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Abstract 
Background.  Brain metastases (BMs), the most common tumors of the central nervous system, are life-threatening 
with a dismal prognosis. The major challenges to developing effective treatments for BMs are the limited abilities 
of drugs to target tumors and to cross the blood-brain barrier (BBB). We aimed to investigate the efficacy of our 
therapeutic approach against BMs in mouse models that recapitulate the clinical manifestations of BMs.
Methods.  BMs mouse models were constructed by injecting human breast, lung cancer, and melanoma 
intracardially, which allowed the BBB to remain intact. We investigated the ability of the cell-penetrating peptide 
p28 to cross the BBB in an in vitro 3D model and in the BMs animal models. The therapeutic effects of p28 in com-
bination with DNA-damaging agents (radiation and temozolomide) on BMs were also evaluated.
Results.  p28 crossed the intact BBB more efficiently than the standard chemotherapeutic agent, temozolomide. 
Upon crossing the BBB, p28 localized preferentially to tumor lesions and enhanced the efficacy of DNA-damaging 
agents by activating the p53-p21 axis. In the BMs animal models, radiation in combination with p28 significantly 
reduced the tumor burden of BMs.
Conclusions.  The cell-cycle inhibitor p28 can cross the BBB localize to tumor lesions in the brain and enhance the 
inhibitory effects of DNA-damaging agents on BMs, suggesting the potential therapeutic benefits of this molecule 
in BMs.

Brain metastases (BMs) refer to the development of intracra-
nial tumors by circulating tumor cells derived from primary 
cancers outside the central nervous system (CNS)1 and occur 
in 10%–30% of adults with cancer.2,3 The development of BMs 
is a complex process, requiring primary cancer cell invasion 
into surrounding tissues and vessels, extravasation through 
the circulatory system, and growth in the brain.1 BMs occur 

most commonly in patients with melanoma, breast cancer, 
and lung cancer, which account for 67%–80% of BMs cases.4 
The incidence of BMs is increasing, possibly due in part to 
advances in the efficacy of therapies that have increased the 
survival and improved the prognosis of patients with cancer.5 
Standard approaches for the management of BMs are con-
tinuing to improve, and current therapies include surgical 

The brain-penetrant cell-cycle inhibitor p28 sensitizes 
brain metastases to DNA-damaging agents  

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License 
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any 
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Key Points

1.	 The cell-penetrating peptide p28 crosses the intact blood-brain barrier.

2.	p28 preferentially localizes to tumor lesions in the brain.

3.	Through regulation of the cell cycle and apoptosis pathways, p28 in combination with 
DNA-damaging agents exerts therapeutic effects on brain metastases.
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resection, stereotactic radiosurgery, and whole-brain 
radiation therapy.6,7 Recent advances in systemic che-
motherapy, including molecular targeted therapy, have 
substantially improved the survival of patients, including 
those with BMs.8,9 However, systemic administration of cy-
totoxic agents still plays a limited role in CNS diseases due 
to challenges related to delivery across the blood-brain 
barrier (BBB) to sites of metastasis in the brain.10

One promising approach for delivering therapeutics 
to the brain is the use of BBB-penetrating peptides ca-
pable of transporting neurotherapeutic cargo such as 
proteins, genetic material, and drugs across the brain pa-
renchyma.11,12 Some peptides transport cargo by binding 
receptors expressed on the luminal side of the brain 
with high affinity, whereas others penetrate the BBB via 
a receptor-independent mechanism13,14 and are termed 
cell-penetrating peptides.14–16 The straightforward syn-
thesis of cell-penetrating peptides and their good bio-
compatibility and efficient tissue penetration represent 
advantages over other delivery vehicles.17–19 We have 
studied the CPP p28, which comprises 28 amino acids of 
the protein azurin, a member of the cupredoxin family 
secreted from the opportunistic pathogen Pseudomonas 
aeruginosa.20,21 p28 preferentially enters various types of 
cancer cells (eg, breast cancer, melanoma, lung cancer, 
and glioblastoma cells) compared to normal counter-
parts, reduces the proteasomal degradation of p53, 
and induces cell-cycle arrest at the G2-M transition.22–24 
Importantly, p28 has no immunogenicity or cellular tox-
icity, as demonstrated in 2 phase I clinical trials, one in 
patients with advanced solid tumors (NSC745104) and 
the other in pediatric patients with recurrent/refractory 
CNS tumors (NCT01975116).25–27

