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Abstract

Lysine-specific demethylase (LSD) 1 is an FAD-dependent demethylase that catalyzes the removal of methyl groups from

lysine-4 in histone H3, thereby mediating gene repression. Here we tested the hypothesis that riboflavin deficiency causes a

loss of LSD1 activity in HepG2 human hepatocarcinoma cells, leading to an accumulation of lysine-4-dimethylated histone H3

(H3K4me2) marks in the albumin promoter and aberrant upregulation of albumin expression. Cells were cultured in riboflavin-

defined media providing riboflavin at concentrations representing moderately deficient (3.1 nmol/L), sufficient (12.6 nmol/L),

and supplemented (301 nmol/L) cells in humans for 7 d. The efficacy of treatment was confirmed by assessing glutathione

reductase activity and concentrations of reduced glutathione as markers of riboflavin status. LSD activity was 21% greater in

riboflavin-supplemented cells compared with riboflavin-deficient and -sufficient cells. The loss of LSD activity was associated

with a gain in the abundance of H3K4me2 marks in the albumin promoter; the abundance of H3K4me2 marks was ;170%

higher in riboflavin-deficient cells compared with sufficient and supplemented cells. The abundance of the repression mark,

K9-trimethylated histone H3, was 38% lower in the albumin promoter of riboflavin-deficient cells compared with the other

treatment groups. The expression of albumin mRNA was aberrantly increased by 200% in riboflavin-deficient cells compared

with sufficient and supplemented cells. In conclusion, riboflavin deficiency impairs gene regulation by epigeneticmechanisms,

mediated by a loss of LSD1 activity. J. Nutr. 144: 997–1001, 2014.

Introduction

Riboflavin is an essential precursor in the synthesis of the
flavocoenzymes FMN and FAD (1). FMN and FAD, and their
reduced forms FMNH2 and FADH2, serve as coenzymes in a
large number of redox reactions and in a comparatively small
number of reactions with no net redox change in mammalian
intermediary metabolism (1–3). Representative examples of
flavin-dependent pathways include reactions in electron trans-
port chain, citric cycle, FA b-oxidation, glutathione homeosta-
sis, and protein folding. In most cases, flavocoenzymes are not
covalently attached to apoproteins but form noncovalent
complexes (4). Flavin metabolites other than riboflavin, FMN,

and FAD were identified in human plasma and urine by
McCormick and coworkers (5–8), but these metabolites prob-
ably lack biologic activity.

Rather recently, a new FAD-dependent enzyme was identi-
fied: the nuclear amine oxidase homolog, lysine-specific demeth-
ylase (LSD)4 1 (9,10). LSD1demethylates lysine-4 inmonomethylated
(H3K4me1) and dimethylated (H3K4me2) histone H3, thereby
removing gene activation marks and mediating gene repres-
sion (11,12). H3K4me1 andH3K4me2 are enriched in chromatin
adjacent to transcription start sites of active genes, whereas
inactive gene promoters are characterized by low levels of H3K4
methylation marks (13). Consistent with its role as a transcrip-
tional repressor, LSD1 forms a complex with the repressor
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element-1 silencing transcription factor (REST) corepressor and
histone deacetylases 1 and 2, which synergize with LSD1 in gene
repression by mediating the deacetylation of histone tails
(14–16).

The loss of LSD1 precipitates strong phenotypes. For
example, LSD1 knockout is lethal in embryonic mice (17).
LSD1-deficient mouse embryonic stem cells are characterized by
defects in differentiation, severe growth impairments due to
increased cell death and impaired cell cycle progression, and
global DNA hypomethylation (18).

To date, there is no published report regarding the impact of
riboflavin nutrition on LSD1 activity. This knowledge gap has
possible implications for disease prevention, because a variety of
factors can cause riboflavin depletion, including alcohol con-
sumption (19,20), genetic defects of riboflavin transporter genes
(19,20), impaired conversion of riboflavin to its coenzyme forms
in persons with thyroid hormone insufficiency (21), and abnor-
mal riboflavin metabolism such as inhibition of the incorpora-
tion of riboflavin into FAD in response to treatment with
tricyclic and tetracyclic compounds such as chlorpromazine,
tetracycline, and adriamycin (22,23). Note that current recom-
mendations for riboflavin intake are largely based on studies
using the FAD-dependent glutathione reductase as a marker of
riboflavin nutrition, without considering the potentially more
subtle FAD-dependent changes in the epigenome (24–26).

