonic 
phosphate-buffered sucrose, re-fixed in phosphate-buffered 1% OsO4, 
dehydrated through a graded series of ethanol solutions, and embedded 
in Luveak 812 reagent (Nacalai Tesque, Kyoto, Japan). Thin sections 
(70–90 nm thick) were cut with a diamond knife on an EM UC6 ultra-
microtome (Leica, Wetzlar, Germany), stained with uranyl acetate and 

Fig. 1. A schematic illustration of the in vivo study. Kasumi-1 cells were injected subcutaneously into NOG mice. Once tumor volume reached 100 mm3, the mice 
were randomized into four groups and treated once daily for the next 20 days with the following: (1) control vehicle (via intraperitoneal (i.p.) injection and oral 
delivery (p.o.)), (2) chloroquine (CQ) (40 mg/kg, i.p. injection) and control vehicle (orally), (3) abemaciclib or palbociclib (75 mg/kg, p.o.) and control vehicle (i.p. 
injection), or (4) CQ (40 mg/kg, i.p. injection) and abemaciclib or palbociclib (75 mg/kg p.o.). Tumor volume was measured daily using a caliper and calculated 
using the equation: length × (width2)/2. On day 20, mice were euthanized and the tumors were collected for further analysis. 
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lead citrate, and observed using a Hitachi H-7650 electron microscope 
(Hitachi, Tokyo, Japan). The number of autophagosomes in each cell 
was counted as in our previous study (50 cells per sample) [19]. 

2.6. Immunohistochemical (IHC) staining 

Tumor samples were paraffin-embedded and cut into 3–4 μm sec-
tions. After deparaffinization and antigen retrieval using proteinase K, 
endogenous peroxidase activity was blocked by 0.3% hydrogen peroxide 
dissolved in methyl alcohol for 30 min. The glass slides were washed in 
PBS (six times, 5 min per wash) and mounted in PBS containing 1% 
horse normal serum for 30 min. Subsequently, an anti-single stranded 
DNA (ssDNA) rabbit IgG antibody (18731, IBL, Gunma, Japan) (primary 
antibody; dilution 1 : 600) was applied overnight at 4 ◦C. The slides were 
then incubated with biotinylated horse anti-mouse serum (secondary 
antibody; dilution 1 : 300) in PBS for 40 min, and then washed in PBS 
(six times, 5 min per wash). An avidin–biotin–peroxidase complex (ABC; 
ABC-Elite; Vector Laboratories, Burlingame, CA, USA) diluted 1 : 100 in 
BSA was applied for 50 min. After washing in PBS (six times, five per 
wash), a diaminobenzidine-based color reaction was conducted for 7 
min and cell nuclei were counterstained with hematoxylin. Unless 
otherwise specified, all incubation and washing procedures were carried 
out at room temperature. The number of ssDNA-positive cells was 
counted in five randomly selected high power fields (HPF, × 400) in 
each sample (3–4 samples per group). The average number of ssDNA- 
positive cells per HPF was compared between the treatment groups as 
described previously [20]. 

2.7. Statistical analysis 

Continuous variables were compared using the Student’s t-test. A P- 
value of <0.05 was considered statistically significant. Statistical sig-
nificance was defined as follows: P < 0.05 (*), P < 0.01 (**), or P <
0.001 (***). 

