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RAPID COMMUNICATION
Ribonucleotide reductase subunit M1 blocks
glucose catabolism via phosphorylation of
pyruvate kinase M2 in human esophageal
squamous cell cancer
Esophageal squamous cell cancer (ESCC) is one of the ma-
lignant tumors with high morbidity and mortality all over
the world.1 In recent years, combined chemotherapy has
gradually been the effective treatment method for ESCC
patients. Therefore, it is imperative to explore potential
therapeutic targets for the treatment of ESCC. We previ-
ously reported a high-frequency amplification of pyrimidine
metabolic pathway-related genes in ESCC tissues,2 and
ribonucleotide reductase subunit M1 (RRM1) was one of
many abnormal genes. RRM1 is one of the important sub-
units of ribonucleoside reductase (RR) and plays a key role
in cell DNA replication as a binding site of nucleotides to
regulate substrate specificity and RR activity. RRM1 is
expressed in almost all tumor cells, but its expression levels
and functions are differently affected by tissue origin and
cell location. The expression of RRM1 in lung cancer tissues
was generally lower than that in adjacent tissues, while an
opposite trend was observed in breast cancer. Reports
about RRM1 in ESCC are less, and the mechanism(s) of
carcinogenesis is still poorly understood. The present study
aimed to understand the role of RRM1 on the malignant
proliferation process, and further clarify the molecular
mechanism in ESCC development, which would be helpful
in anti-cancer therapy of ESCC patients.

Data obtained from the GEPIA database and immuno-
histochemical results showed that RRM1 expression in most
ESCC tissues was abnormally higher than that in adjacent
tissues (Fig. S1; Fig. 1A, B), and a significantly negative
correlation between the RRM1 expression and survival time
was observed, and patients with high RRM1 expression
exhibited a worse prognosis (Fig. 1C), suggesting that RRM1
could be used as an indicator for early diagnosis, a potential
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predictor to estimate patients’ survival or a potential
target of antitumor drugs. RRM1 is often considered as a
tumor suppressor gene inhibiting tumor cell proliferation,
metastasis, and invasion, and is used as the main target of
antitumor drugs. However, clinical trials showed the high
sensitivity of lung cancer patients with low RRM1 expression
to gemcitabine, and the chemotherapy scheme with gem-
citabine is often used to treat the patients with low RRM1.3

The response to clinical chemotherapy targeting RRM1 is
closely related to the expression levels of RRM1 in cancer
tissue. Different sensitivity of RRM1 on antitumor drugs was
close to the carcinogenic mechanism of RRM1, but the
mechanism has remained unclear.

To study the regulatory mechanism of RRM1, we first
verified its biological effect in human ESCC cells. By siRNA
interfering with RRM1 in ESCC cell lines, it was found that
the S phase of the cell cycle was significantly increased, but
the G2 phase was significantly decreased, indicating that the
cell cycle was blocked in the S/G2 phase so that cell pro-
liferation was inhibited (Fig. S2, 3). Results from RRM1-
overexpressing ESCC cells further proved the key role of
RRM1 on the cell cycle. Intracellular up-regulated RRM1
expression promoted the mass production of DNA synthetic
substances providing material support for cell division, which
were confirmed by targeted metabonomics analysis and
HPLC-electrochemical detection identified more 20-Deoxy-
guanosine 50-monophosphate (dGMP), deoxycytidine mono-
phosphate (dAMP), deoxyadenosine monophosphate (dCMP),
and deoxyinosine in RRM1-overexpressing cells (Fig. S4). The
nucleic acid metabolism is closely related to the pentose
phosphate pathway (PPP),4 and the increased D-Ribose 5-
phosphate (R5P) as substrates of nucleic acid synthesis from
PPP indicated that the up-regulation of nucleic acid anabo-
lism may be partly promoted by the enhancement of PPP.
Moreover, the up-regulation of intermediate metabolites of
behalf of KeAi Communications Co., Ltd. This is an open access
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Figure 1 RRM1 induces tumorigenesis via phosphorylation of pyruvate kinase M2 in human esophageal squamous cell cancer
(ESCC). (A) Histochemical scoring of RRM1 expression in ESCC and matched paracancerous tissue samples (*P < 0.05). (B)

Representative images of RRM1 protein expression in ESCC tissue and normal tissue vis immunohistochemical analysis (Scale
bar Z 100 mm). (C) KaplaneMeier survival analysis of overall survival of ESCC patients. (D) The correlation analysis between RRM1
and p-PKM2 expression was carried out by Pearson correlation coefficient. (E) Expression of RRM1 (red) and PKM2 (green) in cells
was detected by immunofluorescence. (F) The interaction between RRM1 and PKM2 was confirmed by IP experiment. (G, H) PKM2
and phosphorylated PKM2 (p-PKM2) were detected by Western blot assays. (I, J) PK activities and PA levels were shown by bar
graphs. (K) Regulation model of RRM1 on cell proliferation in ESCC. Arrows (/) and truncated lines (d|) indicated promoting and
inhibiting effects, respectively. Data were representative of three independent experiments and are presented as mean � standard
deviation, and P values < 0.05 were considered statistically significant.
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glycolysis, including D-glucose 6-phosphate (G6P), phospho-
enolpyruvate (PEP), reduced nicotinamide adenine dinucle-
otide (NADH), and adenosine triphosphate (ATP), was
observed, but the levels of L-lactic acid and malic acid
involved in the tricarboxylic acid cycle were down-regu-
lated. These indicated that glucose catabolism in RRM1-
overexpressing cells might be blocked, which could promote
more carbon flowing into PPP and nucleic acid anabolism.