In the development of systemic therapies for BMs, ap-
propriate models are necessary to obtain insight into the 
mechanisms underlying the development of metastatic 
disease and to screen clinically relevant therapeutics. A 
variety of injection routes can be used to generate BMs 
animal models. They include intravenous injections, 
orthotopic injections, or intracardiac injections of cancer 
cells.28 BMs models constructed by intravenous tail vein 
injection are typically avoided, as this approach leads 
primarily to metastases in other sites (eg, lung) prior 
to the brain.29,30 The principal advantage of stereotactic 
orthotopic injection is the high success rate of inducing 
BMs,31,32 but this approach disrupts BBB integrity and can 

alter the permeability of tumor lesions to drugs.33,34 In con-
trast, intracardiac injection of cancer cells can produce 
BMs without disrupting the BBB.35 Unlike stereotactic in-
jection, intracardiac injection requires cancer cells to cross 
the BBB to induce BMs. Given that the loss of BBB integ-
rity limits the ability of a model to recapitulate the clinically 
relevant characteristics of BMs,36,37 it is important to use 
appropriate experimental models to investigate new thera-
peutics for BMs.

In this study, we examined the ability of p28 to cross 
the BBB in an in vitro 3D model and in animal models of 
BMs. We also investigate the efficacy of our therapeutic 
approach against BMs in the mouse model of BMs. To ac-
complish this, we utilized BMs mouse models based on 
the intracardiac injection of melanoma, breast cancer, 
and lung cancer cells. This model better recapitulates the 
biological features of metastases than classical models 
constructed by xenograft-based stereotactic injection 
approaches, which impair the BBB. Together, the find-
ings that the cell-cycle inhibitor p28 can cross the BBB, 
localize to tumor lesions in the brain and enhance the 
antitumor effects of DNA-damaging agents on BMs sug-
gest that this molecule has potential therapeutic effects 
against BMs.

Materials and Methods

Peptide Synthesis

p28 peptide (LSTAA DMQGV VTDGM ASGLD KDYLK PDD, 
2914 Da) and Scrambled-p28 (Scr, GDLSA DMPLD MGKVT 
VSGLD YAQAD TDK, 2914 Da) were synthesized by CS Bio, 
Inc at >97% purity.

Cell Culture

A549 human lung cancer cells, MCF10A, and fibroblasts 
were purchased from American Type Culture Collection. 
UISO-Mel-7 melanoma38 and UISO-BCA-1 breast cancer39 
cells were established in our laboratory. Brain-specific met-
astatic MDA-MB-231 (MDA-231BR) cells were a kind gift 
from Dr. T. Yoneda, The University of Texas Health Science 
Center at San Antonio. All cells were cultured at 37°C in a 
humidified chamber containing 5% CO2.

Importance of the Study

Despite recent medical advances, brain metastases 
(BMs) remain a clinical challenge. In this study, mouse 
models that mimic the clinical manifestations of BMs 
were used to test our approach against BMs. For that, 
the BM mouse models were generated by intracardial 
injections of breast cancer, lung cancer, and melanoma, 
the most common cancer types that cause BMs. The 
BMs mouse models have the intact blood-brain barrier 
(BBB), unlike the stereotactic injection method. With the 

in vitro 3D BBB model and the BMs mouse models, p28, 
a cell-penetrating peptide, was found to cross the BBB 
and accumulate in BMs lesions. Upon entry, cell-cycle 
inhibitor p28 enhances the efficacy of DNA-damaging 
agents such as radiation and temozolomide. These re-
sults provide a clear rationale for the use of combina-
tion approaches involving the brain-penetrant molecule 
p28 for the treatment of BMs.
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In Vitro BBB Permeability Assay

