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Abstract. Breast cancer susceptibility gene 1 (BRCA1)-
associated protein 2 (BRAP2) is a novel protein that binds 
to BRCA1 and is located in the cytoplasm. BRAP2 has been 
demonstrated to bind to regulators of the Ras-Raf-MEK and 
PI3K/Akt pathways, both of which are involved in carcinogen-
esis. This suggests that BRAP2 may be capable of regulating 
both pathways. In the present study, the role of BRAP2 in both 
pathways was clarified during apoptosis and cell proliferation 
in a leukemia cell line. A BRAP2‑deficient leukemia cell line 
was generated using CRISPR/Cas9, the BRAP2-deficient 
and parental cells were treated with a Ras, pan-Raf or PI3K 
inhibitor, and the changes in signal transduction, apoptosis and 
cell proliferation were evaluated. BRAP2 knockout attenuated 
the inhibition of signal transduction of the Ras-Raf-MEK and 
PI3K/Akt pathways by the Ras, pan-Raf or PI3K inhibitor. 
BRAP2 deletion also suppressed the cytotoxic and apoptotic 
effects of the Ras and pan-Raf inhibitors. However, the loss of 
BRAP2 did not suppress the cytotoxicity of the PI3K inhibitor 
but did suppress the PI3K inhibitor-induced inhibition of 
cell proliferation. The present results indicated that BRAP2 
induces apoptosis and the inhibition of cell proliferation via 
regulating the Ras-Raf-MEK and PI3K/Akt pathways. In 
leukemia cells, because the Ras-Raf-MEK and PI3K/Akt 
pathways are activated aberrantly, the simultaneous inhibition 
of both pathways is desired. The current results indicated that 
enhancement of the function of BRAP2 may represent a new 
target in leukemia treatment.

Introduction

The Ras-Raf-MEK pathway is a mitogen-activated protein 
kinase (MAPK) pathway. Ras is activated by growth factors 
such as epidermal growth factor (EGF), then further activates 
Raf, MEK, and ERK, which in turn promote cell prolifera-
tion (1,2). Ras and raf have been reported as the most frequently 
mutated genes in cancers. For example, mutations of the ras 
gene occur in about 90% of pancreatic cancers and ~50% of 
colon cancers. Also, mutations of the raf gene occur in about 
70% of melanomas and about 10% of colon cancers (3).The 
mutated Ras protein reduces GTPase function, becomes locked 
in a permanently activated state, and continues to send signals 
downstream (4). The mutated Raf protein also activates ERK 
through downstream MEK (5). ERK activated by mutated Ras 
or Raf promotes cell proliferation and enhances EGFR ligand 
expression, leading to hyperactivation of the Ras-Raf-MEK 
pathway. This excessive signal transduction plays role in carci-
nogenesis, cancer growth, and drug resistance (6,7). In the signal 
transduction of the Ras-Raf-MEK pathway, a scaffold protein 
called kinase suppressor of Ras (KSR) is also important. KSR 
promotes the complex formation of Raf, MEK, and ERK, thereby 
enhancing signal transduction (8-10). Thus, the inhibition of 
KSR suppresses the signal transduction of the Ras-Raf-MEK 
pathway and is useful as an anti-cancer treatment (11,12).

