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Definition
KDM2A is a member of one group of α-ketoglutarate-dependent oxygenases. KDM2A in the rDNA promoter
is activated by nutrient starvation, to reduce rRNA transcription and cell proliferation. While gallic acid
functions as an antioxidant, gallic acid autoxidation also produces signiﬁcant levels of reactive oxygen
species (ROS). Gallic acid activates KDM2A to reduce rRNA transcription and cell proliferation in breast
cancer MCF-7 cells but not in non-tumorous MCS10A cells. The activation of KDM2A by gallic acid depends
on ROS production and AMPK activation.

1. Introduction
The ribosome is a unique machine for protein synthesis in organisms, and the number of ribosomes widely
aﬀects cellular activities

[1][2].

Ribosome biogenesis consumes cellular materials supplied by nutrients and

their metabolites, and the level of ribosome biogenesis reﬂects intracellular conditions. Therefore, cells
should have mechanisms to control ribosome production by detecting intracellular conditions. The control
of rRNA transcription is a major factor determining the amount of ribosome production

[3],

levels of rRNA transcription aﬀect multiple cellular activities including cell proliferation

[4][5].The

and thus, the
control of

chromatin structure aﬀects transcription and involves chemical modiﬁcation of DNA and histones including
the addition or removal of methyl groups

[7][8].

Lysine-speciﬁc histone demethylase (KDM) consists of two

main classes: a ﬂavin adenine dinucleotide-dependent amine oxidase, and an Fe(II) and α-ketoglutaratedependent hydroxylase that has the JmjC domain as an active center of the enzyme. The JmjC-type KDMs
are one group of α-ketoglutarate-dependent oxygenases that catalyze a remarkably diverse range of
oxidative reactions

[9].

The JmjC-type KDMs remove methyl groups on lysine in the speciﬁc amino acid

stretches of histones, and the selectivity of substrates is determined by the structure of the JmjC domain
and also the dynamics of the amino acid sequence near the JmjC domain [10][11]. KDMs also distinguish the
number of methyl groups attached to lysine

[7].

Dysregulation of JmjC-type KDM family members is

implicated in many diseases, including developmental disorders and cancers. Recently, increasing numbers
of studies have suggested that epigenetic regulators control rRNA transcription

[3][4]

. We previously

showed that a JmjC-type KDM, KDM2A, decreases the dimethylated lysine 36 of histone H3 (H3K36me2)
but not trimethylated lysine 36 of H3 (H3K36me3) in the rRNA gene (rDNA) promoter, and represses rRNA
transcription under starvation in breast cancer cells

[12][13]

. Further, we found that glucose depletion

activates AMP-activated protein kinase (AMPK), which is required for KDM2A to reduce rRNA transcription
and cell proliferation of breast cancer cells

[12].

We also found that metformin, known as a treatment for

type 2 diabetes, activates KDM2A to reduce rRNA transcription and cell proliferation

[14].

A 4-h treatment

with metformin not only activated AMPK, but also independently decreased the intracellular succinate level
[14].

The activation of KDM2A by metformin required both AMPK activity and a decrease of the intracellular

succinate level

[14],

suggesting that reduction of intracellular succinate, in addition to AMPK activation, is a

mechanism by which KDM2A is activated to reduce rRNA transcription.
Gallic acid [3,4,5-trihydroxybenzoic acid], a natural botanic phenolic compound, is abundantly found in
green tea, grapes, and red wine

[15][16][17].

Gallic acid functions as an antioxidant to exert a wide range of

pharmacological properties including anti-obesity, anti-inﬂammation, and anti-cancer activities

[18].

On the

other hand, reactive oxygen species (ROS) was also generated when gallic acid was added to the cell
culture medium

[19].

Gallic acid autoxidation produced signiﬁcant levels of H2O 2 and O2

•−

(superoxide),

and the number of apoptotic cells increased depending on the gallic acid concentration. Intracellular ROS
[20]

levels that increased by gallic acid were reduced by N-acetyl-l-cysteine (NAC) and l-glutathione (GSH) [20].
Therefore, gallic acid can produce ROS in addition to its antioxidant activity.
Because KDM2A has the activity to reduce rRNA transcription and proliferation of breast cancer cells [12],
we previously proposed that the reduction of rRNA transcription by KDM2A speciﬁcally in cancer cells may
be applied to the treatment of breast cancers

[21].

2. Gallic Acid Induced KDM2A Dependent-Reduction of rRNA
Transcription and Cell Proliferation in MCF-7 Cells
A food-additive compounds library (Sigma; #S990043-FDS1) was used to screen compounds that control
cell proliferation of breast cancer cell line MCF-7 cells. Cells were treated with 133 μM of each compound
for 2 days, and cell numbers were detected with CyQUANT Direct Cell Proliferation Assay by measuring the
amounts of DNA. Nine out of 77 compounds decreased cell numbers to less than 80%, and 15 compounds
tended to increase cell numbers. Among the compounds, gallic acid reduced cell numbers in a KDM2Adependent manner. Therefore, we focused our study on the mechanism of gallic acid to decrease cell
proliferation of MCF-7 cells. When MCF-7 cells were treated with various concentrations of gallic acid for 2
days, treatment with 50 or 200 μM gallic acid decreased the cell number, but 12.5 μM gallic acid did not
(Figure 1A). The KDM2A knockdown signiﬁcantly alleviated the decrease of cell number by 50 μM gallic
acid, but not that by 200 μM gallic acid (Figure 1A). These results suggested that the treatment with 50 μM
gallic acid decreased cell proliferation through KDM2A.

