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Abstract: Objective: To explore the synergistic effect and metabolic mechanism of chronic arsenic exposure
and PTPN11 gain-of-function mutation on tumorigenesis. Methods: Arsenic-transformed Ptpn11+/+ (WT-As) and
Ptpn11D61G/+-mutant (D61G-As) mouse embryonic fibroblasts (MEFs) were established by chronic treatment of lowdose arsenic. We used cell counting, plate colony and soft agar colony formation, and a nude mouse xenograft model to detect malignant transformation and tumorigenesis in vitro and in vivo. To detect mitochondrial oxidative phosphorylation (OXPHOS), we used Seahorse real-time cell metabolic analysis as well as adenosine triphosphate (ATP)
and ROS production assays. Lastly, we examined mTOR signaling pathway changes by western blotting. Results:
Low-dose arsenic exposure promoted WT MEFs proliferation and exacerbated malignancy driven by Ptpn11D61G/+
mutation. Additionally, Ptpn11D61G/+-mutant MEFs exhibited increased mitochondrial metabolism and low-dose
arsenic amplified this malignant metabolic activity. Mechanistically, the mTOR signaling pathway was activated
in Ptpn11D61G/+-mutant MEFs and was further phosphorylated in arsenic-treated MEFs expressing Ptpn11D61G/+.
Critically, tumorigenesis induced by the synergistic effect of low-dose arsenic and Ptpn11D61G/+ mutation was prevented by mTOR pathway inhibition via rapamycin. Conclusion: This study found that metabolic reprogramming,
particularly mitochondrial hyperactivation, is a core mechanism underlying tumorigenesis induced by the synergistic
effect of Ptpn11D61G/+ mutation and arsenic exposure. Furthermore, these findings suggested mTOR is a therapeutic
target for Ptpn11-associated cancers.
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Introduction
Genetic and epigenetic alterations, including
mutations in oncogenes or tumor suppressor
genes, are well-known factors that promote
tumorigenesis [1, 2]. In-depth studies on the
carcinogenic effects of environmental factors
confirmed that long-term exposure to heavy
metal pollutants contributes to the development of skin, lung, and bladder cancers [3, 4].
The high incidence and early onset of tumors is
likely due to a combination of multiple factors
[5, 6]. However, whether there is a synergistic
effect between different genetic factors and
environmental carcinogens, and the underlying
mechanism remains unknown.
The non-receptor protein-tyrosine phosphatase
SHP-2, which is encoded by the PTPN11 gene,

plays an important role in regulating proliferation, differentiation, and metastasis [7, 8].
SHP-2 consists of two Src homology 2 (SH2)
domains at the N-terminal, a tyrosine phosphorylation catalytic domain in the middle of the
protein, and two tyrosine phosphorylation sites
at the C-terminal site [9]. SHP-2 exists in a
dynamic equilibrium between closed (inactive)
and open (active) states. Crystal structure analysis revealed that, without interference, SHP-2
is self-inhibited and its N-SH2 domain binds to
the catalytic cleft of the PTP. N-SH2/PTP interface (e.g., E76K/D61Y) gain-of-function (GOF)
mutations can lead to conformational activation of the protein [10]. In addition, SHP2 can
be activated through the exposure of catalytic
gaping of the substrate when the phosphotyrosine peptide binds to the opposite side of the
N-SH2 domain [11]. SHP-2 GOF mutations have
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been associated with the development and
progression of various tumor types, such as
Noonan syndrome (NS), juvenile myelomonocytic leukemia (JMML), and other sporadic solid
tumors [12, 13]. Of SHP-2 GOF mutations, the
D61G mutation, known as a NS-associated
mutation, has been found in NS and leukemia
in humans and animal models [14, 15].
Although one case of gastric cancer harboring
the SHP-2 D61G mutation was reported in the
Catalogue of Somatic Mutations In Cancer
(COSMIC) database, this mutation has not
been reported in solid tumors. Current studies
have focused on the role of this mutation in
promoting glioma [16] and breast cancer [17]
progression by introducing this mutation in
vitro. Although SHP-2 activating mutations
increase genomic instability and cancer susceptibility due to exposure to external factors,
such as cytokines or radiation stimulation [14,
18], it is unclear whether this activating mutation also increases susceptibility to other carcinogenic factors. Even so, the underlying mechanism remains to be determined.
