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Adenylate Kinase 4 Modulates the Resistance
of Breast Cancer Cells to Tamoxifen through
an m6A-Based Epitranscriptomic Mechanism
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N6-methyladenosine (m6A) is the most abundant internal
modification in mRNA and this methylation constitutes
an important regulatory mechanism for the stability and
translational efficiency of mRNA. In this study, we found
that the protein levels of adenylate kinase 4 (AK4) and
m6A writer METTL3 are significantly higher in tamoxifen-
resistant (TamR) MCF-7 cells than in parental cells. The
TamR MCF-7 cells also exhibit increased methylation at
multiple m6A consensus motif sites in the 50 untranslated
region (50 UTR) of AK4 mRNA, and genetic depletion of
METTL3 in TamR MCF-7 cells led to a diminished AK4
protein level and attenuated resistance to tamoxifen. In
addition, we observed augmented levels of reactive oxygen
species (ROS) and p38 activity in TamR MCF-7 cells, and
both are diminished upon genetic depletion of AK4. Recip-
rocally, overexpression of AK4 in MCF-7 cells stimulates
ROS and p38 phosphorylation levels, and it suppresses
mitochondrial apoptosis. Moreover, scavenging of intracel-
lular ROS leads to reduced p38 activity and re-sensitizes
TamR MCF-7 cells to tamoxifen. Thus, our results uncover
a novel m6A-mediated epitranscriptomic mechanism for the
regulation of AK4, illustrate the cellular pathways through
which increased AK4 expression contributes to tamoxifen
resistance, and reveal AK4 as a potential therapeutic target
for overcoming tamoxifen resistance.
Received 27 January 2020; accepted 1 September 2020;
https://doi.org/10.1016/j.ymthe.2020.09.007.

Correspondence: Yinsheng Wang, Department of Chemistry, University of Cali-
fornia, Riverside, Riverside, CA 92521-0403, USA.
E-mail: yinsheng@ucr.edu
INTRODUCTION
Tamoxifen has been used for treating estrogen receptor (ER)-
positive breast cancer for 40 years, and drug resistance has
been the most challenging issue for this therapy.1–4 Aberrant ki-
nase protein expression has been found to be a major mecha-
nism through which cancer cells acquire resistance toward
chemotherapy.5 Adenylate kinases are abundant enzymes modu-
lating cellular energy metabolism and homeostasis of cellular
adenine nucleotides in different subcellular compartments.6

They catalyze the reversible transfer of a phosphate group
from ATP to AMP, generating two molecules of ADP.6 Adeny-
late kinases differ in molecular weight, tissue distribution, sub-
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cellular localization, substrate and phosphate donor specificity,
and kinetic properties.6 Among them, adenylate kinase (AK)3
and AK4 are localized in the mitochondrial matrix.7 AK4 may
indirectly modulate the mitochondrial membrane permeability
via its interaction with ADP/ATP translocase, thereby maintain-
ing cellular energy homeostasis.6 In addition, AK4 was found to
promote the progression of bladder cancer8 and confer the resis-
tance of cancer cells toward radiation therapy and multiple
chemotherapeutic agents.9,10

N6-methyladenosine (m6A) is the most prevalent internal modi-
fication in mRNA, and this methylation has emerged as a crucial
and dynamic regulatory mechanism that controls gene expres-
sion in many physiological and pathological processes.11 In addi-
tion, the m6A-mediated epitranscriptomic pathway has been
shown to contribute to chemoresistance and radioresistance.
For instance, FTO, an m6A eraser,12 regulates therapeutic resis-
tance of cervical squamous cell carcinoma by targeting b-catenin
through demethylation of its mRNA.13,14 Likewise, METTL3, the
catalytic subunit of the major m6A writer complex,15 promotes
therapeutic resistance of pancreatic cancer cells,16 and m6A in
FZD10 mRNA confers the resistance of BRCA-mutated epithelial
ovarian cancers toward a poly(ADP-ribose) polymerase (PARP)
inhibitor.17

In this study, we found that tamoxifen-resistant (TamR) MCF-7
breast cancer cells exhibit elevated levels of methylation at mul-
tiple m6A consensus motif sites in the 50 untranslated region (50

UTR) of AK4 mRNA, and the expression level of AK4 protein is
influenced by m6A writer (METTL3) and eraser (ALKBH5) pro-
teins. We also identify AK4 as a driver for tamoxifen resistance,
which involves diminished mitochondrial apoptosis, increased
ROS production, and augmented p38 activation.
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Figure 1. TamRMCF-7 Cells Exhibit Elevated Expression of AK4 Protein Relative to ParentalMCF-7 Cells, and a Higher Level of AK4 Expression Contributes

to 4-OHT Resistance in TamR MCF-7 Cells

(A) Western blot analysis revealed the increased expression of AK4 protein in TamRMCF-7 cells. (B) The changes in AK4 protein expressionwere quantified based on its band

intensities using ImageJ, normalized against that of the loading control (i.e., GAPDH), and displayed relative to the level observed in parental MCF-7 cells. (C) Relative mRNA

levels of AK4 in MCF-7 and TamRMCF-7 cells. (D–F) Parental MCF-7 cells with stable overexpression of AK4 (D) and TamRMCF-7 cells with stable knockdown of AK4 (E) or

