
INTRODUCTION

Tumors are heterogeneous populations that mainly com-
prise antimitotic drug-sensitive cancer cells (Al-Lazikani et al., 
2012; Conde et al., 2013; Brown et al., 2014). However, only 
a small proportion of tumors comprise drug-resistant cancer 
cells (Yoon and Kim, 2023). Drug-resistant cancer cells also 
include cancer stem cells (Cho and Kim, 2020; Robinson and 

Tiriveedhi, 2020; Seelig, 2020). Although initial antimitotic tu-
mor therapeutics were found to reduce proliferation and apop-
tosis in drug-sensitive cancer populations, they also increased 
drug-resistant cancer populations (Conde et al., 2013; Yoon 
and Kim, 2023). In addition, an increase in drug-induced resis-
tant cancer cell populations has been documented, resulting 
in tumor relapse (Gote et al., 2021; Shaikh and McClelland, 
2021).
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We identified drugs or mechanisms targeting ABCB1 (or P-glycoprotein; P-gp)-overexpressing drug-resistant cancer populations, 
given that these cells play a key role in tumor recurrence. Specifically, we searched for Akt inhibitors that could increase cytotox-
icity in P-gp-overexpressing drug-resistant cancer cells. We performed cytotoxicity assays using five cell lines: 1. MCF-7/ADR, 
2. KBV20C cancer cells (P-gp overexpression, vincristine [VIC] resistance, and GSK690693-resistance), 3. MCF-7, 4. normal 
HaCaT cells (non-P-gp-overexpressing, VIC-sensitive, and GSK690693-sensitive), and 5. MDA-MB-231 cancer cells (non-P-
gp overexpression, relatively VIC-resistance, and GSK690693-sensitive). Herein, we found that low-dose perifosine markedly 
and selectively sensitizes both MCF-7/ADR and KBV20C drug-resistant cancer cells exhibiting P-gp overexpression. Compared 
with other Akt inhibitors (AZD5363, BKM120, and GSK690693), low-dose perifosine specifically sensitized P-gp-overexpressing 
resistant MCF-7/ADR cancer cells. Conversely, Akt inhibitors (other than perifosine) could enhance sensitization effects in drug-
sensitive MCF-7 and HaCaT cells. Considering that perifosine has both an alkyl-phospholipid structure and is an allosteric inhibitor 
for membrane-localizing Akt-targeting, we examined structurally and functionally similar Akt inhibitors (miltefosine and MK-2206). 
However, we found that these inhibitors were non-specific, suggesting that the specificity of perifosine in P-gp-overexpressing 
resistant cancer cells is unrelated to phospholipid localizing membranes or allosteric inhibition. Furthermore, we examined the 
molecular mechanism of low-dose perifosine in drug-resistant MCF-7/ADR cancer cells. MCF-7/ADR cells exhibited increased 
apoptosis via G2 arrest and autophagy induction. However, no increase in P-gp-inhibitory activity was observed in drug-resistant 
MCF-7/ADR cancer cells. Single low-dose perifosine treatment exerted a sensitization effect similar to co-treatment with VIC 
in P-gp-overexpressing drug-resistant MCF-7/ADR cancer cells, suggesting that single treatment with low-dose perifosine is a 
more powerful tool against P-gp-overexpressing drug-resistant cancer cells. These findings could contribute to its clinical use as 
a first-line treatment, explicitly targeting P-gp-overexpressing resistant cancer populations in heterogeneous tumor populations. 
Therefore, perifosine may be valuable in delaying or reducing cancer recurrence by targeting P-gp-overexpressing drug-resistant 
cancer cells.
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Furthermore, relapsed tumors exhibit an increased num-
ber of resistant cancer cells (Conde et al., 2013; Vucicevic 
et al., 2018; Yoon and Kim, 2023). Hence, antimitotic drug 
treatments fail to achieve tumor sensitization, affording no 
reduction in size or proliferation. Therefore, it is crucial to re-
duce drug-resistant cancer cell populations via apoptosis in 
heterogeneous tumor populations during the initial or first-line 
chemotherapeutic drug treatment.

Resistant cancer populations exhibit upregulated mem-
brane overexpression of ABCB1 (P-glycoprotein, P-gp) (Shai-
kh and McClelland, 2021; Yoon et al., 2021; Yoon and Kim, 
2023). One critical mechanism for evading antimitotic drug 
toxicity is actively pumping out antimitotic drugs as substrates 
within cancer cells to reduce their internal toxicity (Yang et al., 
2008; Chen et al., 2016; Yoon et al., 2021). Therefore, tar-
geting the P-gp-overexpressing-resistant cancer population 
could delay tumor recurrence following first-line antimitotic 
treatment. The selection of low-toxicity agents is important to 
establish a first-line treatment protocol. P-gp-inhibiting drugs 
are toxic to normal tissues, and treatment with these agents 
can simultaneously impede immune cell attacks on tumors 
in cancer microenvironments (Cho and Kim, 2020; Robinson 
and Tiriveedhi, 2020; Seelig, 2020). Therefore, the toxicity of 
P-gp inhibition should be minimized to target the P-gp-overex-
pressing resistant populations in tumors. As a potential strat-
egy to hasten clinical trials, drug repositioning of US Food and 
Drug Administration (FDA)-approved drugs or drugs in clini-
cal trials should be considered (Clark, 2013; Pantziarka and 
Cairns, 2014; Yoon and Kim, 2021; Yoon et al., 2021; Yoon 
and Kim, 2022). FDA-approved drugs identified to target P-
gp-overexpressing drug-resistant cancer populations could 
be easily repositioned for targeting resistant cancer cells. Ac-
cordingly, we investigated repositioned drugs capable of spe-
cifically sensitizing P-gp-overexpressing resistant cancer cells 
compared with drug-sensitive cancer cells (Kim et al., 2019, 
2020; Jiang et al., 2021; Lee et al., 2022a, 2022c; Oh et al., 
2022a, 2022b; Park et al., 2023).

