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Abstract

Anaplastic thyroid cancer represents the most aggressive form of thyroid cancer and harbors BRAF mutations in over
40% of cases. Vemurafenib (PLX4032), a BRAF kinase inhibitor, shows promise in BRAFV600E-positive advanced thyroid
cancer but may promote resistance in anaplastic cases. This study investigates whether mannose, known to selectively
inhibit thyroid cancer, enhances PLX4032 efficacy. To evaluate whether mannose could enhance the response of
anaplastic thyroid cancer cells to vemurafenib, we employed several in vitro assays, includingMTT, colony formation, flow
cytometry, migration and invasion assays. In addition, we performed in vivo assays using mouse models with
subcutaneous xenografts. Our findings demonstrated that vemurafenib and mannose synergistically inhibit anaplastic
thyroid cancer cell proliferation. The combined treatment significantly impeded anaplastic thyroid cancer cell
migration and invasion while promoting apoptosis. In vivo studies corroborated these observations. The underlying
mechanism by which mannose potentiates the antitumor effects of vemurafenib was explored using the Seahorse
XFe96 Analyzer to measure glycolysis parameters and Western blotting to assess the expression of associated proteins.
Mechanistically, vemurafenib reduced the expression of ZIP10, which in turn decreased the enzyme activity of
phosphomannose isomerase. This suppression of ZIP10 enhanced mannose-mediated inhibition of glycolysis and thus
its antitumor effect, as confirmed by rescue experiments with ZIP10 overexpression. The resulting decrease in
glycolysis led to lower ATP levels, which are essential for the phosphorylation of ERK and AKT. Therefore, the combination
of vemurafenib andmannose inhibited the levels of pERK and pAKT, thereby improving the effectiveness of PLX4032 in
treating anaplastic thyroid cancer.
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Introduction
Anaplastic thyroid cancer (ATC) is a rare endocrine
tumor, constituting only 2% of all types of thyroid
cancer cases (Molinaro et al. 2017). However, it
accounts for 14–39% of thyroid cancer-related mortality

due to its high malignancy (Cabanillas et al. 2016).
Patients with ATC have a poor prognosis, with a
median survival time of only 5 months and a 1-year
survival rate of 20% (Smallridge & Copland 2010).
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Conventional treatments, including radiotherapy,
chemotherapy and surgery, are often ineffective
against ATC (Maniakas et al. 2022). Therefore, there is a
critical need to develop more effective therapeutic
strategies for ATC.

Recent studies have investigated the underlying
mechanisms of ATC development. Notably, the
BRAFV600E mutation has been identified in over 40%
of ATC cases (Pozdeyev et al. 2018). In normal thyroid
tissue with a wild-type BRAF gene, the gene transcribes
into BRAF protein, which is activated by the RAS family.
However, when the valine at position 600 mutates to
glutamic acid (V600E), the glycine-rich domain loses its
hydrophobicity, leading to constitutive self-activation.
This mutation results in continuous phosphorylation
and stimulation of the MAPK/ERK pathway, which is
associated with poor prognosis in ATC (Poulikakos et al.
2022). Dabrafenib, a BRAF kinase inhibitor combined
with trametinib, has been approved for clinical use in
ATC (Bible et al. 2021). Despite this, prolonged use of BRAF
kinase inhibitors in BRAF-mutated ATC patients can lead
to resistance in some cases, necessitating the exploration
of alternative therapeutic strategies (Zhang et al. 2023).
Vemurafenib (PLX4032), another BRAF kinase inhibitor,
has demonstrated promising antitumor activity in
BRAFV600E-positive papillary thyroid cancer patients
who were refractory to radioactive iodine, as reported
in a phase 2 clinical trial (Brose et al. 2016). Therefore, we
aim to explore the potential antitumor effect of PLX4032
in combination with other natural compounds.