AK2 (F) were treated with serially diluted 4-OHT for 72 h, and cell viability wasmeasured using CCK8. The data were normalized against the control groups (ethanol). The data

in (B)-(F) represent mean ±SD (n = 3). The p values were calculated based on an unpaired, two-tailed Student’s t test. #pR 0.05, *0.01% p < 0.05, **0.001% p < 0.01, ***p <

0.001.
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RESULTS
TamR MCF-7 Cells Exhibit Elevated Expression of AK4 Protein,

Which Is Correlated with Poorer Survival of Breast Cancer

Patients

A previous study showed that aberrant expression of AK4 is associ-
ated with increased malignancy in lung cancers.18 In this study, we
examined whether differential expression of AK4 confers tamoxifen
resistance in breast cancer cells by assessing first its expression levels
in TamR MCF-7 and parental MCF-7 breast cancer cells. We found
that the AK4 mRNA level exhibits a 2-fold increase, whereas its pro-
tein level displays a muchmore pronounced elevation in TamRMCF-
7 relative to parental MCF-7 cells (Figures 1A–1C. We also examined
the relative levels of expression of other members of the adenylate ki-
nase family, and our results showed that AK2 also exhibits augmented
expression in TamRMCF-7 over MCF-7 cells; the expression levels of
AK1 and AK3 proteins, nevertheless, are very similar in these two cell
lines (Figure 1A).

We next assessed whether AK4 expression confers prognostic values
in breast cancer patients. To this end, we performed Kaplan-Meier
2594 Molecular Therapy Vol. 28 No 12 December 2020
(KM) survival analysis by querying the Gene Expression Omnibus
(GEO) database for breast cancer patients (n = 1,764). We found
that higher levels of mRNA expression of the AK4 gene are signifi-
cantly associated with worse survival of breast cancer patients (hazard
ratio [HR] = 1.568; 95% confidence interval [CI] = 1.299�1.893; log
rank p = 4.2e�06) (Figure S1A). There is, however, no apparent cor-
relation between the mRNA expression level of the AK2 gene and
breast cancer patient survival (HR = 1.0472; 95% CI = 0.931�1.164;
log rank p = 0.7886) (Figure S1B).

Higher Level of AK4 Confers (Z)-4-Hydroxytamoxifen (4-OHT)

Resistance

We next examined whether a higher level of AK4 expression contrib-
utes to tamoxifen resistance in breast cancer cells. To this end, we
generated MCF-7 cells with stable overexpression of the AK4 gene
and TamR MCF-7 cells with stable knockdown of this gene using
two separate short hairpin RNAs (shRNAs) (Figures S2A and S2B).
Results from a proliferation assay showed that overexpression of
AK4 elicited increased resistance ofMCF-7 cells to 4-OHT, and recip-
rocally depletion of AK4 re-sensitized TamR MCF-7 cells to 4-OHT
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(Figures 1D and 1E). Moreover, clonogenic survival assay results re-
vealed that genetic depletion of AK4 in TamR MCF-7 cells led to
increased sensitivity to 4-OHT (Figure S2D).

Because AK2 protein also showed a significant increase in TamR
MCF-7 cells, we asked whether augmented expression of AK2 also
promotes tamoxifen resistance. Thus, we generated TamR MCF-7
cells with stable knockdown of AK2 using two different sequences
of shRNAs (Figure S2C). However, stable knockdown of AK2 in
TamR MCF-7 cells did not elicit any alteration in their sensitivity to-
ward 4-OHT (Figure 1F). These results demonstrate that elevated
expression of AK4, but not AK2, renders MCF-7 cells resistant to
tamoxifen.

TamR MCF-7 Cells Exhibit Augmented METTL3 Expression,

Which Stimulates AK4 Protein Expression

The above results revealed a much more pronounced increase in
AK4 protein over its mRNA in TamR MCF-7 cells than in the
parental MCF-7 cells. Considering that m6A in mammalian
mRNA can modulate the stability and translation efficiency of
mRNA,19 we next asked whether increased expression of AK4 pro-
tein in TamR MCF-7 cells arises, in part, from this m6A-mediated
epitranscriptomic mechanism. We first analyzed the publicly avail-
able m6A sequencing data by interrogating the Met-DB v2.0 data-
base.20,21 The result shows that most m6A peaks are distributed in
the 50 and 30 UTR of AK4 mRNA (Figure 2A). Our liquid chroma-
tography-multi-stage mass spectrometry (LC-MS/MS/MS) quantifi-
cation results also unveiled that the global m6A level was signifi-
cantly higher in mRNA isolated from TamR than parental MCF-7
cells (Figure S3A).

Recent studies showed that, in response to heat shock stress, cells
overexpress HSP70 and DNAJB4 proteins through a mechanism
involving cap-independent translation enabled by m6A in the 50

UTRs of the mRNAs of HSP70 and DNAJB4.21–24 Thus, we exam-
ined whether a similar mechanism is at play for the elevated expres-
sion of AK4 in TamR MCF-7 cells. Results from the single-base
elongation- and ligation-based qPCR amplification (SELECT)
assay25 showed that seven adenosines at the m6A motif sites in
the 50 UTR of AK4 mRNA from TamR MCF-7 cells were with
increased m6A levels relative to parental MCF-7 cells (Figures 2B,
2C, and S3B).

