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Berberine reverses lapatinib resistance of HER2-positive breast cancer cells

by increasing the level of ROS
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ABSTRACT

Lapatinib, a novel tyrosine kinase inhibitor of HER2/EGFR, is used to treat HER2-positive breast cancer.
However, acquired drug resistance has limited the clinical therapeutic efficacy of lapatinib. Our previous
study found that inhibition of autophagy can reduce the proliferation, DNA synthesis, and colony-forming
capacity of lapatinib-resistant cells. Berberine has attracted extensive attention due to its wide range of
biochemical and pharmacological effects in breast cancer treatment. It has been reported that berberine
can induce oxidative stress and the mitochondrial-related apoptotic pathway in human breast cancer
cells. In our current study, we found that a new combination therapy of berberine with lapatinib overcame
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lapatinib resistance. Furthermore, we found that berberine induced apoptosis of lapatinib-resistant cells
through upregulating the level of ROS. Specially, lapatinib activated both the c-Myc/pro-Nrf2 pathway and
GSK-38 signaling to stabilize Nrf2 and maintain a low level of ROS in resistant cells. However, berberine
can upset the ROS balance by downregulating c-Myc to reverse the lapatinib resistance. Our finding
provides a novel strategy of using berberine to overcome lapatinib resistance.

Abbreviations: Ros, reactive oxygen species; HER, epidermal growth factor receptor; MTT, 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide; EdU, 5-ethynyl-2'-deoxyuridine

Introduction

Breast cancer is a global public health burden, with more than
234,000 new cases and 40,000 deaths worldwide in 2015. Based
on gene detection, breast cancer is classified into 4 main sub-
types (luminal A, luminal B, HER2+ and basal-like). Human
epidermal growth factor receptor (HER) is overexpressed in an
estimated 2025%- of total cases and is associated with enhanced
tumor aggressiveness and reduced patient survival compared to
HER2-negative patients."” HER2 overexpression is correlated
with tumor size, lymph node positivity, high tumor grade and
aneuploidy.” During the past 2 decades, significant effort has
been put into generating therapeutic drugs that specifically tar-
get HER2. There are 2 main types of HER2-targeted therapy;
these are monoclonal antibodies (mAbs) and tyrosine kinase
inhibitors (TKIs).* Trastuzumab, pertuzumab (mAbs), trastuzu-
mab emtansine (T-DMI, an antibody-drug conjugate) and lapa-
tinib (TKI) have been approved by the U.S Food and Drug
Administration and European Medicines Agency and are now
used to treat patients with HER2-positive breast cancer.
Lapatinib, the dual-tyrosine kinase inhibitor of HER2 and
EGFR,” acts by blocking the intracellular ATP binding site of the

tyrosine kinase domain, leading to reduced receptor phosphory-
lation and activation.®” It has proven successful in inhibiting the
phosphorylation of HER receptors and its downstream targets
such as Akt and MAPK®® and in slowing tumor progression in
vitro and in vivo.'"” Moreover, lapatinib has weak cardiotoxicity
and can easily enter cells and penetrate the blood-brain barrier
during the treatment of breast cancer brain metastases. How-
ever, like other molecular targeting drugs, primary and acquired
resistance dramatically limits the efficiency of lapatinib. A few
studies have proven that a majority of patients develop acquired
resistance within 6 months when using lapatinib alone.'' Pri-
mary or acquired resistance severely reduces the clinical thera-
peutic effect of lapatinib; therefore, exploring the mechanism by
which resistance to lapatinib develops and investigating new
strategies for lapatinib use may be helpful in increasing its thera-
peutic efficacy. Berberine has been isolated from many types of
medicinal plants, such as Hydrastis Canadensis, Berberis aris-
tata, Coptis chinensis, Coptis rhizome, Coptis japonica, Phellon-
dendron amurense, and Phellondendron chinense schneid,'?
and now berberine has been proven to possess a wide variety of
pharmacological and biological activities, including antimicro-
bial, anti-helminthic, and anti-inflammatory effects.'® In recent
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years, research has focused on the anti-cancer activity of berber-
ine due to evidence of anti-neoplastic properties, and researchers
have demonstrated that berberine can suppress tumor cell pro-
liferation and induce tumor cell apoptosis in a variety of human
cancer both in vitro and in vivo.'* It has been reported that ber-
berine can decrease TPA-induced angiogenesis and migration
factors, including VEGF and FN, in breast cancer cells."”” In a
current study, berberine decreased side population (SP) cells in
breast cancer cells that were associated with a decrease in
ABCG2 expression.'® Additionally, berberine is used in combi-
nation with and shows strong synergy with some chemotherapy
drugs. In neuroblastoma cells, As,o0; was used to enhance ber-
berine-mediated apoptosis.'” Some researchers found that com-
bining berberine with estrogen receptor (ER) antagonists can
improve anticancer efficacy in MCF-7 cells (ER+).'® However,
little experimental or clinical research has focused on the combi-
nation of lapatinib and berberine, and thus we sought to explore
the effects of combining lapatinib and berberine in the treatment
of breast cancer.

