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Phosphofructokinase (PFK) 1 is a glycolytic enzyme, and its abnormality contributes to the development
of multiple human diseases, such as cancer. Here, we report that nucleoredoxin (NRX), a thioredoxin-
related oxidoreductase, is a novel interacting partner of PFK1. NRX binds directly to PFK1, and endoge-
nous NRX and PFK1 interact in vivo. In NRX /- mouse embryonic fibroblasts (MEFs), the oligomerization
status of PFK1 is altered and the catalytic activity of PFK1 is decreased. NRX deficiency augmented levels
of NADPH and reduced glutathione, two major cellular antioxidants generated through the pentose
phosphate pathway. Indeed, NRX~/~ MEFs are significantly more resistant to oxidative stress than
NRX** MEFs. These results reveal a novel role of NRX in the regulation of PFK1 activity and in the balance
between glycolysis and the pentose phosphate pathway.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Glucose metabolism is a fundamental aspect of cell physiology.
PFK1 is a glycolytic enzyme that phosphorylates fructose-6-phos-
phate (F6P), forming fructose-1,6-bisphosphate (F1,6BP) [1]. This
reaction is virtually irreversible under normal intracellular
conditions and has been considered as the important regulatory
step in glycolysis. There are multiple mechanisms regulating the
activity of PFK1, which are modulated by a variety of metabolites
and proteins. It is well known that PFK1 activity is strongly inhib-
ited by ATP, whereas AMP, the dephosphorylated form of ATP,
counteract the inhibitory effect of ATP on PFK1 [2]. Such regula-
tions of PFK1 by cellular metabolites are considered to fine-tune
the glycolytic rate to meet the energy demands of the cell.

Since the discovery of aerobic glycolysis in cancer cells, the
so-called “Warburg effect” [3], a great deal of attention has been
focused on the relationship between glucose metabolism and
human cancers [4]. Recent studies have revealed a concrete molec-
ular link between PFK1 and cancer-related molecules. Bensaad
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et al. reported that the tumor-suppressor protein p53 induces the
expression of TP53-induced glycolysis and apoptosis regulator
(TIGAR), a phosphatase that degrades fructose-2,6-bisphosphate
(F2,6BP) [5]. F2,6BP is a potent positive allosteric activator of
PFK1, which counteracts the inhibitory effect of ATP, and thus
p53 can suppress PFK1 activity, by lowering levels of F2,6BP
through TIGAR expression. Recently, another regulatory
mechanism involving glycosylation of PFK1 itself was reported
[6]. Yi et al. discovered that covalent addition of N-acetylglucosa-
mine to PFK1 inhibits its activity and shifts the glucose metabolism
toward the pentose phosphate pathway (PPP), which confers a
growth advantage to cancer cells. Taken together, PFK1 appears
to be one of the key enzymes regulating the global metabolic state
of cells, of which abnormality contributes to the development of
multiple human diseases such as cancer.

NRX is a thioredoxin (TRX)-related oxidoreductase that can
reduce disulfide bonds in insulin using an in vitro experimental
assay [7]. TRX family proteins commonly possess a pair of
redox-active cysteine (Cys) residues in the catalytic center, which
are sensitive to oxidation and directly involved in the reduction
of disulfide bonds in target proteins [8]. In the case of TRX, many
oxidoreductase substrates have been characterized and its impor-
tance in maintaining the normal intracellular redox status is well
established. In contrast, previous studies have shown that NRX di-
rectly binds and stabilizes dishevelled, an essential component in
Wnt signaling, and inhibits its signaling function [9,10]. In addi-
tion, NRX also functions as an adaptor linking flightless-I and mye-
loid differentiation primary response gene (88), and negatively
regulates the activity of toll-like receptor 4-mediated innate im-
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mune response elicited by lipopolysaccharide [11]. Thus, NRX is
considered to be a multifunctional protein [12].

In this study, we report that NRX interacts with PFK1 and main-
tains its activity. Also, NRX-deficient cells possess elevated levels of
PPP-derived antioxidants, thereby enhancing cellular resistance to
oxidative stress.

2. Materials and methods
2.1. Expression constructs

Mouse PFK1 cDNAs [platelet (P), muscle (M), and liver (L)
forms] were purchased from Invitrogen (IMAGE clones 2655383
and 3495173 for P and M forms, respectively) and ORIGENE
(MC203910 for the L form). Mouse NRX cDNAs (WT and Mut) were
generated as described previously [9]. PFK1 and NRX cDNAs were
inserted into appropriate expression vectors (pEF-BOS, pCMV,
pFastBac, pMAL, or pQE) for use.