Permeability to temozolomide (TMZ, Teva 
Pharmaceuticals, USA, #NDC 0093-7600-57) and p28 
(CS Bio, CA) was assessed with 3D Human Blood-Brain 
Barrier Kits (Alphabioregen, #EP010) following the 
manufacturer’s instructions. Briefly, the BBB models 
were thawed in BBB growth medium (#BBB-GM001), 
incubated overnight with fresh BBB growth medium, 
and then incubated with Endo-Neuro Pharmaceuticals 
media (#NMBBB001) for 3 days to establish a viable 
barrier. Following this step, 10 μM p28 and 100 μM TMZ 
were prepared in assay buffer [1× Dulbecco’s PBS con-
taining 0.9 mM Ca2+, 0.5 mM Mg2+, 25 mM D-glucose, and 
100  mM HEPES (pH 7.0)]. Permeability to p28 and TMZ 
was measured in 2 directions: The apical (A) to basolateral 
(B) direction (influx) and the B to A direction (efflux). For 
the drug transport assays, the BBB model inserts were 
transferred to other wells containing prewarmed assay 
buffers. As specified in the assay kit directions, the me-
dium in the donor compartment of the BBB model was 
replaced with medium containing 10 μM p28 (N = 3) or 
100 μM TMZ (N = 2). The concentration of TMZ was chosen 
based on its pharmacokinetic property in metastatic mel-
anoma patients.40 Relatively similar concentration of p28 
(100 μM TMZ = 20 μg/mL, 20 μg/mL of p28 = ~10 μM) was 
used in the assay. The plate was incubated for 30 minutes 
at 37°C, following which the samples were collected from 
the acceptor compartment and quantitatively analyzed by 
LC/MS.41 Medium without any test compounds was used 
as blank control. The apparent permeability (Papp) coeffi-
cients (cm/sec) were calculated according to the following 
formula:

Papp = (dC/dT × V) / (A × C0)

where dC/dt represents the change in concentration in the 
basal chamber (μg/s), V is the volume (mL) of the basal 
chamber, A is the membrane surface area (cm3), and C0 
is the initial concentration in the apical chamber at 0 min-
utes. The efflux ratio, defined as Papp(B–A)/Papp(A–B), was 
used to estimate the magnitude of efflux.

Colony Formation Assay

MDA-231BR and Mel-7 cells were seeded in 6-well plates 
at a density of 1000 cells per well and incubated at 37°C 
overnight. MDA-231BR and Mel-7 cells were exposed to 
50 μM p28 or 0.5 Gy irradiation (IR) alone or in combina-
tion. In another set of experiments, Mel-7 cells were also 
treated with 50 μM p28 or 100 μM TMZ alone, or in combi-
nation. Fifty μM Scrambled-p28 (Scr) was used as a nega-
tive control peptide. Cesium-137 irradiator (JL Shephard) 
and TMZ doses that inhibited 20% cell proliferation (IC20) 
were used. Cells cultured in the media without any treat-
ment were used as a control. The medium was replaced 
with fresh growth medium containing the indicated treat-
ment 3 times a week, and the cells were incubated at 37°C 
for a total of 2 weeks. Then, the cells were fixed with 4% 
paraformaldehyde and stained with 2% methylene blue. 
Colony size less than 2 mm were disregarded.

Apoptosis Assay

MDA-231BR and Mel-7 cells were seeded in 10 cm dishes 
and cultured overnight. MDA-MB231BR and Mel-7 cells 
were treated with 50 μM p28 or 0.5 Gy IR or in combina-
tion. Mel-7 cells were also treated with 50 μM p28 or 100 
μM TMZ or in combination. Apoptotic cells were detected 
by using Apoptosis kits (Life Technologies, #V13242). After 
24 hours, the cells were washed with 1X PBS, detached 
with TrypLE (Gibco), and collected by centrifugation. Then, 
the cells were washed and resuspended with 1X annexin 
binding buffer, and the cell density was adjusted to 1 × 106 
cells/mL. Subsequently, 5 μL of annexin-V was added to 100 
μL of cell suspension, and the mixture was incubated for 15 
minutes at room temperature. The cells were washed, incu-
bated with 5 μL of PI (propidium iodide) for an additional 15 
minutes on ice, washed, resuspended in 200 μL of buffer, 
and subjected to flow cytometry (Gallios flow cytometer). 
Kaluza software was used to analyze the proportions of 
dead (top left quadrant), late apoptotic (top right quadrant), 
early apoptotic (bottom right quadrant), and viable (bottom 
left quadrant) cells. Untreated cells were used as controls.