Mannose, a glucose isomer found in natural foods, has
been reported to be safe for human consumption at high
doses without adverse effects (Alton et al. 1997). It may
serve as a potential therapeutic agent for the treatment of
urinary tract infections (McCallin et al. 2023), type 2
diabetes (Zhang et al. 2017) and obesity (Sharma et al.
2018), and may also function as a protective agent during
chemotherapy for cancer (Ai et al. 2023). In addition,
mannose has been shown to selectively inhibit cancer
cells, with this selectivity linked to phosphomannose
isomerase (PMI) expression (Gonzalez et al. 2018). Our
recent study demonstrated that mannose selectively
inhibits thyroid cancer cells by suppressing glycolysis,
depending on PMI enzyme activity and ZIP10
expression rather than PMI expression alone (Ma et al.
2021). Since BRAF-mutated thyroid cancer highly
correlates with the glycolytic metabolic pathway
(Nagarajah et al. 2015), suppressing glycolysis may
enhance the efficacy of PLX4032 in treating ATC. This
suggests the potential of mannose to enhance the
effectiveness of PLX4032 in treating thyroid cancer.

In this study,weaim todemonstrate the antitumor effects of
the combined treatment with PLX4032 and mannose in
ATC, both in vitro and in vivo. Furthermore, we will
investigate the underlying mechanisms by which
mannose enhances the antitumor effects of PLX4032
througha series ofmolecular andbiochemical experiments.

Materials and methods

Measurement of IC50

We seeded ATC cells 8305C and 8505C (2,000–3,000/well)
in 96-well plates. After cell attachment, 20mMD-mannose
was added to the culture medium or not, and then
different doses of PLX4032 were added to the culture
medium at time points. Next, we assessed cell viability
using the MTT assay and then calculated the IC50 value of
each cell line.

Cell proliferation assays

Cells (2,000–3,000/well) were seeded in 96-well plates and
then treated with 20 mM D-mannose, 4 μM PLX4032,
alone, together or not. At 24, 48 and 72 h after seeding,
the culture medium was supplemented with a 10%
solution of MTT and thereafter placed in an incubator
at a temperature of 37°C for a duration of 15min. After the
incubation period, we measured the optical density at a
wavelength of 490 nm utilizing a microplate reader.

Colony formation assays

Cells (3,000–5,000/well) were seeded on 6-well plates and
cultured with medium containing 20 mM D-mannose,
4 μM PLX4032, alone, together or not for 7 days. Next,
cells were fixed, washed, stained and counted under an
inverted microscope. We defined more than 50 cells as a
colony. Each assay was carried out in triplicate.

Cell apoptosis assays

The assessment of cellular apoptosis was carried out
employing the FITC Annexin V Apoptosis Detection Kit
(BD Biosciences, USA). Initially, cells were seeded on
6-well plates and cultured with medium containing
20 mM D-mannose, 4 μM PLX4032, alone, together or not
for 48 h. Next, cells were harvested, rinsed with cold PBS,
and subsequently suspended in 100 μL of binding buffer.
Then 5 μL staining solution were added, followed by a
20 min incubation in a light-protected environment.
Following incubation, the cells underwent a double wash
with PBS, were then sieved through a 200-mesh screen, and
subsequently analyzed using flow cytometry.

Caspase activity assay

Caspase activity was measured using the Caspase-3
Activity Assay Kit (Beyotime, China) in accordance with
the manufacturer’s protocol. In brief, cells were seeded
on 6-well plates and cultured with medium containing
20 mM D-mannose, 4 μM PLX4032, alone, together or not
for 48 h. Then cells were collected, lysed and centrifuged,
followed by normalization of total protein
concentrations. The lysates were then incubated with
the respective substrates at a temperature 37°C for
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a duration of 90 min. The samples were analyzed
for absorbance employing a microplate reader
(Thermo Scientific, USA) at a wavelength of 405 nm.