3. Results 

3.1. Co-inhibition of CDK4/6 and autophagy suppresses t(8;21) AML cell 
growth in vivo 

First, we examined whether co-inhibition of CDK4/6 and autophagy 
suppresses t(8;21) AML cell growth in a mouse xenograft model. 
Kasumi-1 cells were injected subcutaneously into NOG mice, and then 
mice were treated with control vehicle, CQ, abemaciclib, or CQ and 
abemaciclib (Fig. 1). CQ treatment did not significantly affect tumor 
growth (mean tumor volume on day 18: 2201 mm3 (control) versus 
2077 mm3 (CQ), P = 0.67). However, tumors treated with abemaciclib 
plus CQ treatment were significantly smaller than abemaciclib-treated 
tumors (1224 mm3 (abemaciclib) versus 789 mm3 (abemaciclib plus 
CQ), P = 0.03) (Fig. 2A and C). Similar results were found when pal-
bociclib was studied: CQ treatment did not significantly affect tumor 
growth (2499 mm3 (control) versus 2849 mm3 (CQ), P = 0.36). Tumor 
growth in the palbociclib plus CQ-treated group was lower than that in 
the palbociclib-treated group, but this effect was not statistically sig-
nificant (1112 mm3 (palbociclib) versus 352 mm3 (palbociclib + CQ), P 
= 0.18) (Fig. 2B and D). These results suggest that co-inhibition of 
CDK4/6 and autophagy suppresses t(8;21) AML cell growth in vivo. 

3.2. CDK4/6 inhibitors induce autophagy in t(8;21) AML cells in vivo 

Next, we examined whether CDK4/6 inhibitors induce autophagy. 
Tumor samples collected from euthanized mice were examined by TEM. 
The formation of autophagosomes in the cytoplasm of leukemia cells 
increased in the CDK4/6 inhibitor-treated groups compared with con-
trols (Fig. 3A and B). The mean number of autophagosomes was 
significantly higher in both abemaciclib-treated cells and palbociclib- 

treated cells than in control cells (Fig. 3C and D). We also examined 
the number of autophagosomes in CQ-treated cells and palbociclib plus 
CQ-treated cells, which revealed that the number of autophagosomes 
was significantly higher in palbociclib plus CQ-treated cells than in 
palbociclib-treated cells (Supplementary Fig.1, P = 0.03). Compared 
with CQ-treated cells, the number of autophagosomes was also signifi-
cantly higher in palbociclib plus CQ-treated cells (P = 0.004). These 
results suggest that autophagy was induced by CDK4/6 inhibitors and 
inhibition of the last stage of autophagy by CQ caused autophagosome 
accumulation. 

3.3. CDK4/6 and autophagy inhibitors synergistically induce apoptosis in 
t(8;21) AML cells in vivo 

Finally, we examined whether co-inhibition of CDK4/6 and auto-
phagy induces apoptosis in AML cells in a mouse xenograft model. 
Tumor samples collected from euthanized mice were examined by IHC 
staining of ssDNA, a marker of apoptosis. Representative images of IHC 
staining with an anti-ssDNA antibody in control samples, CQ-treated 
samples, CDK4/6 inhibitor-treated samples, and CDK4/6 inhibitor plus 
CQ-treated samples are shown in Fig. 4A and B. In both control samples 
and CQ-treated samples, few ssDNA-positive cells were observed. By 
contrast, the number of ssDNA-positive cells was significantly higher in 
samples treated with a CDK4/6 inhibitor plus CQ than in CDK4/6 
inhibitor-treated samples (Fig. 4C and D). The results suggest that 
CDK4/6 inhibitors and autophagy inhibitors synergistically induce 
apoptosis in t(8;21) AML cells in vivo. 

4. Discussion 

In this study, we evaluated the efficacy of a combination therapy 
targeting CDK4/6 and autophagy in a mouse xenograft model of t(8;21) 
AML. CQ treatment alone did not significantly affect tumor growth, 
suggesting that autophagy inhibition does not modulate tumor growth. 
By contrast, tumor growth in the CDK4/6 inhibitor plus CQ-treated 
group was significantly lower than in the CDK4/6 inhibitor-treated 
group. Together with the data showing that CDK4/6 inhibitors 
enhance autophagy, our results suggest a mechanism by which an 
autophagy inhibitor suppresses tumor growth by inhibiting CDK4/6 
inhibitor-mediated autophagy. 