Western Blotting

Whole-cell lysates were prepared in RIPA buffer containing 
protease inhibitors (Cell Signaling Technology, #9806S). 
Mitochondrial and cytosolic proteins were extracted fol-
lowing the instructions of the Mitochondria Isolation Kit 
(Fisher, #89874). Briefly, the cells were incubated on ice with 
Reagent A for 2 minutes. Then, Reagent B was added, and 
the cells were incubated on ice for 5 minutes with vortexing 
every minute. After Reagent C was added, the samples were 
centrifuged at 700 × g for 10 minutes at 4°C, and the superna-
tant was collected and centrifuged at 12 000 × g for 15 min-
utes at 4°C. The resulting supernatant, which contained the 
cytosolic fraction, was collected in a new tube, and the pellet, 
which contained the mitochondrial fraction, was washed with 
Reagent C. The protein concentrations in the lysates were 
determined using Bradford reagent (BioRad, #500-0006). 
The cellular proteins were denatured, separated by 4%–12% 
SDS‒PAGE, And transferred to nitrocellulose membranes, 
which were probed with antibodies against the following 
proteins: p53 (Santa Cruz Biotechnology, #SC-17846), p21 
(Santa Cruz Biotechnology, #SC-397), Cyclin A (Biosource, 
#AHF0022), Cyclin E (Biosource, #AHF0312), CDK1 (Santa 
Cruz Biotechnology, #SC-53219), CDK2 (Santa Cruz 
Biotechnology, #SC-163), ATP5a (Santa Cruz Biotechnology, 
#SC-136178) and actin (Santa Cruz Biotechnology, #SC-
1616). Anti-actin and anti-ATP5a antibodies were used as 
loading controls.42 All antibodies were used at 1:1000 dilu-
tion. Western blot detection was performed using the ECL 
assay kit (ThermoFisher Scientific, # 34577).

Construction of BM Mouse Models by 
Intracardiac Injection

All animal experiments were approved by the Animal Care 
and Use Committee of University of Illinois and were per-
formed in accordance with the Guide for the Care and Use 
of Laboratory Animals. Four- to five-week-old athymic 
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nude mice were purchased from The Jackson Laboratory. 
Subconfluent MDA-MB231BR was fed fresh medium 24 
hours before preparation for intracardiac injection. Cells 
were harvested with 0.2% EDTA and 0.02% trypsin, incu-
bated in the culture medium, and suspended in PBS im-
mediately before heart inoculation. The female mice were 
anesthetized with ketamine/xylazine i.p. and placed in the 
supine position. A 30-gauge needle was inserted into the 
left ventricle of the heart, and after confirming the with-
drawal of fresh arterial blood, cell suspensions (100  000 
cells/0.1 mL PBS/mouse) were slowly injected as described 
previously.43 Mouse was monitored for recovery by 
maintaining its body temperature from the heat pad and 
was subsequently transferred to the colony room.

In Vivo Imaging of Indocyanine Green (ICG)-
Labeled p28 (ICG-p28)

Once the tumors in mice were confirmed by MRI, they re-
ceived an intravenous injection of 0.5 mg/kg ICG-p28.41,44 
Twenty-four hours later, near-infrared (NIR) images of 
brains were obtained by the Odyssey system (LI-COR, NE) 
and the FDA 510(k)-cleared NIR imaging system PDE neo 
(Photodynamic Eye; Mitaka USA, UT) as described previ-
ously.41,44 Specific NIR signals at 800 nm were recorded.

In Vivo Bioluminescence Assay

MDA-231BR cells stably expressing the luciferase gene 
(pGL4.51[luc2/CMV/Neo], Promega) were generated by 
chemical transfection (FuGENE HD, Promega) in the pres-
ence of G418 (GoldBio). The presence of metastases in 
mice intracardially injected with MDA-231BR-luc cells was 
assessed at various time points after tumor cell injection 
using noninvasive bioluminescence imaging. Briefly, mice 
received an intraperitoneal injection of 200 μL of 15 mg/mL 
D-luciferin potassium salt (GoldBio, #LUCK-100; the final 
dose of 150  mg/kg). Then, the mice were anesthetized in 
a chamber containing 2% isoflurane and oxygen and posi-
tioned for bioluminescent imaging using a Spectral Lago X 
imaging system. A series of images were acquired over 30 
minutes after the D-luciferin injection. Aura software (version 
3.2) was used to identify the regions of interest and integrate 
the total bioluminescence signal in each ROI. Data for each 
ROI were analyzed using radiance (photons/s/cm2/steradian).

Histological Analysis

Collected brain samples were fixed in buffered 3.7% for-
malin (Anatech) for 24 hours, after which the formalin was 
replaced with 70% ethanol. The samples were embedded 
in paraffin, and the paraffin blocks were cut into 4 μm-thick 
sections and mounted on slides for hematoxylin and eosin 
(H&E) staining and Ki67 staining.44

Statistical Analysis

GraphPad Prism 9.0 was used for the statistical analysis of 
data. Two-tailed t-tests were used for single comparison, 

and group differences were evaluated using ANOVA. Data 
were presented as means±SEM, and all experiments were 
performed in triplicates unless otherwise mentioned.