Transwell migration and invasion assay

To perform the migration test, a total of 1 × 105 cells were
placed in each chamber with 200 μL of serum-free media
on the top insert (8 μm pore size, Corning, USA). For the
lower compartment of a 24-well plate, we introduced
800 μL of medium enriched with 20% serum while
supplementing 20 mM D-mannose, 4 μM PLX4032,
alone or together. After a 24 h incubation period,
migrated cells on the underside of the insert
membrane were fixed using 100% methanol for a
duration of 10 min, followed by 10 min staining in
Crystal Violet Staining Solution (Beyotime). In the
invasion assay, we adopted a comparable procedure,
utilizing Transwell inserts that had been pre-coated
with Matrigel (356234; Corning) and rehydrated, with
an extended incubation period of 36 h.

Cell line-derived xenograft model

Female BALB/c/nu nude mice, aged 4–5 weeks, were
procured from the Xi’an Jiaotong University Animal
Center. Each mouse received a subcutaneous injection
on the right flank with 200 μL of 5 × 106 cells, either
subjected to transfection using 8305C and 8505C cells, and
randomly divided them into four groups when tumor
volume grew to 20–30 mm3: vehicle control, mannose,
PLX4032 andmannose plus PLX4032;fivemice/group. For
PLX4032 and mannose plus PLX4032 groups, each mouse
was injected with PLX4032 at a dosage of 50 mg per kg of
body weight once a day. For the mannose and mannose
plus PLX4032 groups, normal water was replaced by 15%
mannose for the mannose group. Meanwhile, mice
received 20% mannose water by oral gavage (150 μL)
four times per week. Tumor volumes and body weights
were recorded every 3 days, 1 week after implantation.
Tumor volume was determined using the formula:
volume = length × (width2)/2. Following a period of
15 days, the mice were humanely executed by means
of cervical dislocation, and tumor tissues were then
gathered for the purpose of weighing. The tumor
tissues were embedded and processed for
immunohistochemistry (IHC) to detect Ki67 (CST). The
Institutional Animal Care and Use Committee at Xi’an
Jiaotong University granted consent for all treatments.

Western blot analysis

Cells were cultured and treated with 20 mM D-mannose,
4 μM PLX4032, alone or together. After cells were washed
and lysed, equal amounts of protein lysateswere subjected
to 10% SDS-PAGE electrophoresis and transferred onto
polyvinylidene fluoride membranes (Roche Diagnostics
GmbH, Germany). Next, we incubated the membranes
with primary antibodies at 4°C overnight as follows:

anti-ZIP10 (Novus Biologicals, USA), anti-PMI
(Abcam, UK), anti-pERK (CST), anti-tERK (Abcam),
anti-pAKT (CST), anti-tAKT (Abcam), anti-HER3 (Abcam)
and anti-β-actin (Abcam). After being immunoblotted with
corresponding secondary antibodies, immunoblotting
signals were collected using the Western Bright ECL
detection system (Advansta, USA).

Measurement of PMI enzyme activity

The cysteine carbazole sulfuric acid method was used to
measure enzyme activity of PMI as described previously
(Sigdel et al. 2015). In brief, cells were cultured and
treated with PLX4032 or not. Then these cells were
washed and then lysed by three freeze–thaw cycles and
an ultrasonic cracker on ice. Next, the reactions were
initiated by the addition of equal protein samples into the
reaction buffer containing 40 mM Tris–HCl pH 7.4, 6 mM
MgCl2, 5 mM Na2HPO4/KH2PO4 and 20 mM mannose-6-
phosphatecarbazole. After a 2 h incubation, the reactions
were stopped by adding 1.5% cysteine hydrochloride and
0.12% alcoholic solution of carbazole with concentrated
sulfuric acid. After shaking this reaction buffer, the
amount of complex formed was estimated
spectrophotometrically in a spectrophotometer at
560 nm at room temperature. In parallel, β-actin and
PMI were detected by western blot analysis to prove
protein amount consistency.

Seahorse glycolytic stress test

The extracellular acidification rate (ECAR), indicative of
glycolytic activity, was measured using the Seahorse XF
Glycolysis Stress Test Kit (Seahorse Biosciences, USA).
Cells were seeded at a density of 2 × 104 cells/well in
Seahorse 96-well microplates. After cell attachment, the
medium was supplemented with PLX4032 and mannose
individually or in combination for 24 h. Then themedium
was replaced with base medium containing 2 mM
glutamate and incubated for 1 h. Key metabolic
modulators were then introduced sequentially: glucose
(10mM), 1mM oligomycin and 50mM 2-deoxy-D-glucose,
a glycolytic inhibitor (50 mM), at predetermined time
points. ECAR measurements were taken to evaluate
glycolytic parameters.

