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Abstract. Mutations of p53 tumor suppressors occur more 
frequently in cancers at advanced stages or in more malignant 
cancer subtypes such as triple‑negative breast cancer. Thus, 
restoration of p53 tumor suppressor function constitutes a 
valuable cancer therapeutic strategy. In the present study, it 
was revealed that a specific inhibitor of histone deacetylase 6, 
ACY‑1215, caused increased acetylation of p53 in breast cancer 
cells with mutated p53, which was accompanied by increased 
expression of p21. These results suggested that ACY‑1215 may 
lead to enhanced transcriptional activity of p53. It was also deter‑
mined that ACY‑1215 treatment resulted in G1 cell cycle arrest 
and apoptosis in these cancer cells. Furthermore, ACY‑1215 
displayed a synergistic effect with specific inhibitors of ATM, an 
activator of Akt, in inducing cancer cell apoptosis and inhibiting 
their motility. More importantly, it was observed that combi‑
nation of ACY‑1215 and ATM inhibitors exhibited markedly 
more potent antitumor activity than the individual compound 
in xenograft mouse models of breast cancer with mutant p53. 
Collectively, our results demonstrated that ACY‑1215 is a novel 
chemotherapeutic agent that could restore mutant p53 function 
in cancer cells with strong antitumor activity, either alone or in 
combination with inhibitors of the ATM protein kinase.

Introduction

The p53 tumor suppressor plays critical roles in preventing malig‑
nant transformation. Under stressful conditions such as genotoxic 

stress, p53 is activated by multiple post‑translational modifica‑
tions including phosphorylation and acetylation (1,2). Activated 
p53 stimulates transcription of a variety of downstream genes 
leading to cell growth arrest, DNA repair, or apoptosis (1,2).

Triple negative breast cancer [TNBC; negative for estrogen 
receptor (ER), progesterone receptor, and HER2/neu] accounts 
for 15‑20% of all breast cancers and is associated with the 
most aggressive clinical outcomes among different subtypes 
of breast cancer (3). Thus, there is an urgent need to find effec‑
tive targeted therapeutic agents for treating advanced TNBC. 
Although TNBC only represents a fraction of all breast cancers, 
the majority of the p53 mutations in breast cancer occur in 
TNBC (3). These mutated p53 proteins affect different cellular 
functions, resulting in loss of cell cycle control, impairment 
of pro‑apoptotic signaling pathways and defective cellular 
responses to DNA damage (4,5).

As p53 mutations are important in tumor aggressiveness and 
poor prognosis, restoring wild‑type function of mutant p53 has 
been an intensive area of research (4,5). However, numerous of 
these attempts remain either in the early stage of development 
or have failed in clinical trials (2). It is thus essential to develop 
novel compounds that are capable of restoring function of p53 
in cancers, including TNBC and other subtypes of breast cancer.

It is known that histone deacetylase 6 (HDAC6) inhibits 
p53 activity and p53‑mediated cellular events through 
deacetylation of p53 (6). In addition, in breast cancers, HDAC6 
overexpression is also correlated with increased mobility, 
migration and invasiveness of cancer cells (7). Therefore, it was 
hypothesized that inhibition of HDAC6 by its new inhibitors 
such as ACY‑1215 (8) may restore p53 function in cancer cells.

In addition to mutated p53, the PI3K/Akt pathway is also 
dysregulated in the majority of TNBC, and it is known that 
these dysregulations cause over‑activation of Akt, which 
leads to the development of cancer (9). Our previous studies 
have shown that a protein deficient in kinase ataxia telangi‑
ectasia's disease, ataxia‑telangiectasia, mutated (ATM), is a 
stimulator of Akt (10,11). It was also revealed that a specific 
inhibitor of the ATM protein kinase, known as KU‑55933, is 
capable of inhibiting Akt activity in TNBC and other types of 
breast cancer cells (9). In addition, our results indicated that 
KU‑55933 suppressed proliferation of these breast cancer cells 
by inducing apoptosis (9).
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In the present brief study, the effect of ACY‑1215 on 
p53‑mediated cellular events in both MCF‑7, a non‑TNBC 
cell line (Luminal A and ER+) with wild‑type p53, and 
MDA‑MB‑231, a TNBC cell line with mutated p53 was first 
examined. Subsequently, a novel approach was examined to 
treat MDA‑MB‑231 and MCF‑7 cells by combining ACY‑1215 
with KU‑55933 or KU‑60019, an analog of KU‑55933. The 
results were also confirmed in vivo in a mouse model of TNBC. 
Our results validated ACY‑1215, either as monotherapy or in 
combination with KU‑55933 or KU‑60019, as a promising new 
therapeutic agent for TNBC.

