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Abstract

Background Anaplastic thyroid carcinoma (ATC) is one of the most aggressive malignancies, frequently accompa-
nied by metastasis and aerobic glycolysis. Cancer cells adjust their metabolism by modulating the PKM alternative
splicing and facilitating PKM2 isoform expression. Therefore, identifying factors and mechanisms that control PKM
alternative splicing is significant for overcoming the current challenges in ATC treatment.

Results In this study, the expression of RBX1 was largely enhanced in the ATC tissues. Our clinical tests suggested
that high RBX1 expression was significantly related to poor survival. The functional analysis indicated that RBX1
facilitated the metastasis of ATC cells by enhancing the Warburg effect, and PKM2 played a key role in RBX1-mediated
aerobic glycolysis. Furthermore, we confirmed that RBX1 regulates PKM alternative splicing and promotes the PKM2-
mediated Warburg effect in ATC cells. Moreover, ATC cell migration and aerobic glycolysis induced by RBX1-mediated
PKM alternative splicing are dependent on the destruction of the SMART/HDAC6 complex. RBX1, as an E3 ubiquitin
ligase, degrades SMART1 in ATC through the ubiquitin-proteasome pathway.

Conclusion Overall, our study identified the mechanism underlying the regulation of PKM alternative splicing in ATC
cells for the first time and provides evidence about the effect of RBX1 on cellular adaptation to metabolic stress.
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Background
Thyroid cancer is the most common cancer [1]. Papil-
lary thyroid cancer (PTC) accounts for 85% of all thy-
roid cancer cases, and over 90% of people diagnosed
with PTC can be cured [2]. On the contrary, anaplastic
thyroid carcinoma (ATC) is the most malignant thy-
roid cancer, accounting for about 40% of thyroid cancer
deaths [3]. ATC is one of the most rapidly progress-
ing and aggressive cancers in contrast to PTC or other
thyroid cancers [4]. Understanding the mechanisms of
their metastasis and development is critical to develop-
ing therapeutic approaches for the treatment of ATC.
Oncogenic reprogramming of cellular metabolism
is a critical feature of cancer cells [5, 6]. Aerobic gly-
colysis, also known as the Warburg effect, plays a sig-
nificant role in the progression of several cancers,
including non-small cell lung, liver, breast, thyroid, and
bladder cancers [7]. Pyruvate kinase is a type of rate-
limiting glycolytic enzyme that facilitates the phospho-
enolpyruvate conversion to pyruvate [8]. It possesses
four isoforms, namely, PKR, PKL, PKM2, and PKM1
[9]. Cancer cells can flexibly modulate gene expression
at the level of alternative splicing to withstand hostile
conditions. PKM1 and PKM2, two alternative splicing
variants of the PKM gene, exhibited a switch in drug-
resistant cancer cells, through the usage of mutually
exclusive exons [10, 11]. PKM2 is typically expressed
in cancer cells where it confers oncogenic features [12,
13]. Recent reports have highlighted the involvement of
PKM?2 in carcinogenesis, aerobic glycolysis, and metas-
tasis of multiple cancers [14]. It is well-known that
PKMs, especially PKM2, are overexpressed in some
cancers. For example, PKM2 is overexpressed in more
than 40% of patients with acute leukemia and is asso-
ciated with adverse treatment outcomes [15]. In gas-
tric cancer, PKM2 overexpression is associated with
prognosis, indicating its potential role as a prognostic
biomarker [16]. Cancer cells reprogramme their metab-
olism by inhibiting PKM2 and enhancing PDC activity,
which increased anticancer effects in several types of
cancer. Simultaneously, several studies have revealed
that cancer cells arise from normal cells by rewiring
their metabolism via modulating the alternative pre-
mRNA splicing of PKM to promote PKM2 expression.
Therefore, targeting this alternative splicing step is
shown to be an efficacious strategy for the elimination
of cancer cells [17, 18]. Recently, it has been shown that
tumor suppressor SMARI1 regulates PKM alternative
splicing by HDAC6-mediated deacetylation of PTBP1
[19]. Therefore, identification of the factors and mecha-
nisms underlying PKM alternative splicing, resulting in
the PKM2-mediated Warburg effect, is crucial for over-
coming the current challenges in cancer treatment.
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Protein modification by ubiquitin-like and ubiquitin
proteins is a critical post-translational regulatory mecha-
nism participating in cell physiology [20, 21]. The Skp1/
Cullin/F-box (SCF) complex is the largest E3 ubiquitin
ligase and a widely ubiquitinated protein [22, 23]. RBX1
was first isolated and purified from yeast as a significant
component of the SCF complexes in yeast and human
[22, 23]. Increasing evidence has shown that RBX1
expression promotes tumor progression and metastasis
in several cancers, including non-small cell lung, liver,
breast, ovarian, and bladder cancers [24-27]. Recently,
it has been shown that RBX1 is a major regulator of the
ubiquitin—proteasome system (UPS) in cancer [28, 29].
RBX1 facilitates the target protein ubiquitination carried
out by ubiquitin ligase E3 and tags proteins for degrada-
tion [27, 30]. However, the exact role of RBX1 in ATC
progression and the potential signaling cascade is still
uncertain.