ATP measurement

For ATP measurement, a commercially available firefly
luciferase assay kit (Beyotime Institute of Biotechnology,
China) was used. Briefly, cells were incubated with
PLX4032 and mannose individually or in combination
for 24 h. After a single wash with ice-cold PBS, cells
were lysed with the ATP-releasing reagent provided by
the kit. Then luciferin substrate and luciferase enzyme
were added, and bioluminescence was assessed by a
fluorescence spectrophotometer. Then the comparable
ATP was divided to the total protein.
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ZIP10 overexpression and rescue experiment

8305C and 8505C cells were cultured to achieve
50% confluence and transfected with different
lentiviruses encoding PHBLV-ZIP10 and PHBLV-vector
(HanBio Biotechnology Co., Ltd, China) at a multiplicity of
infection of 10–100. Following successful ZIP10
overexpression, vector control and ZIP10-overexpressing
cells were independently treated with a combination of
mannose and PLX4032 for 48 h. Cell viability was then
assessed using the MTT assay.

Results

Mannose enhanced the anti-tumor effect
of PLX4032 in BRAF-mutated ATC cells

To investigate whether mannose enhanced the anti-tumor
effect of PLX4032 in BRAF-mutated ATC, we treated the
BRAF-mutated ATC cell lines 8305C and 8505C with
increasing doses of PLX4032, both with and without
mannose supplementation. MTT assays were performed,
and the IC50 was calculated. As shown in Fig. 1A, the IC50

A

B

C

Figure 1

Mannose enhanced theanti-tumor effect of PLX4032 in BRAF-mutatedATCcells. (A) TheBRAF-mutatedATC cell lines 8305C and8505Cwere treatedwithPLX4032
in a dose-dependentmanner (2, 4, 8, 16 and 32 μM) for 24 h, meanwhile, with or without 20mMmannose. Cell viability was then evaluated byMTT assay, and
IC50 values were calculated using the Reed–Muenchmethod. (B) 8305C and 8505C were treated with 20mMmannose, 4 μMBRAF kinase inhibitor PLX4032 and
the combination of mannose and PLX4032 for 3 days. MTT assays were used to detect cell proliferation. (C) 8305C and 8505C were treated with 20 mM
mannose, 4 μM BRAF kinase inhibitor PLX4032 and the combination of mannose and PLX4032 for 7 days. Colony formation assays were used to detect cell
proliferation. The data were presented as mean ± SD. Statistically significant differences were indicated: **P < 0.01; ***P < 0.001. A full-color version of this
figure is available at https://doi.org/10.1530/ERC-24-0209.
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values decreased significantly with mannose
supplementation compared to the control
(without mannose). Next, we evaluated the proliferation
of 8305C and 8505C cells following treatment with a fixed
concentration of mannose or PLX4032, alone or in
combination, over time. We found that while PLX4032
inhibited cell proliferation, mannose alone did not
influence cell proliferation. However, mannose
enhanced the cell-inhibition ability of PLX4032 (Fig. 1B).
Furthermore, colony formation assays confirmed these
results (Fig. 1C). Collectively, our data indicated that
mannose improved the anti-tumor effect of PLX4032 in
BRAF-mutated thyroid cancer cells.