The PI3K/Akt/mTOR signaling pathway is highly activated 
in several cancers and can enhance growth-regulating sig-
nals (Keane et al., 2014; Uko et al., 2020; Toson et al., 2022). 
Akt-targeting inhibitors have been developed to inhibit the Akt 
signaling pathway, targeting ATP-binding sites as competitive 
inhibitors (Keane et al., 2014; Uko et al., 2020; Toson et al., 
2022). Furthermore, Akt inhibitors, such as allosteric inhibi-
tors, targeting other Akt domains (kinase catalytic domain or 
pleckstrin homology domain) have been developed to block 
their activated open structures (Keane et al., 2014; Uko et al., 
2020; Toson et al., 2022). Various Akt-targeting inhibitors have 
also been designed to specifically localize to the cytoplasm or 
cellular membranes to block its activation (Keane et al., 2014; 
Uko et al., 2020; Toson et al., 2022). 

We identified Akt inhibitors that selectively sensitized P-gp-
overexpressing resistant cancer cells (Kim et al., 2013; Choi 
et al., 2014, 2015, 2016). In the present study, we focused 
on identifying low-dose Akt inhibitors with reduced toxicity for 
clinical application. Herein, we found that low-dose perifos-
ine could markedly and selectively increase the cytotoxicity of 
P-gp-overexpressing resistant cancer cells (MCF-7/ADR and 
KBV20C), whereas non-P-gp-overexpressing resistant cancer 
cell lines (MCF-7, HaCaT, and MDA-MB-231) were consider-
ably less sensitive to the same perifosine dose. Furthermore, 
we examined mechanisms through which perifosine can sen-

sitize P-gp-overexpressing resistant cancer cells. Considering 
that perifosine is a phase II and III clinical drug under inves-
tigation for different cancer types (Argiris et al., 2006; Marsh 
Rde et al., 2007; Bendell et al., 2011; Cho et al., 2012; Fu et 
al., 2012), we assumed that our findings with low-dose perifo-
sine could stimulate its application as a first-line treatment for 
targeting P-gp-overexpressing drug-resistant cancer popula-
tions.

MATERIALS AND METHODS

Reagents and cell culture 
Perifosine, BKM120, AZD5363, GSK690693, MK-2206, 

miltefosine, aripiprazole, and tariquidar were purchased from 
Selleckchem (Houston, TX, USA). Verapamil and rhodamine 
123 were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
VIC was obtained from Enzo Life Sciences (Farmingdale, NY, 
USA). C-PARP and α-LC3B antibodies were purchased from 
Cell Signaling Technology (Danvers, MA, USA). GAPDH anti-
bodies were acquired from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). KBV20C, MCF-7/ADR, P-gp-over-express-
ing MDR cancer cell lines, were previously described in detail 
and used for a long period (Lee et al., 2022a, 2022c; Oh et al., 
2022a, 2022b; Park et al., 2023). HaCaT cells were previously 
used (Chan Kwon et al., 2020). MDA-MB-231, MCF-7 cells 
were also used previously (Lee et al., 2022b, 2022c; Park et 
al., 2023). To perform the experiments, the cells were grown 
in DMEM or RPMI1640 (WelGENE, Daegu, Korea) supple-
mented with fetal bovine serum (FBS) and antibiotics (penicil-
lin and streptomycin). 

Microscopic observation 
Cellular morphology and density were qualitatively exam-

ined using a microscope, as previously described (Lee et al., 
2022b, 2022c; Oh et al., 2022b; Park et al., 2023). MCF-7, 
MCF-7/ADR, HaCaT, MDA-MB-231, and KBV20C cancer cells 
were cultured and stimulated with 5 nM VIC, 5-10 μM perifo-
sine, 1 μM BKM120, 10 μM AZD5363, 10 μM GSK690693, 
10-20 μM miltefosine, 10 μM MK-2206, 5 μM aripiprazole, 
VIC+perifosine, VIC+aripiprazole, or 0.1% DMSO (negative 
control) for 1-2 days. The treated cells were then observed 
using an ECLIPSETs2 inverted routine microscope (Nikon, 
Tokyo, Japan) with a ×40 or ×100 objective lenses. The re-
sults were confirmed by at least two independent microscopic 
observations.

Cell viability assay 
Cellular viability was evaluated using an EZ-CyTox cell vi-

ability assay kit (Daeil lab, Seoul, Korea). The assay has been 
described previously (Lee et al., 2022c; Oh et al., 2022a, 
2022b; Park et al., 2022). P-gp-over-expressing KBV20C can-
cer cells were grown in 96-well plates and treated with 5 nM 
VIC, 5 μM perifosine, or 0.1% DMSO (negative control) for 
two days. Finally, 10 μl EZ-CyTox solution was added for 30-
60 min at 37°C, and the absorbance at 450 nm was recorded 
using a VERSA MAX Microplate Reader (Molecular Devices 
Corp., Sunnyvale, CA, USA). Quantitative analysis was per-
formed from two independent experiments in triplicate. Data 
are presented as mean ± standard deviation (SD).
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Fluorescence-activated cell sorting (FACS) analysis
Cell cycle analysis was performed as described previously 

(Lee et al., 2022c; Oh et al., 2022a, 2022b; Park et al., 2022). 
P-gp-over-expressing MCF-7/ADR cancer cells were stimulat-
ed with 5 nM VIC, 5 μM perifosine, 10 μM perifosine, or 0.1% 
DMSO (negative control) for one day. Pelleted cells were then 
dissolved in 75% ethanol for 1 h at –20°C and stained with 
propidium iodide for 0.5 h. The treated cells were observed 
using a Novocyte Flow Cytometer (ACEA Biosciences, San 
Diego, CA, USA). The results were confirmed by at least two 
independent FACS experiments.