Figure 1. Gallic acid induced KDM2A-dependent reductions of cell proliferation, rRNA transcription, and
H3K36me2 in rDNA promoter in MCF-7 cells. (A) Gallic acid decreased proliferation of MCF-7 cells through
KDM2A. MCF-7 cells transfected with control siRNA or siRNA for KDM2A were cultured with gallic acid as
indicated concentrations for 2 days. Cell numbers were measured by CyQUANT® Direct Cell Proliferation
Assay detecting DNA content. (B) The treatment with 50 μM gallic acid reduces rRNA transcription through
KDM2A. MCF-7 cells transfected with control siRNA or siRNA for KDM2A were treated with gallic acid at
indicated concentrations for 4 h. Total RNAs were isolated and analyzed by quantitative real-time PCR (qRTPCR) to detect rRNA transcription (pre-rRNA) (left panel) and KDM2A mRNA (right panel). The ratios of the
values for cells treated with various conditions to those for cells treated with control siRNA without gallic

acid are shown. (C) KDM2A-dependent reduction of H3K36me2 marks in rDNA promoter by treatment with
50 μM gallic acid. MCF-7 cells transfected with control siRNA or siRNA for KDM2A were treated with 50 μM
gallic acid for 4 h. The levels of H3K36me2, H3K36me3, and KDM2A in the rDNA promoter were analyzed
by ChIP assay. The results are expressed as fold changes of the values under various conditions to those in
cells cultured with control siRNA without gallic acid treatment. All experiments were performed more than
three times, and the mean values with standard deviations are indicated. * p < 0.05.
To investigate whether the decrease of cell numbers by gallic acid was associated with the decrease of
rRNA transcription, the levels of rRNA transcription were measured at 4 h after gallic acid treatment. The
treatment of cells with gallic acid decreased rRNA transcription in a dose-dependent manner (Figure 1B),
and the KDM2A knockdown alleviated the decrease of rRNA transcription in cells treated with 50 μM gallic
acid (Figure 1B). In the case of 200 μM gallic acid, the levels of rRNA transcription were reduced even when
KDM2A was knocked down (Figure 1B). Treatment with 50 μM gallic acid decreased the level of H3K36me2,
a direct substrate of KDM2A, in the rDNA promoter, depending on KDM2A (Figure 1C), but did not
signiﬁcantly aﬀect the levels of neither KDM2A nor H3K36me3 in the rDNA promoter (Figure 1C). The
demethylation of JmjC-type enzymes proceeded by a side reaction that produced succinate from αketoglutarate (α-KG)
[12][13][14]

[24],

and it was shown that succinate can inhibit the demethylase activity of KDM2A

. The addition of a cell-permeable succinate, dimethyl succinate (DMS), to the medium inhibited

the reductions of H3K36me2 in the rDNA promoter and rRNA transcription induced by 50 μM gallic acid.
These results suggest that 50 μM gallic acid activated the demethylase activity of KDM2A to reduce rRNA
transcription and cell proliferation.

3. Gallic Acid Elevated ROS Production and AMPK Activation, both
of which are Required for KDM2A to Regulate H3K36me2 Levels
in the rDNA Promoter and rRNA Transcription
It was reported that gallic acid showed anti-cancer activity in some cancer cells that probably involved the
production of ROS

[25][26]

. We measured the levels of intracellular ROS using 2′,7′-dichloroﬂuorescein (DCF)

diacetate, a cell-permeable probe. It was found that treatment with 50 μM gallic acid increased the DCF
signal (Figure 3A). Antioxidants, such as N-acetylcysteine (NAC) and glutathione (GSH), reduced the DCF
signal increased by 50 μM gallic acid (Figure 3A). These results show that gallic acid treatment increased
the level of intracellular ROS in MCF-7 cells. The NAC and GSH treatments impaired the reduction of rRNA
transcription (Figure 3B) and H3K36me2 marks in the rDNA promoter (Figure 3C) induced by 50 μM gallic
acid. The levels of H3K36me3 and KDM2A in the rDNA promoter were not signiﬁcantly changed under
these conditions (Figure 3C). The results indicate that the increase of ROS by gallic acid is required for the
induction of KDM2A activity to reduce rRNA transcription.