The anti-tumor mechanism of berberine in breast cancer has
received increasing attention. ROS are produced by all aerobic
cells to regulate cell development, growth, survival, and death.
ROS normally exist in balance with biochemical antioxidants
in all aerobic cells."”** When this critical balance is disrupted
by excess ROS production and antioxidant depletion, oxidative
stress may develop and influence cell viability by modifying
intracellular or extracellular macromolecules or producing
hyper- or hypo-functionality of the signaling pathways, which
finally leads to pathological effects or alteration of physiological
action.”! It has been reported that many chemotherapeutic
drugs may be selectively toxic to cancer cells by inducing oxida-
tive stress.”” A few studies of berberine-induced ROS in breast
cancer indicated that berberine increases ROS production and
induces cell apoptosis through activation of the pro-apoptotic
JNK signaling and downregulation of the expression of anti-
apoptotic protein Bcl-2 concomitant with upregulation of the
expression of pro-apoptotic protein Bax.® The transcription
factor NF-E2-related factor 2 (Nrf2) was originally identified as
a critical regulator of intracellular antioxidants and phase II
detoxification enzymes by the transcriptional upregulation of
many ARE-containing genes.”*** Since its discovery, Nrf2 has
been viewed as a “good” transcription factor that protects us
from many diseases. The Nrf2-knockout mouse is prone to
acute damage induced by acetaminophen, ovalbumin, cigarette
smoke, pentachlorophenol and 4-vinylcyclohexene diepox-
ide.”**” In addition, the Nrf2-knockout mouse shows increased
tumor formation when exposed to carcinogens such as benzo
[a]pyrene, diesel exhaust and N-nitrosobutyl (4-hydroxybuty)
amine .>°* However, the dark side of Nrf2 was recently
revealed when Nrf2 was found to be constitutively upregulated
in several types of human cancer tissues and cancer cell lines
and found to protect tumors and cell lines from chemothera-
peutic drugs.”>** The relationship between berberine and Nrf2
is controversial. Some researchers believe that berberine can
enhance the level of Nrf2 to protect cells from inflammation
and oxidant stress,>® whereas others see berberine as an anti-
tumor agent based on its increased ROS production.

Based on this concept, we hypothesize that a combination of
lapatinib and berberine could reverse lapatinib resistance in

lapatinib-resistant breast cancer by increasing ROS production.
Therefore, we established lapatinib-resistant cell lines
BT-474"*PR and AU-565"""" and found that berberine sensi-
tizes lapatinib-resistant breast cancer cells to the anti-tumor
effect of lapatinib. Additionally, we described the level of ROS
production in the BT-474"*"® cells and AU-565"*F® cells when
treated with and without berberine and lapatinib. Finally, we
attempted to explain the sensitization of berberine through the
Nrf2 pathway.