In this study, we confirmed that high levels of RBX1
expression are related to poor prognosis in ATC patients
and revealed the molecular mechanisms underlying the
impact of RBX1 on the metabolism and metastasis of
ATC.

Methods

Patients and specimens

The tissue samples from 30 ATC patients were acquired
from the Department of General Surgery of the Second
Affiliated Hospital of Nanchang University. Patholo-
gists verified that all the specimens were obtained from
normal tissue. This study was approved by the Clinical
Research Ethics Committee of the Second Affiliated Hos-
pital of Nanchang University, and all subjects provided
consent for research participation.

Cell culture

Procell Life Science & Technology Co., Ltd. provided
TPC-1, BCPAP, KTC-1, C643, CAL62, 8505C, KMH-
2, KMH-5M, and BHT101. Cell lines were cultured in
PRMI Medium 1640 or DMEM (Gibco; Thermo Fisher
Scientific, Inc.) added with 10% fetal bovine serum (FBS)
at 37 °C in a humidified CO, incubator (5% CO,).

Western blotting

RIPA buffer (Millipore; Sigma-Aldrich) was used for the
lysis of ATC cells in accordance with the manufacturer’s
instructions. BCA protein detection kit (Takara Biotech-
nology Co., Ltd) was used for measuring the total protein
concentrations. 10% SDS-PAGE was used for the isola-
tion of 20 pg samples, which were subsequently trans-
ferred to the PVDF membrane. These membranes were
blocked by skim milk (5%) for 120 min at RT and sub-
sequently incubated overnight at a temperature of 4 °C
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with one of the primary antibodies raised against RBX1
(1:10 00; cat. No. ab221548, Abcam), PKM (1:500; cat.
No. ab150377, Abcam), ubiquitin (1:1000; cat. No. 10201-
2-AP; Proteintech), SMARI (1:500; cat. No. Pa5-100402;
Thermo Fisher Scientific), or HDAC6 (1:500; cat. No.
ab133493; Abcam). Tubulin (1:2000; cat. No. 11224-1-ap;
Proteintech Group, Inc.) was used as a loading control.
The membranes were inoculated with the goat anti-rab-
bit IgG secondary antibody labeled with HRP (1:5000;
cat. No. ab6728; Abcam) at a temperature of 4 °C after
washing them thrice using Tris-buffered saline with
0.1% Tween 20. Finally, the ECL system and Image] soft-
ware were used for visualizing and analyzing the protein
bands, respectively.

Immunohistochemistry (IHC)

Graded alcohol and xylene were used for treating the
ATC tissue sections. Subsequently, the antigen retrieval
was conducted in citrate buffer (0.01 M). The sections
were blocked for half an hour in serum-free protein-
blocking buffer, after which they were inoculated with
anti-RBX1 (1:1,000; cat. no. ab221548, Abcam). The
images were obtained and digitized using an Olympus
BH-2 microscope (Olympus Corporation), and Image]
1.51v software (National Institutes of Health) was used
for quantifying the DAB signals.

shRNA

Short hairpin RNA (shRNA) used for the silenc-
ing of RBXI (shRBX1), SMARI (shSMAR1), or PKM?2
(shPKM2) was produced by a company in Shanghai,
China. The full-length human PKM2, SMARI, and RBX1
cDNAs were constructed using the genetic techniques
and then ligated into pcDNA3.1 vector for producing
p-PKM2, p-SMAR], and HA-RBX1, respectively. A blank
vector served as the negative control. Lipofectamine
3000 transfection reagent (Invitrogen, USA) was used to
transfect these shRNA constructs and plasmids following
the manufacturer’s instructions.

Ubiquitination assay

CAL62 and ATC cells were transfected with Myc-Ub
and/or Flag-SMAR1 expression plasmids with or with-
out a combination of the plasmid encoding RBX1. The
transfected cells were incubated for 30 h with or without
exposure to MG132 (15 mmol/L) for 4 h before harvest-
ing. The cell lysate was immunoprecipitated with a GST
antibody, and the ubiquitination of SMAR1 was detected
with an anti-FLAG antibody.

Dual reporter PKM minigene assay
The cloning of dual reporter PKM minigene system and
dual reporter PKM minigene assay were performed as
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described previously [19]. Mean£SD fold change in
eGFP/mCherry ratio was calculated for each sample and
compared with the control sample.

Migration and invasion assays

The invasiveness and migration of ATC cell lines were
evaluated using Transwell assays with slight modifica-
tions. A layer of matrix gel is pre-coated on the upper
portion of the polycarbonate membrane for the invasion
test.

In vivo metastasis assay

1x 10° cells in 100 pL phosphate-buffered saline were
injected subcutaneously into the abdomen of nude mice.
Once the diameter of the producing tumors reached
1-2 cm, the tumors were excised and then cut into
pieces of about 1 mm?>. These pieces were subsequently
implanted into the nude mice (six in each group, male
BALB/c™™, from 6 to 8 weeks). These mice were eutha-
nized 6 weeks after tumor implantation. Then, the lungs
were excised, treated, and finally embedded in the par-
affin. All animal studies were approved by the Animal
Experimental Ethics Committee of the Second Affiliated
Hospital of Nanchang University and were performed in
accordance with the NIH Guide for the Care and Use of
Experimental Animals.