Annexin V analysis 
Early and late apoptotic death was measured using a 

commercially available annexin V-fluorescein isothiocyanate 
(FITC) staining kit (BD Bioscience, Franklin, NJ, USA) accord-
ing to previously described procedures (Lee et al., 2022c; Oh 
et al., 2022a, 2022b; Park et al., 2022). MCF-7, MCF-7/ADR, 
HaCaT, and MDA-MB-231 cancer cells were stimulated with 5 
nM VIC, 5-10 μM perifosine, 1 μM BKM120, 10 μM AZD5363, 
10 μM GSK690693, or 0.1% DMSO (negative control) for one 
day. Pelleted cells were then stained with annexin V-FITC 
and propidium iodide and incubated for 30 min at 25°C. The 
stained cells were immediately examined using a Novocyte 
Flow cytometer (ACEA Biosciences). The results were con-
firmed using at least two independent experiments. 

DAPI nuclear staining
In this study, 4’,6-diamidino-2-phenylindole (DAPI) staining 

was performed to identify nuclear morphology and the pres-
ence of apoptotic bodies (Park et al., 2022). MCF-7/ADR cells 
(2×105) were seeded in confocal dishes. After 24 h of incuba-
tion, cells were treated with 0.1% DMSO as the control, 5 nM 
VIC, or 10 μM perifosine for 24 h. Next, the cells were fixed 
with acetone for 15 min, washed twice with PBS, and stained 
with DAPI (0.1 μg/mL in PBS) for 15 min at room tempera-
ture. After cooling, DPBS was used to thoroughly remove the 
dye, and morphological changes in the nuclear and apoptotic 
bodies were detected using a K1-fluo microscope (Nanoscope 
Systems, Daejeon, Korea).

Acridine orange fluorescence staining
Cells (2×105) were seeded in confocal dishes, treated with 

0.1% DMSO as the control, 5 nM VIC, or 10 μM perifosine for 
24 h. The cells were then washed thrice with cold PBS, fixed 
with 4% paraformaldehyde for 15 min, and again washed with 
cold PBS. After washing, the cells were stained with acridine 
orange (1 μg/mL) for 15 min at room temperature, washed 
twice with cold PBS again, and examined using a K1-fluo con-
focal microscope (Nanoscope Systems) equipped with a 100× 
objective lens. 

Rhodamine uptake tests
To evaluate the P-gp-inhibitory ability of drugs, rhodamine 

123 uptake tests were performed (Lee et al., 2022a, 2022c; 
Oh et al., 2022a; Park et al., 2023). Cells were plated in 6-well 
plates at a density of 3.5×105 per well for 24 h and then treated 
with 10 μM perifosine, 5 μM aripiprazole, 1.5 μM tariquidar 
(positive controls) or 0.1% DMSO (CON) for 1 h or 21 h. Then, 
the cells were stained with 0.5 µM rhodamine 123 and incu-
bated in the dark for 3 h at 37°C in a humidified atmosphere 
containing 5%. After staining, the attached cells were harvest-

ed and analyzed using a NovoCyte Flow Cytometer (ACEA 
Biosciences).

Western blotting
Protein levels were examined using western blot analysis, 

as previously described (Lee et al., 2022a, 2022c; Oh et al., 
2022a; Park et al., 2023). P-gp-over-expressing KBV20C can-
cer cells were grown in 100 mm dishes and treated with 5 
nM VIC, 5 μM perifosine, or 0.1% DMSO (negative control) 
for 1 day. Total cellular protein was isolated as described be-
low. Pelleted cells were dissolved using the PRO-PREP™ 
kit (iNtRON, Seongnam, Korea) and incubated on ice for at 
least 20 min. Protein extracts from the supernatants were col-
lected, and the protein concentrations were measured. Equal 
amounts of the protein extracts were subjected to sodium do-
decyl sulfate–polyacrylamide gel electrophoresis. The results 
were confirmed by at least two independent western blot ex-
periments.

Statistical analysis
Statistical tests were performed using one-way analysis of 

variance (ANOVA). Statistical significance was calculated us-
ing Graph Pad Prism Software Version 5.0 (GraphPad Soft-
ware, San Diego, CA, USA). Statistical significance is indicat-
ed as follows: ****p<0.0001.

RESULTS

Low-dose perifosine, a phase II Akt inhibitor with 
alkyl phospholipid, specifically sensitizes ABCB1-
overexpressed MCF-7/ADR cancer cells

We explored the potential of enhancing the cytotoxicity in 
ABCB1 (or P-gp)-overexpressing drug-resistant cancer cells. 
The Akt signaling pathway is positively correlated with drug 
resistance in cancer cells (Fu et al., 2012; Tomiyasu et al., 
2014; Toson et al., 2022). Therefore, we examined various Akt 
pathway-related inhibitors that specifically sensitized P-gp-
overexpressing drug-resistant cancer cells. The IC50 value of 
perifosine is known to be >10 μM in various solid cancer cell 
lines (Patel et al., 2002; Kondapaka et al., 2003; Chiarini et 
al., 2008). Our preliminary studies revealed no cytotoxicity in 
most cancer cell lines treated with 10 µM perifosine for 24 h. 
As shown in Fig. 1A, drug-sensitive MCF-7 cancer cells were 
markedly sensitized to 5 nM VIC, although 5 μM perifosine did 
not impact cell proliferation. MCF-7/ADR cells are well-known 
P-gp-overexpressing, drug-resistant cancer cells (Tang et al., 
2014; Lee et al., 2022c; Park et al., 2023). MCF-7/ADR cells 
exhibited a VIC-resistant phenotype (Fig. 1B). Surprisingly, as 
seen in microscopic observations, 5 μM perifosine reduced 
MCF-7/ADR cell proliferation (Fig. 1B). Comparing VIC-sensi-
tive MCF-7 and VIC-resistant MCF-7/ADR cells, we concluded 
that low-dose perifosine afforded highly selective sensitization 
effects only in drug-resistant MCF-7/ADR cancer cells. 