We also examined the relative levels of expression of m6A reader,
writer, and eraser proteins in this pair of cell lines. We found that
that the m6A reader proteins YTHDF1 and YTHDF3 exhibit no pro-
nounced differences in the two cell lines, whereas the YTHDF2 pro-
tein level was lower in TamR MCF-7 cells than in parental cells (Fig-
ures 2D and 2E). FTO, a demethylase for m6A and m6Am,

12 displays a
markedly higher level of expression in TamR MCF-7 cells than in
MCF-7 cells (Figures 2D and 2E). Similarly, METTL3, the catalytic
subunit of the m6A methyltransferase complex,15 exhibits an
augmented level of expression in TamR MCF-7 cells than in MCF-
7 cells (Figure 2E).
Next, we investigated whether these m6A reader, writer, and eraser
proteins affect AK4 protein expression in MCF-7 cells. We found
that overexpression of FTO in TamR MCF-7 cells does not lead to
any apparent alteration in AK4 protein expression (Figure 3A),
whereas genetic depletion of FTO in TamR MCF-7 cells results in
an increased AK4 protein level (Figure 3B), suggesting that the
elevated expression of AK4 in TamR MCF-7 cells is not attributed
to increased FTO expression. Alternatively, small interfering RNA
(siRNA)-mediated knockdown of ALKBH5 elicits increased AK4
protein expression, and overexpression of ALKBH5 confers dimin-
ished level of AK4 protein (Figures 3C and 3D). These results support
that, although the expression level of ALKBH5 is similar in these two
cell lines, AK4 protein expression could be subjected to regulation by
this m6A eraser protein. Moreover, depletion of METTL3 in TamR
MCF-7 cells leads to significantly decreased AK4 protein level; recip-
rocally, the AK4 protein level increases slightly in MCF-7 cells upon
overexpression of METTL3 (Figures 4A, 4B, S4A, and S4B), substan-
tiating that the AK4 expression level is regulated by the METTL3-
containing m6A writer complex.

We also measured global levels of m6A in mRNA samples by using
LC-MS/MS/MS. Our results showed that genetic depletions of
ALKBH5 and METTL3 in TamR MCF-7 cells gave rise to increased
and decreased global levels m6A in cellular mRNA samples, respec-
tively (Figures S4C and S4D). This is in agreement with the estab-
lished functions of ALKBH5 and METTL3 in serving as the eraser
and writer proteins of m6A.15,26

Since YTHDF2 exhibits a lower level of expression in TamR MCF-7
cells than in MCF-7 cells, we investigated whether AK4 is also regu-
lated by this m6A reader protein. The results show that overexpres-
sion of YTHDF2 or YTHDF2 W432A, which does not bind to
m6A,27 did not alter AK4 protein expression (Figure 4C) in TamR
MCF-7 cells, suggesting that the stability or translation efficiency of
AK4 mRNA in these cells is not modulated by YTHDF2.

On the grounds that AK4 protein expression is positively regulated by
METTL3 and elevated expression of AK4 confers resistance of MCF-
7 cells to tamoxifen, we also examined whether resistance to tamox-
ifen is modulated by the expression level of METTL3. To this end, we
produced MCF-7 cells with stable overexpression of METTL3 and
TamR MCF-7 cells with stable knockdown of METTL3 using two in-
dependent sequences of shRNAs. Results from a cell proliferation
assay showed that overexpression of METTL3 elicits slightly
increased resistance ofMCF-7 cells to tamoxifen (Figure 4G), whereas
genetic depletion of METTL3 re-sensitizes TamR MCF-7 cells to
tamoxifen (Figure 4H).

Elevated AK4 Induces Increased Production of Reactive Oxygen

Species (ROS) and Activation of p38 Kinase

Exposure of human cancer cells to chemotherapeutic agents or
ionizing radiation is known to upregulate ROS.28,29 Chronic exposure
of cancer cells to high levels of ROSmay trigger therapeutic resistance
in cancer cells.28 It was previously reported that overexpression of
Molecular Therapy Vol. 28 No 12 December 2020 2595
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Figure 2. Different Levels of m6A Modification in the 50 UTR of AK4 mRNA and Differential Expression of m6A Reader, Writer, and Eraser Proteins in MCF-7

and the Isogenic TamR Cells

(A) Genome browser track showing the distribution of m6A peaks in AK4 mRNA. The data were retrieved from MeT-DB v2.0 (http://180.208.58.19/metdb_v2/), where the 50

UTR, coding sequence (CDS), and 30 UTR are represented by blue, red, and green bars, respectively, and intron regions are indicated by a thin yellow line. (B) Putative m6A

sites in the 50 UTR of AK4mRNA. (C) Relative template abundances of AK4 50 UTRmeasured by the SELECTmethod (nR 3). A total of nine sites were chosen, seven from the

m6A motif site (G(A)C/A(A)C) and two from the C(A)G or G(A)G site (as negative controls [Neg]), where the ’A’ highlighted in bold designates the adenosine sites that were

interrogated by the SELECTmethod. The p values were calculated versus the mean value of the two negative controls. (D) Parental and TamRMCF-7 cells were treated with