Arsenic is an environmental pollutant that is
widely distributed in nature in organic and inorganic forms. Inorganic arsenic is a human carcinogen according to the International Cancer
Research Center (IARC). Chronic exposure to
small amounts of inorganic arsenic occurs
through ingestion of contaminated water or
food, use of contaminated water to irrigate
crops, and tobacco smoke [20]. Although skin
damage is the most obvious and common consequence of chronic arsenic exposure, previous studies demonstrated that chronic arsenic
exposure is also associated with the development of many chronic diseases, such as diseases of the nervous system, respiratory system, cardio-cerebrovascular system, and cancer of many tissues and organs, including the
lung, skin, bladder, prostate, kidney, and liver
[21, 22].
Arsenic carcinogenesis is due to several molecular mechanisms related to DNA damage, including DNA oxidative damage and DNA repair
impairment [23]. Additionally, studies have
shown low arsenic exposure can enhance the
genotoxicity of other agents that cause DNA
damage. For example, Chen et al. revealed a
significant dose-response relationship between arsenic exposure and lung cancer risk in
cigarette smokers [24]. Co-exposure to arsenic
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and benzo (a) pyrene, which is a polycyclic aromatic hydrocarbon causing DNA lesions, leads
to a synergistic effect that causes epigenetic
dysregulation and increases lung tumorigenesis [25]. Recent studies have highlighted the
involvement of metabolic dysfunctions in the
development of arsenic-related tumors [26,
27]. However, the mechanism by which arsenic
exposure synergizes with gene mutations to
promote carcinogenesis is still unclear.
Tumors energy metabolism reprogramming refers to alterations of tumor cell energy supply in
different stages of tumor progression to meet
the malignant cellular needs of rapid proliferation, metastasis, invasion, and so on [28, 29].
Such abnormal energy metabolism includes
enhanced uptake and utilization of substrates,
preferences for different metabolic substrates,
such as glucose, amino acids, or fatty acids,
and changes in metabolic patterns [30, 31].
Mitochondria, the main organelle specialized
for aerobic metabolism, have long been implicated in tumor development and progression
[32]. The classic Warburg effect also suggests
irreversible mitochondrial damage may be the
prerequisite of tumor cell aerobic glycolysis
[33]. However, further tumor cell metabolism
research has challenged this hypothesis. For
example, mitochondrial aerobic metabolism
was shown to be the dominant energy source
of tumor cells in various cancers, including
some leukemias, lymphoma, pancreatic ductal
adenocarcinoma, high oxidation metabolic melanoma, and endometrial cancer [34, 35]. In
addition to glucose metabolism, lipids or amino
acids can become the main energy source for
some tumor cells [31, 36]. Even metabolic
intermediates of tumor metabolism can reenter the tricarboxylic acid cycle to supplement
the deficiency of tumor metabolites. In addition to tumor cell-intrinsic metabolic changes,
cells in the tumor microenvironment, such as
tumor-associated macrophages, adipocytes,
and fibroblasts, also support tumor cell growth
through metabolic regulation [28, 38]. These
results indicate that tumor metabolic reprogramming is highly dynamic and heterogeneous. Moreover, a tumor cell’s energy metabolism properties and preferences evolve during
cancer progression in different human tumors.
Studies have demonstrated that Ptpn11D61G/+
activating mutations enhance ROS production
and drive the development of myeloproliferaAm J Transl Res 2022;14(7):4591-4605
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tive diseases and malignant leukemia in mice
[14], but the role of these mutations in solid
tumors is unclear. Because arsenic exposure in
the natural environment is a long-term process
that often takes a number of years to cause
carcinogenesis, we used Ptpn11D61G/+ mutated
mouse embryonic fibroblasts (MEFs) to establish a cellular model and investigated whether
SHP-2 activation mutations synergized with
chronic arsenic exposure to drive tumorigenesis. The findings of our research reveal a novel
mechanism by which Ptpn11D61G/+ -mutant cells
are more sensitive to chronic arsenic exposure,
which leading to malignant transformation.
Moreover, our results provide a foundation to
develop strategies that can prevent or reduce
the risk of cancer resulting from arsenic exposure and Ptpn11D61G/+ mutations.
Materials and methods
Cell culture and reagents
Mouse embryonic fibroblasts (MEFs) were
obtained from Ptpn11+/+ and Ptpn11D61G/+ mice
within 13.5 days using the standard primary
MEFs technique and immortalized by SV40 T
antigen. MEFs were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (Life Technologies/Gibco), 100 U/mL penicillin, and 100
μg/mL streptomycin (Invitrogen, Carlsbad, CA).