Results

p28 Crosses the BBB In Vitro

As the target diseases are BMs in this study, we first quan-
titatively investigated the ability of p28 to cross the BBB 
in an in vitro 3D model. In this model, the apical side rep-
resents the blood, and the basolateral side represents the 
brain, and permeability (Papp) was measured in 2 direc-
tions, from apical to basolateral (A–B, influx) and from 
basolateral to apical (B–, efflux) (Figure 1A). In general, 
the Papp(A–B) of CNS-positive compounds ranges 
from 3.4 × 10−6 cm/seconds to 20.2 × 10−6 cm/sec, with a 
threshold of 3  ×  10−6 cm/seconds 45. CNS-positive com-
pounds exhibit a low Papp(B–A) or an efflux rate of less 
than 2.5.45 For p28 with this model, the Papp(A–B) was 
5 × 10−6 cm/seconds, and the Papp(B–A) was only 0.9 × 10−6 
cm/seconds (P < .0001, Figure 1B). This result indicates the 
efficient influx of p28 across the BBB with low efflux. To 
better understand the potential implication of these Papp 
values, we compared the permeability of the in vitro BBB 
model to p28 and the standard chemotherapeutic TMZ, 
which is known to cross the BBB.46 The influx of p28 was 
significantly higher than that of TMZ (2.67 × 10−6 cm/sec-
onds) (P < .001, Figure 1C). Thus, these findings suggest 
that p28 crosses the BBB with a high influx rate and is thus 
a potent CNS drug candidate.

p28 Crosses the Intact BBB and Preferentially 
Localizes to Tumor Lesions In Vivo

Given the initial indication that p28 can cross the BBB, we 
first confirmed p28 preferentially penetration into cancer 
cells in vitro (Figure 2A). We next aimed to confirm this 
result in an in vivo model. As the most common types of 
cancer that form BMs are breast cancer, lung cancer, and 
melanoma, we used cell lines of these cancer types to gen-
erate mouse models of BMs with which to assess p28 entry 
into the CNS.4 To avoid disrupting the BBB, we introduced 
melanoma, breast cancer, and lung cancer cell lines into 
athymic mice via intracardiac injection. BMs were detected 
by T2-weighted MRI of the brain. Some of the mice devel-
oped BMs 4–6 weeks after the injection of Mel-7 (60%, 
3/5 mice), MDA-231BR (100%, 5/5 mice), BCA-1 (80%, 4/5 
mice), or A549 (60%, 3/5 mice) cells into the left cardiac 
ventricle (Supplementary Figure 1). Moreover, these mice 
showed signs of BMs, including severe clinical and neu-
rological symptoms such as body weight loss, behavioral 
changes, and paralysis (Supplementary Movies). We cre-
ated BM mouse models of breast cancer, lung cancer, and 
melanoma without using stereotactic implantation.

Next, we investigated BBB permeability and the prefer-
ential localization of p28 in the BM models with such cancer 
cells. ICG-p2841,44 was intravenously injected into the BM 
model mice, and p28 localization was assessed with NIR 
fluorescence. Upon systemic administration, ICG-p28 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad042#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad042#supplementary-data
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successfully crossed the BBB and localized to lesions in the 
brain, which were confirmed to be tumors by H&E staining 
(Figure 2B). Along with the earlier in vitro data, these in 
vivo data suggest that p28 readily crosses the intact BBB 
and preferentially localizes to and is retained in tumor le-
sions in the brain.

p28 Sensitizes BMs to DNA-Damaging Agents In 
Vitro

Non-small cell lung cancer is the most common type of 
lung cancer, and most cases of Non-Small Cell Lung 
Cancer are adenocarcinomas.47 Patients with melanoma 
and breast cancer have shorter overall survival than 
those with lung adenocarcinoma.48 Here, we focused on 
and examined whether p28 can enhance the effects of 
standard treatments for BM [irradiation (IR) and TMZ] on 
MDA-231BR breast cancer cells with a point mutation in 
p53 gene (R280K)23 and Mel-7 melanoma cells carrying 
wild type p53.49 In MDA-231BR cells, radiation in combi-
nation with p28 significantly decreased colony formation 
compared to PBS (73% reduction), Scrambled-p28 (Scr) 
(75% reduction), p28 alone (70% reduction), and radia-
tion alone (64% reduction) (Figure 3A). Similarly, colony 
formation of Mel-7 cells significantly decreased after 
treatment with TMZ in combination with p28 compared to 