1 mM 4-OHT for 48 h and cell lysates were used to monitor the levels of YTHDF1, YTHDF2, YTHDF3, FTO, ALKBH5, and METTL3 proteins by western blot analyses. (E)

Relative expression levels of YTHDF1, YTHDF2, YTHDF3, FTO, ALKBH5, and METTL3 proteins in MCF-7 and TamRMCF-7 cells. The protein levels were quantified from gel

band intensities using ImageJ. The values were normalized against the band intensities of GAPDH. The data are presented as the mean ± SD (n = 3), where the p values were

calculated using an unpaired, two-tailed Student’s t test. #p R 0.05, *0.01 % p < 0.05, **0.001 % p < 0.01, ***p < 0.001.
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Figure 3. The Expression Level of AK4 Protein Is Modulated by the m6A Eraser Proteins

(A–D)Western blot for assessing the expression levels of AK4 protein after overexpression (A and C) or knockdown (B and D) of FTO (A and B) and ALKBH5 (C and D) in TamR

MCF-7 cells. (E–H) AK4 protein changes were quantified from band intensities detected in (A)-(D), respectively, using ImageJ and are displayed relative to the

level detected for control cells. The data are presented as the mean ± SD (n = 3), where the p values were calculated using an unpaired, two-tailed Student’s

t test. *0.01 % p < 0.05, **0.001 % p < 0.01, ***p < 0.001.

www.moleculartherapy.org
AK4 shifts metabolism toward aerobic glycolysis and elevates intra-
cellular ROS.30 Therefore, we also assessed whether higher level of
AK4 elicits increased generation of ROS. Results from fluorescence
measurement of cells treated with 20,70-dichlorofluorescin diacetate
(DCF-DA) showed that ROS production was elevated in TamR
MCF-7 cells compared with parental MCF-7 cells (Figure 5A). Addi-
tionally, overexpression of AK4 in parental MCF-7 cells results in a
pronounced increase in ROS generation, whereas knockdown of
AK4 in TamR MCF-7 cells markedly diminishes the ROS level (Fig-
ures 5B and 5C).

Mitochondrial ROS is known to initiate phosphorylation and subse-
quent activation of p38 mitogen-activated protein (MAP) kinase
(MAPK) during hypoxia in cardiomyocytes.31 Next, we assessed
whether p38 activity is elevated in cellular stress environment arising
from long-term exposure to tamoxifen. Our results showed that p38
activity was augmented in TamR MCF-7 cells relative to parental
MCF-7 cells (Figure 5D). Additionally, overexpression of AK4 gave
rise to elevated phosphorylation of p38 in MCF-7 cells (Figure 5E),
whereas stable knockdown of AK4 in TamR MCF-7 cells led to
diminished activity of p38 (Figure 5F). These results demonstrate
that elevated AK4 expression elicits augmented production of ROS,
which results in the activation of p38 kinase.
We also monitored the activities of two other mitogen-activated
protein kinases, i.e., extracellular signal-regulated kinase (ERK)
and c-Jun N-terminal kinase (JNK), and our results showed
that ERK activity displayed the same trend as p38 upon overex-
pression or knockdown of AK4, whereas JNK activity was not
affected by upregulation or downregulation of AK4 gene expres-
sion (Figure S5).

High Level of ROS Activates p38 and Confers 4-OHT Resistance

Modulation of ROS in cancer cells, for example, through targeted
production of ROS via ATP-driven transmembrane efflux pumps
in mitochondria,32 was advocated as a viable strategy to overcome
drug resistance in cancers.33 Hence, we also asked whether diminu-
tion in ROS levels by treating cells with N-acetyl-L-cysteine (NAC)
could overcome tamoxifen resistance. Our results from a prolifera-
tion assay showed that scavenging ROS with NAC could re-sensi-
tize TamR MCF-7 cells and AK4-overexpressing MCF-7 cells to 4-
OHT (Figures 6A and 6B). In addition, treatment with NAC di-
minishes p38 phosphorylation level in both TamR MCF-7 cells
and AK4-overexpressing MCF-7 cells (Figures 6C and 6D).

Next, we investigated whether active p38 confers resistance of
MCF-7 cells to 4-OHT, and proliferation results showed that
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Figure 4. The Expression Level of AK4 Protein Is Modulated by the m6A Writer Protein METTL3

(A and B) Images from western blot for monitoring the changes in AK4 protein after overexpression of METTL3 in MCF-7 cells (A), or knockdown of METTL3 in TamRMCF-7

cells (B). (C) Western blot for examining the changes in expression of AK4 protein after overexpression of YTHDF2 or YTHDF2 W432A in TamR MCF-7 cells. (D–F)

Quantification of AK4 protein change based on results obtained from (A) (A)–(C), respectively. The values in the bar graphs represent the values that were normalized against

the band intensities of GAPDH. (G and H) Parental MCF-7 cells with stable overexpression of METTL3 (G) and TamRMCF-7 cells with stable knockdown of METTL3 (H) were

treated with serially diluted 4-OHT for 72 h and the cell viability was measured using CCK8. The data were normalized against the control groups (ethanol). The data in (D)–(H)

represent mean ± SD (n = 3). The p values were calculated by using the unpaired, two-tailed Student’s t test. #pR 0.05, *0.01% p < 0.05, **0.001% p < 0.01, ***p < 0.001.