Quantitative analysis of the Annexin V assay was performed 
to compare apoptosis between drug-sensitive MCF-7 cells 
and drug-resistant MCF-7/ADR cancer cells treated with low-
dose perifosine. As shown in Fig. 1C and 1D, 5 μM perifosine 
significantly increased the number of apoptotic and necrotic 
regions in drug-resistant MCF-7/ADR cells. Conversely, the 
same perifosine dose resulted in limited apoptotic regions in 
drug-sensitive MCF-7 cells. As expected and observed by mi-
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croscopy (Fig. 1A), VIC significantly increased the cytotoxic-
ity of drug-sensitive MCF-7 cells (Fig. 1C). This indicates that 
low-dose perifosine selectively increases apoptosis in drug-
resistant MCF-7/ADR cells but not in sensitive MCF-7 cells. 

We also tested BKM120, another inhibitor of the Akt signal-
ing pathway, to determine its ability to sensitize drug-resistant 
MCF-7/ADR cancer cells (Uko et al., 2020; Toson et al., 2022). 
As shown in the apoptotic measurements in Fig. 1C and 1D, 
the same dose of BKM120 showed similar degrees of cytotox-
icity in MCF-7 and MCF-7/ADR cancer cells, thereby suggest-
ing that low-dose perifosine has selective sensitization effects 
on drug-resistant MCF-7/ADR cancer cells. Based on these 
findings, we speculated that low-dose perifosine specifically 
targets P-gp-overexpressing drug-resistant cancer cells. 

Drug-resistant MCF-7/ADR cells are highly resistant to Akt 
inhibitors (AZD5363 and GSK690693) 

We next examined other inhibitors of the Akt signaling path-
way in drug-resistant MCF-7/ADR cancer cells. A clinical trial 
assessing the Akt inhibitor, AZD5363 (Choi et al., 2015), was 

conducted to determine whether it could increase cytotoxicity 
in drug-resistant MCF-7/ADR cancer cells. As shown in Fig. 1E 
and 1F, AZD5363 markedly increased apoptosis only in drug-
sensitive MCF-7 cells, whereas the same dose of AZD5363 af-
forded similar levels of apoptosis in resistant MCF-7/ADR and 
DMSO-treated controls. Previously, GSK690693, another Akt 
inhibitor, was found to be a P-gp substrate and was pumped 
out by P-gp-overexpressing resistant cancer cells (Lee et al., 
2019). As seen in both microscopic observations and An-
nexin V analysis, GSK690693 markedly increased cytotoxic-
ity in drug-sensitive MCF-7 cancer cells, although it failed to 
increase cytotoxicity in drug-resistant MCF-7/ADR cells (Fig. 
1E, 1F). Accordingly, it can be suggested that low-dose Akt-
targeting inhibitors (BKM120, AZD5363, and GSK690693) did 
not specifically sensitize P-gp-overexpressing drug-resistant 
cancer cells, unlike low-dose perifosine. Collectively, low-dose 
perifosine could specifically sensitize P-gp-overexpressing 
drug-resistant cancer cells, independent of its Akt-targeting 
ability. 
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Fig. 1. Co-treatment with low-dose perifosine specifically sensitizes ABCB1-overexpressing drug-resistant MCF-7/ADR but not drug-sensi-
tive MCF-7 cancer cells. (A, B) MCF-7 or MCF-7/ADR cells were treated with 5 nM VIC, 5 μM perifosine (PERI), or 0.1% DMSO (CON). Af-
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Perifosine increases apoptosis of drug-resistant MCF-7/
ADR cells in a dose- and time-dependent manner

In addition, we examined whether an increased dose of 
perifosine could proportionally increase the cytotoxicity in 
drug-resistant MCF-7/ADR cancer cells. As seen in Fig. 2A, 
treatment with 10 μM perifosine increased both early and late 
apoptosis when compared with 5 μM perifosine. However, 
treatment with VIC failed to increase the cytotoxicity in MCF-
7/ADR cells when compared to that in sensitive MCF-7 cells 
(Fig. 1C, 2A), suggesting that MCF-7/ADR cells are highly 
resistant to antimitotic drugs. We also examined whether 
the toxicity of perifosine could be reduced by enhancing the 
treatment duration. As shown in Fig. 2B, a two-day-treatment 

with low-dose perifosine increased the cytotoxicity in resistant 
MCF-7/ADR cancer cells, whereas a two-day-GSK690693 
treatment did not increase the cytotoxicity. These results sug-
gest that low-dose perifosine efficiently increased the apop-
tosis of resistant MCF-7/ADR cells without delaying recovery 
from toxicity. Therefore, low-dose perifosine may increase cy-
totoxicity with increased treatment duration.

Low-dose perifosine minimally sensitizes normal human 
keratinocytes (HaCaT cells) 

It is crucial to ensure that low-dose perifosine exerts mini-
mal toxicity toward normal cells. Therefore, we examined 
whether low-dose perifosine increased cytotoxicity in HaCaT 
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cells. HaCaT is a keratinocyte-derived normal cell line routine-
ly used to determine the effects of protective drugs on normal 
skin damaged by toxic agents or ultraviolet irradiation (Jer-
emic et al., 2016; You et al., 2019; Chan Kwon et al., 2020; 
Finiuk et al., 2022). Drug toxicity can be compared between 
normal HaCaT and cancer cells (Jeremic et al., 2016; You et 
al., 2019; Chan Kwon et al., 2020; Finiuk et al., 2022). Spe-
cifically, we tested whether low-dose perifosine could induce 
relatively higher toxicity in HaCaT cells than in drug-resistant 
MCF-7/ADR cancer cells. As observed in drug-sensitive MCF-
7 cancer cells (Fig. 1C), treatment with 5 nM VIC primar-
ily increased HaCaT cell apoptosis (Fig. 2C), indicating that 
HaCaT cells are highly antimitotic, drug-sensitive normal cells. 
However, treatment with 5 µM perifosine minimally sensitized 
HaCaT cells, suggesting that low-dose perifosine has little tox-
icity in drug-sensitive normal cells. However, treatment with 
10 μM perifosine increased apoptosis of HaCaT cells (Fig. 
2C). Considering that 10 μM perifosine can more substantially 
sensitize drug-resistant MCF-7/ADR cancer cells than HaCaT 
cells (Fig. 2A, 2C), we concluded that low-dose perifosine was 
less cytotoxic against normal HaCaT cells and could selec-
tively sensitize P-gp-overexpressing drug-resistant MCF-7/
ADR cancer cells. 