2.2. Antibodies

Anti-NRX rabbit polyclonal antibody was generated in a
previous study [9]. The following commercially available antibod-
ies were also used; mouse monoclonal antibodies against FLAG
(SIGMA), and rabbit polyclonal antibodies against PFK1 (Bioworld
Technology), FLAG (SIGMA), and Myc (Santa Cruz).

2.3. Cell culture

HEK293 cells were cultured in DMEM supplemented with 10%
fetal bovine serum and antibiotics. Expression plasmids were
transfected using Lipofectamine2000 (Invitrogen). Primary MEFs
were isolated from NRX'* or NRX~/~ mice from a C57BL/6]
background and cultured according to standard methods as re-
ported previously [10]. Plasmids were transfected into MEFs using
the Neon™ transfection system (Invitrogen). Cell culture under
hypoxic conditions was performed using a multi-gas incubator
(MCO-5M; SANYO).

2.4. Identification of NRX-interacting proteins by mass spectrometry

Recombinant GST or GST-NRX proteins were expressed in Sf9
insect cells and immobilized on glutathione-sepharose beads (GE
Healthcare). The beads were mixed with mouse testis lysates.
Bound proteins were separated by SDS-PAGE, followed by silver
staining using a SilverQuest™ kit (Invitrogen). Bands of interest
were excised from the gel and trypsin-digested peptides were
subjected to mass spectrometry as described previously [9].

2.5. Recombinant proteins

His-NRX proteins were expressed in Escherichia coli and purified
using Ni-NTA beads (QIAGEN). The purified proteins were eluted
with imidazole and used immediately for assays. Maltose-binding
protein (MBP) and MBP-PFK1 (P form) were also expressed in
E. coli, purified with amylose resin (New England Biolabs), and
the purified proteins on the resin were subjected to pull-down
assays.

2.6. Immunoprecipitation

Immunoprecipitation experiments with anti-FLAG antibody
were performed using standard methods described previously
[13]. For immunoprecipitation with anti-NRX antibody, we used
a modified method to covalently attach the antibody to the beads,

as the IgG heavy chain migrates just above endogenous NRX in
SDS-PAGE and it was difficult to detect the NRX signal. Briefly,
we covalently cross-linked the antibody and protein A-agarose
beads by incubating them with 20 mM dimethylpimelimidate
(Sigma) for 30 min at room temperature, and then the beads were
mixed with MEF lysates.

2.7. Assessment of cell viability

Cell viability was determined by Trypan blue exclusion method
as described previously [14], with slight modifications. Cells
(2 x 10°/dish) were seeded in 36-mm dishes the day prior to
analyses. After treatment with 1 mM hydrogen peroxide (H,0,)
for the indicated times, detached cells were collected and the
remaining adherent cells were collected by trypsinization. Both
cell fractions were combined and centrifuged. Cell pellets were
resuspended in PBS, and then mixed with 0.4% Trypan blue
solution (Invitrogen). Cells without blue staining were determined
to be viable.

2.8. Measurement of PFK1 activity

PFK1 catalytic activity was measured by the consumption of
NADH in a reaction mixture, according to a method described
previously [15]. Briefly, cell lysates (10 pg total protein) were
mixed with reaction buffer (50 mM HEPES [pH 7.0], 100 mM KCl,
5mM MgCl,, 1.5mM ATP, 0.15mM NADH, 5mM Na,HPO,,
0.1 mM AMP, 1 mM NH4CI, 5 units/mL of triosephosphate isomer-
ase, 0.5 units/mL of aldolase, 0.5 units/mL of glycerophosphate
dehydrogenase, and 5 mM of F6P). The mixture was incubated at
room temperature, and the absorbance at 340 nm, which reflects
the amount of NADH, was determined for a period of 15-20 min.

2.9. Measurement of ATP and reduced glutathione (GSH) levels, and
determination of the NADPH/NADP' ratio

Intracellular ATP and GSH levels were measured with the
CellTiter-Glo Luminescent Cell Viability Assay kit (Promega) and
BIOXYTECH GSH-400 kit (OxisResearch), respectively, according
to the manufacturers’ instructions. NADPH/NADP* ratios were
determined by using NADP*/NADPH Quantification Kit (BioVision),
which utilizes an enzyme-based colorimetric reaction.