For chronic arsenic treatment, 1×105 cells were
seeded into 6-cm dishes and were treated with
2 μM As2O3 (Sigma) for 48 h when the cells
were completely adherent. This process was
continued for approximately 3 months.
Soft agar colony formation assay
A total of 2×103 arsenic-treated MEFs and control MEFs of the same passage number were
resuspended in 1 mL of top layer of agarose
media (0.7% agarose). And were then plated on
top of the bottom layer (1.2% agarose). To
investigate the effect of rapamycin on arsenictransformed cells, inhibitors were added to the
top layer of agarose and culture media. Soft
agar colonies were photographed and counted
after 2 weeks of incubation under normal
conditions.
Nude mouse xenograft tumorigenesis assay
Arsenic-transformed MEFs (2×106/0.2 mL) were injected subcutaneously with Matrigel in a
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1:1 ratio into the right flank of BALB/C nude
mice (5-6 weeks old). Subsequent tumors were
grown to a volume of approximately 80 to 200
mm3. The tumor volume (mm3) was calculated
based on the formula: V=(l×w2)/2, l and w refers to the larger and smaller widths of the
tumor. The mice were sacrificed after a 5-week
observation period. The tumors were harvested, weighed, and either snap frozen, stored at
-80°C, or processed for paraffin embedding. All
breeding and animal experiments were performed in accordance with the guidelines of the
university laboratory and with approval from
the Animal Experimentation Ethics Committee
of Anhui Medical University (No. 20170529).
Western blotting assay
Western blotting was performed as described
previously [40]. Briefly, cell precipitation was
washed with ice-cold PBS. Cell extracts were
obtained using ice-cold lysis buffer supplemented with 0.5% protease inhibitor (Roche,
Mannheim, Germany). Total proteins were separated by SDS-PAGE gels and transferred onto
polyvinylidene fluoride membranes (Millipore).
The membranes were incubated with primary
antibodies against phospho-AMPK (2535T;
Cell Signaling Technology), AMPK (5831S; Cell
Signaling Technology), phospho-mTOR (5536S;
Cell Signaling Technology), mTOR (2983T; Cell
Signaling Technology), phospho-p70S6K (Thr389) (9205S; Cell Signaling Technology),
p70S6K (9202S; Cell Signaling Technology),
and β-actin (66009-1-Ig; Proteintech). Then,
the membranes were incubated with speciesspecific HRP-conjugated secondary antibodies. ChemiDoc™ MP Imaging System (Bio-Rad,
USA) was used to detect signals.
mtDNA quantification
Genomic DNA from MEFs was isolated using
the DNeasy Blood and Tissue Kit (Qiagen), following the manufacturer’s instructions. The
mtDNA quantitative assay was repeated three
times using 5 ng DNA, TaqMan Universal
Master Mix II, and Life Technologies’ Taq from
Life Technologies. We used the CytOx2 gene
as the target gene, which is a mtDNA-encoded
subunit of the respiratory chain on mtDNA, to
analyze mtDNA, as previously described [41].
Primers for the CytOx2 gene were: Forward,
5’-GATAACCGAGTCGTTCTGCCA-3’ and Reverse,
5’-CCCTGGTCGGTTTGATGTTACT-3’. The results
are expressed as the relative expression of the
Am J Transl Res 2022;14(7):4591-4605
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CytOx2 gene normalized to the nuclear 18S
gene and related to the values observed in
Ptpn11+/+ MEFs.
Mitochondrial stress assay
Seahorse XFe24 Analyzer (Agilent Technologies) was used to measure cellular oxygen
consumption rate (OCR). In brief, MEFs were
seeded (4 replicates) in XFe24 Cell Culture
Microplates (#100777-004, Agilent Technologies) at approximately 90% confluency (2.5×
104 cells/well) in DMEM supplemented with
10% FBS. Cells were cultured at 37°C until
completely adherent in a humidified 5% CO2
incubator. Before the assay, the culture medium was replaced with 500 μL of pre-prepared
serum-free unbuffered Seahorse XF Base
Medium (#103334-100, Agilent Technologies)
at pH 7.4, which had been prewarmed to 37°C
and supplemented with the agents for analysis
of mitochondrial oxidative metabolism. Then,
MEFs were incubated in a CO2-free incubator
at 37°C for 1 h. Cartridges equipped with oxygen- and pH-sensitive probes were preincubated with calibration solution (#100840-000,
Agilent Technologies) overnight at 37°C in a
CO2-free incubator. The OCR and extracellular
acidification rate (ECAR) were evaluated in a
time course before and after injection of
the following compounds: OCR measurement
(#103015-100, Agilent Technologies): (i) 1 mM
oligomycin; (ii) 0.5 mM FCCP [carbonylcyanide4-(trifluoromethoxy)phenylhydrazone]; (iii) 0.5
mM antimycin A; ECAR measurement (#103020-100, Agilent Technologies): (i) 10 mM glucose; (ii) 1 μM oligomycin; and (iii) 50 mM
2-deoxyglucose (2-DG). ECAR and OCR values
were normalized to the total amount of protein
per well. ECAR and OCR data points refer to
the average rates during the measurement
cycles and were reported as absolute rates
(mpH/min/μg for ECAR, pmol/min/μg for OCR).