We also examined the cytotoxicity of other Akt inhibi-
tors (BKM120, AZD5363, and GSK690693) in HaCaT cells. 
As previously described, these low-dose inhibitors exerted 
minimal sensitizing effects on drug-resistant MCF-7/ADR 
cells (Fig. 1D, 1F, 2B). However, HaCaT cells showed high 
levels of cytotoxicity when treated with the same doses of 
BKM120, AZD5363, and GSK690693 (Fig. 2C, 2D), similar to 
the drug-sensitive MCF-7 cells (Fig. 1C, 1E). Considering that 
among tested Akt signaling inhibitors, only low-dose perifosine 
caused minimal apoptosis in drug-sensitive HaCaT cells, we 
demonstrated that low-dose perifosine could specifically exert 
high cytotoxicity in P-gp-overexpressing drug-resistant MCF-
7/ADR cancer cells. Following treatment with the same dose 
of anticancer drug, high-density cultured cells demonstrated 
fewer sensitization effects than low-density cultures (Lee et 
al., 2022b; Park et al., 2022). We examined whether low-dose 
perifosine exerts density-dependent sensitization effects on 
HaCaT cells. As seen in Fig. 2E, HaCaT cells exhibited simi-
lar sensitization effects at both high and low densities when 
treated with low-dose perifosine, indicating that low-dose peri-
fosine exerts minimal cytotoxicity even in low-density HaCaT 
normal cells.

Perifosine is an allosteric inhibitor that targets the PH do-
main and blocks AKT activation. Therefore, we determined 
whether MK-2206, another allosteric inhibitor in clinical tri-
als (Choi et al., 2014; Uko et al., 2020; Toson et al., 2022), 
could increase cytotoxicity in drug-resistant MCF-7/ADR can-
cer cells. However, treatment with 10 µM MK-2206 induced 
similar degrees of sensitization in MCF-7/ADR, MCF-7, and 
HaCaT cells (Fig. 2F), suggesting that sensitization mediat-
ed by low-dose perifosine does not involve targeting the PH 
domain for Akt activation. Collectively, among the tested Akt 
pathway inhibitors in both drug-sensitive MCF-7 and HaCaT 
cells and drug-resistant MCF-7/ADR cancer cells, we found 
that low-dose perifosine selectively and specifically increased 
cytotoxicity in P-gp-overexpressing drug-resistant MCF7/ADR 
cancer cells. 

 Low-dose perifosine induces minimal sensitization of 
MDA-MB-231 cells with non-P-gp overexpression

Next, we investigated whether low-dose perifosine sensi-
tizes VIC-resistant cancer cells. MDA-MB-231 cancer cells, a 
triple-negative breast cancer (TNBC)-related cell line, show 
resistance to antimitotic drugs (Lee et al., 2022b). Microscopic 
observations and Annexin V analysis revealed that MDA-
MB-231 cells were highly resistant to VIC when compared 
with MCF-7 and HaCaT cells (Fig. 1C, 2C, 3A). Low-dose 
perifosine did not increase cytotoxicity in MDA-MB-231 cells, 
whereas BKM120 and GSK690693 increased cytotoxicity 
(Fig. 3A). Given that MDA-MB-231 cells are non-P-gp over-
expressing (Lee et al., 2022b), similar to MCF-7 and HaCaT 
cells, MDA-MB-231 cells showed high sensitization following 
treatment with GSK690693, a known substrate for P-gp efflux 
(Fig. 1E, 2D, 3A). However, MDA-MB-231 cells were resis-
tant to AZD5363 (Fig. 3A), and the same dose of AZD5363 
increased cytotoxicity in both MCF-7 and HaCaT cells (Fig. 
1E, 2D). Based on the results from relatively drug-resistant 
and non-P-gp-overexpressing MDA-MB231 cancer cells, low-
dose perifosine could specifically target cancer cells with both 
P-gp overexpression and drug resistance. 

Perifosine increases DNA condensations, G2 arrest, and 
autophagy induction in drug-resistant MCF-7/ADR cells 

Next, we examined the sensitization mechanism of low-
dose perifosine in drug-resistant MCF-7/ADR cells. Late-stage 
apoptosis can be evaluated by assessing chromosomal con-
densation (Park et al., 2022). As seen in the DAPI staining 
results in Fig. 3B, 10 μM perifosine increased DAPI-stained 
chromosomal condensation in MCF-7/ADR cells, whereas 
VIC treatment resulted in minimal chromosomal condensation. 
This finding suggests that low-dose perifosine rapidly induces 
late apoptosis, resulting in the death of MCF-7 /ADR-resistant 
cancer cells. We also determined whether low-dose perifosine 
could enhance cell cycle arrest in MCF-7/ADR-resistant can-
cer cells. As shown in Fig. 3C, 10 μM perifosine increased G2 
arrest in MCF-7/ADR cells. Treatment with 5 and 10 μM peri-
fosine demonstrated that G2 arrest was concentration-depen-
dent (Fig. 3C). These results indicate that low-dose perifosine 
increased apoptotic death via G2 arrest in MCF-7/ADR cells. 

