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The sex-determining region Y (SRY)-box (SOX) family plays crucial roles in carcinogenesis and cancer progression. However, the
precise function of SOX12 in papillary thyroid carcinoma (PTC) metastasis remains to be investigated. In this study, we analyzed
single-cell and bulk RNA sequencing (RNA-seq) datasets and demonstrated significant upregulation of SOX12 in PTC, which is
associated with poor prognosis in PTC patients. Functional assays demonstrated that SOX12 overexpression promoted the
metastasis of PTC cells, whereas the downregulation of SOX12 markedly reduced the aggressiveness of PTC. By integrating RNA-
seq, CUT&Tag, and immunoprecipitation mass spectrometry (IP-MS), we found that SOX12 directly upregulated YBX1 expression
and recruited it to the LDHA promoter, thus leading to activation of the TGF-β signaling pathway. Crucially, LDHA knockdown
rescued SOX12/YBX1-mediated TGF-β signaling activation and inhibited the migration and invasion of PTC cells. Furthermore, we
demonstrated that SOX12 expression is positively correlated with YBX1 and LDHA expression levels in clinical PTC samples. Taken
together, these results reveal a critical link between the SOX12-YBX1-LDHA signaling axis and PTC metastasis and suggest that
targeting of this signaling node may be a promising alternative therapeutic strategy to combat PTC metastasis.
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INTRODUCTION
Papillary thyroid cancer (PTC) is generally indolent, with good
outcomes and long-term survival. However, PTC distant metastasis
is often a dangerous event and accounts for most of its disease-
specific mortality [1, 2]. Compared with the mortality rate of
nonmetastatic patients (4.3%), metastatic patients have an
increased mortality rate (55.5%). Moreover, multiple organ
metastasis is associated with a higher mortality rate (50.4%) than
single organ involvement (36.7%) [3, 4]. The limited understanding
of the molecular mechanisms underlying PTC invasion and
metastasis limits efforts to develop effective therapies. Thus, the
identification of novel molecular drivers with therapeutic potential
for advanced or metastatic PTC is urgently needed.
SOX12 is a well-known oncogene and a member of the SOX C

family of SRY-related HMG-box (SOX) transcription factors [5]. The
increased expression of SOX12 has been reported to be associated
with malignant transformation and metastasis in several cancer
types, including colorectal, lung, liver, gastric, and breast cancers
[6–11]. Du et al. reported that SOX12 enhances gastric cell
metastasis via direct binding to the MMP7 and IGF1 promoters,
thus upregulating their expression [7]. Huang et al. reported that
overexpression of SOX12 induced epithelial-mesenchymal transi-
tion and promoted liver cancer metastasis by transactivating

Twist1 and FGFBP1 expression [8]. In the context of thyroid cancer,
SOX12 was reported to promote thyroid cancer invasion through
interactions with the POU family [9]. However, as a transcription
factor, the epigenetic regulatory role of SOX12 in thyroid cancer
progression has not yet been reported.
As a member of the RBP family, YBX1 contains an evolutionarily

conserved cold-shock domain (CSD). Nuclear YBX1 can specifically
bind to the promoters of targeted genes to regulate their
transcription and translation, whereas in the cytoplasm, it forms
complexes with messenger ribonucleoproteins (mRNPs) and
regulates mRNA stability [12, 13]. Due to its numerous cellular
functions, YBX1 has been demonstrated to be involved in various
human malignancies, including pancreatic cancer, breast cancer,
lung cancer, multiple myeloma, osteosarcoma, synovial sarcoma,
prostate cancer, and ovarian cancer [14]. YBX1 drives glycolysis
and EMT in triple-negative breast cancer [15]. Additionally, YBX1
and LDHA are coregulated hub genes in a hypoxia-glycolysis-
lactate axis linked to HCC prognosis [16]. However, the role of
YBX1 in PTC remains largely unknown.
Here, we show that SOX12 overexpression is correlated with

PTC metastasis and suggests a poor prognosis. In addition, SOX12
drives PTC metastasis via the regulation of LDHA protein, which
was identified as an important metastasis-promoting gene of PTC
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in our previous study [17]. Moreover, we demonstrated that
SOX12 directly transcriptionally activates YBX1 and cooperates
with YBX1 to form a functional immunocomplex on the LDHA
promoter to promote LDHA transcriptional activity in PTC cells.
Our findings may lead to a novel strategy to interrupt the SOX12-
YBX1-LDHA signaling pathway within the metastatic cascade to
treat this disease.