In addition, it has been reported that Ras activates the 
phosphatidylinositol-3-kinase (PI3K)/Akt pathway (13,14). 
Like the Ras-Raf-MEK pathway, the PI3K/Akt pathway is 
also involved in promoting cell proliferation and suppressing 
cell death (15-17). Therefore, in anti-cancer treatment, a 
drug that inhibits only the Ras-Raf-MEK pathway will not 
completely eradicate cancer if the PI3K/Akt pathway remains 
activated (18). Thus, because of its roles in both pathways, 
Ras has been considered the most important target protein in 
cancer treatment (19). However, due to the multi-functionality 
of Ras, numerous Ras inhibitor candidates failed to show an 
anti‑cancer effect, and Ras has been the most difficult target 
for anti-cancer treatment (20). Now, a number of inhibitors 
inhibit downstream of the Ras pathway, but it is desirable to 
develop drugs that inhibit the Ras-Raf-MEK and PI3K/Akt 
pathways simultaneously (18).
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Breast cancer susceptibility gene 1 (BRCA1)-associated 
protein 2 (BRAP2) was identified as a novel cytoplasmi-
cally localized protein that binds to BRCA1 (21). It was later 
reported that BRAP2 not only binds BRCA1, but also functions 
as a cytoplasmic retention protein for p21 and NF-κB (22,23). 
Various studies revealed that BRAP2 plays role in diseases 
caused by myocardial infarction, carotid atherosclerosis and 
inflammation (23‑25). Taken together, these reports suggest 
that BRAP2 affects various types of intracellular signals. 
Yeast two-hybrid screening revealed that BRAP2 interact with 
Ras. BRAP2 is reported to inhibit the Ras-Raf-MEK pathway 
by binding to KSR (26). Since the inhibition of complex 
formation by the binding of BRAP2 to KSR is an event down-
stream of Ras, BRAP2 may suppress the signal transduction 
of the Ras-Raf-MEK pathway irrespective of the presence of 
Ras mutations. Moreover, BRAP2 has been reported to bind 
to proteins other than KSR. One of them is a phosphatase 
protein known as PH-domain and leucine-rich repeat protein 
phosphatase 1 (PHLPP1) (27). This protein is involved in Akt 
activation, and the regulation of PHLPP1 leads to inhibition 
of the PI3K/Akt pathway (28,29). That is, BRAP2 may inhibit 
both the Ras-Raf-MEK pathway and the PI3K/Akt pathway to 
suppress the proliferation or induce the death of cancer cells.

However, much remains unclear about the relationship 
between BRAP2 and the Ras-Raf-MEK pathway in cancer 
cells, and the relation between BRAP2 and the PI3K/Akt 
pathway is even less clear. In this study, to investigate the 
functions of BRAP2 against the Ras-Raf-MEK and PI3K/Akt 
pathways, we treated cells of a BRAP2‑deficient cell line with 
inhibitors of either pathway and evaluated the changes in 
signal transduction, apoptosis, and cell proliferation.

Materials and methods

Cells. Jurkat cells were purchased from DS Pharma Biomedical. 
THP-1 was provided by Dr Y. Kobayashi of Toho University 
(Chiba, Japan). BALL-1, HL-60 and MOLT-4F were provided 
by the Cell Resource Center for Biomedical Research, Tohoku 
University (Sendai, Japan).

Reagents. The farnesyl transferase inhibitor tipifarnib and 
the PI3K inhibitor LY294002 were purchased from Adooq 
Bioscience. The pan-Raf inhibitor LY3009120 was purchased 
from Selleck Chemicals. The PKC inhibitor staurosporine 
was purchased from Cayman Chemical. All inhibitors were 
solubilized in dimethyl sulfoxide (DMSO, Wako). Phorbol 
12-myristate 13-acetate (PMA) was purchased from Wako.

Medium and cell culture. The cells were cultured in RPMI1640 
medium (Sigma-Aldrich; Merck KGaA) containing 3.5 µg/l 
2-mercaptoethanol (Wako), 75 mg/l kanamycin sulfate (Wako), 
and 2 g/l NaHCO3 (Wako) supplemented with 10% fetal 
bovine serum (Biofill) and maintained at 37˚C in a humidi-
fied chamber (ESPEC) under an atmosphere of 95% air and 
5% CO2.

A n t i b o d i e s .  A nt i -BR A P 2  p olyclona l  a n t ib o dy 
(cat. no. ab77721) was purchased from Abcam. Anti-KSR 
polyclonal antibody (cat. no. AP7202a) was purchased from 
WuXi AppTec (Shanghai, China). Anti-β-actin polyclonal 

antibody (cat. no. 4967S), anti-phosphorylated (p)-Raf mono-
clonal antibody (cat. no. 9427S), anti-Raf polyclonal 
antibody (cat. no. 9422S), anti-MEK polyclonal antibody 
(cat. no. 9122S), p-ERK polyclonal antibody (cat. no. 9101S), 
anti-ERK polyclonal antibody (cat. no. 9102S), anti-p-Akt 
polyclonal antibody (cat. no. 9271S), anti-rabbit IgG-HRP 
linked antibody (cat. no. 7074S) and anti-mouse IgG-HRP 
linked antibody (cat. no. 7076S) were purchased from 
Cell Signaling Technology. Anti-caspase-3 monoclonal 
antibody (cat. no. sc-7272), anti-p-MEK monoclonal 
antibody (cat. no. sc-81503) and anti-Akt polyclonal anti-
body (cat. no. sc-8312) were purchased from Santa Cruz 
Biotechnology.