Next, we explored whether low-dose perifosine could in-
crease autophagic death in MCF-7/ADR drug-resistant can-
cer cells. As shown in Fig. 3D, 10 μM perifosine induced and 
accumulated acridine orange staining in the acidic vacuoles 
of MCF-7/ADR cells, demonstrating that perifosine increased 
autophagy; however, VIC-treated MCF-7/ADR cells had scant 
acridine orange staining. Collectively, these results indicate 
that low-dose perifosine could induce late apoptotic death 
by inducing autophagic death and G2 arrest in P-gp-overex-
pressing drug-resistant MCF-7/ADR cancer cells. 

Perifosine does not increase P-gp inhibitory activity at 4 
and 24 h in drug-resistant MCF-7/ADR cells 

Furthermore, we evaluated whether combination treatment 
with perifosine could enhance the cytotoxicity in VIC-treated 
MCF-7/ADR cells. As seen in the microscopic observations 
in Fig. 3E, VIC+perifosine failed to increase the cytotoxicity 
in MCF-7/ADR cells when compared with perifosine treat-
ment alone. Co-treatment with VIC+aripiprazole significantly 
increased the number of MCF-7/ADR cells, similar to the 
positive control. This suggests that a single perifosine treat-



176https://doi.org/10.4062/biomolther.2024.069

ment could be effective in P-gp-overexpressing, drug-resistant 
MCF-7/ADR cancer cells. Given that inhibition of P-gp activity 
contributes to the sensitization of P-gp-overexpressing drug-
resistant MCF-7/ADR cells (Chiarini et al., 2008; Fu et al., 
2012; Lin et al., 2012), we investigated whether low-dose peri-
fosine could be involved in P-gp inhibitory activity. Previous 
studies have shown that perifosine reduces P-gp expression 
via transcriptional regulation (Chiarini et al., 2008; Fu et al., 
2012; Lin et al., 2012). We examined the efflux ability of rho-
damine 123, a well-known P-glycoprotein substrate. Consid-

ering that perifosine can impact the transcriptional regulation 
of P-gp (Chiarini et al., 2008; Fu et al., 2012; Lin et al., 2012), 
we evaluated the inhibitory activity at both 4 h (short time) and 
24 h (long time). As shown in Fig. 4A, 10 μM perifosine did not 
increase P-gp-inhibitory activity at either 4 or 24 h, whereas 
low-dose positive controls (aripiprazole and tariquidar) highly 
increased P-gp-inhibitory activity at both time points. These 
results indicated that the sensitization mechanism of low-dose 
perifosine does not involve P-gp-inhibitory activity in drug-re-
sistant MCF-7/ADR cancer cells. 
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Miltefosine has similar sensitization effects on MCF-7/
ADR, MCF-7, HaCaT, and MDA-MB-231 cells 

Perifosine is composed of an alkyl phospholipid with a 
structure similar to the Akt inhibitor miltefosine (Patel et al., 
2002; Kondapaka et al., 2003; Uko et al., 2020). Consider-
ing that perifosine functions as a membrane-targeting Akt in-
hibitor, we examined whether miltefosine, a structurally similar 
inhibitor, could increase sensitization in P-gp-overexpressing 
drug-resistant MCF-7/ADR cancer cells. As shown by micro-
scopic observations in Fig. 4B, VIC highly sensitized drug-
sensitive MCF-7 and HaCaT cells, whereas MCF-7/ADR and 
MDA-MB-231 cells were resistant to VIC. However, 20 and 10 

μM miltefosine exerted similar sensitization effects on MCF-
7/ADR, MCF-7, HaCaT, and MDA-MB-231 cells. Low-dose 
perifosine specifically and highly increased cytotoxicity only 
in MCF-7/ADR cells, suggesting that the structural similarity 
between perifosine and miltefosine fails to explain the high 
sensitization effects in P-gp-overexpressing drug-resistant 
MCF-7/ADR cancer cells. Accordingly, the alkyl-phospholipid 
structure of perifosine may not play a substantial role in the 
specific sensitization of P-gp-overexpressing drug-resistant 
cancer cells. 
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Low-dose perifosine increases the cytotoxicity of other 
P-gp overexpressing drug-resistant KBV20C cancer cells 

Finally, we determined whether low-dose perifosine could 
increase the cytotoxicity in other P-gp-overexpressing resis-
tant cancer cells. KBV20C cells are an oral squamous can-
cer cell line highly resistant to antimitotic drugs such as VIC, 
vinorelbine, or eribulin (Lee et al., 2022c; Oh et al., 2022b; 
Park et al., 2023). MCF-7/ADR cells have been shown to 
demonstrate considerably higher P-gp expression on cell 
membranes than KBV20C cells (Tang et al., 2014; Park et 
al., 2023). We identified various FDA-approved repositioned 
drugs that could sensitize KBV20C cells at low doses (Kim 
et al., 2020; Lee et al., 2022a, 2022c; Oh et al., 2022b; Park 
et al., 2023). Based on microscopic observations and viabil-
ity assays, we found that KBV20 cells were highly resistant 
to VIC and GSK690693 (Fig. 4C-4E). In contrast, low-dose 
perifosine increased cytotoxicity in P-gp-overexpressing 
drug-resistant KBV20C cancer cells. Considering that MCF-
7/ADR and KBV20C are P-gp-overexpressing drug-resistant 
cancer cell lines (Tang et al., 2014; Lee et al., 2022c; Park 
et al., 2023), low-dose perifosine could specifically target P-
gp-overexpressing drug-resistant cancer cells. We confirmed 
that low-dose perifosine increased apoptosis, as determined 
by C-PARP production (Fig. 4F). However, autophagy induc-
tion was not observed because α-LC3B levels were similar 
in both the control and perifosine groups (Fig. 4F). This find-
ing suggests that autophagy induction does not significantly 
contribute to the cytotoxicity of low-dose perifosine in P-gp-
overexpressing KBV20C cells. We assumed that autophagy 
can also occur without a-LC3B degradation in KBV20C cells. 