The adenosine triphosphate (ATP) production
assay
For the measurement of adenosine triphosphate (ATP) levels of cells, 2×106 MEFs were
seeded into 10-cm plates and incubated for
24 h. A total of 1×106 fresh cell precipitates
were collected and lysed in 100 µL of ice-cold
ATP assay buffer for 10 min. Next, the lysate
was clarified by centrifugation (10000× g, 10
min, 4°C) and was deproteinized using a De-
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proteinization Sample Preparation Kit (K808,
BioVision). ATP Colorimetric/Fluorometric Assay kit (#K354-100, BioVision) was used for
ATP quantification. Data were normalized to
the total protein quantity. The results were plotted as fold-change corrected for the control
samples.
Statistical analysis
GraphPad Prism 7.0 software was used for statistical analysis. Welch t-test was used for statistical comparisons between two groups. Oneway ANOVA with a Tukey’s post hoc test was
used for the statistical comparisons between
multiple groups. P values lower than 0.05 indicated statistically significant differences and
were classified as follows: *P<0.05, **P<0.01,
***P<0.001, P>0.05, ns (no significant differences).
Results
Arsenic increases susceptibility to
Ptpn11D61G/+-induced malignancies
To explore the tumorigenic effect of low-dose
arsenic and the Ptpn11D61G/+ mutation, we
obtained MEFs from mice expressing Ptpn11+/+
or Ptpn11D61G/+. WT and Ptpn11D61G/+-mutant
MEFs were treated with different arsenic trioxide concentrations (0, 0.1, 2, and 5 μM) to
simulate the effect of environmental arsenic
[42]. Cell proliferation analysis revealed that
0.1 and 2 μM arsenic had a slightly toxic effect
on MEFs expressing Ptpn11+/+ or Ptpn11D61G/+
(Figure 1A and 1B), suggesting these two arsenic concentrations function like environmental
carcinogens on human body. Then, we performed tumorigenesis-associated assays to
examine the carcinogenic effect of arsenic on
WT and mutant MEFs at different time points
(i.e., after 1, 2, and 3 months of arsenic exposure). We found that the introduction of
Ptpn11D61G/+ mutation in MEFs promoted proliferation following 3 months of arsenic treatment, compared to WT MEFs (Figure 1C and
1D). Moreover, 2 μM but not 0.1 μM arsenic
further promoted the proliferation of MEFs
expressing Ptpn11+/+ and Ptpn11D61G/+ (Figure
S1). To investigate whether arsenic exposure
increased cell motility, we performed a transwell chamber assay to detect cell migration
and invasion in arsenic-transformed MEFs following chronic 2 μM arsenic treatment. Arsenic
treatment enhanced cell migration and inva-
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Figure 1. Chronic arsenic trioxide exposure promotes malignant transformation of Ptpn11D61G/+ MEFs. (A) Cell viability of WT and Ptpn11D61G/+ MEFs treated with arsenic concentrations ranging from 0 to 5 μM for 72 h. (B) Cell
viability was detected by MTT assay (n=3). (C) MEFs were exposed to arsenic (2 μM) for 3 months and the morphology of normal MEFs (WT, D61G) and transformed MEFs (WT-As, D61G-As) are shown. Scale bar: 40 µm. (D) The cell
proliferation growth curves of four types of MEFs after 3 months of arsenic treatment. (E, F) Anchorage-independent
growth in soft agar. Representative graph and number of colonies in soft agar after 3 months of treatment with 2 μM
arsenic. (G-I) Arsenic-transformed Ptpn11D61G/+ MEFs displayed significantly stronger tumorigenicity in nude mice.