Knockout of BRAP2 by CRISPR/Cas9. pSpCas9 (BB)-2A-Puro 
(PX459) V 2.0 (Plasmid #62988) was purchased from 
Addgene (30). The BbsI site of the plasmid was cut with BbsI 
(New England Biolabs) at 37˚C for 1 h. The gRNA of BRAP2 
(top: CAC CGG AAA GGC GCT GCG TTC GAA A, bottom: 
AAA CTT TCG AAC GCA GCG CCT TTC CC) designed in 
CRISPRdirect (https://crispr.dbcls.jp) was ligated to the BbsI 
site of the plasmid using a DNA ligation kit (Takara Bio) 
at 16˚C for 3 h. The plasmid was transfected into Jurkat 
cells by using the Neon transfection system (Thermo Fisher 
Scientific, Inc.) under the conditions of pulse voltage 1350 (V), 
pulse width 10 (ms) and pulse number 3. Before this transfec-
tion, the Jurkat cells were cultured in serum-free RPMI1640 
medium containing an antibiotic agent at 37˚C for 4 h. The 
cells (2x106) were washed with Ca²+ and Mg²+-free phosphate 
buffered saline (PBS), then supplemented with 30 µl of 
resuspension buffer R (Thermo Fisher Scientific, Inc.) and 
10 µl of the plasmid DNA. After transfection, the transfected 
Jurkat cells were cultured in serum containing antibiotic-free 
RPMI-1640 medium containing 10% FBS. After 72 h, 
the transfected Jurkat cells were cultured in RPMI-1640 
medium containing 10% FBS and 0.5 µg/ml puromycin 
(Sigma-Aldrich; Merck KGaA) for one month. For single cell 
cloning, the drug-selected Jurkat cells were diluted and seeded 
at 1 cell per well in 96-well plates (Becton, Dickinson and 
Company). The wells were confirmed to each have a single cell 
by examination under a phase contrast microscope (Olympus) 
every 2 days. As soon as they began to grown, single cell clones 
were transferred to 24-well (Sigma-Aldrich; Merck KGaA), 
12‑well (Corning) or 6‑well (Thermo Fisher Scientific, Inc.). 
Finally, stable strains of Jurkat (Mock) and Jurkat (Δ BRAP2) 
cell lines were generated.

MTT assay. Cells (2x104) were incubated in 96-well plates 
with or without the Ras, pan‑Raf or PI3K inhibitors at 37˚C 
for 24 h. At 1 h prior to the end of incubation, 10 µl of 5 mg/ml 
MTT (Wako) solution was added to each well, and the plates 
were further incubated for 1 h. Then, the 96-well plates were 
centrifuged at 300 g for 5 min, and the supernatant of each 
well was removed. One-hundred microliters of DMSO was 
added to each well, and the cell viability was determined by 
measuring the absorbance of the formazan at 570 nm using a 
microplate reader (Awareness Technology).

SubG1 and cell cycle analysis by propidium iodide staining. 
Cells (2x106) were treated with the Ras, Pan-Raf or PI3K 
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inhibitors at 37˚C for 24 h. The concentration of cells was 
adjusted to 1x106 cells and then the cells were washed with 
PBS. The cells were added to a solution containing 500 µl 
of 0.1% Triton X-100 (Wako)-PBS, 5 µl of 5 mg/ml RNase 
A (Wako), and 12.5 µl of 1 mg/ml PI (Wako). After the cells 
were left in the dark for 20 min at room temperature, they 
were passed through a pore‑size nylon mesh. PI fluorescence 
was measured by a flow cytometer (Becton, Dickinson and 
Company).

Measurement of cell proliferation rate. Cells (1x106) were 
seeded in a BioLite 60 mm tissue culture dish (Thermo Fisher 
Scientific, Inc.). The cells were counted at the indicated times 
with a counting chamber (Hirschmann). For the measurement 
of cell growth inhibition by the PI3K inhibitor, cells (1x106) 
were seeded in a BioLite 60 mm tissue culture dish, treated 
with the PI3K inhibitor at 37˚C for 48 h, and counted with a 
counting chamber.