Molecular Therapy
treatment of TamR cells and AK4-overexpressing MCF-7 cells
with a small-molecule inhibitor of p38, i.e., SB202190, re-sensi-
tized these cells toward 4-OHT (Figure S6). These results substan-
tiate the notion that elevated AK4 confers increased ROS gener-
ation, which results in p38 activation, thereby rendering MCF-7
cells resistant to tamoxifen.
2598 Molecular Therapy Vol. 28 No 12 December 2020
Augmented AK4 Leads to Decreased Mitochondrial Apoptosis,

Which May Confer Resistance of MCF-7 Cells to 4-OHT

Inhibition of mitochondrial apoptosis is known to contribute to
drug resistance.34 Furthermore, AK4 is localized in mitochondrial
matrix and modulates mitochondrial activity.35 Hence, we exam-
ined whether a higher level of AK4 affects mitochondrial



Figure 5. Elevated Expression of AK4 Gene Led to Increased ROS and p38 Phosphorylation

(A–C) Differences in the levels of ROS in MCF-7 and TamRMCF-7 cells (A), MCF-7 cells transfected with empty vector or a vector for the stable overexpression of AK4 (B), or

TamRMCF-7 cells with stable expression of control shRNA or shRNA for knockdown of AK4 gene (C). Cells were pre-incubated with or without 1 mM4-OHT for 24 h followed

by 10 mMDCF-DA for 30min. The cells were then washed with PBS twice, and DCF-DA fluorescence was recorded at 525 nm using an excitation wavelength of 488 nm on a

BioTek reader. The data were normalized against the control group (DMSO). (D) Images fromwestern blot for monitoring the changes in levels of phosphorylated p38 (p-p38)

and p38 in parental and TamRMCF-7 cells. (E and F) Alterations in p-p38 and p38 protein levels after ectopic overexpression of AK4 in MCF-7 cells (E) or knockdown of AK4

in TamR MCF-7 cells (F). (G–I) Quantification of p-p38 and p38 protein changes based on Western blot images shown in (D)–(F), respectively. The band intensities were

quantified using ImageJ and are displayed relative to the level in parental MCF-7, MCF-7 vector, and TamR cells with stable expression of control shRNA (shCtrl), respectively.

The values were normalized against the band intensities of p38. The data in (A)-(C) and (G)-(I) are presented as the mean ± SD (n = 3). The p values were calculated using an

unpaired, two-tailed Student’s t test. #p R 0.05, *0.01 % p < 0.05, **0.001 % p < 0.01, ***p < 0.001.
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apoptosis. To this end, we monitored the differential expression of
pro-apoptotic proteins Bim, Bad, and anti-apoptotic protein Bcl-
236 in MCF-7 and TamR MCF-7 cells. The results show that
pro-apoptotic protein Bim is downregulated, whereas the anti-
apoptotic protein Bcl-2 is elevated in TamR cells relative to
parental MCF-7 cells (Figures 7A and 7B). Moreover, overexpres-
sion of AK4 in MCF-7 cells decreases Bim and Bad levels while
concomitantly upregulates the Bcl-2 level (Figures 7C and 7D).
Conversely, genetic depletion of AK4 in TamR MCF-7 cells re-
stores the protein levels of Bim and Bad and diminishes that of
Bcl-2 (Figures 7E and 7F). These results indicated that high levels
of AK4 may confer tamoxifen resistance through attenuating
mitochondrial apoptosis.

DISCUSSION
Tamoxifen has been approved for treating ER-positive breast can-
cer for more than four decades, and drug resistance constitutes
the major hurdle for this therapy.4 Understanding the molecular
mechanisms of resistance to tamoxifen may provide new venues
for overcoming therapeutic resistance. In this study, we uncover,
for the first time, that elevated expression of AK4, a mitochon-
drial nucleotide kinase, constitutes a novel mechanism
Molecular Therapy Vol. 28 No 12 December 2020 2599
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Figure 6. High Level of ROS Activates p38 and