(n=5). Average tumor volumes (H), weight (I) are shown. *P<0.05, **P<0.01, ***P<0.001.

sion, especially in Ptpn11D61G/+-mutant MEFs.
The number of migratory and invasive cells in
arsenic-treated mutant cells increased significantly compared to the untreated group (Figure
S2).
We performed a soft agar assay, which revealed that mutant MEFs had enhanced anchorage-independent growth capacity compared to
WT MEFs (Figure 1E and 1F). Interestingly, 2
μM but not 0.1 μM arsenic increased anchorage-independent growth capacity of WT and
mutant MEFs following 3-month arsenic treatment (Figure S3A and S3B), but 1- or 2-month
arsenic treatment did not affect the anchorage-independent growth of WT and mutant
MEFs (Figure S3C and S3D).
To examine the tumorigenic capacity of WT and
mutant MEFs, we prepared MEFs in vitro in the
presence and absence of arsenic for 3 months
and performed a xenograft tumor assay. Only
Ptpn11D61G/+ -mutant MEFs formed tumors,
while the WT MEFs did not (Figure 1G). Additionally, arsenic treatment increased tumor
weight and volume of Ptpn11D61G/+ -mutant
MEFs tumors (Figure 1H and 1I). We speculate
that chronic arsenic exposure at a certain concentration can promote malignant transformation in vitro, but tumors to fail to form in vivo
due to the complex factors of the mouse tumor
microenvironment, including the presence of
multiple immune cells. These data support the
conclusion that chronic arsenic exposure can
promote the malignant transformation of WT
and Ptpn11D61G/+-mutant MEFs.
Arsenic enhances the mitochondrial respiration of WT and Ptpn11D61G/+-mutant MEFs
Continuous tumor cell proliferation requires
constant energy metabolism adaptation to
meet the metabolic demands of rapid cell
growth and division. Mitochondrial oxidative
metabolism is the primary source of cellular
energy. Studies have shown that arsenic exposure may promote tumorigenesis through mito4596

chondrial dysfunction and a metabolic switch
to glycolysis [43, 44]. To determine arsenicinduced energy metabolism changes in
Ptpn11D61G/+ -mutant cells, we used Seahorse
metabolic analysis to examine metabolic alterations. We found that Ptpn11D61G/+ mutation
promoted mitochondrial oxidative phosphorylation (OXPHOS) at the maximum level without
altering the basal level of OXPHOS (Figure 2A).
Moreover, arsenic-treated WT MEFs showed
increased oxygen consumption at basal and
maximum levels compared to untreated MEFs
(Figure 2A and 2B). Arsenic also promoted
OXPHOS in mutant MEFs (Figure 2A-C).
OXPHOS generates ATP and ROS by the electron transport chain. Therefore, we examined
ATP production in WT and Ptpn11D61G/+-mutant
MEFs with or without arsenic treatment. The
Ptpn11D61G/+ mutation did not affect ATP production in MEFs. However, arsenic increased
ATP production in WT and Ptpn11D61G/+-mutant
MEFs (Figure 2D). Additionally, we analyzed cellular ROS production by flow cytometry using
DCFH-DA probe, which measures ROS levels.
ROS levels in Ptpn11D61G/+-mutant MEFs were
higher than WT MEFs. Following arsenic treatment, WT and Ptpn11D61G/+-mutant MEFs showed higher ROS production (Figure 2E and 2F).
These results suggest increased mitochondrial
aerobic metabolism was closely associated
with arsenic-induced malignant transformation.
We further tested whether arsenic causes a
metabolic switch to glycolysis. There was no
obvious difference in the extracellular acidification rate (ECAR) between arsenic-treated and
untreated WT MEFs at the basal level, indicating that long-term low-concentration arsenic
treatment had no effect on basal glycolysis
levels of WT MEFs. The Ptpn11D61G/+ -mutated
MEFs showed no obvious enhanced glycolysis
compared to WT MEFs, but basal glycolysis levels in mutant cells were significantly increased
following arsenic treatment (Figure 3A and 3B).
Am J Transl Res 2022;14(7):4591-4605
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Figure 2. Arsenic-treated Ptpn11D61G/+
MEFs enhanced mitochondrial oxidative phosphorylation. A. Oxygen consumption rate (OCR) was measured
over time (min) using Seahorse XF24e Extracellular Flux Analyzer. B, C.
OCR for basal respiration, maximal
respiration according to Figure 1A.
D. Total intracellular ATP production
in normal and arsenic-induced MEFs.