SDS‑PAGE and western blotting. Cells (2x106) were treated 
with drugs at 37˚C for the indicated times. The cells were 
harvested and washed with PBS. Lysis buffer (50 mM HEPES, 
pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM 
MgCl2, 1 mM EGTA, 1 mM sodium orthovanadate, and 
1% protease inhibitor cocktail; Sigma-Aldrich; Merck KGaA) 
was added to the cells, and the mixture was left on ice for 
20 min. The cells were centrifuged at 14,500 g for 15 min, 
and the supernatants were harvested as lysate samples. The 
samples were quantified by a BCA protein assay (Takara Bio) 
and adjusted to 2 mg/ml using lysis buffer. After the addition 
of a sample application buffer (4% SDS, 125 mM Tris, pH 6.8, 
10% glycerol, 0.02 mg/ml bromophenol blue, 10% 2-mercap-
toethanol), the samples were heated at 100˚C for 3 min. 
SDS-PAGE was performed on 4% concentrated gel and 12% or 
15% running gel. After the protein was transferred to a polyvi-
nylidene di‑fluoride (PVDF) membrane (Bio‑Rad), the PVDF 
membrane was soaked in 3% skim milk (Yukijirushi) for 1 h 
at room temperature. The skim milk dilution was changed 
and the membrane was soaked twice more for 30 min each at 
room temperature. The PVDF membrane was probed with the 
indicated primary antibodies (1:1,000) at 4˚C overnight. The 
primary antibodies were collected, and the PVDF membrane 
was washed with 0.1% Tween-20 (Wako)-PBS. The PVDF 
membrane was soaked in either anti-rabbit IgG-HRP-linked 
antibody (Cell Signaling Technology) or anti-mouse 
IgG-HRP-linked antibody (Cell Signaling Technology) 
(1:2,000) for 1 h at room temperature. The secondary anti-
bodies were washed out and the PVDF membrane was washed 
three times with 0.1% Tween-20-PBS for 15 min per wash. 
The PVDF membrane was soaked in ECL Western Blotting 
Substrate (Thermo Fisher Scientific, Inc.) for 1 min, then 
imaged with an ImageQuant LAS 4000 (GE Healthcare). 
For the observation of other proteins, in case of observing 
other proteins, the primary and secondary antibodies were 
stripped after imaging the PVDF membrane. Stripping was 
accomplished by soaking the PVDF membrane in stripping 
buffer (100 mM 2-mercaptoethanol, 2% SDS and 62.5 mM 
Tris, pH 6.7) in 65˚C water bath for 30 min, then washing with 
0.1% Tween-20-PBS for 15 min. The PVDF membrane was 
soaked in skim milk and reprobed with another antibody. The 

relative density of bands was quantified using ImageJ software 
(National Institutes of Health).

Statistical analysis. All data are presented as the mean ± SD 
of three experiments, and the statistical analyses were 
performed using Microsoft Excel for mac ver. 16.0 (Microsoft 
Corporation) and R ver. 4.0 software (R Foundation for 
Statistical Computing). The Student's t-test was used to 
compare paired groups. One-way analysis of variance was 
used for multi-group analysis, followed by Bonferroni test as 
a post hoc test. P<0.05 was considered to indicate a significant 
difference.

Results

BRAP2 regulated the signal transduction of the Ras‑Raf‑MEK 
and PI3K/Akt pathways. First, to investigate the role of 
BRAP2 in the Ras-Raf-MEK and PI3K/Akt pathways, we 
knockout BRAP2 expression using CRISPR/Cas9. After 
transfecting the mock and designed BRAP2 knockout plas-
mids, we performed western blotting to determine whether 
BRAP2 was knocked out in Jurkat cells. The result showed 
that BRAP2 was knocked out in Jurkat (Δ BRAP2) cells 
(Fig. 1A). Because BRAP2 was reported to be a cell cycle 
regulator (31), we measured the proliferation of Jurkat 
(Mock) and Jurkat (Δ BRAP2) cells. We found that Jurkat 
(Δ BRAP2) cells proliferated more slowly than the parental 
cells (Fig. 1B), but the BRAP2 deletion did not induce cell 
death (data not shown). In addition, we conducted western 
blotting to evaluate how the loss of BRAP2 affected the 
Ras-Raf-MEK and PI3K/Akt pathways. The results showed 
that the levels of p-Raf, p-MEK and p-Akt were markedly 
higher in Jurkat (Δ BRAP2) cells compared to Jurkat (Mock) 
cells, but the level of p-ERK was markedly lower in the Jurkat 
(Δ BRAP2) cells. On the other hand, there was no change in 
the expression of KSR (Fig. 1C). These results suggest that 
BRAP2 knockout dose not directly downregulate or upregu-
late the Ras‑Raf‑MEK pathway to a significant degree, which 
is consistent with a previous study (26). Next, western blotting 
was performed to evaluate the effects of the loss of BRAP2 
on the Ras, pan-Raf, and PI3K inhibitors. In Jurkat (Mock) 
cells, the levels of p-Raf, p-MEK, and p-ERK were decreased 
by treatment with the farnesyl transferase inhibitor tipifarnib, 
which is used as a Ras inhibitor, or with the pan-Raf inhibitor 
LY3009120. Conversely, in the Jurkat (Δ BRAP2) cells, the 
levels of these phosphorylations were not decreased by Ras 
and pan-Raf inhibitors treatment (Fig. 1D). LY294002, a 
PI3K inhibitor, markedly inhibited the phosphorylation of 
Akt within 24 h, but this was restored by 48 h treatment in 
Jurkat (Mock) cells. PI3K inhibitor did not decrease the level 
of p-Akt in Jurkat (Δ BRAP2) cells (Fig. 1E).