In conclusion, low-dose perifosine specifically sensitizes 
MCF-7/ADR and KBV20C cancer cells to P-gp-overexpress-
ing drug resistance. These results may contribute to further 
applications that target P-gp-overexpressing drug-resistant 
cancer cell populations. 

DISCUSSION

Tumors comprise a heterogeneous cell population, and a 
small proportion of tumors include drug-resistant cancer (stem) 
cells (Al-Lazikani et al., 2012; Brown et al., 2014). First-line 
chemotherapy reduces tumor volume via apoptosis in drug-
sensitive cancer populations (Al-Lazikani et al., 2012; Conde 
et al., 2013; Brown et al., 2014). However, it can stimulate 
drug-resistant cancer populations, resulting in tumor recur-
rence. Relapsed tumors do not respond to chemotherapeutic 
drugs and are primarily resistant cancers. Therefore, it is cru-
cial to enhance the apoptosis of drug-resistant cancer cells 
in heterogeneous populations during first-line chemotherapy. 
Considering that the characteristics of these drug-resistant 
cancer cells include overexpression of ABCB1 (or P-gp) on 
their membranes (Genovese et al., 2017; Cho and Kim, 2020; 
Robinson and Tiriveedhi, 2020; Seelig, 2020), it is assumed 
that first-line combination treatments with P-gp inhibitors could 
enhance the possibility of delaying tumor recurrence. Herein, 
we explored novel drugs and their underlying mechanisms in 
targeting P-gp-overexpressing drug-resistant cancer cells to 
facilitate first-line combination chemotherapeutic treatments. 

Given that FDA-approved drugs have long been used in 
clinics and their toxicities are well reported (Yoon et al., 2021; 
Yoon and Kim, 2022, 2023), these drugs can be easily applied 

as first-line combination treatments for targeting resistant 
cancer populations. Identifying novel mechanisms of FDA-ap-
proved agents could facilitate drug repositioning to target P-
gp-overexpressing drug-resistant cancer cells. We previously 
reported various FDA-approved (or clinical trial) repositioned 
drugs for sensitizing P-gp-overexpressing drug-resistant can-
cer cells with either single treatment or co-treatment (Kim et 
al., 2020; Lee et al., 2022a, 2022c; Oh et al., 2022a; Park et 
al., 2023). We focused on identifying whether the repositioned 
drugs could sensitize drug-resistant cancer cells at low doses, 
given that toxicity in normal tissues could impact the efficacy 
of low-dose treatment. 

Herein, we investigated various Akt inhibitors that could in-
crease the cytotoxicity in P-glycoprotein (P-gp)-overexpress-
ing drug-resistant cancer cells. We aimed to identify drugs that 
could be repositioned at low doses from among FDA-approved 
drugs or those in clinical trials. Based on our comparison of 
drug-sensitive cancer (or normal) cells and other Akt inhibi-
tors, we found that low-dose perifosine specifically targeted 
the sensitization of P-gp-overexpressing drug-resistant can-
cer cells. We next provide a detailed discussion and speculate 
on our findings. 

Importantly, we found that P-gp-overexpressing drug-re-
sistant cancer cells had a substantially lower IC50 value for 
perifosine than drug-sensitive cancer or normal cells. Rela-
tively low doses of perifosine could increase the cytotoxicity 
in P-gp-overexpressing drug-resistant MCF-7/ADR cancer 
cells, whereas drug-sensitive MCF-7 cancer cells showed 
minimal sensitization effect at these concentrations. This find-
ing suggests that low-dose perifosine specifically targets P-
gp-overexpressing, drug-resistant cancer cells. Furthermore, 
low-dose perifosine had a limited sensitization effect on nor-
mal HaCaT cells, suggesting that low-dose perifosine could 
reduce drug toxicity in normal cells when used in patients with 
cancer. Moreover, we demonstrated that low-dose perifosine 
could sensitize KBV20C cells (another P-gp-overexpressing 
drug-resistant cancer cell line), ensuring that low-dose peri-
fosine can specifically target P-gp-overexpressing drug-resis-
tant cancer cells. However, low-dose perifosine had a minimal 
sensitizing effect on MDA-MB-231 breast cancer cells (rela-
tively VIC-resistant but non-P-gp-overexpressing).

Accordingly, the results in MDA-MB-231 breast cancer 
cells strongly support the idea that low-dose perifosine can 
specifically sensitize P-gp-overexpressing drug-resistant can-
cer cells. Previous studies have also reported that perifosine 
increases cytotoxicity in resistant cancer cells (Chiarini et 
al., 2008; Fu et al., 2012; Lin et al., 2012). However, these 
studies largely focused on leukemia cell types and explored 
prolonged time durations (48 h) for sensitization. One study 
used perifosine at a dose exceeding 10 μM to sensitize drug-
resistant leukemia cells (Chiarini et al., 2008). Herein, we used 
breast cancer cell lines or normal cells (HaCaT) as solid tumor 
models and examined relatively low-dose perifosine (5 μM) for 
a short time duration (24 h) to sensitize P-gp-overexpressing 
resistant cancer cells. Our findings could reveal novel mecha-
nisms for the repositioning of low-dose perifosine. 