Materials and methods

Chemicals and reagents. Antibodies against poly ADP‑ribose 
polymerase (PARP), p21, acetylated p53 at Lys‑382 were 
obtained from Cell Signaling Technology, Inc. The anti‑β‑actin 
antibody was purchased from Sigma‑Aldrich; Merck KGaA. 
KU‑55933 and KU‑60019 were purchased from Merck KGaA. 
ACY‑1215 was purchased from APeXBIO Technology LLC.

Cell culture and protein assessment. MDA‑MB‑231 (HTB‑26) 
and MCF‑7 (HTB‑22) cells were purchased from American 
Type Culture Collection (ATCC) and were cultured at 37˚C 
in either RPMI‑1640 medium (product no. 10‑040‑CV) or 
DMEM (product no. 10‑013‑CV; both from Corning, Inc.) 
medium supplemented with antibiotics (penicillin and strep‑
tomycin; 1:100 dilution; Gibco; Thermo Fisher Scientific, Inc.) 
and 10% fetal bovine serum (FBS; cat. no. 26140‑079; Gibco; 
Thermo Fisher Scientific, Inc.), respectively. Cells were lysed 
with TGN lysis buffer containing protease inhibitor cocktails 
(Roche Diagnostics). The protein concentration was deter‑
mined by the BCA method.

Immunoblotting detection of proteins. Equal amounts of protein 
(50‑80 µg) were subjected to SDS‑PAGE (4‑12%) and then 
transferred to a PVDF membrane. After blocking (5% milk in 
TBST for 2 h at RT), PVDF membranes were incubated with 
the following primary antibodies: Acetyl‑p53 (Lys382) (1:1,000; 
product no. 2525), p21 Waf1/Cip1 (1:1,000; product no. 2947), 
PARP (46D11) (1:1,000; product no. 9532), acetyl‑α‑tubulin 
(K40) (D2063) (1:1,000; product no. 5335; all from Cell Signaling 
Technology, Inc), β‑actin (1:2,000; product no. A2228), acetyl‑p53 
(Lys320) (1:200; product no. 06‑1283; both from Sigma‑Aldrich; 
Merck KGaA), HDAC6 (D‑11) (1:100; cat. no. sc‑28386) and 
p53 (DO‑1) (1:500; cat. no. sc‑126; both from Santa Cruz 
Biotechnology, Inc.) at 4˚C overnight, and HRP‑conjugated 
secondary antibody (1:3,000; product code ab97051 or product 
code ab97023; Abcam) for 45 min at room temperature. The 
images were developed using SuperSignal™ West Pico PLUS 
chemiluminescent substrate (cat. no. 34580; Thermo Fisher 
Scientific, Inc.) following the manufacturer's protocol and visu‑
alized using Amersham Imager 600. Densitometric analysis 
was performed with the Amersham Imager 600 Analysis 
Software, V 1.0.0, from GE/General Electric.

Flow cytometric assay. Cells were cultured to sub‑confluence 
and then treated (37˚C) with 10 µM ACY‑1215 for 24 h. 
Cells were then harvested and fixed overnight at ‑20˚C with 
cold 70% ethanol. Cells (1x106/ml) were then treated with 

RNase and stained with propidium iodide at room tempera‑
ture in the dark for 30 min (Sigma Aldrich; Merck KGaA). 
Cell cycle distribution at the G1 and S phases was analyzed 
by flow cytometry (FACSCalibur; and CellQuest software 
version 6.0f9; both from BD Biosciences), and cell cycle arrest 
was presented as G1/S ratios as previously described (9).