Loss of BRAP2 suppressed apoptosis by Ras and pan‑Raf 
inhibitors. BRAP2 has been shown to bind to KSR, thereby 
inhibiting the Ras-Raf-MEK pathway (26), and it also binds 
to PHLPP, which is a modulator of Akt (28,29). In our study, 
because BRAP2 deletion suppressed the inhibition of signal 
transduction by the Ras and Pan-Raf inhibitor (Fig. 1D), we 
predicted that BRAP2 deletion also affects the cytotoxicity of 
these inhibitors. To investigate this possibility, we performed 
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Figure 1. BRAP2 regulates the signal transduction of the Ras-Raf-MEK and PI3K/Akt pathways. (A) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were lysed, 
and BRAP2 and β-actin were detected via western blotting. (B) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were counted at the indicated times. Each bar 
denotes the standard deviation (n=3). **P<0.01, ***P<0.001 vs. 0 h samples. (C) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were lysed and p-Raf, Raf, p-MEK, 
MEK, p-ERK, ERK, p-Akt, Akt, KSR and β-actin were detected via western blotting. (D) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incubated with 5 µM 
Ras inhibitor tipifarnib or 10 µM pan-Raf inhibitor LY3009120 for the indicated times. The cells were lysed and p-Raf, Raf, p-MEK, MEK, p-ERK, ERK, 
and β-actin were detected via western blotting. The relative densities of the p-Raf, p-MEK, p-ERK bands were estimated and normalized to the β-actin band. 
(E) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incubated with 30 µM PI3K inhibitor LY294002 for the indicated times. The cells were lysed and p-Akt, 
Akt and β-actin were detected via western blotting. The relative density of the p-Akt band was estimated and normalized to the β-actin band. BRAP2, breast 
cancer susceptibility gene 1-associated protein 2; p-phosphorylated; KSR, kinase suppressor of Ras.
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an MTT assay of the inhibitor cytotoxicity. We found that the 
loss of BRAP2 suppressed the cytotoxicities of the Ras and 
pan-Raf inhibitors, but not the cytotoxicity of staurosporine, a 
PKC inhibitor, not targeting the Ras-Raf-MEK pathway or the 
PI3K/Akt pathway (Fig. 2) (32,33).

Since the MTT assay measures mitochondrial enzyme 
activity, it cannot determine whether each inhibitor induces 
cell death. However, cell death is usually accompanied by 
DNA fragmentation. Therefore, we investigated whether each 
inhibitor induces cell death by staining DNA with PI and 
detecting the subG1 phase using flow cytometry (34,35). We 
found that the loss of BRAP2 suppressed DNA fragmentation 
by the Ras and pan-Raf inhibitors but not by the PKC inhibitor 
(Fig. 3). We next examined the influence of BRAP2 loss on 
apoptosis. During apoptosis, cleaved caspase-3 appears, so 
cleaved caspase-3 is often used as a marker of apoptosis (36). 
Therefore, to determine whether each inhibitor induce 
apoptosis in our present experiments, we evaluated cleaved 
caspase-3 by western blotting. The Ras and Pan-Raf inhibi-
tors increased the level of cleaved caspase-3 in Jurkat (Mock) 
cells, but cleaved caspase-3 was not observed in the Jurkat 
(Δ BRAP2) cells following treatment with these inhibitors. 
BRAP2. On the other hand, cleaved caspase-3 was present in 
both Jurkat (Mock) and Jurkat (Δ BRAP2) cells treated with 
the PKC inhibitor (Fig. 4).

