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Abstract

Background: Formate provides one-carbon units for de novo purine and thymidylate (dTMP) synthesis and is produced
via both folate-dependent and folate-independent pathways. Folate-independent pathways are mediated by cytosolic
alcohol dehydrogenase 5 (ADH5) and mitochondrial aldehyde dehydrogenase 2 (ALDH2), which generate formate by
oxidizing formaldehyde. Formate is a potential biomarker of B-vitamin—dependent one-carbon metabolism.

Objective: This study investigated the contributions of ADH5 and ALDH2 to formate production and folate-dependent
de novo purine and dTMP synthesis in HepG2 cells.

Methods: ADH5 knockout and ALDH2 knockdown HepG2 cells were cultured in folate-deficient [0 nM (6S) 5-formyltetrahy-
drofolate] or folate-sufficient [25 nM (6S) 5-formyltetrahydrofolate] medium. Purine biosynthesis was quantified as the ratio of
["“Cl-formate to [*H]-hypoxanthine incorporated into genomic DNA, which indicates the contribution of the de novo purine
synthesis pathway relative to salvage synthesis. dTMP synthesis was quantified as the ratio of [**Cl-deoxyuridine to [PH}-
thymidine incorporation into genomic DNA, which indicates the capacity of de novo dTMP synthesis relative to salvage synthesis.
Results: The ['“C]-formate-to-[*H]-hypoxanthine ratio was greater in ADH5 knockout than in wild-type HepG2 cells, under
conditions of both folate deficiency (+30%; P < 0.001) and folate sufficiency (+22%; P = 0.02). These data indicate that
ADH5 deficiency increases the use of exogenous formate for de novo purine biosynthesis. The ['*Cl-deoxyuridine-to-[>H]-
thymidine ratio did not differ between ADH5 knockout and wild-type cells, indicating that ADH5 deficiency does not affect de
novo dTMP synthesis capacity relative to salvage synthesis. Under folate deficiency, ALDH2 knockdown cells exhibited a
37% lower ratio of ['*C]-formate to [*H]-hypoxanthine (P < 0.001) compared with wild-type HepG2 cells, indicating decreased
use of exogenous formate, or increased endogenous formate synthesis, for de novo purine biosynthesis.

Conclusions: In HepG2 cells, ADH5 is a source of formate for de novo purine biosynthesis, especially during folate
deficiency when folate-dependent formate production is limited. Formate is also shown to be limiting in the growth of

HepG2 cells. J Nutr2017;147:499-505.
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Introduction

Folate, an essential B-vitamin, serves as a cofactor in the form
of tetrahydrofolate (THF)” polyglutamates to carry and activate
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one-carbon units for the de novo synthesis of purines and
thymidylate ({TMP) and for the remethylation of homocysteine to
methionine (Figure 1) (1). Disruptions in folate-mediated one-carbon
metabolism (FOCM), which can arise from insufficient intake of
folate and other nutrients (e.g., choline and vitamins B-12 and B-6)
and/or genetic variants, have been linked to a higher risk of cancer,
neurodegenerative diseases, and developmental anomalies (1).

FOCM occurs in the cytosol, mitochondria, and nucleus,
all of which are interrelated through the exchange of one-
carbon units from formate, serine, and glycine (2). Mitochondrial

7 Abbreviations used: ADHB, alcohol dehydrogenase 5; ALDH2, aldehyde
dehydrogenase 2; dTMP, thymidylate; FOCM, folate-mediated one-carbon
metabolism; siRNA, small interfering RNA; THF, tetrahydrofolate.
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FIGURE 1 Cytosolic and mitochondrial folate-mediated one-carbon metabolism and formate generation by ADH5 and ALDH2. ADHS5, alcohol
dehydrogenase 5; ALDH2, aldehyde dehydrogenase 2; DHF, dihydrofolate; DMG, dimethylglycine; dTMP, thymidylate; dUMP, deoxyuridine
monophosphate; GSH, reduced glutathione; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; THF, tetrahydrofolate.