Several inhibitors targeting the Akt signaling pathway have 
been developed owing to their close association with cancer 
cell proliferation (Kondapaka et al., 2003; Keane et al., 2014; 
Uko et al., 2020; Toson et al., 2022). Therefore, it is crucial 
to determine whether other Akt-targeting drugs can also sen-
sitize P-gp-overexpressing drug-resistant cancer cells with a 
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specificity similar to that of low-dose perifosine. In drug-sen-
sitive MCF-7 cancer cells and normal HaCaT cells, two Akt 
inhibitors, 1 μM BKM120 and 10 μM AZD5363, induced higher 
levels of apoptosis than 5 μM perifosine. However, the same 
doses of BKM120 and AZD5363 induced far less cytotoxic-
ity than low-dose perifosine in P-gp-overexpressing drug-re-
sistant MCF-7/ADR cancer cells. These findings indicate that 
the selective specificity of low-dose perifosine in MCF-7/ADR 
cells could be independent of Akt inhibition mechanisms in P-
gp-overexpressing drug-resistant cancer cells. GSK690693, 
another Akt inhibitor, is a P-gp substrate and can be pumped 
out by P-gp-overexpressing drug-resistant cancer cells (Lee 
et al., 2019). We confirmed that P-gp overexpressing drug-
resistant MCF-7/ADR and KBV20C cancer cells were highly 
resistant to 20 μM GSK690693. In contrast, the same dose of 
GSK690693 could highly sensitize non-P-gp-overexpressing 
cells (MCF-7, HaCaT, and MDA-MB231 cells). These results 
also support the speculations that low-dose perifosine can 
selectively increase cytotoxicity only in P-gp-overexpressing-
resistant cancer cells. 

The Akt-targeting inhibitors were divided as follows: (1) 
competitive inhibitors as blocking agents for ATP binding, and 
(2) allosteric inhibitors that target the PH domain to prevent 
Akt activation and downstream signaling pathways (Kondapa-
ka et al., 2003; Keane et al., 2014; Uko et al., 2020; Toson 
et al., 2022). Given that perifosine is an allosteric inhibitor of 
Akt activation, we examined its potential in combination with 
MK-2206, an Akt allosteric inhibitor, in clinical trials. Our re-
sults revealed that sensitization with low-dose perifosine was 
not mediated by targeting the PH domain for Akt activation, 
given that 10 μM MK-2206 treatment showed similar degrees 
of sensitization in MCF-7/ADR, MCF-7, and HaCaT cells.

As perifosine is an alkyl phospholipid, we also examined 
miltefosine, a structurally similar Akt inhibitor (Kondapaka et 
al., 2003; Chiarini et al., 2008; Uko et al., 2020; Toson et al., 
2022). However, we found that miltefosine had similar cyto-
toxicity in MCF-7/ADR, MCF-7, HaCaT, and MDA-MB231 
cells. On comparing Akt inhibitors (BKM120, AZD5363, 
GSK690693, MK-206, and miltefosine) with perifosine, we 
concluded that low-dose perifosine selectively sensitizes P-
gp-overexpressing drug-resistant cancer cells, independent 
of Akt inhibition. Further investigations are needed to eluci-
date the sensitization mechanisms that underlie the selective 
specificity of P-gp-overexpressing drug-resistant cancer cells. 

Considering a more detailed analysis of sensitization mech-
anisms, low-dose perifosine increased G2 arrest in P-gp-
overexpressing, drug-resistant MCF-7/ADR cells. Perifosine 
increased G2 arrest in a dose-dependent manner, suggesting 
that G2 arrest plays a major role in apoptotic cell death. Low-
dose perifosine primarily facilitated the final steps of apoptotic 
death, as demonstrated by chromosomal condensation de-
tected by DAPI staining. Considering that low-dose perifos-
ine could increase cytotoxic death in MCF-7/ADR cells, we 
assumed that most G2-arrested MCF-7/ADR cells could be 
in states of cellular death, not in recovery from toxicity. We 
compared one- and two-day apoptotic effects induced by low-
dose perifosine and found that apoptotic death increased with 
the duration of perifosine treatment. This supports the notion 
that drug-resistant MCF-7/ADR cells could not circumvent the 
toxicity of low-dose perifosine over time. Autophagy induc-
tion involves an increase in apoptosis (Park et al., 2022). We 
found that perifosine increased the number of acidic vacuoles 

in drug-resistant MCF-7/ADR cells, indicating that perifosine 
could induce autophagy. Therefore, we concluded that low-
dose perifosine specifically increased final apoptotic death in 
P-gp-overexpressing drug-resistant MCF-7/ADR cells through 
G2 arrest and autophagy induction. 

Previous reports have shown that co-treatment with peri-
fosine can synergistically increase cytotoxicity in cancer cells 
(Fu et al., 2012; Guidetti et al., 2014). Perifosine was shown to 
reduce P-gp expression via an mRNA-regulating mechanism 
(Chiarini et al., 2008; Lin et al., 2012). P-gp inhibition mediated 
by low-dose perifosine may increase cellular VIC accumula-
tion, enhancing toxicity in P-gp-overexpressing resistant can-
cer cells. Therefore, we examined whether co-treatment with 
low-dose perifosine could increase the number of VIC-treated 
MCF-7/ADR cells. However, we noted minimal differences be-
tween low-dose perifosine treatment and VIC+perifosine com-
bination treatment.

Low-dose perifosine treatment for either 4 h (short) or 24 
h (long) did not enhance rhodamine 123 accumulation. In 
contrast, treatment with positive controls (aripiprazole and 
tariquidar) markedly increased rhodamine 123 accumulation, 
indicating that low-dose perifosine did not correlate with P-gp 
activity in terms of sensitizing P-gp-overexpressing drug-re-
sistant MCF-7/ADR cancer cells. Considering that low-dose 
perifosine exerts minimal P-gp inhibitory activity and no syn-
ergistic effects when combined with anticancer drugs in drug-
resistant MCF-7/ADR cancer cells, we conclude that low-dose 
perifosine could be practical as a monotherapy, despite the 
lack of synergistic effects when combined with anticancer 
drugs. 

Collectively, our findings revealed that low-dose perifosine 
could specifically sensitize P-gp-overexpressing drug-resis-
tant cancer cells, which facilitates the subsequent targeting 
by anticancer therapeutics. Our results could contribute to 
targeting P-gp-overexpressing drug-resistant (stem) cancer 
cell populations among heterogeneous cancer populations in 
tumors.
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