Measurement of extracellular acidification rate (ECAR)

and oxygen consumption rate (OCR)

The cellular mitochondrial respiration and glycolytic
capacity were detected by the extracellular flux analyzer
XF96 (Seahorse Bioscience, Billerica, MA, USA). The
Seahorse Bioscience analyzer and the XF cellular hydro-
dynamic test kit were applied separately following the
manufacturer’s instructions.

Co-immunoprecipitation (Co-IP) and ubiquitination assays

Immunoprecipitation was conducted as previously
described [31]. For the ubiquitination assays in vivo,
the ATC cells with the knockdown or overexpression
of RBX1 were exposed to MG132 for four hours before
harvest. After that, cell lysates were immunoprecipitated
with an anti-SMAR1 antibody; while an anti-Ub antibody
was used for identifying the ubiquitination of SMARI.

Statistical analysis

The data were presented as the mean+SD of three
separate tests. The differences among two groups and
multiple groups were assessed using unpaired Student’s
t-test and the ANOVA with posthoc Tukey test, respec-
tively. The relationship between the clinicopathological
features and the RBX1 expression of the ATC patients
was analyzed using Fisher’s exact test. SPSS 21.0
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(IBM Corp.) in combination with GraphPad Prism 8.0
(GraphPad Software, Inc.) was employed for all the sta-
tistical calculations and the plotting of all the graphs. A
statistical significance was considered when the P value
was lower than 0.05. Experiments were conducted in
triplicate with at least three biological replicates except
for in vivo murine experiments which were two inde-
pendent replicates.
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Results

RBX1 overexpression is correlated with poor ATC prognosis
To understand the clinical relevance of RBX1 to ATC,
we measured the RBX1 expression in 30 ATC tissue
samples together with corresponding adjacent tissues
using western blotting and qRT-PCR. RBXI mRNA was
overexpressed in tumor samples compared with their
non-neoplastic counterparts (Fig. 1A, B). Furthermore,
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Fig. 1 RBX1 is overexpressed in ATC and closely correlated with poor prognosis in patients. A, B RBXT mRNA expression levels in the ATC tissues
together with the normal tissues adjacent to the tumor were investigated by gRT-PCR. **P<0.01. C, D Expression levels of RBX1 protein in ATC
tissues and the normal tissues adjacent to the tumor were investigated by western blotting. **P <0.01. E RBX1 protein expression in the ATC tissues
and the normal tissues adjacent to the tumor were determined using immunohistochemistry. Scale bar, 50 um. F, G RBX1 protein and mRNA levels
in ATC and PTC cell lines. ***P < 0.001. H Kaplan—-Meier curves were used to visualize the overall survival of both low and high RBX1 expression of

ATC patients. ***P<0.001
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the levels of RBX1 protein were markedly elevated in
ATC tissues, which was in agreement with the qRT-
PCR results (Fig. 1C, D). As shown in Fig. 1E, RBX1 is
overexpressed in 62.6% of the ATC tissue specimens.
These results indicated that the expression levels of
RBX1 protein were significantly enhanced in ATC tis-
sues (Fig. 1E). Immunoblotting indicated that the
expression of RBX1 in the ATC cell lines was mark-
edly higher compared with that in the PTC and thy-
roid cell lines (Fig. 1F, G). Next, the correlation analysis
between RBX1 protein overexpression and ATC clin-
icopathological parameters indicated that the patients
with low levels of RBX1 had a significantly longer over-
all survival time than those with high levels of RBX1
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(Fig. 1H). Overall, these findings revealed the hypoth-
esis that RBX1 plays a role in ATC progression and can
be a potential biomarker for ATC diagnosis.

RBX1 regulates the migration and invasiveness of ATC cells
in vivo and in vitro

We knocked down RBX1 with subtype-specific ShRNAs
in two highly invasive ATC cell lines, namely, CAL62
and KMH-5M. Compared with scrambled shRNA, both
shRBX1 and shRBX1 significantly reduced RBX1 expres-
sion in stable cell lines (Fig. 2A and Additional file 1: Fig.
S1A, B) together with the stable overexpression of RBX1
in 8305C cell lines (Fig. 2B and Additional file 1: Fig.
S1C). Transwell assays also revealed that the knockdown
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Fig. 2 RBX1 facilitated the proliferation and migration of ATC cells. A Western blotting was performed to \dentlfy the RBX1 expression levels in
CAL62 and KMH-5M cells stably transfected with shRBX1 plasmid. B RBX1 expression levels in the 8305C cells stably transfected with HA-RBX1
plasmid were measured using a western blot. C Transwell assays of CAL62 cells transfected with shRBX1 plasmid. **P < 0.01. D Transwell assays of
8305C cells transfected with HA-RBX1 plasmid. **P<0.01. E EdU assays of CAL62 cells transfected with shRBX1 plasmid. **P<0.01. F EdU assays
of 8305C cells transfected with HA-RBX1 plasmid. **P < 0.01. G, H H&E staining of the sections of metastatic nodules in the lungs embedded with
paraffin. *P<0.05, **P < 0.01
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of RBX1 markedly inhibited the metastatic ability of
KMH-5M and CAL62 cells, while the overexpression
of RBX1 enhanced the metastatic ability of 8305C cells
(Fig. 2C, D and Additional file 1: Fig. S1D-E). The pro-
liferative capacity of the ATC cells was significantly sup-
pressed by the knockdown of RBX1 in contrast to control
cells. However, the overexpression of RBX1 significantly
promoted their proliferative capacity (Fig. 2E, F and
Additional file 2: Fig. S2). We conducted an in-depth
investigation to understand the effects of RBX1 on the
metastasis of ATC by constructing the tumor models in
nude mice, which were classified into shRBX1 and shNC
groups. Consecutive lung sections showed that the num-
ber of lung micrometastases in ATC patients was remark-
ably attenuated in the shRBX1 group (Fig. 2G). On the
contrary, RBX1 overexpression enhanced the number of
metastatic nodules in the lungs (Fig. 2H). In conclusion,
these findings reflect that the stable RBX1 knockdown
can suppress the metastasis together with the invasion of
ATC in vivo and in vitro, and serve as a candidate onco-
gene in the development and metastasis of ATC.