one-carbon metabolism plays a role in the generation of formate
from the catabolism of serine, glycine, dimethylglycine, and
sarcosine (Figure 1). Mitochondria-derived formate then enters
the cytosol or nucleus and is incorporated into 10-formylTHE,
which provides the C2 and C8 carbon for de novo purine
biosynthesis. Alternatively, cytosolic 10-formylTHF may be
reduced to 5,10-methylene THE, which can be used for de novo
dTMP synthesis or irreversibly reduced to 5-methylTHF for
homocysteine remethylation to methionine (Figure 1). There-
fore, formate is an intermediate metabolite essential for one-
carbon metabolism; its utilization and mitochondrial production
are linked to folate status, and hence formate concentrations
in serum have the potential to serve as a biomarker of folate
status (3). Folate is essential both for formate synthesis and to
sequester formate within the cell, because previous studies have
reported increased plasma and urinary formate and decreased
rates of formate production in rats and mice fed a folate-deficient
diet compared with those fed a folate-replete diet (4-6).

In addition to formate synthesis through the folate-dependent
mitochondrial pathways, formate can be produced through
folate-independent pathways, one of which involves the oxidation
of formaldehyde to formate (3). This can occur via the reaction
mediated by the cytosolic glutathione and NAD*-dependent enzyme
alcohol dehydrogenase 5 [ADHS, class III (alternative abbreviation,
ADH3); also known as formaldehyde dehydrogenase]. Specifi-
cally, ADHS oxidizes S-hydroxymethylglutathione, a molecule
formed spontaneously from formaldehyde and glutathione, to
S-formylglutathionine, which is further converted to formate
(Figure 1) (7). Formaldehyde can also be oxidized to formate
by a mitochondrial NAD*-dependent aldehyde dehydrogenase
class I (ALDH2; Figure 1) (8). ALDH2 and ADHS are ubiqui-
tously expressed in various tissues, including liver, kidney, and
brain, and are most abundant in the liver (9-12).

Although there has been increasing interest in the role of
mitochondria-derived formate in the functioning of FOCM and
as a biomarker of nutrient status, very little is known about the
contribution of folate-independent sources of formate to one-
carbon metabolism. The objective of the current study was to
investigate the effects of ADHS5 and ALDH2 activity on de novo
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purine and dTMP biosynthesis by inhibiting ADHS or ALDH2
expression in human hepatocarcinoma (HepG2) cells.

Methods

Cell culture. HepG2 cells were maintained in DMEM (Corning) with
10% (vol:vol) FBS (HyClone), 1% penicillin/streptomycin (Corning),
and 4 mM L-glutamine (Corning) at 37°C and 5% CO,. For all
experiments, modified DMEM lacking glycine, serine, methionine,
folate, choline, and all nucleosides and nucleotides was used with
10% dialyzed and charcoal-treated FBS, 1% penicillin/streptomycin,
and 4 mM L-glutamine.

Generation of ADH5 knockout HepG2 cells by CRISPR/Cas9. The
CRISPR single guide RNA (5'-TGAACATGGCGAACGAGGTA-3")
targeting exon 1 of human ADHS (NM_000671) was cloned into
the pSpCas9(BB)-2A-Puro CRISPR/Cas9 vector as previously de-
scribed (13). Cells were transfected for 48 h by using the FuGene
6 transfection reagent (Promega) following the manufacturer’s
instructions. The transfected cells were selected in the presence of
2 pg puromycin/mL (RPI). The efficiency of ADHS knockout was
verified by immunoblotting.

Gene knockdown by small interfering RNA transfection. Cells were
transfected with either negative control small interfering RNA (siRNA;
Qiagen) or FlexiTube GeneSolution (GS217) siRNA for ALDH2
(Qiagen) by using Lipofectamine RNAIMAX (Life Technologies)
according to the manufacturer’s instructions. Cells were harvested 72 h
after transfection. The efficiency of ALDH2 knockdown was verified by
immunoblotting.

Cellular total folate measurement. Total folate concentrations in cells
were quantified by using a Lactobacillus casei microbiological assay as
previously described (14).