Mannose increased PLX4032-induced
apoptosis in BRAF-mutated ATC cells

In addition to inhibiting cell proliferation, stimulating
apoptosis is also a mechanism through which
treatments exert their anti-tumor effects. Therefore, we
assessed the rate of cell apoptosis in 8305C and 8505C cells

following treatment with mannose, PLX4032 or a
combination of both. Our data showed that while
mannose alone did not influence cell apoptosis, it
significantly increased PLX4032-induced apoptosis in
BRAF-mutated thyroid cancer cells (Fig. 2A and B). As
caspase 3 is crucial for specific processes involved in
cellular disassembly and the formation of apoptotic
bodies (Porter & Janicke 1999), we also measured
caspase 3 activity after the treatments mentioned
above. The results were consistent: mannose alone did
not affect caspase 3 activity, but when combined with
PLX4032, it dramatically increased caspase 3 activity
(Fig. 2C). Therefore, we demonstrated that mannose
synergized with PLX4032 to induce apoptosis in
BRAF-mutated thyroid cancer cells.

Mannose combined with PLX4032 inhibited
ATC cell migration and invasion

A significant difference between cancer cells and normal
cells is the ability to migrate and invade, which affects

Figure 2

Mannose increased PLX4032-induced apoptosis in BRAF-mutated ATC cells. 8305C and 8505C were treated with 20 mM mannose, 4 μM BRAF kinase
inhibitor PLX4032 and the combination of mannose and PLX4032 for 48 h. (A) Representative pictures of apoptosis by flow cytometry. (B) Statistical
column of the percentage of apoptotic cells. (C) The activity of caspase 3. Statistically significant differences were indicated: *P < 0.05; **P < 0.01;
***P < 0.001. A full-color version of this figure is available at https://doi.org/10.1530/ERC-24-0209.
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the prognosis of cancer patients. Therefore, we assessed the
number ofmigrated cells in 8305C and 8505C cells following
treatment with mannose, PLX4032 or a combination of
both. As shown in Fig. 3A and B, mannose alone did not
influence migration ability compared to the control, while
PLX4032 alone inhibited migration. However, mannose
combined with PLX4032 dramatically inhibited cell
migration compared to PLX4032 alone. Transwell
invasion assays indicated similar results (Fig. 3C and D).
Therefore, we demonstrated that mannose combined with
PLX4032 inhibited cell migration and invasion in
BRAF-mutated ATC.

Mannose combined with PLX4032 inhibited
the progression of ATC in vivo

To mimic the in vivo environment of thyroid cancer
growth, we established a xenograft model using nude
mice. We then measured the tumor volume and mouse
weight after treatment with mannose, PLX4032 or a
combination of both, over time. The results revealed
that the combination of mannose and PLX4032
dramatically inhibited tumor burden compared to
PLX4032 alone (Fig. 4A). The body weight of the mice

showed no significant differences among the treatment
groups, including mannose, PLX4032 alone or their
combination. In addition, the mice were sacrificed,
and the subcutaneous tumors were isolated. The
results showed that tumor size and weight decreased
significantly following treatment with mannose
combined with PLX4032 (Fig. 4B and C). In an in vivo
environment, the positive percentage of Ki-67 is
indicative of the proliferation rate. Therefore, we
evaluated the Ki-67 positive index across different
treatment groups. The results showed that the Ki-67
positive percentage decreased significantly after
treatment with mannose combined with PLX4032
compared to PLX4032 alone (Fig. 4D). Overall, these
findings suggested that mannose significantly
enhanced the anti-tumor efficacy of PLX4032 in BRAF-
mutated ATC.

Mannose reversed PLX4032 resistance
in BRAF-mutant ATC cells by inhibiting
reactivation of pERK and pAKT

The PI3K/AKT andMAPK/ERK pathways play crucial roles
in the progression of thyroid cancer (Scheffel et al. 2022).

A

B

C
D

Figure 3

Mannose combined with PLX4032 inhibited ATC cell migration and invasion. 8305C and 8505C were treated with 20 mM mannose, 4 μM PLX4032 and the
combination ofmannose and PLX4032 for 24 h. (A) Representative pictures ofmigration transwell assays. (B) Statistical column ofmigration cell numbers.
8305C and 8505C were treated as mentioned above for 36 h. (C) Representative pictures of invasion transwell assays. (D) Statistical column of invasion cell
numbers. Scale bar: 2.0 mm. Statistically significant differences were indicated: **P < 0.01; ***P < 0.001. A full-color version of this figure is available at
https://doi.org/10.1530/ERC-24-0209.
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We assessed the protein expression levels of pERK, tERK,
pAKT and tAKT following PLX4032 treatment over time.
Initially, PLX4032 inhibited pERK and pAKT; however,
reactivation occurred at 12 h and persisted (Fig. 5A).
Subsequently, we employed a combination therapy of
mannose and PLX4032. Notably, mannose alone did not
affect pERK, tERK, pAKT or tAKT levels, whereas the
combination of mannose and PLX4032 suppressed
the reactivation of pERK and pAKT (Fig. 5B).