Confers 4-OHT Resistance

(A and B) Cells were treated with 5 mM NAC for 2 h,

washed with PBS twice, and treated with serially diluted 4-

OHT for 72 h. Shown in (A) are comparisons for MCF-7

cells transfected with an empty vector and without NAC

treatment, or AK4-overexpressing MCF-7 cells with or

without NAC treatment. Displayed in (B) are the compari-

sons for MCF-7 cells without NAC treatment, or TamR

MCF-7 cells with or without NAC treatment. Cell viability

was measured using CCK8, and luminescence was re-

corded with a BioTek reader. The data were normalized to

control groups (DMSO) and are represented by the mean ±

SD (n = 3). (C and D) Cells were treated with 5 mM NAC for

1 h, and the lysates were used to monitor the levels of AK4,

p-p38, and p38 by western blot analyses. Shown in (C) are

the results for MCF7 cells without NAC treatment, and

TamR MCF-7 cells with or without NAC treatment; dis-

played in (D) are the results for MCF-7 cells transfectedwith

an empty vector and without NAC treatment, or AK4-

overexpressing MCF7 cells with or without NAC treatment.
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contributing to tamoxifen resistance in MCF-7 breast cancer cells,
and AK4’s role in modulating drug resistance involves the
elevated production of ROS, augmented activation of p38
MAPK, and suppression of mitochondrial apoptosis. Our findings
are in keeping with the prior observations that overexpression of
AK4 shifts metabolism toward aerobic glycolysis and elevates
intracellular ROS.30 Our results are also consistent with the pre-
vious findings that mitochondrial ROS stimulate phosphorylation
of p38 MAPK during hypoxia in cardiomyocytes31 and suppres-
sion of mitochondrial apoptosis modulates drug resistance.34

We also reveal that mechanistically the elevated expression of
AK4 in tamoxifen-resistant cells arises from increased expression
of METTL3 and the ensuing elevated levels of m6A in the 50 UTR
of AK4 mRNA. Although m6A-mediated epitranscriptomic mech-
anism is known to modulate therapeutic resistance,14,16,37 our
work unveils a novel molecular target for this mechanism (i.e.,
AK4 mRNA) and reveals the epitranscriptomic modulator for
this target (i.e., METTL3). Furthermore, elevated level of METTL3
and its function in tamoxifen resistance are in line with recent
observations that METTL3 assumes an oncogenic role in breast
and ovarian cancer progression38,39 and promotes chemoresistance
and radioresistance in pancreatic cancer.16 Future studies are
needed to understand further how chronic exposure to tamoxifen
elicits increased expression of METTL3.

A limitation of the present study resides in that most cellular ex-
periments were conducted with a single pair of cell lines, i.e.,
MCF-7 and its paired tamoxifen-resistant line. Nevertheless, bio-
2600 Molecular Therapy Vol. 28 No 12 December 2020
informatics analyses of publicly available data
revealed a strong correlation between a higher
level of AK4 expression and poorer survival of
breast cancer patients. Thus, our result suggests that this mecha-
nism contributes to tamoxifen resistance in a large fraction of
breast cancer patients.

Collectively, our study demonstrates that chronic exposure to tamox-
ifen induces increased m6A in the 50 UTR of AK4 mRNA, which pro-
motes its translation, and a higher level of AK4 suppresses mitochon-
drial apoptosis and promotes ROS production, thereby activating p38
and ultimately resulting in elevated resistance of MCF-7 cells to
tamoxifen. Thus, our results uncovered AK4 as a potential therapeu-
tic target for overcoming tamoxifen resistance.

MATERIALS AND METHODS
Materials

4-OHT, DCF-DA, and NAC were purchased from Sigma-Aldrich.
SB202190 was purchased from MedChemExpress.

Cell Culture

Parental and TamR MCF-740 human breast cancer cells were
generous gifts from Dr. David Eastmond at the University of Califor-
nia, Riverside and Dr. Guangdi Wang at Xavier University, respec-
tively. The cells were maintained in DMEM supplemented with
10% fetal bovine serum (FBS) (Invitrogen) and antibiotics. In addi-
tion, 1 mM 4-OHT was included in the culture medium to maintain
the tamoxifen-resistant subline. The cells were cultured at 37�C in
an incubator containing 5% CO2.

The initial passage numbers for breast cancer cells used were MCF-7
(p4) and TamR (p5). All of the relevant experiments were



Figure 7. Augmented AK4 Leads to Decreased Mitochondrial Apoptosis, Which May Confer Resistance of MCF-7 Cells to 4-OHT

(A) Western blot analyses of Bim, Bad, and Bcl-2 protein levels in parental and TamR MCF-7 cells. (B) Quantification of changes in protein levels of Bim, Bad, and Bcl-2. (C)

Images from western blot for monitoring the levels of Bim, Bad, and Bcl-2 proteins after overexpressing AK4 in MCF-7 cells. (D) Quantification of Bim, Bad, and Bcl-2 protein

changes based on results shown in (C). (E) The relative levels of Bim, Bad, and Bcl-2 proteins after knockdown of AK4 in TamR MCF-7 cells. (F) Quantification of Bim, Bad,

and Bcl-2 protein changes based on results shown in (E). All of the band intensities were quantified using ImageJ and were displayed relative to the level in parental MCF-7,

MCF-7 vector, and TamR shCtrl cells, respectively. The values were normalized against the band intensities of GAPDH, and the data are presented as the mean ± SD (n = 3).