Immunoblotting. Cellular proteins were extracted and quantified as
previously described (15). Proteins were resolved on 4-15% (vol:vol)
gradient SDS-PAGE gels (Bio-Rad) and transferred to Immobilon-P
PVDF membrane (Millipore). The membrane was blocked for 1 h at
room temperature in 5% BSA in PBS with 0.2% Tween. Primary
antibodies were diluted in 5% BSA in PBS with 0.2% Tween and



incubated overnight at 4°C. Secondary antibodies were diluted in 5%
nonfat dry milk in PBS with 1% Nonidet P-40 (US Biologicals) and
added to the membrane for 1 h at room temperature. ADHS and
ALDH2 were detected with a 1:1000 rabbit anti-ADHS antibody and a
1:2000 rabbit anti-ALDH2 antibody, respectively (Proteintech Group),
followed by a 1:5000 dilution of HRP-conjugated donkey anti-rabbit
secondary antibody (Pierce). As loading controls, 1:1000 mouse anti-
a-Tubulin antibody (Active Motif) and a 1:3000 mouse anti-a-Calpain
antibody (Affinity BioReagents) were used followed by a 1:5000
dilution of HRP-conjugated goat anti-mouse secondary antibody
(Pierce). The membrane was visualized by autoradiography after the
addition of SuperSignal West Pico Chemiluminescent Substrate
(Pierce).

Purine biosynthesis assay. Cells were seeded on 100-mm plates in
modified DMEM lacking glycine, serine, and all nucleosides and
nucleotides but supplemented with 200 uM methionine and 30 pM
choline, with 25 nM (6S) 5-formylTHF (folate sufficiency) or without (6S)

5-formylTHF (folate deficiency). After 2 doublings, cells were plated in
triplicate on 6-well plates and allowed to grow for another doubling in the
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same media but supplemented with 10 WM [**C]-formate and 1 nM [*H]-
hypoxanthine (Moravek Biochemicals). Cells were harvested, and genomic
DNA was isolated by using a High Pure PCR template preparation kit
(Roche) with RNase A treatment according to the manufacturer’s instruc-
tions. Isotope incorporation into genomic DNA was quantified by using a
Beckman LS6500 scintillation counter in dual disintegrations/minute
mode (16). Data are shown as the ratio of ["*C]-formate to [*H]-
hypoxanthine, which indicates the incorporation of formate into DNA
via the folate-dependent de novo purine synthesis pathway relative to the
incorporation of hypoxanthine into DNA via the folate-independent
purine salvage pathway.

dTMP biosynthesis assay. Cells were plated and grown in modified
DMEM lacking glycine, serine, and all nucleosides and nucleotides but
supplemented with 200 pM methionine and 30 wM choline, with 25 nM
(6S) 5-formylTHF (folate sufficiency) or without (6S) S-formylTHF
(folate deficiency). After 2 doublings, cells were plated in triplicate on
6-well plates and allowed to grow for another doubling in the same
media but supplemented with 2 uM [**C]-deoxyuridine and 25 nM [*H]-
thymidine (American Radiolabeled Chemicals). ['*C]-Deoxyuridine is
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FIGURE 2 Purine biosynthesis in WT and ADH5 KO HepG2 cells. (A) Silencing of ADH5 was confirmed by immunoblotting. (B) The ratio of
["“Cl-formate to [*H]-hypoxanthine indicates the incorporation of formate into DNA via the de novo purine synthesis pathway relative to the
incorporation of hypoxanthine into DNA via the purine salvage pathway. Labeled means without a common letter differ, P < 0.05. (C) Total
cellular folate concentrations. *Different from folate-sufficient cells, P < 0.05. Data were analyzed by using 2-factor ANOVA with Bonferroni
corrections. Values are means * SDs of 3 biological replicates/condition. ADH5, alcohol dehydrogenase 5; DPM, decays per minute; KO,

knockout; WT, wild-type.
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incorporated into DNA via the folate-dependent de novo pathway,
whereas [*H]-thymidine is incorporated into DNA via the salvage
pathway. Total genomic DNA was isolated from the harvested cells, and
the isotope incorporation was quantified as described above. Data are
shown as the ratio of ['*C]-deoxyuridine to [*H]-thymidine (17).