MTT cell viability assay. Cells (1x106/ml) were seeded in 
48‑ or 96‑well plates and cultured (37˚C) to sub‑confluence. 
Following serum starvation for 24 h, the cells were then 
treated with ACY‑1215, KU‑55933 and/or KU‑60019 (10 µM 
each) for 72 h at 37˚C. The ratio of viable cells in each well was 
determined using a CellTiter Nonradioactive Cell Proliferation 
Assay kit (cat. no. G400; Promega Corporation) according to 
the manufacturer's protocol. The Solubilization Solution/Stop 
Mix (included in the kit) was then added to the culture wells to 
solubilize the formazan product, and the absorbance at 570 nm 
was recorded using a plate reader.

IncuCyte cell proliferation assay. Cells were seeded at 
40,000/well in 48‑well plates in cell culture medium containing 
2% FBS. Following the addition of chemical compounds 
(ACY‑1215, KU‑55933 and/or KU‑60019; 10 µM each), the 
plates were placed in the IncuCyte S3 Live‑Cell Analysis System 
(Essen BioScience) where real‑time images were captured every 
6 h for 72‑96 h at a magnification of x10 for the entire experiment. 
The confluence of each group of cells was evaluated and plotted 
with the IncuCyte S3 2019A software (Essen BioScience).

Cell migration assay. MDA‑MB‑231 cells (1x106/ml) were 
seeded in a 6‑well plate and were allowed to proliferate. 
Following the formation of a confluent monolayer (near 100%), 
the cells were scratched with a 200‑µl sterile tip. Cells (which 
were serum‑starved) were then washed with PBS and treated with 
different chemical compounds (10 µM ACY‑1215 ± KU‑55933 or 
KU‑60019; KU55 alone; KU60 alone; as well as a control/vehicle 
(DMSO): Con; ACY, KU55, KU60, ACY + KU55, ACY + KU60). 
Images of the extent of cell migration (0 and 24 h) were captured 
with an inverted light microscope.

Cell invasion assay. Cells (1x106/ml) suspended in serum‑free 
medium were seeded into the upper well of the invasion chamber 
(pore size 8 µm; cat. no. 08‑774‑122; Corning, Inc.). Medium 
containing 10% FBS was added to the bottom well of the 
chamber to serve as a chemoattractant. Chemical reagents (Con, 
ACY‑1215, KU55 + ACY‑1215, KU60 + ACY‑1215) were added 
to both the upper and bottom layer of the chamber. Following 
incubation at 37˚C for 24 h, the cells on the upper surface of the 
filters were wiped away with a cotton swab. The filters were fixed 
with 2% paraformaldehyde followed by staining with 0.1% crystal 
violet for 10 min each at room temperature. The number of inva‑
sive cells were quantified under a light microscope.

Animal study. A total of 30 female athymic nude‑Foxn1nu 

mice (10‑12 weeks old; Envigo) were injected at the left and/or 
right flank with 1x106 MDA‑MB‑231 cells in PBS‑Matrigel 
(BD Biosciences). The housing conditions were as follows: 
68‑74˚F; 30‑70% humidity; and 12‑h light/dark cycle, with full 
access to food and water. Experiments were performed in the 
date range of 3/12/2020 to 7/10/2020. After the tumors became 
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visible (~40‑50 mm3), the mice with roughly equal tumor 
burden were divided into four groups. One group was intraperi‑
toneally injected with vehicle and the other groups were injected 
with 30 mg/kg ACY‑1215 (8), 1 mg/kg KU‑55933 (12), or the 
combination. Tumor volumes were calculated according to the 
following formula: Volume = (width)2 x length/2. Width and 
length of the tumors were measured using an electronic digital 
caliper with a resolution of 0.01 mm. Tumor volumes and body 
weight were recorded weekly and tumor weight and sizes were 
measured with the diameter of the largest tumor at 12 mm. 
Following four weeks of treatment, the mice were euthanized 
via a primary method of carbon dioxide euthanasia (flow rate of 
carbon dioxide used was ~30% chamber volume displaced/min), 
followed by a secondary method of cervical dislocation. Tumor 
samples were then removed. All the procedures were approved 
(IACUC Protocol 1905‑37107A) by the University of Minnesota 
IACUC committee (Minneapolis, MN, USA).