HepG2 human hepatocarcinoma cells were chosen as the
model in this study because flavin-dependent pathways in these
cells respond robustly to changes in riboflavin concentrations in
culture media, when testing concentration that represent mod-
erate deficiency, sufficiency, and supplementation in adults (27–
29). The albumin gene (ALB) was chosen as a target locus
because HepG2 cells produce albumin in large quantities and
albumin plays crucial roles in serum osmolarity and transport of
vitamins, FAs, and hormones (30). By using this model system,
we tested the hypothesis that riboflavin deficiency causes a loss
of LSD1 activity, leading to an enrichment of H3K4me2 marks
in the ALB locus and an aberrantly high expression of ALB.

Materials and Methods

Cell cultures. HepG2 human hepatocarcinoma cells (passage number 5;

American Type Culture Collection) were cultured in riboflavin-defined

Roswell Park Memorial Institute–1640 medium (HyClone), as described
previously (29,31). Riboflavin concentrations in the culture medium were

adjusted to 3.1 nmol/L (denoted ‘‘deficient’’), 12.6 nmol/L (denoted

‘‘sufficient’’), and 301 nmol/L (denoted ‘‘supplemented’’), taking into account

the residual concentrations of riboflavin, FMN, and FAD in dialyzed FBS.
Cells were cultured in riboflavin-sufficientmedium for 7 d before transfer into

the riboflavin-defined medium and continued to culture for 7 d before

analysis. This protocol was chosen on the basis of previous studies suggesting

thatHepG2 cells achieve new steady state concentrations of flavinswithin 4 d
of culture in riboflavin-definedmedia and that cell proliferationwas adversely

affected after 10 d of culture in riboflavin-deficient media (27,28). Cells

cultured in riboflavin-sufficientmediumwere designated as the control group.

Glutathione metabolism. Glutathione reductase is an FAD-dependent

enzyme, and both the activity of glutathione reductase and the

concentration of reduced glutathione are robust markers of riboflavin
status (29,31). After 7 d in riboflavin-defined media, HepG2 cells were

harvested and lysed for assessment of glutathione metabolism. Gluta-

thione reductase activity was quantified in cell lysates containing 0.5 mg

protein, as described previously (32). One unit of glutathione reductase
activity is defined as the change of absorbance at 340 nm/0.5 mg protein

in 10 min of incubation. The concentration of reduced glutathione in

lysates was determined colorimetrically by using the 5,5-dithiobis(2-

nitrobenzoic acid) reduction assay at 412 nm, as described previously (33).

LSD activity. LSD activity was measured by using the demethylase (LSD-

type) activity assay kit (Cayman Chemical) according to the manufacturer�s
instructions. One unit of LSD activity is defined as the ratio of sample
fluorescence to background fluorescence. This assay does not distinguish

between the 2 LSDs in the human proteome, LSD1 and LSD2 (34).

Western blot analysis. LSD1 expression was quantified by Western
blot, as described previously (29), by using rabbit polyclonal anti-human

LSD1 (Abcam). GAPDH was probed by using anti-GAPDH (Santa Cruz

Biotechnology) and used as a loading control. Data were quantified by

gel densitometry analysis.

Chromatin immunoprecipitation assay. The enrichment of LSD1,

H3K4me2, and lysine-9-trimethylated histone H3 (H3K9me3) in the
promoter region of the human ALB gene (2166 to +58) was assessed by

chromatin immunoprecipitation (ChIP) assay as described previously

(35). Immunoprecipitations were performed with specific antibodies to

LSD1, H3K4me2 (Abcam), H3K9me3 (Abcam), H3 (Abcam), and
rabbit IgG (Santa Cruz Biotechnology). Nuclear chromatin extracts

without immunoprecipitation were used as an input control. Precipita-

tion of chromatin with nonspecific rabbit IgG was used as a negative

control. Histone H3 occupancy was used to normalize H3K4me2 and
H3K9me3 occupancy in the ALB promoter.

qRT-PCR. The abundance of mRNA coding for LSD1 and albumin was
quantified by qRT-PCR using Power SYBR Green PCR Master Mix

(Applied Biosystems), as described previously (36) (Supplemental Table 1).