Figure 2. ROS production by gallic acid was required for the repression of rRNA transcription mediated by
KDM2A in MCF-7 cells. (A) Gallic acid increases ROS production in MCF-7 cells. MCF-7 cells cultured with
cell-permeable ROS probe DCFDA were cultured with or without 50 μM gallic acid (GA) in the presence or
absence of 0.5 mM N-acetyl-l-cysteine (NAC) or l-glutathione (GSH). At the indicated times, the increases in
the signal intensities of DCF by ROS in cells were measured. (B) Eﬀects of anti-oxidants, NAC and GSH, on
the reduction of rRNA transcription by gallic acid. MCF-7 cells treated with or without 50 μM gallic acid in
the presence or absence of 0.5 mM NAC or 0.5 mM GSH for 4 h. Total RNAs were isolated and analyzed by
qRT-PCR to detect pre-rRNA (left panel) and KDM2A mRNA (right panel). The ratios of the values for cells
treated with various conditions to those for cells treated without gallic acid and anti-oxidants are shown.
(C) Eﬀects of anti-oxidants, NAC and GSH, on the reduction of H3K36me2 marks in the rDNA promoter by
gallic acid. MCF-7 cells were cultured for 4 h with or without 50 μM gallic acid in the presence or absence of
NAC or GSH. The levels of H3K36me2, H3K36me3, and KDM2A in the rDNA promoter were analyzed by
ChIP assays. The results are expressed as fold changes to the values in various conditions to those without
gallic acid and anti-oxidants. All experiments were performed more than three times, and the mean values
with standard deviations are indicated. * p < 0.05.
Next, whether the oxidative stress alone repressed rRNA transcription through KDM2A was tested. When
cells were treated with various concentrations of H2O 2, rRNA transcription was reduced and the KDM2A
knockdown slightly alleviated the reduction of rRNA transcription at 12.5 μM H2O 2. However, the level of
H3K36me2 in the rDNA promoter was not reduced by 12.5 μM H2O 2. Therefore, H2O 2 alone did not activate
the KDM2A demethylase activity in the rDNA promoter.
Previously, we showed that AMPK activity was required for KDM2A to reduce the levels of H3K36me2 in the
rDNA promoter and rRNA transcription under glucose starvation

[12]

or by metformin

gallic acid was reported to activate AMPK in the liver cancer cell line HepG2 cells

[27]

[14]

. Treatment with

. When MCF-7 cells

were treated with 0, 12.5, 50, or 200 μM gallic acid for 4 h, the level of Thr172 phosphorylated AMPKα, the
activation mark of AMPK, was increased (Figure 3A, pAMPK). The amounts of total AMPKα (tAMPK) and βactin were not changed under these conditions (Figure 3A, tAMPK), showing that the treatment with gallic
acid activated AMPK. Treatments with compound C or SBI-0206965, known as inhibitors of AMPK, impaired
the 50 μM gallic acid-dependent reductions of rRNA transcription (Figure 3B) and H3K36me2 in the rDNA

promoter (Figure 3C). These results suggest that the activation of AMPK by 50 μM gallic acid is required for
the reduction of rRNA transcription through KDM2A. The treatments with NAC and GSH did not impair AMPK
activation by 50 μM gallic acid, showing that gallic acid causes the AMPK activation without elevating ROS
production. Together, these results suggest that gallic acid elevates AMPK activation and ROS production,
both of which are required for KDM2A to regulate rRNA transcription through its histone demethylase
activity in the rDNA promoter.

Figure 3. AMPK activation is required for the KDM2A-mediated repression of rRNA transcription by gallic
acid in MCF-7 cells. (A) Activation of AMPK by gallic acid in MCF-7 cells. MCF-7 cells were treated with gallic
acid as indicated concentrations for 4 h. Cells were lysed and analyzed for the levels of phosphorylatedAMPKα (Thr172) (pAMPK), total AMPKα (tAMPK), and β-actin by immunoblotting. (B) Requirement of AMPK
activity for the reduction of rRNA transcription by gallic acid. MCF-7 cells treated with or without 50 μM
gallic acid in the presence or absence of AMPK inhibitor, 10 μM compound C or 5 μM SBI-0206965, for 4 h.
Total RNAs were isolated and analyzed by qRT-PCR to detect pre-rRNA (left panel) and KDM2A mRNA (right
panel). The ratios of the values for cells treated with various conditions to those for cells treated without
gallic acid and AMPK inhibitors are shown. The experiments were performed three times (n = 3), and the
mean values with standard deviations are indicated. * p < 0.05. (C) Requirement of AMPK activity for the
reduction of H3K36me2 mark in the rDNA promoter by gallic acid. MCF-7 cells treated with or without 50
μM gallic acid in the presence of 10 μM compound C or 5 μM SBI-0206965 for 4 h. The levels of H3K36me2,
H3K36me3, and KDM2A in the rDNA promoter were analyzed by ChIP assay. The results are expressed as
fold changes to the values in various conditions to those without gallic acid and AMPK inhibitors. The
experiments were performed three times (n = 3), and the mean values with standard deviations are
indicated. * p < 0.05.
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