treatment with PBS (70% reduction), Scrambled-p28 (Scr) 
(74% reduction), p28 alone (59% reduction), or TMZ alone 
(60% reduction) (Figure 3B). Treatment of Mel-7 cells with 
radiation in combination with p28 significantly decreased 
colony formation compared to treatment with PBS (71% 
reduction), Scrambled-p28 (Scr) (67% reduction), p28 
alone (51% reduction), or radiation alone (49% reduc-
tion) (Figure 3C). Together, the findings suggest that p28 
enhances the pharmacological effect of DNA-damaging 
agents, TMZ, or IR.

To investigate the effects of these treatment combin-
ations on apoptosis, MDA-231BR cells were treated with 
p28 or radiation alone or in combination, and Mel-7 cells 
were treated with p28 or TMZ alone or radiation alone or 
in combination with p28; flow cytometric analysis with 
annexin V-PI staining was used to assess apoptosis. The 
percentage of apoptotic MDA-231BR cells significantly in-
creased after treatment with radiation in combination with 
p28 compared to treatment with p28 alone and radiation 
alone (Figures 3D, E). Compared with p28 or TMZ alone, the 
combination of p28 and TMZ significantly increased apop-
tosis in Mel-7 cells (Figures 3F, G). Treatment of Mel-7 cells 
with the combination of p28 and radiation significantly in-
creased the apoptotic cell percentage as compared to p28 
or radiation alone (Figures 3H, I). These results show that 
p28 in combination with radiation or TMZ decreases colony 
formation by increasing apoptosis.
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Figure 1.  p28 crosses the blood-brain barrier (BBB) in an in vitro 3D model. (A) Schematic of the in vitro 3D BBB model. Human brain vascular  
endothelial cells were cultured in the upper chamber of the Transwell system, and pericytes and astrocytes were cultured in the bottom chamber  
to form 2 distinct cell layers that mimic the transport properties of the BBB. (B) The apical (A) to basolateral (B) (influx) and B to A (efflux) transport  
of p28. (C) Permeability (influx) of p28 and TMZ in the BBB model. Mean ± SEM, ** P < .01.
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p28 Enhances the Effect of DNA-Damaging 
Agents by Modulating the p53-p21 Axis

One of the master regulators of the cellular response to 
DNA damage is the tumor suppressor p53.50 Upon ex-
posure to radiation or the alkylating agent TMZ, the DNA 
damage response is activated, which increases p53 levels, 
leading to cell-cycle arrest and activation of the intrinsic 
apoptosis pathway.50 p28 can inhibit the cell cycle by 
blocking the proteasomal degradation of p53, resulting in 
its stabilization in cancer cells.23 Moreover, based on the 
KEGG pathway analyses51 in melanoma and breast cancer, 
the p53 pathway was identified (Supplementary Figure 2). 
Therefore, we examined the effect of combination treat-
ment on the p53 pathway in MDA-231BR and Mel-7 cells. 
Western blot analyses showed that p53 levels substan-
tially increased in response to single-agent treatment with 
p28, IR, or TMZ (Figure 4A). More importantly, the protein 
levels of p53 and its downstream CDK inhibitor p21 were 
significantly higher in cells treated with p28 and IR or TMZ 
than in cells treated with a single agent (Figure 4A). To gain 
more insight into the mode of action of the combination 
therapies, the levels of cell-cycle- and apoptosis-related 
proteins were determined. The levels of cyclin A, CDK1, 
and CDK2, but not of cyclin E, were decreased in both 
MDA-231BR and Mel-7 cells exposed to p28 in combina-
tion with radiation or TMZ compared to cells treated with 

PBS, p28 alone, or DNA-damaging agent alone (Figure 
4A). Additionally, cytochrome c (Cyt c) release from mito-
chondria was assessed, as this intrinsic apoptosis-related 
process contributes to apoptosome complex formation, 
which subsequently leads to apoptosis.52 As expected, Cyt 
c release into the cytoplasm of MDA-231BR and Mel-7 cells 
increased upon exposure to each individual agent (p28, IR, 
or TMZ) (Figure 4B). Notably, MDA-231BR and Mel-7 cells 
treated with p28 in combination with radiation or TMZ 
showed increased Cyt c levels in the cytosolic fraction but 
decreased Cyt c levels in the mitochondrial fraction (Figure 
4B), suggesting the induction of apoptosis. Collectively, 
these data demonstrate that p28 enhances the activity 
of DNA-damaging agents such as radiation and TMZ by 
modulating the p53-p21 axis.