The relative amount of each gene was normalized by using the house-

keeping gene GAPDH.
Amplicons from ChIP assays were analyzed by using the PerfeCTa

SYBR Green FastMix (Quanta Biosciences), as described previously

(37). The relative occupancy of histones in the ALB promoter was

calculated as described (38), and values are reported as the percentage
of input DNA.

Statistical analysis. Data were distributed normally and variances were

homogenous, as assessed by Kolmogorov-Smirnov normality test and
Bartlett test, respectively. Significance was assessed by 1-factor ANOVA

and Fisher�s protected least significant difference post hoc test (39). All

analyses and data points are based on 3 biologically independent repeats.
StatView 5.0.1 (SAS Institute) was used to perform all calculations.

Differences were considered significant if P < 0.05. Data are expressed as

means 6 SDs.

Results

Treatment efficacy.HepG2 cells showed the expected response
to alterations in riboflavin concentrations in culture media,
i.e., glutathione reductase activity was higher in riboflavin-
supplemented cells compared with deficient and sufficient cells,
and the concentrations of reduced glutathione were lower in
riboflavin-deficient cells compared with sufficient and supple-
mented cells (Fig. 1A, B). These findings are consistent with
efficacy of riboflavin treatment in HepG2 cell cultures in
previous studies (27,29).

LSD activity and expression. LSD activity depended on the
concentration of riboflavin in cell culture media. When HepG2
cells were cultured in riboflavin-defined medium for 7 d, LSD
activity was 21% greater in riboflavin-supplemented cells
compared with deficient and sufficient cells (Fig. 1C).

The expression of LSD1 mRNA was ;30% higher in
riboflavin-deficient cells than in sufficient and supplemented
cells (Fig. 1D). LSD1 protein abundance followed a similar
pattern (in arbitrary units of gel densitometry): 9.44 6 0.87 for
deficient cells vs. 6.81 6 0.87 for sufficient cells vs. 3.93 6 0.94
for supplemented cells (P < 0.05 for all possible comparisons).
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Transcriptional regulation of ALB. Riboflavin deficiency
caused an aberrant expression of albumin in HepG2 cells. The
binding of LSD1 to the ALB promoter was ;90% greater in
riboflavin-deficient cells than in sufficient and supplemented
cells after 7 d of culture (Fig. 1E). Despite the increase in LSD1
binding, the abundance of H3K4me2 and H3K9me3 marks was
170% higher and 38% lower, respectively, in the albumin
promoter in riboflavin-deficient cells compared with sufficient
and supplemented cells (Fig. 1F, G). (See the Discussion for a
role of LSD1 in the regulation of H3K9me3 repression marks.)
These changes in epigenetic activation and repression marks
were associated with albumin mRNA levels that were 200%
higher in riboflavin-deficient cells compared with sufficient and
supplemented cells (Fig. 1H).

Discussion

Although it was recognized 9 y ago that LSD1 is an FAD-
dependent enzyme (9), this is, to the best of our knowledge, the
first study to demonstrate the importance of riboflavin nutrition
in the regulation of the H3K4me-dependent gene expression.
Our studies provide unambiguous evidence that LSD1 expres-
sion and chromatin binding is higher in riboflavin-deficient liver
cells compared with sufficient and supplemented cells. This
upregulation was not sufficient to compensate for the depletion
of the flavocoenzyme FAD and holo-LSD1 in riboflavin-deficient
cells. Our studies suggest that the loss of LSD1 activity causes
aberrant gene regulation in riboflavin-deficient cells, as assessed
by the accumulation of H3K4me2 gene activation marks in the
ALB promoter and increased ALB expression in riboflavin-
deficient cells.