Results
Identification of lapatinib-resistant cell lines

As in our previous report (Tumor Biology, 2015), we estab-
lished lapatinib-resistant breast cancer models in vitro by treat-
ing BT-474"" and AU-565"" cells with lapatinib (2 uM) for
12 months. After continually passaging the cells, we identified
those that showed resistance to lapatinib. The MTT assay was
used to detect the half maximal inhibitory concentration
(IC50) of lapatinib in the cells (BT-474"", BT-474"PR, AU-
565", and AU-565"*"}). Cells were plated in 96-wells and cul-
tured in DMEM and RPMI 1640 with 10% FBS. When cells
grew to 60% confluence, the deferent dose of lapatinib was
added to the cells. We performed the MTT assay after 2 d of
lapatinib treatment. The results showed that the inhibitory rate
of cell proliferation depended on the concentrations of lapati-
nib in both wild-type cells and in lapatinib-resistant cells
(Fig. 1A). However, the IC50 of lapatinib differed between BT-
474 "7 and BT-474"*® cells, where the IC50 in BT-474"PR
cells increased about approximately 35-fold (P < 0.01). A simi-
lar result was observed in AU-565 cells. Furthermore, a colony
formation assay was used to demonstrate lapatinib-resistance,
and wild-type cells were used as the control. After being plated
200/well in 6-well plates, both cells were cultured in DMEM
and RPMI 1640 with 10% FBS for 1 week. Lapatinib was added
to the cells every 3 days, and the colony formation assay was
performed after 2 weeks of treatment. As with the MTT assay,
the results of the colony formation assay showed that lapatinib-
resistant cells showed stronger drug resistance to lapatinib than
the wild-type cells (Fig. 1C). All the above results indicate that
lapatinib-resistant cells (BT-474"*P® and AU-565"""%) have
been established and identified.

Using a combination of lapatinib and berberine to reverse
lapatinib resistance

To confirm the effect of a combination of lapatinib and berber-
ine treatment in breast cancer cells that have acquired resis-
tance to lapatinib, BT-474%R cells and AU-565"PR cells were
treated with both lapatinib and berberine, and an MTT assay
was used to compare the effects with those of the control group,
which was treated with lapatinib only. Cell viability was investi-
gated after treatment with a single concentration of lapatinib
combined with varying concentrations of berberine. With an
increasing concentration of berberine, cell viability of the BT-
474"*PR cells and AU-565"*PX cells was significantly lower than
the control group (Fig. 2C). Synthesising these results with
those of the MTT assay, we can conclude that berberine can
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Figure 1. Establishing lapatinib-resistant cell lines. To establish stable lapatinib-resistant cell lines, we treated HER2-positive breast cancer cells BT-474 and AU-565 with
lapatinib (2 M) for 12 months. Then, the lapatinib-resistant cells were cultured in a medium containing 10% fetal bovine serum. (A) An MTT assay was used to analyze
the sensitivity of BT-474"T and BT-474"PR cells treated with various concentrations of lapatinib (0-32 1«M) for 3 d. (B) An MTT assay was used to analyze the sensitivity of
AU-565"" and AU-565"2P® cells to various concentrations of lapatinib (0-32 uM) for 3 d. (C) A colony formation assay was used to demonstrate the sensitivity of both BT-
474 and AU-565 wild-type and resistant cells to lapatinib. The cells were treated with lapatinib (2 M) every 3 days, and detection was performed 2 weeks after lapatinib

treatment. ***p < 0.001.

sensitize resistant cells to the anti-tumor effect of lapatinib.
Furthermore, cell apoptosis of the BT-474“P® cells and
AU-565"PR cells treated with a combination of lapatinib and
berberine was observed by flow cytometry. As shown in
Fig. 2B, apoptosis in the group treated with combination ther-
apy was obviously higher than that among other groups. All
these results show that a combination of lapatinib and berber-
ine inhibits lapatinib-resistant breast cancer. The colony forma-
tion assay was used to strengthen this conclusion. Given the
flow cytometry results, the colony assay confirmed that the
combination of lapatinib and berberine can reverse lapatinib
resistance (Fig. 2A). Moreover, the EDU assay also showed that
a combination of lapatinib and berberine resulted in greater
death among lapatinib-resistant cells (Fig. 4A).

Berberine re-sensitizes resistant cells to lapatinib by
increasing the upregulation of the ROS level

To investigate the role of ROS in lapatinib resistance, the Reac-
tive Oxygen Species Assay Kit was used to detect the level of
ROS in cells (BT-474 W', BT-474"**%, AU-565"", and AU-
565"*PR). As predicted, the ROS-positive rate in lapatinib-resis-
tant cells was significantly lower than that in wild-type cells
(Fig. 3). Therefore, we considered that lapatinib-resistant cells
have much stronger drug tolerance to lapatinib than wild-type
cells. Consequently, whether the anti-resistance effect of a com-
bination of lapatinib and berberine can be attributed to ROS
was examined. The level of ROS was examined in lapatinib-
resistant cells treated with lapatinib, berberine and a combina-
tion of lapatinib and berberine. As shown in Fig. 3, compared
with lapatinib or berberine treatment alone, a combination of
lapatinib and berberine increased the level of ROS in lapatinib
cells. These resulted indicate that ROS could play an important
role in the mechanism of lapatinib resistance and reverse the
effect of a combination of lapatinib and berberine. To provide
additional evidence for these results, N-acetyl-L-cysteine, a