Statistical analysis. Comparisons between two groups were 
evaluated by a Student's paired t‑test and one‑way ANOVA 

followed by Tukey's post hoc test was used to compare means of 
multiple groups with GraphPad Prism v. 9 (GraphPad Software, 
Inc.). Data are presented as the mean ± standard error and P<0.05 
was considered to indicate a statistically significant difference.

Results

ACY‑1215 causes increased p53 acetylation and induces 
p21 in breast cancer cells. As aforementioned, HDAC6 
inhibits p53 activity and p53‑mediated cellular events through 
deacetylation of p53 at Lys382 (6), and ACY‑1215 is a newly 
developed specific HDAC6‑inhibitor (8). Therefore, the effect 
of ACY‑1215 was first examined on p53 acetylation and 
induction of p21, a downstream target of p53, in MCF‑7 and 
MDA‑MB‑231 cells. First, HDAC6 expression in these cell 
lines was confirmed and ACY‑1215 efficacy in the inhibition 
of HDAC6 was assessed by western blotting. The well‑estab‑
lished substrate, α‑tubulin, was identified as an indirect read 
out of ACY‑1215 inhibiting HDAC6 activity, and therefore 
increased acetylated‑α‑tubulin levels (Fig. 1A). Then, our 

Figure 1. Inhibition of HDAC6 by ACY‑1215 leads to increased p53 acetylation at Lys382, and enhanced expression of p21. (A) HDAC6 expression levels 
in MCF‑7 and MDA‑MB‑231 cells were confirmed by western blotting (upper panel). Furthermore, cells were cultured to sub‑confluence and then treated 
with 10 µM ACY‑1215 for 24 h, and the levels of acetylated α‑tubulin (Acet‑α‑tub) were assessed by immunoblotting (lower panel). (B and C) MCF‑7 (B) 
and MDA‑MB‑231 (C) cells were cultured to sub‑confluence and then treated with 10 µM ACY‑1215 for the indicated time‑points. p53 acetylation at Lys382, 
total p21, total p53, and β‑actin were detected by immunoblotting. The results in B and C are representative of three individual experiments. (D) MCF‑7 and 
MDA‑MB‑231 cells were cultured to sub‑confluence and then treated with 10 µM ACY‑1215 for 24 h. Levels of p53 acetylation at Lys320 were assessed by 
immunoblotting. *P<0.05 and **P<0.01. HDAC6, histone deacetylase 6.
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results showed that ACY‑1215 caused increased acetylation 
of p53 in MCF‑7 cells (Fig. 1B). Additionally, this increased 
acetylation was accompanied by increased expression of p21, 
suggesting that ACY‑1215 may lead to enhanced transcrip‑
tional activity of p53. Next, MDA‑MB‑231 cells were treated 
with ACY‑1215 and it was determined that this inhibitor also 
caused increased acetylation of p53 (Fig. 1C). To our surprise, 
our results showed that this increased acetylation was also 
accompanied by increased expression of p21, suggesting that 
the inhibition of HDAC6 may lead to enhanced transcriptional 
activity of p53 in MDA‑MB‑231 cells as well. Furthermore, the 
effects of ACY‑1215 appear to mainly target p53 Lys382, as no 
significant differences were observed at Lys320 (Fig. 1D).

ACY‑1215 induces apoptosis and G1 cell cycle arrest in breast 
cancer cells. Since p53 controls cellular function by both 
inducing cell cycle arrest at the G1 phase and apoptosis in 
cancer cell lines, the effect of ACY‑1215 on these p53‑medi‑
ated cellular events was next examined in both MCF‑7 and 
MDA‑MB‑231 cells. It was determined that ACY‑1215 treat‑
ment resulted in both apoptosis, revealed by increased cleavage 
of PARP (Fig. 2A), a substrate of caspase‑3, and G1 cell cycle 
arrest in MCF‑7 cells (Fig. 2B). More importantly, it was also 
observed that ACY‑1215 treatment led to increased apoptosis 
(Fig. 2C) and G1 cell cycle arrest (Fig. 2D) in MDA‑MB‑231 
cells.