RBX1 promotes ATC development by increasing

the Warburg effect

E3 ubiquitin ligases can promote metabolic reprogram-
ming in the development of different types of cancer [32,
33]. As the Warburg effect is characterized by a meta-
bolic shift that is ubiquitous in the tumor cells, involving
ATC, we investigated the effect of RBX1 on the glucose
metabolism in ATC. Glucose-6-phosphate (G6P) levels,
lactate generation, glucose consumption, and cellular
levels of ATP were substantially reduced in CAL62 cells
after RBX1 knockdown (Fig. 3A), whereas the overex-
pression of RBX1 led to the contrasting effect in 8305C
cells (Fig. 3B). To further confirm the effect of RBX1 on
ATC glycolysis, ECAR was determined, which indicates
the overall glycolytic flux. The knockdown of RBX1 sig-
nificantly attenuated the capacity and rate of glycolysis
in the CAL62 cells (Fig. 3C, D), while the overexpres-
sion of RBX1 enhanced ECAR in the 8305C cells (Fig. 3E,
F). As an indicator of mitochondrial respiration, OCR
was enhanced in the CAL62/shRBX1 cells (Fig. 3G, H),
whereas RBX1 overexpression decreased OCR in 8305C
cells (Fig. 3L, J).

(See figure on next page.)
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To investigate whether the Warburg effect led to the
ATC cell development, 8305C/HA-RBX1 and CAL62/
shRBX1 cells were treated with different concentrations
of 2-deoxyglucose (2-DG) for one day. 2-DG remark-
edly suppressed the glycolysis in 8305C/HA-RBX1 and
CAL62/shRBX1 cells in a dose-dependent mode (Fig. 3K,
L). Additionally, the invasive and migration ability of
8305C/HA-RBX1 and CAL62/shRBX1 cells were attenu-
ated in a dose-dependent manner (Fig. 3M, N). To con-
firm that glycolysis regulates the invasion and migration
of ATC, cells were cultivated in a medium containing
galactose rather than glucose, thereby decreasing gly-
colytic flux and driving them to be dependent on oxida-
tive phosphorylation. This significantly decreased the
increase in 8305C cell invasion and migration resulting
from the overexpression of RBX1 (Fig. 30-Q). These
results display that RBX1 inhibits oxidative phosphoryla-
tion while facilitating the aerobic glycolysis in ATC cells,
but facilitates invasion and migration by enhancing the
Warburg effect in the ATC cell lines.

PKM2 is essential for RBX1 to enhance the Warburg effect

In contrast to PKM1, higher PKM2 expression is a criti-
cal factor for promoting the Warburg effect in cancer
cells compared to normal cells. Decreased expression of
PKM2 might result in the suppression of the Warburg
effect, thereby suppressing the tumorigenic potential [34,
35]. Thus, we determined whether RBX1 regulates PKM2
expression by initially measuring the PKM2 expression
in RBX1-knockdown and -overexpressing ATC cells.
Western blotting analysis revealed that the knockdown
of RBX1 significantly reduced the expression of PKM2
in CAL62 cells (Fig. 4A). In contrast, the RBX1 overex-
pression markedly enhanced the expression of PKM2
in 8305C cells (Fig. 4B). Additionally, the enhanced
PKM2 levels reversed the reduction of PKM2 expres-
sion in CAL62/shRBX1 cells (Fig. 4C). Rescue experi-
ments indicated that the restoration of PKM2 expression
could abrogate the decrease in metastatic capacity of
ATC resulting from RBX1 silencing (Fig. 4D). Figure 4F
shows in vivo tumor metastasis, and the ATP levels in
ATC cells. Simultaneously, the knockdown of RBX1
attenuated ECAR in ATC cells, while concomitant PKM2