Cell growth assay. Cell proliferation was determined by using a
colorimetric MTT [3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay (18). Cells were plated in 96-well plates and grown in
modified DMEM lacking glycine, serine, and all nucleosides and
nucleotides but supplemented with 200 uM methionine, 30 uM choline,
and 25 nM (6S) 5-formylTHE The effect of formate supplementation on
cell proliferation was determined by using the same media further
supplemented with either 30 pM or 90 uM sodium formate. From 24 to
=72 h, cell growth was measured by adding 20 pL of 2.5 g MTT reagent/L
to each well followed by 4 h of incubation at 37°C in 5% CO,. The
insoluble formazan product was resuspended in 100 pL. DMSO, and As7o
was measured on a microplate reader (Epoch; BioTek).

Statistical analysis. Histograms and scatterplots of the residuals were
used to assess normality and variance homogeneity. The effects of gene
expression (wild-type compared with ADHS knockout or wild-type
compared with ALDH2 knockdown) were assessed by using ¢ tests. To
examine the effects of gene expression and folate status as well as their
interaction, a 2-factor ANOVA was used with post hoc Bonferroni
corrections. Linear mixed models with Bonferroni corrections were
used to assess the effect of gene expression on cell growth over time. Data
are shown as means = SDs of 3-5 biological replicates/condition. All
statistical tests were performed with IBM SPSS Statistics (version 20),
and significance was defined as P < 0.05.

Results

ADHS5 deficiency increases use of exogenous formate for
de novo purine biosynthesis. HepG2 cells lacking ADHS
were generated by using CRISPR/Cas9 genome editing (13).
Ablation of ADHS protein expression was confirmed by immu-
noblotting (Figure 2A). The wild-type and ADHS knockout
HepG2 cells were cultured in folate-deficient or folate-sufficient
culture medium containing ['*C]-formate and [*H]-hypoxanthine.
The ratio of [**C]-formate to [*H]-hypoxanthine in DNA serves
as a measure of de novo purine synthesis efficiency relative to
salvage purine synthesis.

Culturing cells in folate-deficient medium increased the ratio
of [**C]-formate to [*H]-hypoxanthine in both ADHS knockout
and wild-type HepG2 cells (P < 0.001; Figure 2B). This effect
was driven by increased incorporation of ['*C]-formate into
DNA (Supplemental Figure 1). Given that folate is required for
mitochondria-derived formate production, we hypothesized that
loss of ADHS protein expression may lead to greater incorpo-
ration of exogenous formate into DNA under folate-deficient
culture conditions than under folate-sufficient culture condi-
tions. Notably, there was a significant interaction (P < 0.001)
between the gene expression (comparing wild-type with ADHS
knockout) and folate in the culture medium (folate deficiency
compared with folate sufficiency) on the ratio of [**C]-formate
to [*)H]-hypoxanthine (Figure 2B). Specifically, the ratio of [**C]-
formate to [*H]-hypoxanthine was significantly greater in
ADHS knockout than in wild-type HepG2 cells in both culture
conditions, but with a greater increase under conditions of folate
deficiency (+30%; P < 0.001) than with folate sufficiency
(+22%; P = 0.02). In the folate-deficient condition, [**C]-
formate incorporation normalized to DNA content was
30% greater in ADHS knockout than in wild-type HepG2 cells
(P < 0.001), whereas the incorporation of [*HJ-hypoxanthine
into DNA did not differ (P = 0.89) between the cell lines
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(Supplemental Figure 1). In folate sufficiency, the incorporation
of [**C]-formate into DNA did not differ between ADHS
knockout and wild-type HepG2 cells (P = 0.52), whereas [°H]-
hypoxanthine incorporation into DNA decreased by 12% in ADHS
knockout (compared with wild-type) HepG2 cells (P = 0.008).
Overall, these data suggest that ADHS5-mediated formate produc-
tion contributes to de novo purine biosynthesis, especially during
folate deficiency when mitochondrial formate production is
limited.