Combination of ACY‑1215 and KU‑55933 or KU‑60019 
induces markedly stronger apoptosis and is more effective 

in inhibiting MDA‑MB‑231 cell proliferation. Since the 
majority of the TNBC cells contain both p53 mutations and 
over‑activated Akt, and the specific ATM inhibitors KU‑55933 
and KU‑60019 inhibit Akt activity (13), a novel approach was 
next examined to target TNBC cells by combining ACY‑1215 
with KU‑55933 or KU‑60019. It was revealed that while 
ACY‑1215 or KU‑55933/KU‑60019 as single agent could 
cause increased cellular apoptosis, combination of ACY‑1215 
with KU‑55933 or KU‑60019 led to markedly stronger apop‑
tosis in MDA‑MB‑231 cells (Fig. 3A), suggesting an additive 
or synergistic effect of ACY‑1215 and KU‑55933 or KU‑60019 
on inducing apoptosis in MDA‑MB‑231 cells.

Next, the combination effect of ACY‑1215 with KU‑55933 
or KU‑60019 on MDA‑MB‑231 cells proliferation was deter‑
mined. First, the effect of ACY‑1215 ± KU‑55933/KU‑60019 
on MDA‑MB‑231 cells proliferation was examined using 
MTT assays and a stronger effect was identified (Fig. 3B). 
To further examine the effect of these inhibitors, their effects 
were tested using the IncuCyte S3 Live‑Cell Analysis System. 
Following treatment of MDA‑MB‑231 cells with ACY‑1215 
and KU‑55933 or KU‑60019, the inhibitory effects of either 
ACY‑1215 or KU‑55933 or KU‑60019 on proliferation of 
MDA‑MB‑231 cells were again observed, yet the combination 
of these drugs revealed a significantly stronger suppressive 
effect on the proliferation of MDA‑MB‑231 cells (Fig. 3C).

Combination of ACY‑1215 with KU‑55933 or KU‑60019 
induces markedly stronger apoptosis and inhibits MCF‑7 cell 
proliferation. Next, it was examined whether combination of 

Figure 2. Inhibition of histone deacetylase 6 by ACY‑1215 leads to increased apoptosis and G1 cell cycle arrest. (A and C) MCF‑7 (A) and MDA‑MB‑231 (C) cells were 
cultured to sub‑confluence and then treated with 10 µM ACY‑1215 for the indicated time‑points. Both floating and attached cells were collected following treatment. 
Cells were then lysed with TGN lysis buffer. Equal amounts of protein were subjected to SDS‑PAGE and later transferred onto PVDF membranes. PARP/cleaved 
PARP and β‑actin were detected by immunoblotting. (B and D) MCF‑7 (B) and MDA‑MB‑231 (D) cells were cultured to sub‑confluence and then treated with 
10 µM ACY‑1215 for 24 h. Cells were then harvested and fixed with ethanol. Cell cycle distribution at the G1 and S phases was analyzed by flow cytometry following 
propidium iodide staining of the cells as described in Materials and methods. Cell cycle arrest was presented as the G1/S ratio ± SEM from 3‑4 replicates. *P<0.05.
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ACY‑1215 with KU‑55933 or KU‑60019 could also induce 
stronger apoptosis in MCF‑7 cells as MCF‑7 also display 
high Akt activity (9). Similarly, while our results showed 
that ACY‑1215 or KU‑55933/KU‑60019 alone could lead to 
increased apoptosis or cleavage of PARP, the combination of 
ACY‑1215 with either KU‑55933 or KU‑60019 had a markedly 
stronger effect on inducing apoptosis in MCF‑7 cells (Fig. 3D).

Next, the effect of combination of ACY‑1215 with 
KU‑55933 or KU‑60019 on proliferation of MCF‑7 cells was 
also evaluated using both MTT assay and the IncuCyte S3 
Live‑Cell Analysis System. Results from both assays demon‑
strated that whereas individual compound including ACY‑1215 

or KU‑55933/KU‑60019 could inhibit MCF‑7 cell prolifera‑
tion, combination of ACY‑1215 with KU‑55933 or KU‑60019 
also had a more potent effect on inhibiting cell proliferation of 
MCF‑7 cells (Fig. 3E and F).