Fig. 3 RBX1 promotes ATC progression by enhancing the Warburg effect. A Cellular glucose consumption, G6P levels, ATP levels, and lactate
generation in CAL62/shRBX1 cells. *P < 0.05. B Cellular glucose consumption, G6P levels, ATP levels, and lactate generation in 8305C/HA-RBX1 cells.
*P<0.05. C, D ECAR data showing the glycolytic rate and capacity in CAL62/shRBX1 cells. E, F ECAR data showing the glycolytic rate and capacity

in 8305C/HA-RBX1 cells. G, H OCR results showing basal respiration and maximum respiration in CAL62/shRBX1 cells. I, J OCR results showing basal
respiration and maximum respiration in 8305C/HA-RBX1 cells. K, L Lactate generation by 8305C/p-RBCK1 or CAL62/shRBX1 cells in the presence

of 2-DG. *P<0.05, **P<0.01. M, N Role of 2-DG in the invasion and migration of 8305C/p-RBCK1 or CAL62/shRBX1 cells. *P < 0.05, **P<0.01. 0-Q
Culturing 8305C cells in a medium with galactose but without glucose abolished the impact of RBX1 overexpression on cell invasion and migration,

NS =No Significant
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overexpression decreased the reduction in glycolytic
capacity and rate (Fig. 4G, H).

Subsequently, we discussed the effect of attenuated
PKM?2 expression on the PKM2 and RBX1 protein lev-
els as well as on the cell invasion and migration in 8305C
cells with RBX1 overexpression. Western blotting results
demonstrated that the overexpression of RBX1 signifi-
cantly enhanced PKM2 expression, while the knockdown
of PKM2 largely attenuated the increase in PKM2 expres-
sion caused by RBX1 in 8305C cells (Fig. 41). At the same
time, a reduction in PKM2 significantly decreased the
cell invasion and migration enhanced by RBX1 (Fig. 4]).
Besides, the analysis of in vivo metastasis revealed that
the decrease in PKM2 reduced the incidence of pulmo-
nary and intrahepatic metastasis in the 8305C-RBX1
group (Fig. 4K). PKM2 knockdown led to a reduction in
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G6PD activity, ATP levels, lactate generation, and glucose
consumption mediated by RBX1 in ATC cells (Fig. 4L).
The overexpression of RBX1 upregulated ECAR in ATC
cells, while the concomitant PKM2 knockdown hindered
the increase in glycolytic capacity and rate (Fig. 4M,
N). These results display that PKM2 is a type of func-
tional downstream target of RBX1 to modulate aero-
bic glycolysis and is essential for RBX1-mediated tumor
development.

RBX1 regulates PKM alternative splicing to promote

the PKM2-mediated Warburg effect

Cancer cells achieve the metabolic advantage over nor-
mal cells by modulating PKM alternative splicing and
facilitating the PKM2 expression [19]. To further demon-
strate whether RBX1 is responsible for this phenomenon,
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Fig. 5 RBX1 regulates PKM alternative splicing. A Western blot was performed to determine the PKM2 and RBX1 protein expression levels in ATC
tissues together with the normal tissues adjacent to the tumor. B Scatter plots of RBX1 and PKM2 protein expression in ATC. C Western blot was
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we detected the expression levels of RBX1, PKM2, and
PKM1 in ATC patient samples and then compared these
levels with those in the corresponding adjacent non-can-
cerous tissues using western blotting. PKM2 and RBX1
protein levels were significantly enhanced in ATC tissues.
Besides, scatter plots exhibited a positive association
between the expression of PKM2 and RBX1 (Fig. 5A, B).
However, the expression of PKM1 was markedly low in
the ATC tissues, and the expression of RBX1 and PKM1
were negatively correlated (Fig. 5C, D). Based on the pos-
itive relationship between the expression of PKM2 and
RBX1, together with the inverse relationship between
PKM1 and RBX1 observed in ATC, these findings display
that RBX1 exerts a crucial role in modulating the alterna-
tive splicing of PKM.

To investigate the effect of RBX1 on modulating PKM
alternative splicing, the expression of PKM isoform was
identified in CAL62 cells after the depletion of shRNA-
mediated RBX1 expression by quantitative western
blotting and qRT-PCR. At the level of mRNA, RBX1
knockdown in CAL62 cells led to enhanced PKMI and
attenuated expression of PKM?2 (Fig. 5E). An in-depth
analysis of the expression of PKM isoforms at the protein
level in cells with RBX1 depletion indicated an increase
in PKM1 and a decrease in PKM2, which was in accord-
ance with the RNA expression data (Fig. 5F). Further-
more, both western blotting and qRT-PCR demonstrated
that the increase in RBX1 significantly enhanced the
PKM?2 expression and attenuated the PKM1 expression
in 8305C cells (Fig. 5G, H). Next, we analyzed the expres-
sion of PKM1 and PKM2 isoforms in the tissue samples
with low or high RBX1 expression. The PKM2/PKM1
ratio was significantly higher in the tissue samples with
high expression of RBX1 when compared with those with
low expression of RBX1 (Fig. 5I). To further demonstrate
the effect of RBX1 on the modulation of PKM alternative
splicing, we produced a dual reporter PKM minigene sys-
tem. The eGFP/mCherry ratio with the overexpression

(See figure on next page.)

Page 10 of 16

of RBX1 increased 5.4-fold compared with that in the
control. RBX1 knockdown led to a 3.2-fold decrease in
the eGFP/mCherry ratio compared with that in the con-
trol, which elucidated its effect on modulating the PKM
alternative splicing (Fig. 5], K). Together, these studies
confirmed that RBX1 regulates PKM alternative splicing
to promote the PKM2-mediated Warburg effect in ATC
cells.