The enhanced PPP not only promotes nucleic acid anab-
olism, but also significantly increases the intracellular co-
enzyme II, and the up-regulated reduced nicotinamide
adenine dinucleotide phosphate (NADPH) and nicotinamide
adenine dinucleotide phosphate (NADPþ) in RRM1-over-
expressing cells was observed. NADPH is an important in-
termediate metabolite in PPP and provides a necessary co-
factor that plays an essential role in lipogenesis and the
entire antioxidant system. In the defense against intracel-
lular oxidative stress, one of the major antioxidants is
glutathione (GSH) which neutralizes reactive oxygen species
by the synthesis of oxidized glutathione disulfide (GSSG), and
the cycling of GSSG to GSH depends on NADPH. The detec-
tion of GSH and GSSG confirmed the enhanced glutathione
system and relieved oxidative stress (Fig. S5). The reactive
oxygen species (ROS) levels in cells, unexpectedly, were
down-regulated. Lower ROS down-regulated three key tumor
suppressor proteins (p-p38, p-p53, and p21; Fig. S5F), which
up-regulated Rb phosphorylation and promoted cell cycles.
Taken together, the enhanced glutathione system was pro-
moted by a large number of NADPH provided from PPP, and
relieved oxidative stress promoted cell proliferation of
human ESCC by activating cell division via ROS-mediated p-
p38/p-p53/p21/p-Rb pathway.

Undoubtedly, the blocked glucose catabolism may
directly or indirectly result from RRM1. To explore the po-
tential regulation mechanism, protein mass spectrographic
analysis was performed. Pyruvate kinase M2 (PKM2) was
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found to be the potential protein that interacted with
RRM1, and the interaction relationship between both pro-
teins was confirmed by immunocoprecipitation (Fig. 1E, F).
In the glycolytic pathway, pyruvate kinase (PK) is a key
enzyme that catalyzes the transfer of a phosphoryl group
from phosphoenolpyruvate to ADP to form pyruvic acid (PA)
and ATP, and the PK activity is closely related to the
phosphorylation of PKM2.5 In the present study, the up-
regulated phosphorylation levels of PKM2 were observed in
both RRM1-overexpressing cells (Fig. 1G, H), and the
inhibited PK activity and reduced PA were also found
correspondingly (Fig. 1I, J), indicating that hyper-
phosphorylation of PKM2 might be the main reason causing
the decreased PK activity and impaired glucose decompo-
sition. The immunohistochemical analysis further revealed
a significant positive correlation between the expression
levels of RRM1 and p-PKM2 (Fig. 1D).

Carcinogenesis of RRM1 may work by controlling the
phosphorylation of PKM2 in human ESCC. To further clarify
the regulatory mechanism, an inhibitor (gemcitabine) of
RRM1 activity was used in RRM1-overexpressing cells. Re-
sults showed that the PKM2 phosphorylation level signifi-
cantly decreased compared to that of control groups
(Fig. S6A), but the PK activity and PA levels significantly
increased (Fig. S6B, C). The enhanced PK activity may
promote more intermediates into the tricarboxylic acid
cycle, and reduce the carbon flux to PPP, inhibiting the
synthesis of antioxidants and re-increasing the oxidative
stress levels (Fig. S6D). Increased oxidative stress resulted
in slowed cell cycle progression, and less deoxyribonucle-
otide caused by reduced RRM1 activity inhibited DNA pro-
duction, finally slowing down cancer cell proliferation
(Fig. S6E). Similar results have been achieved by the
applied activator of PKM2 activity (TEPP-46) in RRM1-
overexpressing cells, indicating a better clinical efficacy in
the treatment of gemcitabine and TEPP-46 on ESCC.

The present study has identified RRM1 as a cancer-pro-
moting gene by promoting cell cycle progression in human
ESCC. We propose a potential prevention strategy of RRM1
through shunting glucose-derived carbon between glucose
catabolism and pentose phosphate pathway and reveal the
blocking mechanism of RRM1 on glucose catabolism works
by a phosphorylation-independent mechanism on PKM2 as
shown in Fig. 1K. The multifaceted role of RRM1 in cell
metabolism and cell cycle progression makes it a valuable
target to improve the clinical efficacy of ESCC
chemotherapy.
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