Noteworthy, the proliferation assays indicated that MCF‑7 
cells were slightly more sensitive to the double treatment 
compared with MDA‑MB‑231 cells. Conversely, PARP 
cleavage was more prominent in MDA‑MB‑231 cells than 
MCF‑7 cells. Perhaps, the different levels of HDAC6 expression 
(Fig. 1A) may explain the distinct response of cell proliferation 
between the two cell lines rendering MCF‑7 more sensitive to 
ACY‑1215 than MDA‑MB‑231. To keep the results consistent, 

Figure 3. Combination of ACY‑1215 with KU‑55933 or KU‑60019 has a stronger inhibitory effect on survival and proliferation than treatment with individual 
compounds alone. (A) MDA‑MB‑231 cells were serum‑starved overnight and then treated with ACY‑1215, KU‑55933, and/or KU‑60019 (10 µM each) for 24 h. 
Both floating and attached cells were collected following treatment. Cells were lysed by TGN lysis buffer, and cell lysates were subjected to SDS‑PAGE. PARP, 
cleaved PARP, and β‑actin were detected. The results are representative of three individual experiments. (B) MDA‑MB‑231 cells were plated on a 48‑well 
plate and cultured to sub‑confluence. Following serum starvation for 24 h, MDA‑MB‑231 cells were then treated with ACY‑1215, KU‑55933 and/or KU‑60019 
(10 µM each) for 72 h and MTT assays were performed. Results are presented as the absorbance ± SEM (C) MDA‑MB‑231 cells were plated on a 48‑well plate 
and cultured in the presence of 2% FBS and in the absence or presence of ACY‑1215, KU‑55933 and/or KU‑60019 (10 µM each) for 120 h, and the cell prolifera‑
tion was determined by IncuCyte real‑time imaging. Data are expressed as the change in percent confluence from 3‑5 repeats. Treatments are labeled as control 
(red), KU‑55933 (yellow), KU‑60019 (green), ACY‑1215 (light blue), KU‑55933 + ACY‑1215 (blue), and KU‑60019 + ACY‑1215 (purple). (D) MCF‑7 cells were 
serum‑starved overnight and then treated with ACY‑1215, KU‑55933, and/or KU‑60019 (10 µM each) for 24 h. Both floating and attached cells were collected 
following treatment. Cells were lysed by TGN lysis buffer, and cell lysates were subjected to SDS‑PAGE. PARP, cleaved PARP, and β‑actin were detected. The 
results are representative of three individual experiments. (E) MCF‑7 cells were plated on a 48‑well plate and cultured to sub‑confluence. Following serum 
starvation for 24 h, MCF‑7 cells were then treated with ACY‑1215, KU‑55933 and/or KU‑60019 (10 µM each) for 72 h, and an MTT assay was then performed. 
Results are presented as the absorbance ± SEM. (F) MCF‑7 cells were plated on a 48‑well plate and cultured in the presence of 2% FBS and in the absence 
or presence of ACY‑1215, KU‑55933 and/or KU‑60019 (10 µM each) for 120 h, and the cell proliferation was evaluated by IncuCyte real‑time imaging. Data 
are expressed as the change in percent confluence from 3‑5 repeats. Treatments are labeled as control (red), KU‑55933 (yellow), KU‑60019 (green), ACY‑1215 
(light blue), KU‑55933 + ACY‑1215 (blue), and KU‑60019+ACY‑1215 (purple). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.



CAO et al:  REACTIVATION OF p53 TUMOR SUPPRESSOR FUNCTION IN TNBC6

the cleaved‑PARP was evaluated as the indicator of apoptosis 
in both MDA‑MB‑231 and MCF‑7 cells. However, MCF‑7 is 
known to have caspase‑3 deficiency and relies on caspase‑7 
alone for PARP degradation (14,15). This is likely the reason 
why MCF‑7 exhibited less prominent PARP degradation than 
MDA‑MB‑231 for the double treatment.

Combination of ACY‑1215 and KU‑55933 or KU‑60019 causes 
markedly stronger inhibition on migration and invasion of 
MDA‑MB‑231 cells. It is known that MDA‑MB‑231 cells 
have strong migration capability in vitro (16). Thus, the effect 
of combining ACY‑1215 with KU‑55933 or KU‑60019 on 
migration and invasion of MDA‑MB‑231 cells was examined. 
Similar to what it was observed in cell apoptosis and prolifera‑
tion assays, our results revealed a markedly stronger inhibitory 
effect on migration (Fig. 4A) and invasion (Fig. 4B and C) of 

MDA‑MB‑231 cells when both ACY‑1215 and KU‑55933 or 
KU‑60019 were used to treat the cells.