E, F. ROS production was assessed
by flow cytometry using DCFH-DA.
*P<0.05, **P<0.01, ***P<0.0001.

As shown in Figure 4B, mutant cell OCR was
also enhanced following arsenic treatment at
the basal level. Taken together, these results
indicated that both mitochondrial aerobic
metabolism and glycolysis were enhanced in
arsenic-treated mutant cells under normal culture conditions. To further investigate the metabolite produced during glycolysis in arsenic-
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induced MEFs, we measured the intracellular
level of lactate, a major metabolite of the glycolysis pathway. Arsenic treatment and the
Ptpn11D61G/+ mutation did not affect lactate
levels in MEFs (Figure 3D), which indicated glycolysis may not be the main energy source of
arsenic-induced mutant MEFs. Because aerobic cellular metabolism is not restricted after
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Figure 3. Arsenic exposure increased
glycolysis but not lactate production
in Ptpn11D61G/+-mutant MEFs. A. Extracellular acidification rate (ECAR)
was measured by the glycolysis stress
test. B, C. Contributions of ECAR in
response to glucose (glycolysis), in
response to stress (glycolytic capacity) was calculated. D. Cellular lactate production. *P<0.05, **P<0.01,
***P<0.001.

glucose injection, elevated ECAR may be related to the accumulation of a large number of
acid metabolites produced by aerobic metabolism, such as carbon dioxide and carbonic acid,
rather than lactate. To examine the maximum
glycolytic capacity, we inhibited mitochondrial
aerobic metabolism with oligomycin, a drug
that rapidly hyperpolarized the mitochondrial
membrane by inhibiting ATP synthase to prevent protons from passing through the complex. The maximum glycolytic capacity of WT
MEFs slightly increased after chronic arsenic
exposure; however, the maximum glycolytic
capacity of arsenic-treated Ptpn11D61G/+-mutant MEFs was significantly increased compared to the untreated group (Figure 3A and
3C). These data suggest arsenic-treated mutant MEFs use OXPHOS as the main energy
source under basic culture conditions. Consistently, there was no significant difference in
lactate production despite the increased ECAR
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in arsenic-treated mutant cells at the basic
level. Glycolysis may serve as an alternative
energy supply that cells can exploit to adapt
during malignant transformation and rapid proliferation when mitochondrial oxidative metabolism is deficient or impaired.
Arsenic promoted the expression of mitochondrial complexes in both WT and Ptpn11D61G/+mutant MEFs
Given arsenic enhanced mitochondrial OXPHOS in both WT and mutant MEFs, we speculated that mitochondrial dysfunction may be the
core mechanism underlying arsenic-induced
malignancy. Cell electron microscopy revealed
that arsenic treatment did not affect the number of mitochondria (Figure 4A). Consistent
with these data, we measured the copy number
of CytOx2, which is encoded by mitochondrial
DNA, using qPCR. Data were calibrated by
nuclear 18s DNA. We observed no statistically
Am J Transl Res 2022;14(7):4591-4605
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Figure 4. Mitochondrial function is increased in arsenic-treated Ptpn11D61G/+-mutant MEFs. A. Representative electron microscopy pictures of mitochondria and quantification of mitochondrial number in MEFs. Scale bar: 500 nm;
B. Real-time PCR amplification was used to measure relative mtDNA content. C. Increased expression of mitochondrial electron chain transport complexes in MEFs. D. Quantification of protein levels of isolated mitochondrial complex components from MEFs. *P<0.05, **P<0.01.

significant difference in the mean value of
mtDNA/18s DNA ratio in the four types of MEFs
mentioned (Figure 4B).

increased expression of electron transport
chain enzymes suggests they are closely associated with arsenic-induced malignancy.