type of antioxidant that can effectively reduce the ROS level,
was added to lapatinib-resistant cells treated with a combina-
tion of lapatinib and berberine. The ROS level assay showed
that NAC could significantly decrease ROS production in lapa-
tinib-resistant cells treated with a combination of lapatinib and
berberine. Additionally, after NAC treatment, the apoptosis
rate of cells was reduced (Fig. 4B), which is similar to the result
provided by the EdU assay (Fig. 4A). Consistent with these
results, we can conclude that berberine can reverse lapatinib
resistance and induce apoptosis in lapatinib-resistant cells by
increasing ROS production.

Berberine reverses lapatinib resistance by inhibiting
the Nrf2 signaling pathway

Although a few previous studies reported that berberine-
induced apoptosis by ROS depended on activation of the pro-
apoptotic JNK signaling *, it is unclear how berberine increases
ROS production. Therefore, we focused on the relationship
between berberine and Nrf2. As shown in Fig. 5A, western blot
indicated that Nrf2 protein in lapatinib-resistant cells is higher
than in wild-type cells; in addition, Q-PCR demonstrated that
mRNA expression of Nrf2 in lapatinib-resistant cells is approx-
imately 0.88 & 0 .07-fold, and the mRNA expression of Nrf2 in
wild-type cells is approximately 2.03 £ 0 .09-fold (Fig. 5B).
Furthermore, the mRNA expression of HO-1, a type of phase II
detoxification enzyme that is regulated by Nrf2, also indicated
significant differences between lapatinib-resistant cells and
wild-type cells (Fig. 5C). These results show that lapatinib cells
have a greater ability to clear ROS production and thus coun-
teract lapatinib. When lapatinib was added, the protein expres-
sion of Nrf2 decreased. Moreover, when a combination of
lapatinib and berberine was used in lapatinib-resistant cells, the
protein expression of Nrf2 was greatly reduced (Fig. 5D).
Therefore, we concluded that berberine induces downregula-
tion of Nrf2 to decrease lapatinib resistance in lapatinib-
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Figure 2. Berberine synthesized with lapatinib reversed lapatinib resistance in both BT-474"%"R cells and AU-565"*"% cells. The cells were treated with lapatinib alone, ber-
berine alone and a combination of lapatinib and berberine. (A) An MTT assay was used to demonstrate sensitization of berberine to lapatinib in BT474""% cells and AU-
5652PR cells. The cells were treated various concentrations of berberine (0-16 1.M) synthesized with lapatinib (2 .tM). (B) Flow cytometry was used to demonstrate sensiti-
zation of berberine to lapatinib. The cells were treated with lapatinib (2 «M), berberine (2 M) and both (L+B), and the control group was untreated. The right figure
shows the relative apoptosis rate of cells. “p < 0.05, **p < 0.01. (C) Colony formation was used to prove that berberine could sensitize lapatinib-resistant cells to lapatinib.
The cells were treated with lapatinib (2 M), berberine (2 tM) and a combination of both (L+B), and the control group was untreated. The right figure shows the relative

colony formation rate of cells. *p < 0.05, *p < 0.01.

resistant cells. To explain this phenomenon, we tested Keapl
protein, which is the classic E3-like ligase that promotes Nrf2
ubiquitination. However, the level of Keapl protein was not
what we anticipated; the GSK3-8 pathway, which is a new path-
way for Nrf2 ubiquitination, was observed. Lapatinib can
greatly enhance GSK3-p signaling and inhibit its phosphoryla-
tion, though there was no significant difference between the
presence and absence of berberine. Additionally, c-Myc, a tran-
scriptional activation factor of Nrf2, was seen (Fig. 5D). To fur-
ther prove the important effect of c-Myc, we used siRNA to
knockdown c-Myc when cells were treated lapatinib. And
qPCR and Western blot confirmed that Nrf2 was downregu-
lated when c-Myc siRNA added (Fig. 5F, 5G).The results
showed that c-Myc played an important role in lapatinib resis-
tance. Maybe lapatinib promotes c-Myc to transcriptionally
activate Nrf2, but berberine blocked this process, and the
mRNA level of Nrf2 assessed by Q-PCR verified these results
(Fig. 5E). In summary, lapatinib accelerated ubiquitination of
Nrf2 by a Keapl-independent pathway, and cells upregulated

c-Myc to transcriptionally activate Nrf2 for feedback regula-
tion. However, berberine blocked the feedback progress and
further reduced Nrf2.