Inhibition of the Ras‑Raf‑MEK pathway by a Ras inhibitor 
was involved in apoptosis. In order to investigate whether the 
Ras inhibitor used in this study induces apoptosis through the 
Ras-Raf-MEK pathway, the cells were subjected to co-treat-
ment with the Ras inhibitor and the activator PMA. As shown 
in Fig. 5A, the phosphorylations of Raf, MEK, and ERK were 
inhibited by Ras inhibitor treatment alone but were restored 
by co-treatment with PMA and the Ras inhibitor (Fig. 5A). In 
addition, we examined whether PMA would suppress the Ras 
inhibitor-induced apoptosis. We found that Ras inhibitor treat-
ment increased the levels of subG1-phase cells and cleaved 
caspase-3, while co-treatment with the Ras inhibitor and 
PMA suppressed the increase in subG1 and cleaved caspase-3 
(Fig. 5B and C). This demonstrated that the Ras inhibitor 
induced apoptosis through the Ras-Raf-MEK pathway.

Loss of BRAP2 suppressed cell cycle arrest by a PI3K inhibitor. 
Next, we evaluated the involvement of BRAP2 in the PI3K/Akt 
pathway. An MTT assay was used to examine whether the 
loss of BRAP2 changed the susceptibility of cells to PI3K 
inhibitor-induced cell death. However, the results showed that 
the presence or absence of BRAP2 expression had no effect on 
the susceptibility of cells to PI3K inhibitor-induced cell death 
(Fig. 6A). Therefore, we further investigated the effect of the 
PI3K inhibitor on the cell cycle. Unlike the Ras and Pan-Raf 
inhibitors, the PI3K inhibitor increased the G1 phase cells in 
Jurkat (Mock) cells, and the loss of BRAP2 suppressed the 
increase in the G1 phase (Fig. 6B). Finally, we assessed the 
potential inhibition of cell proliferation by the PI3K inhibitor 
and found that the PI3K inhibitor did indeed inhibit the 
proliferation of Jurkat (Mock) cells, and the BRAP2 deletion 
suppressed this inhibition (Fig. 6C).

BRAP2 expression was similar among various leukemia cells. 
Finally, we investigated the BRAP2 expression levels in other 
leukemia cell lines by western blotting. The levels of BRAP2 
protein expression in human monocytic THP-1 cells, human 
B-cell lymphoma BALL-1 cells, human acute promyelocytic 
HL-60 cells, and human acute T-lymphoblastic MOLT-4F 

Figure 2. Loss of BRAP2 suppresses the cytotoxicity of Ras and pan-Raf 
inhibitors. Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incubated with 
the indicated doses of Ras inhibitor, pan-Raf inhibitor or PKC inhibitor 
staurosporine for 24 h. Cell proliferation was estimated using the MTT 
assay. The data are presented in comparison to non-additive control cells. 
Each bar denotes the standard deviation (n=3). *P<0.05, **P<0.01, ***P<0.001 
vs. untreated cells. BRAP2, breast cancer susceptibility gene 1-associated 
protein 2; PKC, protein kinase C.
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Figure 3. Loss of BRAP2 suppresses DNA fragmentation by the Ras and pan-Raf inhibitors. Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incubated with 
5 µM Ras inhibitor, 10 µM pan‑Raf inhibitor or 60 nM PKC inhibitor for 24 h. SubG1 phase was detected by flow cytometric analysis with PI staining, as 
described in the Materials and methods section. Representative histograms of one of three independent measurements are shown. The bar graph shows the 
percentages of cells in the sub-G1 phase. Each bar denotes the standard deviation (n=3). *P<0.05, **P<0.01, ***P<0.001 vs. mock cells. BRAP2, breast cancer 
susceptibility gene 1-associated protein 2; PKC, protein kinase C.
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cells were almost the same as those in human lymphoid helper 
T-cell line Jurkat cells (Fig. 7).

Discussion

Because BRAP2 is required for homeostasis, the mutation or 
deletion of BRAP2 may cause carcinogenesis (37). In addi-
tion, BRAP2 has been shown to interact with regulators of the 
Ras-Raf-MEK and PI3K/Akt pathways, thereby contributing 
to carcinogenesis (26,27). These reports suggest that BRAP2 
plays a role in carcinogenesis by regulating the Ras-Raf-MEK 
and PI3K/Akt pathways; however, the relationships between 
BRAP2 and these pathways in cancer are still unclear. 
Therefore, in this study, to clarify the role of BRAP2 on the 
Ras-Raf-MEK and PI3K/Akt pathways, we deleted BRAP2. 
We found that the deletion suppressed apoptosis by a Ras 
inhibitor and a pan-Raf inhibitor and inhibited the cell cycle 
arrest by a PI3K inhibitor.