The p values were calculated using an unpaired, two-tailed Student’s t test. #p R 0.05 *0.01 % p < 0.05, **0.001 % p < 0.01, ***p < 0.001.
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conducted within 20 passages from revival of the initial frozen
seeds. A LookOut mycoplasma PCR detection kit (MP0035,
Sigma-Aldrich, St. Louis, MO, USA) for detection of 19 myco-
plasma species was used following the manufacturer’s protocol.
PCRs were performed using Taq DNA polymerase. Results were
visualized on a 2% agarose gel, where mycoplasma-positive samples
would show a band at 259 bp, and mycoplasma-negative internal
control DNA has a band at 481 bp. MCF-7 and TamR breast cancer
cell lines were tested on November 22, 2019, and results indicated
no mycoplasma contamination. In addition, these two breast cancer
cell lines were authenticated by ATCC on July 11, 2018 using short
tandem repeat (STR) analysis as described in 2012 in the American
Molecular Therapy Vol. 28 No 12 December 2020 2601

http://www.moleculartherapy.org


Molecular Therapy
National Standards Institute (ANSI) standard (ASN-0002) for
authentication of human cell lines.

shRNA and Plasmids

The sequences for shRNA and primers are shown in Table S1. Scram-
bled shRNAwith a hairpin sequence of 50-CCTAAGGTTAAGTCG
CCC TCG CTC TAG CGA GGG CGA CTT AAC CTT AGG-30

(Addgene, Cambridge, MA, USA) was used as a negative control, as
described previously.41 All primers and oligodeoxynucleotides used
for the construction of shRNA plasmids were purchased from Inte-
grated DNA Technologies. All shRNAs were cloned into the AgeI/
EcoRI site of the pLKO.1 vector (Addgene, plasmid #10878). Coding
sequences of AK4 and METTL3 plasmids were cloned into the NheI
and AgeI restriction sites of the pLJM1-EGFP vector (Addgene,
plasmid #10878). Expression plasmids for YTHDF2 and YTHDF2
W432A were previously described.27 All constructs were confirmed
by Sanger sequencing.

siRNA and Transfection

The sequences for siMETTL3-1 and siMETTL3-2 were 50-CUG CAA
GUA UGU UCA CUA UGA-30 and 50-AGG AGC CAG CCA AGA
AAU CAA-30, respectively.15 The sequences for siALKBH5-1 and
siALKBH5-2 were 50-ACA AGU ACU UCU UCG GCG A-30 and
50-GCG CCG UCA UCA ACG ACU A-30, respectively.42 siRNA
was transfected using RNAiMAX (Invitrogen) following the manu-
facturer’s protocol, where non-targeting siRNA (Dharmacon,
D-001210-02-20) was used as control. The pcDNA3.1-DYK-
ALKBH5 and pcDNA3.1-DYK-FTO were kindly provided by Prof.
Chuan He.14,37,43

Lentivirus Production and Stable Cell Line Generation

HEK293T cells were transfected with pLKO.1/puro-shRNAs and
pLJM1-EGFP-AK4/METTL3 plasmids together with pLTR-G
(plasmid #17532) envelope plasmid and pCMV-dR8.2 dvpr (plasmid
#8455) package plasmid using PolyFect transfection reagent
(QIAGEN). Viral particles were collected 48 h later and filtered
through a 0.45-mm sterile filter. Tamoxifen-resistant MCF-7 cells
were infected with a 5:1 mixture of viral particles and DMEM con-
taining 1 mM 4-OHT for 48 h. The cells were selected with 2 mg/
mL puromycin for a week and cultured in complete DMEM supple-
mented with 1 mM 4-OHT and 1 mg/mL puromycin.

Western Blot

MCF7 and tamoxifen-resistant MCF7 cells were cultured in a six-well
plate and the cells, when their confluency levels reached 40%–50%,
were treated for 24 h with 4-OHT at the indicated concentrations.
The cells were lysed with CelLytic M cell lysis reagent (Sigma-
Aldrich), and the supernatant was used for western blot analysis.
Antibodies recognizing human AK1 (Santa Cruz Biotechnology, sc-
365316), AK2 (Santa Cruz Biotechnology, sc-374095), AK3 (Santa
Cruz Biotechnology, sc-398571), AK4 (Santa Cruz Biotechnology,
sc-271161), phosphorylated (p-)p38 (Santa Cruz Biotechnology,
sc-166182), p38a (Santa Cruz Biotechnology, sc-271120), Bcl-2
(Santa Cruz Biotechnology, sc-7382), Bim (Santa Cruz Bio-
2602 Molecular Therapy Vol. 28 No 12 December 2020
technology, sc-374358), Bad (Santa Cruz Biotechnology, sc-8044),
YTHDF1 (Proteintech, 17479-1-AP), YTHDF2 (EMD Millipore,
Q2490423), YTHDF3 (Santa Cruz Biotechnology, sc-377119), FTO
(Santa Cruz Biotechnology, sc-271713), METTL3 (Proteintech,
15073-1-AP), ALKBH5 (Proteintech, 16837-1-AP), p-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling Technology,
4370T), ERK1/2 (Santa Cruz Biotechnology, sc-514302), p-JNK
(Santa Cruz Biotechnology, sc-6254), and JNK (Santa Cruz Bio-
technology, sc-7345) were used as primary antibodies for western
blot analysis. Anti-rabbit immunoglobulin G (IgG) (whole mole-
cule)-peroxidase antibody produced in goats (Sigma, #A0545) and
mouse (m-)IgGk binding protein (BP)-horseradish peroxidase
(HRP) (Santa Cruz Biotechnology, sc-516102) were used as second-
ary antibodies. Membranes were also probed with anti-GAPDH anti-
body (Santa Cruz Biotechnology, sc-32233) to confirm equal protein
loading.