Discussion

Lapatinib has been used clinically to treat HER2-positive breast
cancer for many years, and its remarkable therapeutic advan-
tage has been confirmed by many clinical trials.”® However, as
a molecular targeting drug, primary and acquired resistance
dramatically limits the efficiency of lapatinib. Until now, this
problem has confounded researchers and clinicians. Therefore,
understanding the mechanism of lapatinib resistance and
developing a strategy to increase its therapeutic efficacy is
important for clinical medicine. In our report, a lapatinib-resis-
tant human breast cancer model was established in vitro by
constantly exposing BT-474"" and AU-565""" cells to lapatinib
for 12 months. Although several mechanisms of lapatinib resis-
tance have been reported, we demonstrate a low level of ROS
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Figure 3. The level of ROS production was observed in both lapatinib-resistant cells (BT-474"2"R and AU-565*"%) and wild-type cells (BT-474"" and AU-565""). We used
the Reactive Oxygen Species Assay Kit, and the relative levels of fluorescence were quantified by flow cytometry (530 nm). The cells were treated with lapatinib (2 M)
alone, berberine (2 M) alone, a combination of lapatinib and berberine (L+B), and a combination of lapatinib, berberine and NAC (2 mM) (L4-B+NAC). The untreated
wild-type cells were used as the control group (A) The relative level of ROS production was detected by flow cytometry in BT-474 cells. (B) The BT-474"*" cells showed
lower levels of ROS production. Treatment with berberine and lapatinib alone and in combination increased ROS production, but the combination of berberine and lapati-
nib showed stronger effects. Conversely, NAC could clear the ROS production induced by berberine and lapatinib. A line spanning 2 groups indicates that the effect of
combination treatment was significantly different than individual treatment. “*p < 0.01, ***p < 0.001. (C) The relative level of ROS production was detected by flow
cytometry in AU-565 cells. d The result of relative ROS production in AU-565 cells was similar to that of BT-474 cells. *p < 0.05, “*p < 0.01, **p < 0.001.

production in lapatinib-resistant cells. Additionally, we applied
a new strategy of combining lapatinib and berberine to reverse
the lapatinib resistance. We believe that these results provide
evidence for rational strategies that can overcome clinical lapa-
tinib resistance.

In recent years, researchers have demonstrated several
molecular mechanisms of lapatinib resistance, including the
activation of AXL, Src, CXCR$, RON, and PI3K.>’*° Qur pre-
vious study reported that protective autophagy induced resis-
tance after long-term treatment with lapatinib.*’ In this study,
we confirmed that the level of ROS in lapatinib-resistant cells is
significantly lower than in wild-type cells, and because of its
stronger ability to inhibit ROS production, BT-474"**" and
AU-565"*"F cells maintained their internal environment to sur-
vive lapatinib therapy. To date, there is a consensus that berber-
ine can suppress tumor cell proliferation and induce tumor cell
apoptosis in breast cancer,”>*' but there is no report showing