After generating BRAP2‑deficient cells, we conducted a 
western blot analysis to evaluate changes in the Ras-Raf-MEK 
and the PI3K/Akt pathways in the normal state, since BRAP2 
has been reported to be involved in both pathways (26,27). 
Interestingly, BRAP2 deletion increased the phosphorylation 
levels of Raf and MEK (Fig. 1C). KSR is a scaffold protein 
and enhances the Ras-Raf-MEK pathway (8-10). Because 
BRAP2 inhibits KSR and thereby impedes the signal trans-
duction from Raf to MEK (26), we considered that BRAP2 
deletion may increase the phosphorylation levels of Raf and 
MEK. In our present experiments, it was also of interest that 
BRAP2 deletion caused an increase in the phosphorylation 
level of Akt (Fig. 1C). A recent report showed that BRAP2 
knockdown led to an increase in the phosphorylation levels 
of Akt and mTOR in glioma cells (38), and our result was 
consistent with that report. BRAP2 binds PHLPP1 (27,39) 
which is involved in Akt activation (28,29), and it has been 
suggested that BRAP2 suppresses Akt through PHLPP1 to 
promote apoptosis induction (39). Therefore, we thought that 
the phosphorylation level of Akt may have been increased 
because BRAP2 deletion could not suppress Akt through 
PHLPP1. Taken together, these results suggest that BRAP2 
negatively regulates the Ras-Raf-MEK and PI3K/Akt path-
ways through binding partners in a normal state. BRAP2 
deletion also attenuated the Ras inhibitor-mediated and 
pan-Raf inhibitor-mediated apoptosis (Figs. 3 and 4). KSR 
acts as a scaffold to bind Raf, MEK, and ERK, but KSR also 
possesses an intrinsic Raf activating mechanism indepen-
dent of Ras (40). That is, KSR and Raf heterodimerization 
directly activate the Raf-MEK-ERK pathway. The Ras 
inhibitor used in this study, inhibits farnesyl transferase 
and target the region upstream of KSR, while the pan-Raf 
inhibitor LY3009120 inhibits Raf dimerization by the Ras 
signal, which is also upstream of KSR (41). Therefore, we 
considered that BRAP2 deletion increases the scaffolding 
and Raf-activating ability of KSR and further activates 
MEK and ERK independently of Ras (7,26,40), which is in 
agreement with our present findings.

If the inhibitors used in this study targeted further down-
stream than KSR, the influence of BRAP2 deletion might 
be unaffected. For instance, the MEK inhibitor U-0126 is an 
inhibitor further downstream than KSR. However, U-0126 
nonspecifically inhibited Akt as well as ERK phosphorylation 
at concentrations that induced cell death (data not shown), and 
thus U‑0126 treatment could not be used to confirm our hypoth-
esis. In light of all the above, we conclude that BRAP2 deletion 
attenuated Ras and pan-Raf inhibitor activity in this study.

In the PI3K/Akt pathway, the PI3K inhibitor blocked the 
level of p-Akt within 24 h; however, it was found to restore 
p-Akt within 48 h in the presence of BRAP2. Deletion of 
BRAP2 suppressed the inhibition of Akt phosphorylation by the 
PI3K inhibitor for 48 h (Fig. 1E). BRAP2 was found to bind to 
not only KSR, but other proteins as well. One of them is PHLPP, 
which controls Akt phosphorylation (28,29). Also, the PI3K/Akt 
pathway is frequently overactive in T-ALL (42). Thus, we 
predicted that BRAP2 can regulate the level of p-Akt within 24 h, 
but, due to the abnormal activation of the PI3K/Akt pathway, the 
decreased levels of p-Akt were restored within 48 h. Similarly, it 
is considered that the PI3K inhibitor induced cell growth inhibi-
tion rather than apoptosis, unlike the Ras-Raf-MEK pathway 