The effect of both ADHS expression and exogenous folate
availability on intracellular folate concentrations was deter-
mined. Intracellular folate concentrations were ~94% lower in
folate-deficient than in folate-sufficient medium in both ADHS
knockout and wild-type HepG2 cells (P = 0.004; Figure 2C).
However, no effect of ADHS gene expression was observed on
intracellular folate concentrations (P = 0.43; P-interaction
between gene expression and folate in culture medium = 0.54).

ADHS5 deficiency does not affect de novo dTMP synthesis.
The effects of ADHS silencing on dTMP synthesis in folate-
deficient and folate-sufficient conditions were investigated. The
ratio of [**C]-deoxyuridine (an indicator of de novo dTMP
synthesis) to [*H]-thymidine (an indicator of salvage dTMP
synthesis) in DNA did not differ between the wild-type and
ADHS knockout HepG2 cells (P = 0.14) independent of folate
conditions (P-interaction = 0.85) (Figure 3). When grown under
folate-deficient compared with folate-sufficient conditions, both
wild-type and ADHS knockout HepG2 cells had a significantly
lower ratio of [**C]-deoxyuridine to [*H]-thymidine (P < 0.001),
indicating that folate deficiency may upregulate the salvage
pathway to meet cellular dTMP requirements.

Reduced expression of ALDH2 decreases use of exoge-
nous formate for de novo purine biosynthesis. To deter-
mine the effect of ALDH2 on purine biosynthesis, ALDH2
expression was reduced by using ALDH2-targeting siRNA
transfection and verified by immunoblotting (Figure 4A). The
wild-type and ALDH2 knockdown HepG2 cells were cul-
tured in folate-deficient medium with [**C]-formate and [°H]-
hypoxanthine. The ratio of [**C]-formate to [*H]-hypoxanthine
was 37% lower in ALDH2 knockdown HepG2 cells than in
wild-type cells (P < 0.001; Figure 4B). ALDH2 knockdown
HepG2 cells exhibited decreases in the incorporation of both
['*C]-formate (—82%; P < 0.001) and [*H]-hypoxanthine
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FIGURE 3 dTMP biosynthesis in WT and ADH5 KO HepG2 cells.
The ratio of ['*C]-deoxyuridine to [*H]-thymidine indicates the relative
contribution of the de novo pathway to the salvage pathway for dTMP
synthesis. Data were analyzed by using 2-factor ANOVA with
Bonferroni corrections. Values are means = SDs of 3 biological
replicates/condition. *Different from folate-sufficient cells, P < 0.05.
ADHS5, alcohol dehydrogenase 5; DPM, decays per minute; dTMP,
thymidylate; KO, knockout; WT, wild-type.
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FIGURE 4 Purine biosynthesis in WT and ALDH2 KD HepG2 cells
cultured in folate-deficient medium. (A) ALDH2 KD was confirmed by
immunoblotting. (B) The ratio of ['*C]-formate to [®H]-hypoxanthine
indicates the incorporation of formate into DNA via the de novo purine
synthesis pathway relative to the incorporation of hypoxanthine into
DNA via the purine salvage pathway. Data were analyzed by using a
t test. Values are means = SDs of 3 biological replicates/condition.
*Different from WT, P < 0.05. ADH5, alcohol dehydrogenase 5;
ALDH2, aldehyde dehydrogenase 2; DPM, decays per minute; KD,
knockdown; KO, knockout; WT, wild-type.

(=72%; P = 0.002) into DNA (Supplemental Figure 2). Overall,
these data suggest that reduced ALDH2 expression decreases the
use of exogenous formate for de novo purine biosynthesis,
indicating increased endogenous production of formate.

Formate is limiting for HepG2 cell growth. The growth of
wild-type, ALDH2 knockdown, and ADHS knockout HepG2
cells in the presence of exogenous formate was investigated by
supplementing culture medium with sodium formate. No signif-
icant interaction between gene expression (wild-type compared
with ADHS knockout) and time was detected (P = 0.3),
indicating that the growth rate of ADHS knockout HepG2 cells
did not differ from the wild-type cells (Supplemental Figure 3).
However, ALDH2 knockdown HepG2 cells exhibited signifi-
cantly lower growth rates relative to wild-type cells over 72 h

[P-interaction between gene expression (wild-type compared with
ALDH2 knockdown) and time < 0.001], indicating that
reduced ALDH2 expression inhibits cell proliferation. The
ALDH2 knockdown HepG2 cells exhibited 23% and 31%
lower cell viability at 48 and 72 h, respectively, compared with
wild-type HepG2 cells (P < 0.001).