that berberine can counteract lapatinib resistance. In our study,
a dramatic difference in survival was observed between cells
treated with lapatinib only and those treated with a combina-
tion of lapatinib and berberine. The question is whether the
apoptosis induced by a combination of lapatinib and berberine
is dependent on their synergy or on their individual actions.
Here, we analyzed data from the MTT assay, colony formation
assay and flow cytometry and found that the amount of apo-
ptosis induced by a combination of lapatinib and berberine is
higher than that induced by lapatinib or berberine alone. Thus,
we conclude that berberine sensitized lapatinib-resistant cells
to lapatinib. Interestingly, a similar tendency of ROS produc-
tion was detected in lapatinib-resistant cells treated with a com-
bination of lapatinib and berberine. Lapatinib increased the
ROS level when used with berberine. To clarify the effect of
ROS in apoptosis induced by a combination of lapatinib and
berberine, NAC was used to oppose ROS in lapatinib-resistant
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Figure 4. ROS involved in berberine-induced apoptosis. Lapatinib-resistant cells were treated with lapatinib alone (2 ;«M), berberine alone (2 M), a combination of lapa-
tinib and berberine (L+-B), and a combination of lapatinib, berberine and NAC (2 mM) (L+-B+NAC). Apoptosis of the cells was detected. (A) EdU staining was performed
and showed a significantly difference between the presence and absence of NAC in berberine-induced apoptosis in BT-474"%F cells, Meanwhile, this provides additional
evidence for sensitization of berberine. (B) The column shows that NAC can decrease the apoptosis rate in BT-474""® cells treated with lapatinib and berberine.
*p < 0.05, "p < 0.01. A line spanning 2 groups indicates that the effect of combination treatment differs significantly from that of individual treatment. (C) Flow cytome-
try was used to demonstrate the effect of berberine-induced apoptosis in BT-474"*"F cells. (D) The column shows the flow cytometry results, “*p < 0.01.

cells treated with a combination of lapatinib and berberine.
Consistent with our prediction, apoptosis of BT-474"*P} cells
was reduced when the ROS production was removed. Coinci-
dently, Juan Xie reported that berberine-induced apoptosis in
human breast cancer cells is mediated by reactive oxygen spe-
cies generation and the mitochondrial-related apoptotic path-
way.”> Meanwhile, S Mohanty reported that in comparison
with sensitive tumors, resistant cancer cells maintained low lev-
els of ROS. At a low ROS condition during genotoxic insult, the
ATM/sumoylated-IKKy interaction induced NF«B activation
that resisted JNK-mediated apoptosis, whereas increasing cellu-
lar ROS restored ATM/JNK apoptotic signaling.*> We also
demonstrated a lower level of ROS in lapatinib resistant cells.
And lapatinib-berberine combination induced high level of
ROS may be one reason of lapatinib resistant cells apoptosis.
Although it should not be assumed that ROS is the only cause
of cellular apoptosis, an inseparable relationship between ROS
and apoptosis induced by a combination of lapatinib and ber-
berine was observed.

ROS is known as to trigger and modulate apoptosis,* and they
have been shown to play an important role in the therapeutic prin-
ciple of many chemotherapeutics such cisplatin and bleomycin.**
In cancer, many signaling pathways regulate berberine-induced
apoptosis, including JNK, mitochondria and DNA damage path-
ways.*> However, the mechanism of how berberine regulates ROS
is unclear. In our current study, we observed that BT-474""% cells
activate Nrf2, a key molecule that activates the phase II detoxifica-
tion enzymes and clears ROS production. HO-1, a type of phase II
detoxification enzyme, was also increased in BT-474"*P" cells.
Therefore, the BT-474"*P® cells could preserve a low ROS level

even when treated with lapatinib, though this balance was upset by
berberine. Due to the effect of berberine, the ROS level increased
greatly with decreasing Nrf2, and lapatinib resistance was reversed.