RBX1 regulates PKM alternative splicing via SMAR1/HDAC6
complex degradation

We initially attempted to identify RBX1-interacting pro-
teins in ATC cells using mass spectrometry. As shown in
Additional file 5: Table S1, we identified several reported
RBXI1-interacting proteins, including TLE3, FoxAl, and
SHP-1, as well as a previously unreported RBX1 inter-
actor, namely, SMARI. These experiments validated the
direct interaction of HDAC6 with SMARI1 and the coex-
istence of SMAR1-HDACS6 as a complex. The generation
of such a complex demonstrates the molecular dynamics
between the proteins in modulating SMAR1-mediated
PKM alternative splicing. Therefore, we hypothesized
that RBX1 regulates PKM alternative splicing via the
degradation of the SMAR1/HDAC6 complex. Co-IP
analysis revealed an interaction between SMARI and
RBX1 (Fig. 6A and Additional file 3: Fig. S3A-B). We
observed that purified GST-RBX1 was bound to FLAG-
tagged SMARLI in vitro (Fig. 6B). Docking analysis sug-
gested binding interactions between SMAR1 and RBX1
(Fig. 6C). These findings indicated that RBX1 binds with
SMARI1 in ATC cells. Further analysis of PKM isoform
expression in shSMARI cells at the protein level indi-
cated reduced expression of PKM1 and upregulation of
PKM2 (Additional file 4: Fig. S4). Moreover, as shown
in Fig. 6D, RBX1 knockdown upregulated the level of
SMARI1 protein in CAL62 cells, whereas RBX1 over-
expression significantly reduced SMAR1 expression in
8305C cells. However, the expression of SMARI mRNA

Fig. 6 RBX1 regulates PKM alternative splicing via SMART/HDAC6 complex degradation. A Co-IP showing direct binding of endogenous RBX1
and SMART1 in CAL62 cells. B GST pull-down assay showing direct binding of endogenous RBX1 and SMART1. C Top-ranked docking confirmation.
3D structures of SMAR1T and RBX1, with SMAR1 and RBX1 shown in green and cyan. D Western blotting was performed to detect the expression
of RBX1 and SMART in different groups. E, F gRT-PCR was performed to detect the expression of RBX1 and SMART in different groups. G. CAL62

cells were transfected with shRBX1 plasmid. After that, cells were exposed to 20 pmol/L cyclohexanone (CHX) at the given times, and the SMAR1
degradation was identified using western blotting. H 8305C cells were treated with 10 uM MG132, while the RBX1 expression was altered. The
SMART protein expression level was determined by western blotting. | CAL62 cells were treated with 10 uM MG132 while transfecting them with
HA-RBX1 or shRBX1 plasmids. Subsequently, the level of ubiquitin bound to the SMAR1 protein was measured by Co-IP. J Wild-type SMART1 or K- to
-R mutations in ATC cells (mutations in all the Lys positions of SMART gene) for ubiquitination. K Determination of the type of SMAR1 ubiquitination
in ATC cells. L Western blotting showing expression levels of RBX1, SMAR1, HDAC6, and PKM2 in shRBX1-CAL62 cells. M Co-IP combined with
western blotting showing the expression levels of SMART and HDAC6 in shRBX1-CAL62 cells. N Western blotting showing expression levels of RBX1,
SMART, HDAC6, and PKM2 in HA-RBX1-8305C cells. O Co-IP combined with western blotting showing the expression levels of SMAR1T and HDAC6 in
HA-RBX1-8305C cells
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sion of SMARI after it has been translated.
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Previous studies have proven that UPS regulated the
polyubiquitination and degradation of SMARI1 [19].
As the E3 ubiquitin ligase, RBX1, plays a role in protein
degradation and recycling, we initially determined the
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degeneration of SMARI1 protein in RBX1-knockdown
cells after inhibition of protein synthesis using cyclohex-
imide (CHX). As shown in Fig. 6G, silencing RBX1I sig-
nificantly inhibited SMAR1 degradation in ATC cells.
Moreover, we observed that the levels of SMAR1 pro-
tein were restored in the cells with RBX1 overexpression
after treatment with the proteasome inhibitor MG132
(Fig. 6H). Second, RBX1 ectopic expression led to an
enhanced SMAR1 ubiquitination, while the RBX1 knock-
down reduced SMARI1 polyubiquitination (Fig. 6I). Even-
tually, these findings revealed that the mutations in all
the Lys positions of SMARI abolished the SMAR1 pol-
yubiquitination induced by RBX1 in ATC cells (Fig. 6]).
Furthermore, the mutation of Lys48 position on the ubiq-
uitin nearly abolished the RBX1-mediated ubiquitination
of SMARI, while the mutation of K63R on ubiquitin did
not exhibit any effect (Fig. 6K). These findings revealed
that RBX1 is responsible for SMAR1 degradation via the
ubiquitin—proteasome pathway in ATC.