2.10. Native PAGE

Native PAGE was performed as previously described [16], with
minor modifications. Cell lysates were mixed with 4x sample
buffer for native PAGE (40% glycerol, 0.4% BPB, 0.2 M Tris-HCI
[pH 6.8], and 40 mM iodoacetoamide) and subjected to native
PAGE analyses. The cathode and anode buffer were as follows:
cathode buffer; 25 mM Tris-HCl (pH 8.4), 192 mM glycine, 0.1%
deoxycholate; anode buffer; 25 mM Tris-HCl (pH 8.4), 192 mM
glycine.

2.11. Statistics

All statistical data are presented as means + SEM. p Values were
obtained using a Student’s two-tailed t-test.

3. Results
3.1. Identification of PFK1 as an NRX-interacting protein

To search for novel NRX-interacting protein(s), we performed
pull-down assays using the GST-NRX fusion proteins as bait. We
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Fig. 1. Identification of PFK1 as an NRX-interacting protein. (A) Mouse testis lysates were mixed with GST or GST-NRX immobilized on glutathione-sepharose beads. Bound
proteins were subjected to SDS-PAGE and visualized by silver staining. Arrowheads indicate GST-NRX or PFK1, and an arrow indicates GST. (B) The indicated expression
constructs were transfected into HEK293 cells (P: platelet form, M: muscle form, L: liver form). Cell lysates were immunoprecipitated with anti-FLAG antibody, followed by
immunoblotting with the indicated antibodies. (C) MEF lysates were subjected to immunoprecipitation with an anti-NRX antibody. The precipitates were separated by SDS-
PAGE, followed by immunoblotting with an anti-PFK1 antibody and (D) MBP or MBP-PFK1 (P form) was immobilized on beads and then mixed with His-NRX proteins. The
bound proteins were subjected to SDS-PAGE, followed by immunoblotting with the indicated antibodies (left panel). His-NRX, MBP, and MBP-PFK1 protein purity, as

determined by Coomassie staining, is also shown (right panel).

used mouse testis lysates as the source material, as NRX is most
abundantly expressed in the testis of adult mice [7]. As shown in
Fig. 1A, several proteins were specifically precipitated by GST-
NRX. Among them, the most abundant protein band at approxi-
mately 80-kDa was subjected to mass spectrometry and identified
to be PFK1. Three isoforms of PFK1, which are encoded by different
genes, are known; P, M, and L forms. We co-expressed each of
these PFK1 isoforms with NRX in cells and performed co-immuno-
precipitation analyses to investigate their interaction. The results
indicated that wild-type NRX (NRX-WT) bound similarly to all
three PFK1 isoforms (Fig. 1B). We also performed similar experi-
ments using NRX-Mut, a mutant form of NRX that lacks two Cys
residues (Cys205 and Cys208) essential for oxidoreductase activity,
and found that it did not bind to PFK1. We next investigated the
complex formation of endogenous proteins. Cell lysates were sub-
jected to immunoprecipitation with an anti-NRX antibody, and the
resulting precipitates were analyzed by immunoblotting with an
anti-PFK1 antibody. A clear co-precipitation was observed,
whereas negative control experiments using rabbit IgG or without
lysates yielded no positive signals (Fig. 1C). To examine whether
the interaction was direct, we performed in vitro binding assays
using purified recombinant proteins of His-NRX and MBP-PFK1
proteins. As shown in Fig. 1D, a weak but significant positive signal
was observed when we subjected His-NRX proteins to pull-down
assays with MBP-PFK1.