Figure 4. Loss of BRAP2 suppresses caspase-3 cleavage by the Ras and 
pan-Raf inhibitors. Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incu-
bated with 5 µM Ras inhibitor, 10 µM pan-Raf inhibitor, or 60 nM PKC 
inhibitor for 24 h. The cells were lysed, and caspase-3 and β-actin expression 
levels were detected via western blotting. BRAP2, breast cancer suscepti-
bility gene 1-associated protein 2.
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Figure 5. Inhibition of the Ras‑Raf‑MEK pathway by a Ras inhibitor influences apoptosis. (A) Jurkat cells were preincubated with 100 nM PMA for 1 h and 
incubated with 5 µM Ras inhibitor for 24 h. Cells were lysed and p-Raf, Raf, p-MEK, MEK, p-ERK, ERK, and β-actin were detected by western blotting. The 
relative density of the p-Raf, p-MEK, p-ERK bands were estimated and normalized by β-actin band. (B) Jurkat cells were preincubated with 100 nM PMA for 
1 h and incubated with 5 µM Ras inhibitor for 24 h. SubG1 phase was detected by flow cytometric analysis with PI staining, as described in the Materials and 
methods section. Representative histograms of one of three independent measurements are shown. The bar graph shows the percentages of cells in the sub-G1 
phase. Each bar denotes the standard deviation (n=3). *P<0.05, **P<0.01, ***P<0.001. (C) Jurkat cells were preincubated with 100 nM PMA for 1 h and incubated 
with 5 µM Ras inhibitor for 24 h. The cells were lysed, and caspase-3 and β-actin expression levels were detected via western blotting. BRAP2, breast cancer 
susceptibility gene 1-associated protein 2; p-, phosphorylated-; PMA, phorbol 12-myristate 13-acetate.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  463,  2021 9

inhibitors, because of the abnormal activation of the PI3K/Akt 
pathway in Jurkat cells (Fig. 6C). It was reported that the Jurkat 
cell line used in this study is deficient in phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN) (43). PTEN is a 
tumor suppressor and regulates the survival of T-cells through 
the PI3K/Akt pathway. Because Jurkat cells are deficient in 
PTEN, apoptosis is suppressed (43,44). Therefore, we predicted 
that the PI3K inhibitor inhibited cell proliferation, not apoptosis. 
However, the interaction between BRAP2 and the mutated 
protein or pathway is still unclear and needs further study.

Figure 6. Loss of BRAP2 suppresses cell cycle arrest caused by PI3K inhibitor. (A) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incubated with the 
indicated doses of PI3K inhibitor for 24 h. Cell proliferation was estimated using the MTT assay. The data are presented in comparison to nonadditive control 
cells. Each bar denotes the standard deviation (n=3). ***P<0.001 vs. untreated cells. (B) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incubated with 30 µM 
PI3K inhibitor for 24 h. G1 phase was detected via flow cytometric analysis with PI staining, as described in the Materials and methods section. Representative 
histograms of one of three independent measurements are shown. The bar graph shows the percentages of cells in the G1 phase. Each bar denotes the standard 
deviation (n=3). **P<0.01 vs. mock cells. (C) Jurkat (Mock) and Jurkat (Δ BRAP2) cells were incubated with 30 µM PI3K inhibitor for 48 h. The cells were 
counted at 48 h. Each bar denotes the standard deviation (n=3). ***P<0.001 vs. mock cells. BRAP2, breast cancer susceptibility gene 1-associated protein 2.

Figure 7. BRAP2 expression is similar among various leukemia cells. 
Jurkat, THP-1, BALL-1, HL-60 and MOLT-4F cells were lysed, and BRAP2 
and β-actin were detected via western blotting. BRAP2, breast cancer 
susceptibility gene 1-associated protein 2.
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In summary, the present study focused on signal trans-
duction, apoptosis, and cell proliferation to clarify the role of 
BRAP2 on the Ras-Raf-MEK and PI3K/Akt pathways. The 
results showed that BRAP2 induces apoptosis and cell growth 
inhibition against Jurkat cells by negatively regulating the 
Ras-Raf-MEK and PI3K/Akt pathways. These pathways are 
important targets in cancer treatment, and BRAP2 negatively 
regulates them. Moreover, we found that BRAP2 expression 
was mostly similar among various leukemia cells, suggesting 
that BRAP2 regulates the Ras-Raf-MEK and PI3K/Akt path-
ways in different leukemia cell lines (Fig. 7). Moreover, in a 
recent report, a reduction in BRAP2 expression was shown to 
promote cancer cell proliferation both in vitro and in vivo (38). 
Further studies are warranted to investigate the BRAP2 expres-
sion and cytotoxicities compared with normal lymphocytes for 
cancer cell progression, and we will examine in the future study. 
Therefore, the development of a drug that enhances the function 
of BRAP2 would be a new approach in cancer treatment.
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