Combination Treatment With p28 Increases the 
Antitumor Activity of Radiation in a BM Mouse 
Model

To investigate the in vivo relevance of the cellular find-
ings, mice with confirmed BMs formed by injected 
MDA-231BR cells were treated with radiation alone or 
in combination with p28 for 30 days. Due to its greater 
susceptibility to the combination approach (Figure 3A), 
luciferase-expressing MDA-231BR was created and used 
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Figure 2.  p28 crosses the BBB and preferentially localizes to Brain metastases (BMs). (A) Confocal images of the penetration of normal and 
cancer cells by p28. Human cancer cell lines (MDA-231BR, BCA-1, Mel-7, and A549) and normal cells (MCF-10A and fibroblasts) were cultured 
with Alexa Fluor 568-labeled p28 at 37°C for 2 hours, and images were obtained by confocal microscopy. Red, p28; blue, DAPI (nucleus). (B) MDA-
231BR brain-specific metastatic triple-negative breast cancer, BCA-1 breast cancer, Mel-7 melanoma, or A549 lung cancer cells were injected 
into the left cardiac ventricle of athymic mice. ICG-labeled p28 was intravenously injected into the mice. Near-infrared fluorescence imaging of 
the ICG-p28 signal (gray) in coronal brain sections (yellow dotted line on the anterior-dorsal view) of mice injected with MDA-231BR, BCA-1 or 
Mel-7 cells or in the anterior-dorsal view of the brain of mice injected with A549 cells. H&E staining of brain sections confirmed the presence of 
BMs (Tu).
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in this study. Mice in the control group were euthanized 
at an earlier time point (day 20) due to the tumor burden 
in the brain. Bioluminescence images showed that com-
pared with the control, radiation alone suppressed tumor 
growth, as expected (Figures 5A, B). Beginning 1 week 

after treatment initiation and continuing through week 4, 
combination treatment with p28 and radiation significantly 
suppressed tumor growth compared to radiation alone, as 
observed in representative images and indicated by quan-
titation (Figures 5A, B). These in vivo results confirm the in 
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Figure 3.  p28 enhances the effects of radiation and TMZ. (A) Colonies were counted after MDA-231BR cells were treated with 50 μM p28 or 0.5 
Gy radiation (IR) alone or in combination for 2 weeks. 50 μM Scrambled-p28 (Scr) was used as a control. Data are presented as the number of col-
onies per well, with representative images shown at the top. N = 3 per group. (B) Mel-7 cells were treated with 50 μM p28 or 100 μM TMZ alone 
or in combination and analyzed as described for (A). (C) Mel-7 cells were treated with 50 μM p28 or 0.5 Gy radiation (IR) alone or in combination 
and analyzed as described for (A). The percentage of apoptotic MDA-231BR (D, E) and Mel-7 (F, G, H, I) cells was quantitatively measured by flow 
cytometry. Data are presented as the mean±SEM. * P < .05, ** P < .01, *** P < .001, and **** P < .0001 (ANOVA).
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vitro findings that p28 and radiation in combination have 
a greater inhibitory effect on tumors than single-agent 
treatment. To confirm the decrease in tumor burden in the 
brain, immunohistochemistry (IHC) was used to visualize 

cancer cells within the brains of mice in the control, radi-
ation, and radiation in combination with p28 groups. H&E 
staining showed the presence of large tumors in the brains 
of mice in the control group, whereas mice treated with 
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radiation alone or in combination with p28 had smaller tu-
mors (Figure 5C). The cells within the brain lesions were 
identified as highly proliferative cancer cells based on Ki67 
staining (Figure 5C). These results showed that p28 can 
readily cross the intact BBB, localize to tumor lesions in 
the brain and enhance the antitumor effects of radiation on 
BMs.