If the increased mitochondrial OXPHOS was not
related to mitochondrial quantity, we hypothesized the increase may be caused by altered
expression of electron transport chain enzymes. To that end, we examined the expression
of electron transport chain complexes (SDHA
for complex II, cytochrome c for complex III,
COX IV for complex IV, and ATP5A for complex
V). Our results revealed a slight increase in the
expression of respiratory enzymes II, III, and
V in mutant MEFs compared to WT MEFs, and
the expression of respiratory enzymes I, II, III,
and V were all increased significantly after
arsenic exposure compared to the untreated
group (Figure 4C and 4D). Taken together, the

Rapamycin inhibits malignant transformation
of arsenic-treated Ptpn11D61G/+-mutant MEFs
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The molecular mechanism underlying arsenicinduced mitochondrial dysfunction remains
unclear. Because mTOR signaling is the key
sensor of cellular metabolism [45, 46], we
examined the expression of mTOR-associated
molecules. As illustrated in Figure 5A and 5B,
the p-mTOR/mTOR and p-P70S6K/P70S6K
ratios were all increased in arsenic-induced
groups, whereas the p-AMPKα/AMPKα ratio in
the arsenc-induced groups was lower than that
in the untreated groups, especially in the
mutant MEFs. Notably, AMPK phosphorylation
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Figure 5. Arsenic-induced activation of AMPK/mTOR/P70S6K signaling pathway. The expression of AMPK/mTOR/pP70S6K pathway members in WT and Ptpn11D61G/+ MEFs (A) and tumor tissue from nude mouse xenografts (C) with
or without arsenic treatment were detected by western blot. (B, D) Relative quantitative analysis of protein expression in (A and C). *P<0.05, **P<0.01, ***P<0.001.

decreased significantly after arsenic exposure.
We speculated that AMPK phosphorylation levels may be related to the ratio of AMP:ATP in
MEFs, which is consistent with our previous detection of elevated ATP levels in cells exposed
to arsenic. Further examination of the tumor
tissue from our nude mouse xenograft assay
revealed a lower degree of AMPK phosphorylation and increased mTOR and p70S6K phosphorylation levels (Figure 5C and 5D), suggesting AMPK/mTOR/P70S6K signaling may be
involved in malignant transformation.
To further evaluate whether mTOR is important
for arsenic-induced malignant transformation,
we treated both WT and Ptpn11D61G/+-mutant
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MEFs with and without rapamycin, which is
the classical mTOR inhibitor. We observed a
drastic reduction of mitochondrial respiration
in arsenic-treated Ptpn11D61G/+-mutant MEFs,
compared to untreated mutant MEFs (Figure
6A-C). We performed a MTT assay, which
revealed rapamycin treatment significantly
decreased the growth of arsenic-induced WT
and Ptpn11D61G/+-mutant MEFs (Figure 6D).
Additionally, we found that rapamycin treatment significantly reduced soft agar colony formation in WT and Ptpn11D61G/+-mutant MEFs
(Figure 6E and 6F). Indeed, mTOR phosphorylation and downstream p-P70S6K decreased significantly in the arsenic-treated group compared to the untreated group (Figure 6G, 6H).
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Figure 6. Rapamycin inhibits malignant transformation of Ptpn11D61G/+-mutant MEFs by inhibiting mitochondrial oxidative phosphorylation. A-C. mTOR inhibitor rapamycin receded arsenic-induced OCR affluence in Ptpn11D61G/+ MEFs. D. WT and Ptpn11D61G/+ MEFs were treated with rapamycin for 48 h at 5 nM. Cell viability was
determined by MTT assay. E, F. Soft agar experiment showed mTOR inhibitor abrogated higher anchorage-dependent growth ability in arsenic-treated Ptpn11D61G/+
MEFs. G-I. WT and Ptpn11D61G/+ MEFs were treated with rapamycin (5 nM) for 24 h and 48 h, and p-P70S6K and p-mTOR levels were analyzed by western blotting.
*P<0.05, **P<0.01, ***P<0.001.
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These results suggest arsenic promoted malignant transformation of WT and Ptpn11D61G/+mutant MEFs through activation of the mTOR
signaling pathway.
Discussion
Low-dose arsenic exposure can cause malignant tumors. Because arsenic-induced tumors
are often multiorgan tumors, there is no widely
accepted arsenic tumor-inducing model for
research. Moreover, due to population genetic polymorphisms, low-dose arsenic exposure may produce discrepant carcinogenic results. Therefore, the superposition of environmental pollution and genetic polymorphisms
makes certain populations more susceptible to
tumor development. Because the Ptpn11D61G/+
mutation only increases the small magnitude
of phosphatase activity, it is a relatively weak
tumor-causing gene mutation. Therefore, we
explored whether a weakly oncogenic mutation
and arsenic exposure can synergistically promote tumor development and progression. Our
results demonstrate that chronic low-concentration arsenic treatment increased the malignant transformation ability of Ptpn11D61G/+mutated MEFs. Functionally, low arsenic concentrations promoted malignant transformation of MEFs by increasing the oxidative respiration capacity of Ptpn11D61G/+-mutant cells,
thereby increasing cell energy metabolism.