RESULTS
Single-cell RNA-seq analysis identifies SOX12 as a metastasis-
associated gene for PTC
We integrated several thyroid cancer single-cell sequencing
(scRNA-seq) datasets to investigate the importance of SOX12
transcripts during thyroid cancer (TC) progression (GSE148673,
GSE184362, and GSE134355). The expression of SOX12 was higher
in the tumor cell subgroup compared to normal subgroup,
whereas other SOX transcripts, including SOX2, SOX5, SOX9,
SOX11, and SOX15, had low expression in tumor clusters
(Fig. 1A, E). The identification of 8 major cell types, including T/
NK cells, B cells, myeloid cells, fibroblasts, endothelial cells, SOX12-
high tumors, SOX12-low tumors, and normal thyroid cells, was
accomplished by integrating singleR automated prediction with
manual prediction via established biomarkers which we have
reported before [18] (Fig. 1B, Supplementary Fig. S1A–E). We then
divided the epithelial cell subsets into anaplastic thyroid
carcinoma (ATC), PTC, and normal cell subsets via the TDS scores
which we have reported before (Supplementary Fig. S1F). In the
TCGA-STAD and GTEX cohorts, the expression of SOX12 was
significantly associated with overall survival (Fig. 1C) and higher in
tumor tissues than in normal tissues or tumor-adjacent normal
tissues across different cancer types (Fig. 1D). We used the gene
set variation analysis (GSVA) algorithm in the scRNA-seq data to
compare the enrichment pathways that differed from those
associated with SOX12 expression to better understand the
biological significance of SOX12 in the PTC subgroup. We
discovered that the epithelial-mesenchymal transformation
(EMT) pathway was the most highly enriched pathway (Fig. 1F).
Since TGF-β signaling pathways are essential for the aggressive-
ness of thyroid cancer via EMT, t-SNE plots of both the EMT and
TGF-β signaling pathways in thyroid cell subgroups were
generated via the AUCell algorithm (Fig. 1G, H). The volcano plot
revealed that most genes were upregulated in the scRNA-seq data
(Supplementary Fig. S1G). Furthermore, we used KEGG enrichment
of the differentially expressed genes (DEGs), which are signifi-
cantly enriched in TGF-β signaling pathways (Supplementary
Fig. S1H). To further investigate the role of SOX12 in metastasis,
we performed immunohistochemical staining along with a retro-
spective analysis of clinical cases (Supplementary Fig. S1I). A
retrospective review of clinical cases involving SOX12 was also
performed which were coordinated with scRNA analysis results
(Supplementary Tables S1–3). Therefore, SOX12 is abnormally
highly expressed in TC and is associated with high aggressiveness
due to its potential activation of EMT via the TGF-β signaling
pathway.

SOX12 enhances the metastasis of PTC cells both in vitro and
in vivo
To investigate the role of SOX12 in thyroid cancer, we examined
SOX12 levels in thyroid cancer cells and found that SOX12 was
expressed at much higher levels in thyroid cancer cell lines than in
normal human thyroid follicular epithelial cells (Nthy-ori 3-1)
(Supplementary Fig. S2A). We subsequently applied lentivirus-
mediated SOX12 knockdown and overexpression in PTC cell lines
to clarify the role of SOX12 in the metastasis of PTC (Supplemen-
tary Fig. S2B–G). Migration and invasion assays indicated that
SOX12 inhibition suppressed the capability of metastasis in PTC

cells (Fig. 2A, B). In contrast, SOX12 overexpression increased the
migration and invasion of PTC cells (Fig. 2C, D). Consistent with the
above findings, wound healing assays also demonstrated that
SOX12 remarkably promoted PTC cell migration in vitro (Supple-
mentary Fig. S2H–K). These findings suggest that SOX12 promotes
PTC cell migration and invasion in vitro by acting as an oncogene.
To investigate the importance of SOX12 expression in the

tumorigenesis and metastasis of PTC, a lung metastasis xenograft
nude mouse model was established by injecting SOX12-knock-
down and SOX12-knockdown control BCPAP cells through the tail
vein. The results revealed that SOX12 knockdown reduced PTC
lung metastasis at 2 and 4 weeks after cell injection, as measured
based on the bioluminescence signals (Fig. 2E, F). On the lung
surface, a large number of metastatic lung lesions were observed
in the mice receiving knockdown control cells, whereas this
number was greatly reduced in the mice implanted with SOX12-
inhibited BCPAP cells (Fig. 2G, H). Specifically, the observations
were confirmed via haematoxylin and eosin (H&E) staining
experiments, which revealed a decreased number of lung
metastatic nodules upon SOX12 inhibition (Fig. 2I). These findings
indicate that SOX12 functions as an oncogene that promotes PTC
cell metastasis in vivo.