Discussion

Radiation therapy plays an essential role in the manage-
ment of BMs.53 While surgical and radio-surgical tech-
niques have evolved over the past decades, improvements 
in targeted chemotherapy have begun to offer benefits for 
patients with certain cancer types.54,55 The major factors 
that regulate the response to chemotherapy are the drug 
sensitivity of the primary tumor and BMs and the BBB per-
meability to the agent.56 TMZ has been used widely in the 
treatment of glioblastoma and BMs owing to its ability to 
penetrate the BBB.57 Successful treatment of BM requires 
agents to both selectively target the tumor and penetrate 
the BBB.58 Drug uptake by the brain is limited by several 
factors, including the BBB and efflux transport systems.59 
Brain endothelial cells, pericytes, astrocytes, neurons, 
and the basal membrane form the tight physical barrier 
of the BBB, which allows the selective passage of gases 
and certain molecules while restricting the passage of 
most other molecules.60 Efflux transporters in the BBB act 
as additional obstacles to the entry of substances into the 
brain.61 Many therapeutic agents for brain cancer are inef-
fective because they are unable to cross the BBB despite 
the use of various invasive and noninvasive administra-
tion techniques.62,63 Among the recent advances in de-
livery systems, the transport of therapeutic molecules into 
the CNS through CPP-based delivery systems appears to 
hold considerable promise due to the excellent ability of 
these systems to efficiently carry macromolecules across 
cellular membranes with minimal cell toxicity.14 Our in 
vitro and in vivo data revealed that p28 has the ability to 
cross the BBB. The apparent permeability of p28 across 
the BBB is 5 × 10−6 cm/seconds, which is similar to a CNS-
targeting drug diazepam (5.20 × 10−6 cm/seconds),64 signif-
icantly greater than that of TMZ (2.67 × 10−6 cm/seconds), 
and greater than the threshold for candidate CNS drugs 
(3 × 10−6 cm/seconds).45 Our BBB permeability result for 
TMZ (2.67 × 10−6 cm/seconds) was similar (2.7 × 10−6 cm/
seconds) to the previous report.65 In metastatic mela-
noma patients, the pharmacokinetic profile showed that 
Cmax reached ~20 μg/mL when patients received 200 mg/
m2 TMZ.40 With the relatively similar doses of TMZ and p28 
in the 3D BBB assay, BBB permeability of p28 was signif-
icantly higher, suggesting the different mechanisms of 
BBB penetration. The transport efficiency of compounds 
across the BBB is dependent on several factors such as 
lipophilicity (TMZ: lipophilic, p28: Amphipathic proper-
ties)46,66 and molecular weight (TMZ: 194.15  g/mol, p28: 
2,918 g/mol). It has been suggested that TMZ enters and 
exits cells via passive diffusion without undergoing any 
specialized membrane transport processes.65,67 Although 
we demonstrated that p28 can enter endothelial cells 

(lesser than cancer cells) though, at least in part, endo-
cytosis via caveosomes,68 a further mechanistic study on 
BBB penetration is needed.

The BBB presents an obstacle to the passage of both 
solutes and cells into the brain. For cancer cells to me-
tastasize to the brain, they must undergo morpholog-
ical changes and cross the BBB, which constitutes the 
endothelium and surrounding cells.69 It is important to 
use an appropriate preclinical mouse model that suc-
cessfully recapitulates the biological characteristics of 
BMs. It is not surprising that many preclinical findings 
from animal studies fail to reflect the complexity of me-
tastases in humans and that drug responses in models 
with a compromised BBB cannot be validated in human 
clinical trials.70 In this study, we constructed BMs mouse 
models by intracardial injection of the most common 
cancer types (breast cancer, lung cancer, and mela-
noma) that form BMs. These mouse models develop BMs 
without disruption of the BBB, unlike those constructed 
by the stereotactic injection method. Recent studies have 
demonstrated that nerve growth factor receptor (NGFR/
CD271) is crucial for melanoma cells survival, migration, 
stemness, and cellular plasticity and has been found to 
drive the progression of melanoma BMs.71 In this study, 
we found CD271 upregulation in Mel-7 from melanoma 
brain metastasis as compared to the primary site tumor 
cells (Supplementary Figure 3), suggesting that our an-
imal model, at least in part, confers the neural character-
istics of melanoma BMs. In experiments with these BMs 
models, p28 was found to cross the BBB and preferen-
tially accumulate in BMs lesions.

In summary, we report the therapeutic potential of p28 in 
combination with DNA-damaging agents such as radiation 
and TMZ in vitro and in appropriate animal models and 
provide mechanistic insight into how p28 enhances the ef-
fects of DNA-damaging agents. Our study provides a clear 
rationale for the use of combination approaches involving 
the brain-penetrant molecule p28 for the treatment of BMs.
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