3.2. Decreased PFK1 activity in NRX/~ MEFs

We next investigated whether NRX affects the enzymatic activ-
ity of PFK1. For this purpose, we used MEFs isolated from wild-type
(NRX*) or NRX-deficient (NRX~/~) mice, generated in our previous
study [11]. We prepared MEF lysates and subjected them to an en-
zyme assay for PFK1, designed to indicate the reaction progress via
decreased NADH levels (Fig. 2A). Indeed, NADH levels were rapidly
decreased by the addition of NRX"* MEF lysates to the reaction
mixture, whereas the negative control sample (without lysate)
showed no significant change. In addition, the decreased NADH
was mostly inhibited by the addition of 10 mM ATP, a potent allo-
steric inhibitor of PFK1 [2]. We then compared PFK1 activity of
NRX** and NRX /= MEF lysates (both transfected with control
GFP) and found that the latter also had decreased NADH but the
speed of the decrease was slightly slower than in the former
(Fig. 2B and C). To confirm that this difference was due to the ab-
sence of endogenous NRX, we transfected NRX '~ MEFs with
expression constructs of either NRX-WT or NRX-Mut. As indicated
in the same panels, expression of NRX-WT, but not of NRX-Mut,
restored PFK1 activity to normal levels. Taken together, these re-
sults indicate that endogenous NRX sustains PFK1 activity in cells.

PFK1 catalyzes an essential step in the glycolytic pathway, and
thus changes in PFK1 activity presumably affect the cellular meta-
bolic state. We quantified ATP levels in NRX*'* and NRX~/~ MEFs,
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Fig. 2. Decreased PFK1 activity in NRX /= MEFs. (A) NRX"* MEF lysates were analyzed for PFK1 activity by measuring NADH consumption. “+ATP" indicates that the reaction
mixture includes 10 mM ATP. (B) Lysates of NRX""* or NRX~/~ MEFs transfected with the indicated constructs were analyzed for PFK1 activity by measuring NADH
consumption. (C) Relative PFK1 activities were determined by the amount of consumed NADH at 15 min after the start of the reaction. The data are shown as mean + SEM
(n =3). p Values were determined by Student’s two-tailed t-test (paired). **p < 0.01, **p < 0.001, N.S.: not significant and (D) ATP levels of NRX*/* or NRX~/~ MEFs transfected
with the indicated constructs were determined. The data are shown as means + SEM (n = 3). p Values were determined by Student’s two-tailed t-test (paired). *p < 0.05, N.S.:

not significant.

and found that levels in NRX~/~ MEFs were significantly decreased
and the expression of NRX-WT again restored it to normal levels
(Fig. 2D), consistent with the role of NRX in the regulation of cellu-
lar metabolism via modulation of PFK1 activity.

3.3. Altered PFK1 oligomerization status by NRX

It has been shown that the oligomerization status of PFK1 is
linked to its enzymatic activity [17,18]. In addition, a recent report
showed that complex formation between ectopically expressed
FLAG-PFK1 and endogenous PFK1 correlates with PFK1 oligomeri-
zation status [6]. Therefore, we performed co-immunoprecipita-
tion experiments with NRX*'* and NRX~/~ MEF lysates transfected
with FLAG-PFK1. As shown in Fig. 3A, co-precipitation levels of
endogenous PFK1 in the anti-FLAG immunoprecipitates were de-
creased in NRX~/~ MEFs. This decrease is due to the absence of
endogenous NRX, because co-expression of NRX-WT, but not
NRX-Mut, restored complex formation to normal levels.

We next directly investigated the oligomerization status of
PFK1. Here, lysates of MEFs transfected with FLAG-PFK1 were sub-
jected to PAGE under native conditions. Yi and colleagues reported
that cell culture under hypoxic conditions, which induces PFK1-
glycosylation and downregulation of its catalytic activity, resulted
in the appearance of a faster migrating band [6]. Consistently, we
also observed a similar faster migrating band of FLAG-PFK1 when

cells were subjected to hypoxic conditions (Fig. 3B). This faster
migrating band was also observed in the lane with NRX~/~ MEF ly-
sates, and disappeared upon NRX co-expression. Collectively, these
results implicate NRX in regulation of the oligomerization status of
PFK1, which likely affects its catalytic activity.

3.4. Augmentation of antioxidant levels in NRX~/~ MEFs

PFK1 phosphorylates F6P and converts it to F1,6BP. Thus, partial
inhibition of the PFK1 activity can redirect glucose metabolism to
the PPP, which emanates from glucose-6-phosphate existing in a
chemical equilibrium with F6P. One of the primary products of
the PPP is NADPH, which is used in cells to prevent oxidative stress.
Therefore, we determined the ratio of NADPH (reduced form) to
NADP" (oxidized form) with an enzyme-based colorimetric meth-
od, and expectedly, the ratio of NADPH/NADP* was estimated to
be roughly doubled in NRX /= MEFs (Fig. 4A). Moreover, this in-
crease was suppressed by expressing NRX-WT, indicating that
endogenous NRX suppresses NADPH levels. NADPH contributes
to the regeneration of the reduced form of GSH, one of major anti-
oxidants in cells, by donating electrons via glutathione reductase.
Thus, we also investigated GSH levels in NRX"* and NRX~/~ MEFs,
and the results were very similar to those of NADPH (Fig. 4B).