Proliferation Assay

Cells were grown in 96-well plates (6,000 cells/well). Compounds of
various concentrations were added into the plates after the cells
were cultured for 12 h. Cell proliferation was determined after treat-
ment with compounds for 72 h. Cell viability was measured using the
Cell Counting Kit-8 (CCK8) (Dojindo Molecular Technologies)
following the manufacturer’s instructions, and luminescence was re-
corded in a multi-label reader (BioTek, Synergy H1). The data were
normalized to control groups (ethanol or DMSO) and represented
by the mean and SD of results from three independent measurements
using Prism 7.0 (GraphPad).

Clonogenic Survival Assay

Cells were cultured in six-well plates at a density of 300 cells/well.
Compounds of various concentrations were added into the wells after
the cells were cultured for 12 h, and cells were grown in the presence
of 4-OHT for 14 days. The cells were subsequently washed once with
phosphate-buffered saline (PBS), fixed with 5% glutaraldehyde for
30 min, stained with 0.5% crystal violet for 1 h, and subsequently
washed with PBS five times. Single colonies, which contained a min-
imum of 50 cells per colony, were subsequently counted; the data were
normalized to the control groups and represented as mean ± SD of
results from three independent measurements.

Measurement of Intracellular ROS

Cells were cultured in 96-well plates. After pre-incubation with or
without 1 mM 4-OHT for 24 h, the cells were treated with 10 mM
DCF-DA (Sigma) for 30 min. The cells were subsequently washed
twice with PBS. DCF-DA fluorescence was recorded at 525 nm using
an excitation wavelength of 488 nm in a multi-label reader (BioTek,
Synergy H1). The data were normalized to control groups (DMSO)
and represented as mean ± SD of results from three independent
measurements.

SELECT Assay

A SELECT assay was performed as previously reported.25 Briefly, to-
tal RNA and up and down primers were mixed and annealed. A 3-mL
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solution containing Bst 2.0 DNA polymerase, ATP, and SplintR was
subsequently added to the mixture to make the final volume 20 mL.
The final reaction mixture was incubated at 40�C for 20 min,
denatured at 80�C for 20 min, and subsequently cooled to 4�C.
Real-time quantitative PCR was subsequently performed using an
iQ SYBR Green supermix kit (Bio-Rad) on a Bio-Rad iCycler system
(Bio-Rad). The comparative cycle threshold (Ct) method (DDCt) was
used for the relative quantification of template abundance.44 The se-
quences for up and down primers and qPCR primers are shown in
Table S2.
LC-MS/MS/MS Measurements of the Levels of m6A in mRNA

mRNA was isolated from cells and digested using previously pub-
lished procedures.45 Briefly, 100 ng of mRNA was digested, at 37�C
for 2 h, with 1 U of nuclease P1 in a 25-mL buffer containing
25 mM NaCl and 2.5 mM ZnCl2. Alkaline phosphatase (0.25 U)
and 3 mL of 1.0 M NH4HCO3 buffer were subsequently added to
the mixture. After incubation at 37�C for another 2 h, the digestion
mixture was dried by using a SpeedVac and reconstituted in 100 mL
of double distilled (dd)H2O.

LC-tandem MS (LC-MS/MS) and LC-MS/MS/MS were used for the
quantification of adenosine (rA) and m6A, respectively, in mRNA
samples isolated from cells, as described previously.46 In short, to
2 ng of digested mRNA were added 1.5 pmol of [13C5]-rA and 8.5
fmol of [D3]-m

6A. The enzymes in the digestion mixture were
removed by chloroform extraction, and the ensuing aqueous layer
was dried, reconstituted in water, and subjected to LC-MS/MS and
LC-MS/MS/MS measurements.

Selected reaction monitoring (SRM) experiments were performed
on an LTQ-XL linear ion trap mass spectrometer coupled with an
EASY-nLC II (Thermo Fisher Scientific, San Jose, CA, USA). The
mass spectrometer was operated in the positive-ion mode with the
electrospray, capillary, and tube lens voltages being 2.0 kV, 12 V,
and 100 V, respectively. Samples were loaded onto a 5-cm in-house
packed pre-column containing Magic C18-AQ (5 mm in particle
size, 100 Å in pore size, Michrom BioResources) at a flow rate of
2.5 mL/min. Analytes were resolved on a 20-cm Magic C18-AQ
analytical column (75-mm inner diameter [i.d.]) at a flow rate of
300 nL/min. The gradient used was 0%–15% B in 40 min, 55%–

90% B in 1 min, and 90% B in 10 min, where 0.1% (v/v) formic
acid in water and 0.1% (v/v) formic acid in acetonitrile were used
as mobile phases A and B, respectively.
Bioinformatics Analysis of Publicly Available Datasets

The prognostic values ofAK4 andAK2 genes in breast cancer patients
were assessed by using the KM Plotter database (http://kmplot.com/
analysis/) derived from the GEO repository.47 KM survival analysis
was conducted with patient data stratified by median AK2 and AK4
mRNA expression levels, and the HR, 95% CIs, and log-rank p values
were calculated and displayed. The distribution of m6A in AK4
mRNA data was retrieved from the MeT-DB v2.0 website.20,21
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