Combination of ACY‑1215 and KU‑55933 causes mark‑
edly stronger inhibition on tumor growth than ACY‑1215 or 
KU‑55933 alone in mouse tumor xenografts derived from 
MDA‑MB‑231 cells. To confirm the in vitro results, the effect 
of combining ACY‑1215 and KU‑55933 versus ACY‑1215 
or KU‑55933 alone on tumor growth in female nude mice 
inoculated with MDA‑MB‑231 cells was further determined. 
A total of 4 groups of mice with equal tumor burden were 
treated with the vehicle, ACY‑1215, KU‑55933, or ACY‑1215 
plus KU‑55933 for four weeks. Treatment with ACY‑1215 
and/or KU‑55933 had no adverse effects on mice, including 
food intake and body weight. However, mice treated with 
ACY‑1215 and KU‑55933 had significantly decreased tumor 

Figure 4. Combination of ACY‑1215 with KU‑55933 or KU‑60019 has a stronger inhibitory effect on migration and invasion, and markedly reduces tumor 
growth in vivo compared with treatment with individual compounds alone. (A) MDA‑MB‑231 cells were seeded in a 6‑well plate. Following forming a con‑
fluent monolayer, the cells were scratched with a 200‑µl sterile tip. Cells were then treated with ACY‑1215 ± KU‑55933 or KU‑60019 (10 µM each) as indicated 
for 24 h. Images of the cell migration were captured with an inverted microscope (magnification, x20). The results are representative of three experiments. 
(B and C) MDA‑MB‑231 cells suspended in serum‑free medium were seeded into the upper well of the invasion chamber. Medium containing 10% FBS 
was added to the bottom well of the chamber to serve as a chemoattractant. ACY‑1215 ± KU‑55933 or KU‑60019 (10 µM each) were added to both wells of 
the chamber. Following 24 h of incubation, the cells on the upper surface of the filters were wiped away. (B) The filters were stained with crystal violet and 
images were captured (magnification, x100). (C) Number of invasive cells on the filter were quantified under a microscope, and the number of cells ± SEM 
from 3 replicates are presented. (D) Female nude‑Foxn1nu mice were injected with 1x106 MDA‑MB‑231 cells into the left and/or right flanks as described in the 
Materials and methods. After the tumors became visible, the mice were divided into four groups and intraperitoneally injected with either vehicle or 30 mg/kg 
body weight of ACY‑1215 per day, 1 mg/kg body weight of KU‑55933 per day, or the same dosages of ACY‑1215 plus KU‑55933 per day for 5 days per week. 
The tumor volumes were measured on a weekly basis. The bar graph indicates the averages of tumor volumes ± SEM within each group (n=6‑8). ***P<0.001. 
(E) Following 4 weeks of treatment, the mice were euthanized. The tumors were removed, and images were captured. Representative images of dissected 
tumors are shown. ****P<0.0001.
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size compared with mice treated with only ACY‑1215 or 
KU‑55933 (Fig. 4D and E) (17).

Discussion

The crucial role of p53 in preventing tumorigenesis through 
induction of cell apoptosis, cell cycle arrest(18,19) and main‑
tenance of genomic stability (20‑22) render reactivation of 
mutated p53 one of the most promising therapeutic strategies 
in cancer therapy. Unfortunately, targeting mutated p53 protein 
has revealed to be a challenging task, as thus far, there are still 
no reactivators of p53 mutants available for clinical use (2). 
However, these failed attempts made it urgent to develop new 
compounds that could successfully restore function of p53 in 
TNBC and other subtypes of aggressive cancer.

In the present study, ACY1215 was identified as a novel 
activator of mutant p53. It was found that ACY1215 causes 
increased acetylation of p53 not only in MCF‑7 (non‑TNBC 
with wild‑type p53) but also in MDA‑MB‑231 cells (TNBC 
with mutated p53). More importantly, our results revealed 
that this increased acetylation was accompanied by increased 
expression of p21, suggesting that ACY1215 may lead to 
enhanced transcriptional activity of p53. Consistent with these 
findings, it was demonstrated that ACY1215 treatment resulted 
in G1 cell cycle arrest and apoptosis in both cell lines.