There was a significant interaction between gene expression
(wild-type HepG2 cells compared with ADHS knockout or
ALDH2 knockdown HepG2 cells) and formate supplementa-
tion on cell proliferation (P < 0.004; Table 1). Specifically, the
addition of formate (30 or 90 wM) in culture medium increased
the growth of wild-type HepG2 cells at 48 and 72 h (P < 0.001);
at 72 h, the wild-type cells supplemented with 90 uM formate
exhibited a 30% increase in their growth compared with those
without formate supplementation. However, the addition of
formate did not affect the proliferation of ALDH2 knockdown
or ADHS knockout HepG2 cells (P = 0.82).

Discussion

Formate provides one-carbon units for the de novo synthesis of
purines and dTMP and for the remethylation of homocysteine
to methionine. It also plays an important role in embryonic
development, as reported by previous studies showing that formate
has a protective effect on neural tube closure defects in a mouse model
(3, 19, 20). Formate can be produced via both folate-dependent
mitochondrial pathways and folate-independent pathways, but the
relative contributions of these pathways to formate production and
utilization are unknown (3). One of the folate-independent formate-
generating pathways is mediated by NAD*-dependent cytosolic
ADHS and mitochondrial ALDH2, which function in the oxidation
of formaldehyde to formate (Figure 1). The current study investigated
whether ADHS5 and ALDH2 enzymatic reactions contribute to the
generation of endogenous formate for FOCM.

This study provides evidence that ADHS is a meaningful
source of formate for de novo purine biosynthesis. We found a
higher ratio of [**C]-formate to [*H]-hypoxanthine in ADHS
knockout than in wild-type HepG2 cells, indicating that ADHS
knockout HepG2 cells incorporated higher amounts of exoge-
nous formate into de novo purine biosynthesis than did wild-
type cells. In addition, the use of exogenous formate for de novo
purine synthesis in ADHS knockout HepG2 cells increased
during folate deficiency, presumably due to decreased
mitochondria-derived formate generation. These findings are
consistent with a previous study that showed that rats fed a
folate-deficient diet exhibited a 44% reduction in the rate of
endogenous formate production compared with those fed a
folate-replete diet (5). Moreover, in liver mitochondria isolated
from folate-deficient rats, formate production from choline

TABLE 1 Effect of formate supplementation on the growth of WT, ALDH2 knockdown, and ADH5 knockout HepG2 cells’
Formate, uM
24 h 43 h 72 h
0 30 90 0 30 90 0 30 90
WT 1.00 = 0.02 1.03 = 0.02 1.04 £ 0.04 1.55% = 0.02 1.67° + 0.04 1.70° + 0.03 1.96° = 0.01 2.09° = 0.05 2.55° = 0.06
ALDH2 knockdown 0.85 = 0.02 0.81 = 0.00 0.83 = 0.03 119 = 0.05 1.20 = 0.08 120 = 0.05 135 £ 023 131 £ 019 123 =028
ADHS5 knockout 143 = 0.04 1.51 = 0.02 151 = 0.03 2.10 = 0.09 2.15 = 0.07 221 = 0.10 254 =022 241 £ 032 222 = 045

" Values are means *+ SDs of 5 biological replicates/condition. Values were normalized to the As7q value of WT HepG2 cells cultured in the medium without formate at 24 h. Data
were analyzed by using a linear mixed model with Bonferroni corrections. Data from the formate 0-uM condition were presented in Supplemental Figure 3 to show the difference
in the growth rates between the cell lines. Within each time point, labeled means in a row without a common superscript letter differ, P < 0.05. ADH5, alcohol dehydrogenase