Previous study indicates that PLX4032 reactivates pERK
via HER3 activation. To explore this, we assessed mRNA
and protein expression of HER3 following treatment with
mannose, PLX4032 or their combination. The results
showed that PLX4032 upregulated HER3 expression,
whereas the combination treatment did not inhibit
HER3 levels (Fig. S2). To elucidate the mechanism by
which mannose and PLX4032 inhibit pERK and pAKT,
we measured ATP levels, an essential phosphate donor

A C

B

D

Figure 4

Mannose combined with PLX4032 inhibited progression of ATC in vivo. (A) 8305C and 8505C cell-derived xenograft tumors were treated with PLX4032
(50 mg/kg injection), mannose (15% mannose daily water + 20% 150 μL mannose water oral gavage 4/w) or both together. Tumor volume was detected
over time. (B) Images of isolated tumors from the above groups after sacrifice. (C) Statistical column of tumor weight of each group. (D) Representative
pictures of the expression of Ki-67 of each group by IHC assays on the left panel. The statistical column of positive percentage of Ki-67 on the right panel.
Scale bar: 100 μm. Statistically significant differences were indicated: *P < 0.05; ***P < 0.001. A full-color version of this figure is available at
https://doi.org/10.1530/ERC-24-0209.
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and metabolism product (Chu et al. 2022). The results
indicated that the combination of mannose and
PLX4032 significantly reduced ATP levels compared to
either treatment alone (Fig. 5C). These findings suggest
that mannose reversed PLX4032 resistance in
BRAF-mutant ATC cells by inhibiting the reactivation of
pERK and pAKT.

PLX4032 enhanced the glycolysis-suppressive
effect of mannose in BRAF-mutant ATC cells

ATP is a key product of glycolysis in tumor metabolism
due to the Warburg effect (Cornelis et al. 2024).

Our previous study has shown that mannose
selectively kills thyroid cancer by inhibiting glycolysis.
We hypothesized that mannose could inhibit glycolysis
and consequently reduce ATP levels. Interestingly,
Seahorse assays indicated that mannose alone did not
significantly alter glycolysis levels compared to the
control, while PLX4032 alone partially inhibited
glycolysis. Notably, the combination of mannose and
PLX4032 led to a significant suppression of glycolysis
compared to either agent alone (Fig. 6A). This
phenomenon indicated that PLX4032 enhanced the
glycolysis-suppressive effect of mannose. Our previous
study reported that the glycolysis-suppressive effect of
mannose is inversely correlated with ZIP10 expression,
which modulates the enzyme activity of
phosphomannose isomerase (Ma et al. 2021). To
determine whether PLX4032 affects ZIP10 and PMI, we
analyzed their expression levels and PMI enzyme
activity. Western blot assays revealed that PLX4032
treatment decreased ZIP10 expression without altering
PMI expression in BRAF-mutant ATC cell lines 8305C and
8505C (Fig. 6B). Furthermore, PLX4032 inhibited PMI
enzyme activity (Fig. 6C). These findings suggest that
PLX4032 suppresses ZIP10 expression and subsequent
PMI activity, thereby enhancing mannose-induced
glycolysis suppression in BRAF-mutant ATC cells. To
rule out off-target effects of PLX4032, we treated
8305C and 8505C cells with the selective MEK inhibitor
GSK1120212, which produced similar results (Fig. S3). To
further validate the role of ZIP10, we conducted rescue
experiments with ZIP10 overexpression, confirming
successful overexpression (Fig. 6D). Overexpression of
ZIP10 attenuated the antitumor effects of the combined
treatment with PLX4032 and mannose (Fig. 6E). These
rescue experiments further confirmed that PLX4032
inhibited ZIP10 expression, thereby enhancing the
antitumor effect of mannose.