Finally, we determined whether RBX1 influenced
PKM alternative splicing via the destruction of the
SMAR1/HDAC6 complex. The changes in the expres-
sion of HDAC6, SMAR1, PKM2, and PKM1 as well
as the changes in the SMAR1/HDAC6 complex, were
determined in CAL62 cells with RBX1 knockdown. It
can be observed that RBXI knockdown in CAL62 cells
significantly increased the levels of SMARI1 expression,
SMAR1/HDAC6 complex, and PKM1 and decreased
the expression of PKM2. However, no variations were
observed in the HDACG6 protein levels (Fig. 6L, M). In
contrast, the RBX1 overexpression in the 8305C cells
significantly attenuated the expression of SMARI, the
SMAR1/HDAC6 complex, and PKM1, and increased
PKM2 expression (Fig. 6N, O). Together, these results
indicated that ATC cell aerobic glycolysis and migration
resulting from the modulation of RBX1-mediated PKM
alternative splicing depends on the destruction of the
SMAR1/HDAC6 complex.

Oncogenic effect of RBX1 is dependent on SMAR1
destabilization

We transfected the shSMAR1 plasmid into RBX1-knock-
down ATC cells and measured its effects on biologi-
cal function. RBXI knockdown significantly increased
SMARI protein expression, whereas the SMARI knock-
down attenuated the increased expression of SMARI1
after RBXI knockdown in ATC cells (Fig. 7A). Rescue
tests indicated that the reduced expression of SMARI1
abrogated the RBX silencing-induced reduction in the
metastatic capacity of ATC cells (Fig. 7B, C). A reduc-
tion in SMARI resulted in a rescue of the attenuated
proliferation capacity of CAL62/shRBX1 cells (Fig. 7D,
E). Knockdown of SMARI rescued reduction in glucose
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consumption, G6P, ATP levels, and lactate generation
mediated by shRBX1 in ATC cells (Fig. 7F). Simultane-
ously, shRBX1 reduced ECAR in ATC cells, while SMAR1
knockdown decreased the reduction in glycolytic capac-
ity and rate (Fig. 7G, H). In contrast, SMAR1 upregula-
tion largely decreased the RBX1 increased cell invasion
and migration (Fig. 71, K), thereby decreasing the prolif-
eration capacity of the 8305C/RBX1 group (Fig. 7L, M).
Furthermore, SMARI upregulation rescued the increase
in glucose consumption, G6P, ATP levels, and RBX1-
mediated lactate generation in ATC cells (Fig. 7N). The
overexpression of RBX1 enhanced ECAR in ATC cells,
while the simultaneous increase in SMARI led to a
decrease in the enhanced glycolytic capacity and rate
(Fig. 70, P). In conclusion, these results demonstrated
that RBX1 facilitates the migration and aerobic glycolysis
in ATC through SMARI1.

Discussion

ATC is one of the most aggressive human cancers with a
rapid progression and poor prognosis. After the diagno-
sis of ATC, the average survival time is below 6 months,
and the 5-year survival rate ranged from 0 to 10% [36].
Till now, malignant metastasis is the primary reason
for treatment failure in ATC patients. Therefore, it is
extremely important to better understand the biological
features of ATC. In the past several years, the significance
of metabolic reprogramming in tumorigenesis and its
therapeutic implications have been demonstrated. Meta-
bolic reprogramming is regarded as a hallmark of cancer.
ATC is a deadly disease as the tumors display metabolic
variability and the survival rate of ATC patients is very
low [36]. As a result, understanding the molecular basis of
ATC from a metabolic perspective is important for better
disease management. This study indicated that RBX1 has
a high expression in the ATC tissues and enhanced RBX1
expression is associated with survival and malignancy in
ATC patients. Moreover, it highlighted that RBX1 exerts
a critical effect on the reprogramming of glucose metab-
olism in ATC.

RBX1 is a critical component of the E3 ubiquitin ligase
[30]. Considering its evolution, it is conserved in both
yeast and humans and exerts a significant role in embry-
onic development. In recent years, it has been shown
that RBX1 exerts a major role in the modulation of sev-
eral cellular physiological functions and is simultaneously
associated with carcinogenesis [30]. In several primary
tumors, including lung cancer, non-muscle invasive blad-
der transitional cell carcinoma (NMIBC), and liver can-
cer, RBX1 is overexpressed. Some studies have revealed
that this enhanced expression is significantly correlated
with malignant characteristics, including deeper infiltra-
tion, lymph-node metastasis, lymphatic infiltration, and
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Fig. 7 RBX1 promotes ATC migration and aerobic glycolysis via SMAR1. A Western blotting was performed to determine the SMAR1 and RBX1
expression in various groups. B, C Quantification of transwell assay in various groups. *P < 0.05, **P < 0.01. D, E Quantification of EdU assays in
different groups. *P < 0.05, **P< 0.01. F Cellular glucose consumption, G6P levels, ATP levels, and lactate generation in specific groups. *P<0.05,
**P<0.01. G, H Measurement of OCR and ECAR in specific groups. *P<0.05. 1 SMAR1 and RBX1 expression levels in various groups were determined
using western blotting. J, K Quantification of transwell assays in different groups. *P<0.05, **P<0.01. L, M Quantification of EJU assays in different
groups. *P<0.05, **P<0.01. N Cellular glucose consumption, G6P levels, ATP levels, and lactate generation in specific groups. *P<0.05, **P<0.01. O,
P ECAR and OCR were measured in the indicated groups. *P<0.05, **P < 0.01

venous infiltration [24, 37]. However, no information is
available on the detailed molecular mechanisms and the
role of RBX1 in ATC. In this study, our data reflected that
the expression of RBX1 was higher in tumors of ATC

patients when compared with that in the relevant non-
tumor tissues. High levels of RBX1 were strongly related
to tumor metastasis and short overall survival in ATC
patients. RBX1 suppressed oxidative phosphorylation
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while facilitating aerobic glycolysis in ATC cells. How-
ever, it facilitated invasion and migration by enhancing
the Warburg effect in ATC cells. Therefore, these results
are significant to better understand the biological func-
tions of RBX1 in ATC and evaluate the potential of RBX1
as a therapeutic target.