In our study, we also attempted to elucidate the mechanism
by which berberine blocks the Nrf2 pathway. It is known that
Nrf2 protein is suppressed by an association with Keapl under
homeostatic conditions, but it is activated when cells are
exposed to oxidative or electrophilic stress.*® Indeed, the level
of Keapl was not what we predicted, and thus we assumed that
inhibition of Nrf2 is independent of Keapl. In fact, another
pathway independent of Keapl that promotes Nrf2 ubiquitina-
tion has been reported. Activation of GSK-3p signaling pro-
moted phosphorylation of Nrf2, and Nrf2 is degraded by the
E3 ligase TRCP."” Indeed, we observed that lapatinib activated
GSK-3p signaling and slightly decreased Nrf2. Conversely,
GSK-38 signaling did not differ significantly between cells
treated with lapatinib alone and those treated with a combina-
tion of lapatinib and berberine. Thus, we demonstrated that the
upstream oncogene c-Myc can activate Nrf2.** To our surprise,
c-Myc was paradoxically activated by lapatinib and inhibited
by berberine. In other words, c-Myc may be a feedback mecha-
nism with which to antagonize ROS in lapatinib-resistant cells
treated with lapatinib to maintain the anti-ROS and pro-ROS
balance. A recent article reported that lapatinib-induced c-Myc
expression is critical for reducing sensitivity of breast cancer
cells to lapatinib. Additionally, inducible c-Myc knockdown
acted in synergy with lapatinib to suppress the growth of cancer
cells and increase their sensitivity to lapatinib.*’ Our finding
also confirmed that the downregulated c-Myc induced by lapa-
tinib-berberine combination increased lapatinib sensitivity of
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Figure 5. Berberine reversed lapatinib resistance via the c-Myc/Nrf2 pathway. Western blot and Q-PCR were used to analyze Nrf2 pathway activity. (A) Both wild-type and
lapatinib-resistant BT-474 cells were collected, and antibodies against Nrf2, Keap1 and B-actin were detected. (B) Q-PCR was used to detect the level of Nrf2 mRNA in both
BT-474"7 cells and BT-474"P% cells. **p < 0.01 (C) Q-PCR was used to detect the level of HO-1 mRNA in both BT-474"" cells and BT-474"**R cells. *p < 0.05 (D) We treated
the BT-474"%R cells with different drugs and collected cells for protein gel blotting with antibodies against Nrf2,Keap1, p- GSK-35(ser9), GSK-38, c-Myc and S-actin. (E) Q-
PCR was used to observe Nrf2 mRNA in the absence or presence of berberine synthesized with lapatinib in BT-474""% cells. (F) Q-PCR was used to detect level of Nrf2
when siRNA-c-Myc was used. (G) Western blotting was used to detect level of Nrf2 when siRNA-c-Myc was used.

resistant cells. Especially, Zhang et al demonstrated that both
cyclin D1 and c-Myc were down regulated when cells were
treated with 0, 25, 50 and 100 «M beberine for 4 hrs.*® In our
study, we also confirmed c-Myc inhibition and ROS induction
by berberine. Therefore, c-Myc inhibition might be the key rea-
son of berberine to reverse lapatinib resistance.

In a summary, BT-474"F® cells had higher Nrf2 levels and
thus were able to halt ROS production for lapatinib resistance,
and both the pro-Nrf2 pathway of c-Myc and the anti-Nrf2
pathway of GSK-3p are activated to stabilize Nrf2 and maintain
a low level of ROS. The combination of lapatinib and berberine
resulted in inhibition of c-Myc, and thus berberine increased
ROS production and reversed lapatinib resistance in the lapati-
nib-resistant cancer cells (Fig. 6). In fact, the mechanism of
GSK-38 regulation by lapatinib and berberine remains

unknown, and thus our future work will explore specific mech-
anism by which lapatinib and berberine regulate c-Myc and
GSK-38. Moreover, we plan to test and verify the effects of
lapatinib and berberine in an in vivo model and in the clinic.

Materials and methods
Cell culture

The human breast cancer cell lines BT-474"" and AU-565""
were purchased from ATCC. BT-474""® cells and AU-565""F}
cells were developed by continually exposing parental cells (WT)
to 2 uM of lapatinib for 12 months. BT-474 cells (WT and
LapR) and AU-565 (WT and LapR) cells were cultured in Dul-
becco’s modified Eagle’s medium and RPMI 1640 supplemented
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Figure 6. Schematic model for the mechanisms of berberine-induced reversion of lapatinib resistance. Lapatinib activated both the c-Myc/Nrf2 pathway and GSK-38 to
stabilize Nrf2 and maintain a low level of ROS. Berberine upset the ROS balance by downregulating c-Myc.

with 10% fetal bovine serum and incubated in a humidified
atmosphere of 5% CO, at 37°C.

MTT assay

Cells (BT-474"", BT-474""%, AU-565"", and AU-565"*") were
harvested from exponentially growing cultures, counted, and
plated in 96-well plates at 1x 10 cells per well with the presence
or absence of lapatinib or berberine. Thereafter, 10 l of 5 mg/ml
MTT in PBS was added to each well, and the cells were incubated
for 4 h. The culture medium was then removed, and 150 ul of
DMSO was added. Optical density was measured at 490 nm.