As we confirmed an increase in the major intracellular
antioxidants, NADPH and GSH, in NRX~/~ MEFs, we investigated
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are shown as means + SEM (n = 3). p Values were determined by Student’s two-tailed t-test (paired). **p < 0.001, N.S.: not significant. (B) GSH levels of NRX*/* or NRX~/~ MEFs
transfected with the indicated constructs were determined. The data are shown as means + SEM (n = 3). p Values were determined by Student’s two-tailed t-test (paired).
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shown. The graph data shows percentages of cell viability, as determined by Trypan blue exclusion test (means + SEM, n = 3). p Values were determined by Student’s two-
tailed t-test (paired). **p < 0.01, **p < 0.001.

the resistance of cells to oxidative stress. NRX*/* and NRX~/~ MEFs
were treated with a toxic level of H,0, (1 mM), and then, the cell
morphology was observed. As shown in Fig. 4C (left panel), NRX"/
* MEFs became mostly detached from the culture dish 12 h after
treatment. For NRX~/~ MEFs, cell detachment was also observed,

but a larger number of cells remained attached. To quantitatively
assess the cellular damage, we examined the viability of cells (both
attached and detached) by Trypan blue exclusion. The results
clearly confirmed that NRX~/~ MEFs were significantly more resis-
tant to oxidative stress than NRX*'* MEFs (Fig. 4C, right panel).
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4. Discussion

In this study, we identified a novel role of NRX, as a regulator of
PFK1 oligomerization and catalytic activity. PFK1 activity was de-
creased in NRX~/~ MEFs (Fig. 2), which would shift glucose metab-
olism to the PPP and thus make cells more resistant to oxidative
stress (Fig. 4). However, the mechanism of how NRX affects PFK1
oligomerization remains unclear. The higher mobility form of
PFK1 oligomer was observed in lysates from both NRX~/~ MEFs
and hypoxia-treated MEFs (Fig. 3). It was recently reported that hy-
poxia induces the covalent addition of N-acetylglucosamine to
PFK1, resulting in the downregulation of its catalytic activity [6].
Thus, we speculated that hyperglycosylation of PFK1 may occur
in NRX~/~ MEFs, which could explain the appearance of the higher
mobility form of PFK1 and its decreased enzymatic activity. We
performed immunoblotting analyses with an antibody that recog-
nizes both free and protein-linked forms of N-acetylglucosamine,
but failed to detect any significant PFK1 hyperglycosylation in
NRX~/~ MEFs (data not shown). Apart from glycosylation, PFK1 is
also subject to phosphorylation [19] and acylation [20]. More com-
prehensive analyses would be required to reveal the presence and
the identity of PFK1 modification(s), affected by NRX deficiency,
and to clarify the molecular mechanism of PFK1 regulation by NRX.

The PPP supplies cells with antioxidants and nucleosides, and
thus is important in promoting cell proliferation and tumor growth
[21]. Indeed, it was recently reported that disruption of TIGAR, the
gene for the abovementioned F2,6BP phosphatase which stimu-
lates PPP, decreased tumor burden in a mouse model of intestinal
adenoma [22]. Furthermore, using an in vitro organoid culture
model, the authors showed that impaired growth of TIGAR '~ cells
derived from the crypt of the small intestine was rescued by sup-
plementation with nucleosides and the antioxidant N-acetyl cys-
teine. Since NRX~/~ mice are perinatally lethal [10], it is
impossible to perform such kinds of experiments using NRX /-
mice. However, it should be noted that RNAi knockdown of NRX
promoted cancerous transformation in NIH3T3 cells expressing
oncogenic Ras [9]. We originally concluded that this augmentation
in cellular transformation was achieved through aberrant activa-
tion of Wnt signaling, as NRX directly binds to dishevelled and
inhibits its signaling in the Wnt pathway. Based on our findings
in this study, PPP activation in the absence of endogenous NRX
may also contribute to the malignant growth of these cells. Future
studies including experiments using NRX conditional knockout
mice will gain more insights into the role of NRX in tumorigenesis
in vivo.
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