Discussion
ATC is the most malignant endocrinologic tumor,
associated with a poor prognosis. Approximately 40%
of ATC patients harbor BRAF mutations (Pozdeyev et al.
2018), for which combined treatment of BRAF kinase
inhibitors and MEK inhibitors has been clinically
approved (Bible et al. 2021). However, their clinical
efficacy has been limited (Lang et al. 2023). Therefore,
there is an urgent need to identify natural ingredients
that can enhance the anti-tumor effects of BRAF kinase
inhibitors.

Mannose, a safe and naturally occurring sugar, is an
isomer of glucose. It utilizes the same transporter as
glucose, GLUT1, to enter cells. Once inside, mannose
is phosphorylated by hexokinase to produce
mannose-6-phosphate, which inhibits glycolysis.
However, mannose-6-phosphate can also be converted
into fructose-6-phosphate by phosphomannose

A

B
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Figure 5

Mannose reversed PLX4032 resistance in BRAF-mutant ATC cells by
inhibiting the reactivation of pERK and pAKT. (A) 8305C and 8505C were
treated with 4 μM PLX4032 for 6, 12 and 24 h. Western blot analysis of
pERK, ERK, pAKT and AKT. β-actin was used as a control. (B) 8305C and
8505C were treated with 20 mM mannose, 4 μM PLX4032 and the
combination ofmannose and PLX4032 for 24 h.Western blot analysis of
pERK, ERK, pAKT and AKT. β-actin was used as a control. (C) 8305C and
8505C were treated with 20 mM mannose, 4 μM PLX4032 and the
combination of mannose and PLX4032. ATP Detection Kits were used to
test ATP levels. The total amounts of protein were used to normalize
ATP levels. Statistically significant differences were indicated: **P < 0.01;
***P < 0.001. A full-color version of this figure is available at
https://doi.org/10.1530/ERC-24-0209.
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isomerase (PMI), allowing it to re-enter glycolysis
(Sharma et al. 2014). In tumor cells with high PMI
expression, mannose is readily funneled into
glycolysis. Conversely, in tumor cells with low PMI
expression, mannose-6-phosphate accumulates and
disrupts glycolysis, thereby exerting an anti-tumor
effect (Gonzalez et al. 2018). Our previous study
demonstrated similar findings, showing that mannose
selectively kills thyroid cancer cells by inhibiting
glycolysis while sparing normal thyroid tissue,

even at high doses (Ma et al. 2021). In addition,
inhibiting glycolysis-related enzymes (e.g., ENO1) has
been shown to enhance the efficacy of BRAF kinase
inhibitors (Yukimoto et al. 2021). In this study, we
aimed to evaluate the anti-tumor effects of combined
treatment with mannose and PLX4032. Our results
demonstrated that mannose and PLX4032
synergistically inhibited the progression of
BRAF-mutant ATC, highlighting a potential therapeutic
strategy to improve outcomes for these patients.