Cancer cells exhibit a metabolic advantage by modulat-
ing alternative splicing of PKM to facilitate PKM2 expres-
sion. Therefore, therapeutic targeting of this splicing has
proven to be an effective strategy for cancer treatment.
For example, Calabretta et al. reported that the modula-
tion of the PKM alternative splicing in the PDAC cells
confers drug resistance, resulting in the transition to
drug-resistant PDAC (DR-PDAC) [17]. Yuki Kuranaga
et al. demonstrated that SRSF3 silencing induces signifi-
cant growth inhibition in human colon cancer cells and
leads to an enhanced PKM1/PKM2 ratio. This causes a
metabolic transition from glycolysis to oxidative phos-
phorylation [37]. Therefore, the identification of mecha-
nisms controlling PKM alternative splicing to promote
the PKM2-mediated Warburg effect is important for
overcoming the current challenges in ATC treatment.
Herein, we described a novel mechanism for ATC treat-
ment, involving RBX1-mediated degradation of the
SMAR1/HDAC6 complex. First, we observed that PKM2
is a type of functional downstream target of RBX1 in
modulating aerobic glycolysis, which is essential for
RBX1-mediated tumor progression. Furthermore, our
data demonstrated that RBX1 regulates alternative splic-
ing to promote the PKM2-mediated Warburg effect in
ATC cells. Moreover, ATC cell migration and aerobic
glycolysis induced by regulating RBX1-mediated PKM
alternative splicing are determined by the degradation
of the SMARI/HDAC6 complex. Overall, these results
demonstrated that RBX1 controls the degradation of the
SMAR1/HDAC6 complex to affect ATC progression,

RBX1 T

Ub
& Ub
l RBX1
SMAR1T —> SMARI1 1 ——> SMARI1
SMAR1 l
SMAR1 PKM
HDAC6 —> alternative
splicing

Ub
,Ub

Proteasome

—> Glycolysis 1
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which helps in the development of a novel regulatory
mechanism for PKM alternative splicing.

Finally, we studied the degradation of the SMAR1/
HDACG6 complex mediated by RBX1. Post-translational
modification of E3 ubiquitin ligase can regulate the func-
tion, fate, and intracellular mechanism of the target pro-
teins [38]. RBX1 interacts with multiple substrates to
play a key role [30, 39]. Ubiquitin proteasome-mediated
SMARI1 degradation is the key mechanism that regulates
SMARLI levels in cells. Our findings suggested that RBX1
disrupts the SMAR1/HDAC6 complex by facilitating
the degradation and ubiquitination of SMARL. This was
highlighted based on the following observations. First,
RBX1 binds directly with SMAR1 in ATC cells. Second,
the downregulation of RBX1 significantly reduced the
ubiquitination of SMAR1, while overexpression of RBX1
promoted the ubiquitination of SMARI. Third, RBX1 can
reduce the half-life of SMARI. Finally, our data revealed
that all the Lys site mutations of SMARI can eliminate
RBX1-induced SMARI polyubiquitination in ATC cells.
Lys48 mutation of ubiquitin almost eliminated the RBX1-
mediated SMARI ubiquitination, while the K63R muta-
tion on the ubiquitin had no impact.

Taken together, this study provides the first evidence
that RBX1 is highly associated with ATC progression
and should be considered as a biomarker for ATC diag-
nosis. Additionally, we revealed that RBX1 inhibits
oxidative phosphorylation while facilitating aerobic gly-
colysis in ATC cells, simultaneously facilitating invasion
and migration by enhancing the Warburg effect in ATC
cell lines. PKM2 is a type of functional downstream tar-
get of RBX1 in modulating aerobic glycolysis, which is
essential for RBX1-mediated tumor progression. In sum-
mary, our findings demonstrated that RBX1 regulates
PKM alternative splicing to promote the PKM2-medi-
ated Warburg effect by destroying the SMAR1/HDAC6

Ub

Metastasis of ATC cells

Fig. 8 Proposed model for the E3 ubiquitin ligase RBX1-mediated regulation PKM alternative splicing to facilitate anaplastic thyroid carcinoma
metastasis and aerobic glycolysis by destroying the SMART/HDAC6 complex
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complex in ATC cells. Moreover, RBX1 regulates SMAR1
expression by direct RBX1-SMARI1 binding and facilitat-
ing its degradation and ubiquitination (Fig. 8). Based on
these results, RBX1 should be considered as the candi-
date biomarker for diagnosis and treatment of ATC.
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