RNA preparation and qRT-PCR

Total cellular RNA was extracted from cultured cells with
RNAiso for TRIzol reagent (TaKaRA, Dalian, China). The
cDNA was the reverse transcription from 1 ug of total RNA
using a reverse transcription kit (TaKaRA, Dalian, China).
Real-time Q-PCR analyses were conducted using SYBR Prime
Script™ mRNA RT-PCR Kit (TaKaRA, Dalian, China). All
protocols were performed according to the manufacturers’
instructions. The mRNA results were normalized to the expres-
sion of B-actin, and the primer sequences were as follows: Nrf2
forward primer, TTCCCGGTCACATCGAGAG; Nrf2 reverse
primer, TCCTGTTGCATACCGTCTAAATC; HO-1 forward
primer, AAGACTGCGTTCCTGCTCAAC; HO-1 reverse
primer, AAAGCCCTACAGCAACTGTCG.

siRNA and transfection

siRNA-c-Myc kit was purchased from Shanghai Genepharma
Co., Ltd. The sequences were as follows:
siRNA-c-Myc-1094:
5-GCUUGUACCUGCAGGAUCUTTAGAUCCUG-
CAGGUACAAGCTT-3
siRNA-c-Myc-1475:
5'-UCUCCACACAUCAGCACAATTUUGUGCUGA
UGUGUGGAGATT-3
BT474-R cells were plated in 60 mm dishes, and transfected
using TurboFect Transfection Reagent (Thermo Fisher Scientific,
Wilmington, DE) according to the manufacturer’s instructions.

Western blotting

Cells were lysed with RIPA buffer containing 1% cocktail prote-
ase inhibitors for 10 min at 4°C, and lysates were then centri-
fuged at 12000xg for 15 min at 4°C. The supernatants were
collected to determine protein concentrations using a BCA Pro-
tein Assay Kit. Cell lysates were separated using SDS-PAGE and
transferred to nitrocellulose membranes. After blocking with
5% non-fat dry milk in Tris-buffered saline with Tween (TBST)
for 1 h at room temperature, the membranes were incubated
with primary antibodies against Nrf2, GSK-38, p- GSK-38
(ser9), c-Myc, B-actin (Cell Signaling Technology, Danvers,
MA, USA), and Keapl (Santa Cruz Biotechnology, USA) .

EdU assay

EdU was obtained from Invitrogen. To optimize UV-induced
UDS by EdU incorporation, effects of the UV dose and the EdU-
incubation period were examined. Cells were cultured on cover-
slips and maintained at confluent density. Cells were washed with
PBS, which was followed by irradiation with different doses
(5-20 J/m2) of UVC (254 nm). After UV irradiation, cells were
immediately incubated with serum-free DMEM supplemented
with 10 uM EdU for different periods (0.5, 1, 2 and 4 h). Serum-
free medium was used because serum often contains thymidine,
which competes with EQU for incorporation into DNA. Cells
were then washed with PBS, followed by fixation and permeabili-
zation with PBS containing 2% formaldehyde, 0.5% triton X-100
and 300 mM sucrose for 20 min. After extensive washing with
PBS, cells were blocked with 10% FBS in PBS for 30 min. Inc. EAU
was detected by a fluorescent-azide coupling reaction. Briefly, cells
were incubated for 30 min with azide-conjugated Alexa Fluor 488
dye in TBS supplemented with 4 mM CuSO4. Cells were then
washed 3 times with PBS. Coverslips were soaked in PBS, fixed
with 3.7% formaldehyde in PBS for 20 min, and mounted on glass
slides with Aquapolymount (Polysciences). Photographs of the
cells were captured with a fluorescent microscope, and captured
images were processed and analyzed with Image] software (NIH).
Atleast 50 non-S-phase cells were randomly selected from a single
captured field, and the average nuclear fluorescent intensity was
calculated. Data points presented in the text are the averages
calculated from 5 different fields.



Measurement of intracellular ROS

The level of intracellular reactive oxygen species was quantified
using the Reactive Oxygen Species Assay Kit. DCFH-DA is oxi-
dized by reactive oxygen species in viable cells to 2',7'-dichloro-
fluorescein (DCF), which is highly fluorescent at 530 nm. The
cells were washed 3 times with PBS. DCFH-DA, diluted to a
final concentration of 10 uM, was added and incubated for
30 min at 37°C in the dark. After being washed 3 times with
PBS, the relative levels of fluorescence were quantified using a
flow cytometer (530 nm).

Statistical analysis

Data are expressed as the mean + standard error of the mean
(SEM) from at least 3 separate experiments. Two treatment
groups were compared using Student’s t test. For statistical
analysis, Graph Pad Prism version 5 was used. The results were
considered statistically significant when P < 0.05.
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