5; ALDH2, aldehyde dehydrogenase 2; WT, wild-type.
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metabolites (dimethylglycine and sarcosine) increased, which
may be attributable to formaldehyde production, as suggested
by the authors (5). Specifically, in folate deficiency, dimethyl-
glycine and sarcosine are sources of one-carbon units through
the reactions mediated by dimethylglycine dehydrogenase and
sarcosine dehydrogenase, thereby generating formaldehyde (21).
However, HepG2 cells do not metabolize sarcosine or dime-
thylglycine (data not shown). Alternatively, endogenous formal-
dehyde can be generated as a byproduct of the enzymatic
demethylation reactions, including histone, RNA, and DNA
demethylation (22-24). These findings, as well as the results of
our study, support a role for ADHS in formate production
through the oxidation of formaldehyde during folate deficiency.
ADHS also makes contributions to the formate pool in states of
folate sufficiency. In this study, the ratio of ['*C]-formate to
[*H]-hypoxanthine was higher in the ADHS knockout than
in the wild-type HepG2 cells when they were cultured in the
presence of 25 nM (6S) 5-formylTHE. Overall, our findings
show a role for the folate-dependent and folate-independent
production of formate for de novo purine biosynthesis.

Notably, the effect of ADHS deficiency was different between
de novo purine and dTMP synthesis. The ratio of ["*C]-
deoxyuridine to [*H]-thymidine in DNA did not differ between
ADHS knockout and wild-type HepG2 cells, indicating that
dTMP synthesis is not compromised by ADHS5 deficiency. De
novo dTMP synthesis occurs at the sites of DNA synthesis in
the nucleus (25), whereas de novo purine biosynthesis occurs in
the cytoplasm, where it requires the formation of a multienzyme
complex referred to as a purinosome (26). Although the
underlying mechanisms need further elucidation, the differences
in the effect of ADHS deficiency between purine and dTMP
synthesis suggest that the source of the nuclear formate pool may
be different from that of the cytoplasmic formate pool. Given
that ADHS is localized in the cytosol, it may contribute to the
formate pool in the cytosol, but not in the nucleus, for de novo
purine biosynthesis.

ALDH2 knockdown HepG2 cells exhibited a 37% reduction
in the ratio of [**C]-formate to [*H]-hypoxanthine compared
with wild-type cells, indicating that reduced ALDH2 expression
decreases the use of exogenous formate for de novo purine
biosynthesis. These results indicate that ALDH2 knockdown
HepG2 cells may upregulate endogenous formate production
from the other sources as a compensatory response to ALDH2
deficiency. Alternatively, ALDH2 deficiency may enhance the
conversion of formaldehyde to formate. However, given that the
mitochondrial ratio of NAD* to NAD(H) ranges between 7 and
8 (27), the latter scenario that ALDH2 reduces formate seems
unlikely. Overall, the differential effects on de novo purine
biosynthesis between ADHS knockout (increased exogenous
formate use) and ALDH2 knockdown (decreased exogenous
formate use) cells suggest that cytosolic ADHS and mitochon-
drial ALDH2 may have distinct roles in providing formate for de
novo purine biosynthesis.

ALDH2 knockdown HepG2 cells exhibited significantly
slower growth rates relative to wild-type cells, indicating that
reduced ALDH2 expression inhibits cell proliferation. Supple-
mentation with formate in culture medium did not rescue the
growth of these cells, suggesting that the observed growth
inhibition is unlikely to be associated with formate production
and/or utilization. As evidenced by a previous study (28),
decreased proliferation of ALDH2 knockdown cells may be due
to cell cycle arrest and enhanced apoptosis caused by elevated
concentrations of reactive oxygen species and toxic aldehyde
due to reduced ALDH2 activity. Interestingly, formate
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supplementation stimulated the growth of wild-type HepG2
cells, indicating that formate is limiting for the growth of these
cells. This finding is consistent with a previous study that
showed that methyleneTHF dehydrogenase 1 is essential for cell
growth (29). Taken together, the results suggest that formate
availability may be limiting for cell growth in some cells. In
conclusion, this study shows that endogenous formate pro-
duced by ADHS is used in de novo purine biosynthesis and its
contribution to the formate pool is enhanced in folate deficiency.
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