Interestingly, low concentrations of arsenic did
not have a significant effect on WT MEFs energy metabolism, which demonstrates that arsenic induction increases the cancer susceptibility associated with gene mutations. However,
whether the mechanism is due to the superimposed effect of the two or arsenic-induced
enhancement of the phosphorylation ability of
Ptpn11D61G/+ remains unknown.
Previously, the well-known Warburg effect posited that tumor cells are more dependent on
glycolysis for energy than the tricarboxylic acid
cycle. It is generally believed that glycolysis can
produce energy more quickly and produce a
large number of intermediate products that
participate in other cellular metabolic pathways that facilitate rapid tumor cell division
and proliferation. However, the tricarboxylic
acid cycle is actually increased in cancer stem
cells, especially leukemia stem cells. Also, we
showed that arsenic increased aerobic respiration MEFs, which also show stemness, to
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enhance their malignant transformation. This
finding indicates that enhanced aerobic respiration is also necessary for tumor development. Critically, arsenic promotes this ability
by increasing mTOR signaling. As the sensor
of cellular energy metabolism, mTOR is highly
conserved in biological evolution and plays an
important role in proliferation, metabolism,
autophagy, and apoptosis [45].
Pervious research has demonstrated that ROS,
energy synthesis, hypoxia stimulation, and
amino acids are involved in tumor initiation and
progression through mTOR signaling pathway
[47]. ROS-induced oxidative stress, which is
produced during arsenic methylation, is the
main mechanism of arsenic carcinogenesis
[48]. In our study, we demonstrated that ROS
levels and ATP production were increased in
MEFs after chronic arsenic treatment. Chronic
arsenic treatment can stimulate mTOR activation, which is consistent with our results that
arsenic treatment enhanced mTOR and downstream P70S6K phosphorylation. Moreover,
the GOF mutant Ptpn11 can also activate the
mTOR signaling pathway. Furthermore, mTOR
inhibitor rapamycin markedly reduced mitochondrial hypermetabolism and cell proliferation induced by arsenic exposure. Therefore, it
appears mTOR signaling may be a key pathway
that mediates the synergistic carcinogenesis
between the Ptpn11D61G/+ mutation and chronic
arsenic exposure.
In summary, our research shows that arsenic
exposure further enhances the activation of
mTOR signaling to enhance aerobic respiratory
function. Critically, inhibiting mTOR signaling
significantly inhibits the carcinogenic effects
induced by arsenic exposure and the Ptpn11
mutation. The excessive mTOR activation
caused by the Ptpn11D61G/+ mutation increases
aerobic respiration. Therefore, targeting this
mTOR-mitochondrial metabolism axis may represent a cancer prevention or therapeutic target to reduce the cancer burden in arsenicexposed individuals with Ptpn11 mutation.
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Figure S1. Effects of low concentrations of arsenic exposure on proliferation of WT and Ptpn11D61G/+ MEFs. A. WT
and Ptpn11D61G/+ MEFs were treated with 0.1 μM arsenic for 3 months. MTT assay was performed to estimate cell
proliferation every 24 h up to 72 h. B, C. Cell proliferation curves of 2 μM chronic arsenic-treated MEFs at 1 and 2
months. Data are presented as mean ± SD of triplicate experiments. *P<0.05; **P<0.01; ns, no statistical significance.
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Figure S2. Chronic arsenic treatment promotes migration and invasion in Ptpn11D61G/+-mutant MEFs. A. Representative images of transwell cell migration (top) and invasion (bottom) assays, photos were taken at 200× magnification. B, C. Quantitative analysis of migration and invasion capacity, the number of migratory and invasive cells in
each field was calculated. Data are presented as mean ± SD of triplicate experiments. *P<0.05; **P<0.01; ns, no
statistical significance.
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Figure S3. Effects of low concentrations of arsenic exposure on malignant transformation of WT and Ptpn11D61G/+mutant MEFs. A, B. Representative images and number of colonies in soft agar after 5 months of vehicle control
treatment (phosphate buffer saline) and 0.1 μM arsenic of WT and Ptpn11D61G/+ MEFs. C, D. Images and number of
colonies in soft agar after 1 month and 2 months of vehicle control treatment (phosphate buffer saline) and 2 μM
arsenic of WT and Ptpn11D61G/+ MEFs. The results are shown as the mean ± S.D. of three independent experiments.
*P<0.05; **P<0.01; ns, no statistical significance. Soft agar photos were taken at 200× magnifications.
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