We also discovered that the loss of catalytically active LSD1
was associated with a 38% decrease in H3K9me3 repression
marks in the ALB promoter. This observation can be ascribed to
the observed upregulation of LSD1 expression and promoter
binding in riboflavin-deficient cells, along the following lines of
reasoning. Unambiguous evidence suggests that LSD1 recruits
Jumonji C domain–containing protein 2 (JMJD2C) to gene
promoters; JMJD2C has trimethyl lysine demethylase activity,
does not depend on FAD as coenzyme, and may catalyze the

demethylation of H3K9me3 (40). We propose that high
concentrations of apo-LSD1 to the ALB promoter cause local
accumulation of JMJD2C, which then leads to the erasure of
H3K9me3 marks. Collectively, the gain of the gene activation
mark H3K4me2 and the loss of the gene repression mark
H3K9me3 synergize in the transcriptional activation of ALB in
riboflavin-deficient cells.

Note that ALBwas chosen as a model, because it is expressed
in large quantities by liver cells, is responsible for ;75% of
plasma osmolarity, and hyperalbuminemia may lead to conges-
tive heart failure and hypertension (41). Moreover, previous
DNA microarray studies are consistent with aberrant gene
regulation in riboflavin-deficient HepG2 cells (29).

The effects of riboflavin described in this study represent
concentrations of riboflavin in the plasma of normal adults,
spanning the range of moderately deficient pregnant women to
users of over-the-counter riboflavin supplements (42,43). It was
not necessary to use physiologically irrelevant treatments such as
zero riboflavin to elicit meaningful effects on LSD activity and
gene regulation. We acknowledge the possibility that cells other
than liver cells might be less susceptible to loss of flavin-dependent
enzyme activities than liver cells. For example, previous studies
suggest that HepG2 cells are more susceptible than human
lymphoid Jurkat cells, when using FAD-dependent protein folding
as marker (27,32).

We propose that this study depicts the effects of riboflavin
depletion on gene regulation by LSD1, rather than LSD2, based
on the following rationale. Although both LSD1 and LSD2 may
catalyze demethylation of H3K4me1/2 through an FAD-dependent
reaction (44), previous studies suggest that LSD2 may repress
genes through a mechanism independent of its demethylase
activity (45), suggesting partial functionality of LSD2 in states of
riboflavin deficiency. LSD2 binds to coding regions, as opposed
to promoters, where it synergizes with euchromatic histone
methyltransferases 1 and 2 (EHMT1/2) and the histone-lysine
N-methyltransferase, nuclear SET domain-containing protein 3
(NSD3) in the regulation of transcriptional elongation (34).

A few uncertainties remain and warrant further investigation.
First, we did not formally assess whether apo- and holo-LSD1
bind to the ALB promoter with similar affinity. Such studies
will be feasible only when antibodies become available that

FIGURE 1 Effects of riboflavin concentrations

in culture media on LSD1-dependent gene

regulation in HepG2 cells. Glutathione reductase

activity (A); reduced glutathione (B); LSD activity

(C); expression of LSD1 mRNA (D) and protein

(insert in panel D); enrichment of LSD1 (E),

H3K4me2 (F), and H3K9me3 (G) in the albumin

promoter; and albumin mRNA abundance (H).

Values are means 6 SDs, n = 3. Means not

sharing a common letter are significantly different

for the same variable, P , 0.05. DEF, deficient;

H3K4me2, lysine-4-dimethylated histone H3;

H3K9me3, lysine-9-trimethylated histone H3; LSD,

lysine-specific demethylase; SUF, sufficient; SUP,

supplemented.
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distinguish between apo- and holo-LSD1. Second, histone
demethylases other than LSD1 do not depend on FAD as a
coenzyme and might rescue FAD-deficient cells regarding
H3K4me2 demethylation events. Examples include the
H3K4me2 demethylases JARID1A, JARID1B, JARID1C, and
JARID1D, which belong to the Jumonji AT-rich interactive
domain subfamily of Jumonji C domain–containing proteins
(46–51).

Even though uncertainties remain, this study provides
unambiguous evidence for a role of riboflavin nutrition in gene
regulation by epigenetic mechanisms. Future studies will need to
assess the extent by which moderate riboflavin deficiency causes
aberrant gene regulation and disease in humans.
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