In this study, abemaciclib and palbociclib were selected as CDK4/6 
inhibitors because many clinical trials use these drugs [15]. A recent 
study investigated the spectrum of CDK/cyclin activity mediated by 
CDK4/6 inhibitors [21]. The study showed that although both abema-
ciclib and palbociclib inhibit CDK4/6, abemaciclib more broadly in-
hibits other CDKs (e.g., CDK2) and affects the cell cycle differently. To 
the best of our knowledge, published in vivo experiments investigating 
co-inhibition of CDK4/6 and autophagy have used only palbociclib [22, 
23]. In our study, similar effects on tumor growth were observed when 
either abemaciclib or palbociclib was used in combination with an 
autophagy inhibitor, indicating that the effect of the combined treat-
ment was independent of the specificity of the CDK4/6 inhibitor. 

In a preliminary experiment of this study, we examined the tail-vein 
injection of Kasumi-1 cells. However, the cells did not engraft in the 
bone marrow, and so we used subcutaneous injection of Kasumi-1 cells 
(as described previously [16]). Subcutaneous tumors are not exposed to 
the bone marrow microenvironment, which has profound effects on 
treatment responses in both patients and mouse models. The effects of 
co-inhibiting CDK4/6 and autophagy on tumor growth in models that 
use leukemia cells in the bone marrow should be examined in future 
studies. Since we previously showed that t(8;21) AML cells are sensitive 
to co-inhibition of CDK4/6 and autophagy in vitro, we selected Kasumi-1 
cells in this study. Future studies will be required to confirm in vivo 
sensitivity to the combination therapy using AML cells with t(8;21) and 
other cytogenetic abnormalities. 

We identified a mechanism of tumor suppression that involves co- 
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Fig. 2. Co-inhibition of CDK4/6 and autophagy suppresses t(8;21) AML cell growth in vivo. (A) Tumor volume curves in mice treated with control vehicle, CQ, abemaciclib, and abemaciclib plus CQ. (B) Tumor volume 
curves in mice treated with control vehicle, CQ, palbociclib, and palbociclib plus CQ. (C) (D) Representative images of tumors collected at day 20 from each group. Tumor volumes are presented as the mean ± SE. *P <
0.05, **P < 0.01, ***P < 0.001. 
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Fig. 3. CDK4/6 inhibition induces autophagy in t(8;21) AML cells in vivo. (A) Representative images of control and abemaciclib-treated samples observed by TEM. (B) Representative images of control and palbociclib- 
treated samples observed by TEM. The black arrows in the magnified images indicate autophagosomes (double-membrane). (C) (D) The number of autophagosomes per 50 cells in each group. Data are presented as the 
mean ± SE of three independent samples. *P < 0.05, **P < 0.01. 
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Fig. 4. Co-inhibition of CDK4/6 and autophagy synergistically induces apoptosis in t(8;21) AML cells in vivo. (A) Representative images of IHC staining with an anti-ssDNA antibody in a control sample, a CQ-treated 
sample, an abemaciclib-treated sample, and a sample treated with abemaciclib plus CQ. (B) Representative images of IHC staining with an anti-ssDNA antibody in a control sample, a CQ-treated sample, a palbociclib- 
treated sample, and a sample treated with palbociclib plus CQ. The black arrows indicate ssDNA-positive (apoptotic) cells. (C) (D) The number of ssDNA-positive cells per high power field (HPF, × 400) in each group. 
The number of ssDNA-positive cells was counted in five randomly selected HPFs per sample. Data are presented as the mean ± SE of 3–4 independent samples. **P < 0.01, ***P < 0.001. 
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inhibiting CDK4/6 and autophagy to enhance apoptosis; this mechanism 
is compatible with previously reported in vitro data [11]. A synergistic 
effect of CDK4/6 inhibition and autophagy inhibition is also reported in 
solid tumors [22,23], suggesting that such a treatment strategy may be 
applicable for a broad range of tumors. Identifying cancer types pre-
dicted to be sensitive to this combination therapy will be important 
future work. 
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