A

B C

D E

Figure 6

PLX4032 enhanced the glycolysis-suppressive effect of mannose in BRAF-mutant ATC cells. (A) 8305C and 8505C were treated with 20 mM mannose,
4 μM PLX4032 and the combination of mannose and PLX4032 for 24 h. ECAR levels were measured by Seahorse assays after the injection of glucose,
oligomycin and 2-deoxy-D-glucose. (B) 8305C and 8505C were treated with 4 μMPLX4032 for 24 h. Western blot analysis of ZIP10 and PMI. β-actin was used
as a control. (C) 8305C and 8505C were treated with 4 μM PLX4032 and then PMI enzyme activity was measured. (D) Western blot analysis of ZIP10 after
transfectionwith PHBLV-ZIP10 and PHBLV-vector in 8305C and 8505C cells. β-actinwas used as a control. (E) 8305C and 8505C transfectedwith the indicated
lentivirus were treated with 20 mM mannose, 4 μM BRAF kinase inhibitor PLX4032 and the combination of mannose and PLX4032 for 48 h. MTT assays
were used to detect cell proliferation (normalized to day 0). Statistically significant differences were indicated: *P < 0.05; **P < 0.01. A full-color version of this
figure is available at https://doi.org/10.1530/ERC-24-0209.
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Previous studies have shown that resistance to BRAF
kinase inhibitors in BRAF-mutant thyroid cancer is due
to the reactivation of the MAPK/ERK and PI3K/AKT
pathwa (Montero et al. 2013). Consistent with these
findings, our results demonstrated that pERK was
initially inhibited by BRAF kinase inhibitor treatment,
but both pERK and pAKT were reactivated after
prolonged use. Interestingly, while mannose alone did
not affect the expression of pERK and pAKT, the
combination of mannose and the BRAF kinase inhibitor
effectively suppressed the reactivation of both pathways.
These findings suggest a synergistic interaction between
mannose and the BRAF kinase inhibitor, enhancing their
mutual anti-tumor effects.

Our previous study demonstrated that mannose
selectively inhibits the progression of thyroid cancer
with low expression of ZIP10 and low levels of PMI
enzyme activity by suppressing glycolysis. Silencing the
expression of ZIP10 reduces zinc influx into cells, which
in turn suppresses PMI enzyme activity. When thyroid
cancer cells exhibit low ZIP10 and low PMI enzyme
activity, mannose-6-phosphate accumulates within cells,
leading to glycolysis inhibition. In contrast, high ZIP10
expression and high PMI enzyme activity result in the
opposite effect (Ma et al. 2021). In this study, we assessed
the expression of ZIP10 and PMI enzyme activity after
treatment of BARF kinase inhibitor. Interestingly, our
results revealed that BRAF kinase inhibitor PLX4032
inhibited ZIP10 expression and subsequently reduced
PMI enzyme activity. Moreover, the combination of
these two drugs significantly suppressed glycolysis
levels, indicating that PLX4032 enhanced the glycolysis-
inhibitory effect ofmannose. It has been reported that the
JAK-STAT-ZIP10-Zn signaling axis influences B-cell
homeostasis (Miyai et al. 2014). Meanwhile, a recent
study demonstrated that ZIP10 is identified as a direct
target of c-Myc (Ren et al. 2023). Type Imutant-BRAF is the
most prevalent mutation in thyroid cancer, occurring at
the V600 position (e.g., V600E, V600K, V600D, V600R and
V600M). These mutations lead to the expression of
RAS-independent, constitutively active monomeric
proteins, resulting in robust activation of BRAF activity
and sustained activation of the MAPK pathway (Dankner
et al. 2018). As PLX4032 is a specific inhibitor of type I
mutant-BRAF, how type Imutant-BRAF or its downstream
MEK regulates ZIP10 needs to be further studied.

BRAF-mutant thyroid cancer cells are known to rely
heavily on glycolysis compared to their wild-type
counterparts (Nagarajah et al. 2015). Suppression of
glycolysis has been shown to delay resistance to
PLX4032 in melanoma (Brummer et al. 2019). Our
study similarly demonstrated that inhibiting glycolysis
through combined treatment with a BRAF kinase
inhibitor and mannose reduces ATP production. ATP is
a crucial phosphate provider for the phosphorylation of
numerous proteins (Pang et al. 2022), resulting in
decreased expression of pERK and pAKT after
combined treatment with both drugs.

In conclusion, our study indicated that mannose and
PLX4032 synergistically inhibited the progression of
BRAF-mutant ATC. Specifically, PLX4032 suppressed
ZIP10 expression and PMI enzyme activity, thereby
facilitating mannose-induced glycolysis inhibition.
Given the importance of the glycolysis pathway as an
ATP source, the combined treatment effectively reduced
ATP levels, thereby reversing PLX4032 resistance by
inhibiting the reactivation of pERK and pAKT.
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