While ACY‑1215 may simply stimulate wild‑type p53 
transcriptional activity in MCF‑7 cells, it may have a distinct 
and more profound effect on mutant p53 in MDA‑MB‑231 
cells. While mutant p53 lost its transcriptional activity as a 
monomer, post‑translational modifications at its C‑terminal, 
including acetylation at Lys382, may restore mutant p53 to 
its normal conformation as a tetramer so it could bind to its 
downstream transcriptional targets, leading to cell cycle arrest 
and cell apoptosis (1,2). While our results suggested that the 
increased acetylation of p53 at Lys382 caused by ACY1215 
is important for mutant p53 to at least partially recover its 
wild‑type function in MDA‑MB‑231 cells, the underlying 
mechanism as to how function of mutant p53 is restored by 
ACY‑1215 requires further investigation.

The reactivation of mutant p53 also poses a great oppor‑
tunity in combination therapy with other chemotherapeutic 
compounds to target aggressive subtypes of cancer that are 
resistant to conventional cancer therapy. As Akt is overac‑
tivated in the majority of TNBC and ATM is a stimulator 
of Akt in cancer cells (9), combination of ACY‑1215 with 
KU‑55933/KU‑60019 was examined on the proliferation of 
MDA‑MB‑231 as well as MCF‑7 cells and it was observed that 
the combination caused a likely additive or synergistic effect 
on inhibition of proliferation of these cells. Our results further 
indicated that the suppressive effects on proliferation of these 
breast cancer cells are likely caused by enhanced cellular 
apoptosis.

Cells undergoing malignant transformation often exhibit 
a shift in cellular metabolism from oxidative phosphorylation 
to aerobic glycolysis (Warburg effect) to survive the tumor 
microenvironment (23). While p53 and Akt may induce cellular 
apoptosis through distinct pathways, i.e. p53/PUMA/Noxa or 
Akt/Bad/Bax, it is also likely they may regulate cell apoptosis 
through a common pathway. Indeed, it was recently observed 
that KU‑55933 strongly inhibits glucose uptake and glycolysis 

in aggressive breast and prostate cancer cells, including TNBC 
cells (12). Our previous results further demonstrated that the 
ability of KU‑55933 to inhibit glucose uptake and glycolysis 
is closely correlated with its induction of apoptosis (10‑12). 
Interestingly, as a tumor suppressor, p53 is also important 
in inhibiting glucose uptake and glycolysis by regulating the 
activities of multiple key enzymes involved in the glucose 
uptake and glycolysis processes (24,25). It will be interesting 
to further explore the mechanisms that are responsible for the 
effects of ACY1215 and KU‑55933/KU‑60019 on induction of 
cancer cell apoptosis.

In the present study, it was also demonstrated, for the 
first time to the best of our knowledge, that combination of 
ACY1215 and KU‑55933 may have an additive or synergistic 
effect on growth of TNBC‑derived breast tumors with no 
significant side effects. As TNBC represents one of the most 
malignant subtypes of cancer that are resistant to standard 
of care cancer chemotherapy, combination of ACY1215 and 
KU‑55933 or their analogs may represent novel chemothera‑
peutic agents that are highly effective in treating/preventing 
aggressive cancer and have the potential to replace traditional 
chemotherapeutic approaches/agents.

In summary, our study has provided novel insights into the 
molecular mechanisms underlying the function of ACY‑1215 
in inhibiting cancer cell proliferation and tumor growth and 
helped to identify ACY‑1215 as a novel activator of mutant 
p53 in cancer cells. Our results have further demonstrated 
that ACY‑1215 may inhibit proliferation of cancer cells 
through induction of cancer cell cycle arrest and apoptosis. 
Combination of ACY‑1215 and specific ATM inhibitors 
KU‑55933/KU‑60019 have also demonstrated their efficacy in 
inhibiting cancer cell proliferation and motility both in vitro 
and in vivo in cell and tumor models of TNBC. Thus, these 
results may pave the way for future clinical trials testing these 
compounds in people with high‑risk of developing cancer or 
patients with various types of aggressive cancers for which 
current chemo‑ or immunotherapy has limited efficacy.
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