SOX12 transcriptionally activates LDHA expression in PTC
To understand the mechanism of the oncogenic effect of SOX12 in
PTC, RNA sequencing was used to identify putative downstream
genes regulated by SOX12 in BCPAP cells. Volcano plot analysis
revealed that 3672 genes were downregulated, whereas 2452
genes were upregulated after SOX12 inhibition (Fig. 3A). Similarly,
GSEA confirmed that SOX12 is positively related to the TGF-β
signaling pathway (Fig. 3B). Due to the fact that SOX12 is an
important transcription factor that mainly activates the expression
of its target genes, CUT&Tag experiments were performed to
determine the genome-wide target sites of SOX12 in BCPAP cells
to explore the mechanism by which SOX12 regulates gene
expression in PTC. A total of 1467 annotated genome-binding
peaks were identified, and many peaks (~45.26%) were located in
the promoter region of genes located at 0–3 kb around the
transcriptional start site, with such peaks exhibiting a high density
around the TSS (Supplementary Fig. S3A, B). To further correlate
chromatin binding with direct gene regulation, we integrated
transcriptome sequencing with CUT&Tag data and noticed that 42
genes, including LDHA, TMEM263 and INAVA, were directly
regulated by SOX12 (Fig. 3C–E). In addition, we selected 6
representative genes that are directly regulated by SOX12 and
confirmed their expression via qPCR upon SOX12 knockdown or
overexpression (Fig. 3F and Supplementary Fig. S3C). Among
these genes, we selected lactate dehydrogenase A (LDHA) as a
candidate target gene because our previous study reported that
LDHA catalyzed the induction of the EMT process by increasing
H3K27 acetylation in PTC [17].
We further investigated whether SOX12 regulated the migration

and invasion of thyroid cancer cells by regulating LDHA
expression. Chromatin immunoprecipitation (ChIP) qPCR revealed
that SOX12 directly binds to the promoter of LDHA in the chr11
18395944 region (Fig. 3G). Moreover, luciferase reporter assays
revealed that SOX12 transactivated LDHA promoter activity
(Fig. 3H). Additionally, Western blotting was used to determine
how SOX12 affects EMT and LDHA. The results showed that the
protein levels of LDHA, N-cadherin and vimentin were obviously
downregulated upon SOX12 knockdown in PTC cells (Fig. 3I). In
contrast, SOX12 overexpression upregulated LDHA, N-cadherin
and vimentin expression (Supplementary Fig. S3D). To validate the
association between SOX12 and TGF-β secretion, we conducted
an ELISA experiment, which demonstrated a positive correlation
between SOX12 expression and TGF-β secretion (Supplementary
Fig. S3E, F). Importantly, we also performed IHC staining of lung
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Fig. 1 Signal cell RNA-seq analysis identifies SOX12 as a metastasis associated gene for PTC. A Expression of 6 representative genes of SOX
family in thyroid scRNA-seq data, data are shown as the median with a range. B A t-SNE plot displaying the clustering of single-cell data from
10 samples into 6 distinct groups. C Kaplan–Meier plot of overall survival (OS) of patients with TC from TCGA STAD and GTEX cohort.
D Expression of SOX12 between tumor and normal cells in TCGA STAD and GTEX cohort. E t-SNE plots of SOX12 expression in tumor
subgroups. F Heatmap of differently activated pathways between SOX12 high tumors and SOX12 low tumors using GSVA algorithm.
G, H epithelial mesenchymal transformation pathway, and TGF-beta signaling pathway in thyroid cell subgroups using AUCell (G, H). I, J GSEA
plots verified the two significantly enriched pathways (epithelial mesenchymal transition and TGF-beta signaling) in the SOX12 high tumors
compared to the SOX12 low tumors. P values were determined using a two-tailed unpaired Student’s t test. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 2 SOX12 enhances the metastasis of PTC cells both in vitro and in vivo. Migration/Invasion assays were used to analyze the effects of
SOX12 knockdown (A, B) or overexpression (C, D) on the invasiveness of thyroid cancer cell. E Representative in vivo bioluminescence images
of BCPAP cells transfected with the SOX12 knockdown plasmid. F In order to investigate the importance of SOX12 expression in the
development and metastasis of PTC tumors, we established a lung metastasis xenograft NCG mouse model by injecting SOX12 knockdown
and knockdown control BCPAP cells into the tail vein, respectively. The fluorescence intensity of the SOX12 knockdown group was
significantly lower than that of the control group (N= 5). G–I Representative images of lung metastatic foci (G). The number of lung metastatic
foci was significantly lower in SOX12 knockdown group than in control group (H). Metastatic lung was displayed as indicated (I). P values were
determined using a two-tailed unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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tissue metastasis from the above mentioned mouse model, and
the results suggested that SOX12 inhibition reduced both LDHA
expression and EMT markers expression in vivo (Fig. 3J, K). Taken
together, these results suggest that SOX12 promotes PTC
metastasis by directly transactivating LDHA.

LDHA is required for SOX12-dependent PTC cell metastasis
The transcriptional regulation of LDHA by SOX12 encouraged us
to determine whether LDHA was a functional downstream
target of SOX12 during its promotion of thyroid cancer
metastasis. We subsequently decreased LDHA via siRNA in
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SOX12-overexpressing BCPAP and KTC-1 cells and found that
the loss of LDHA expression significantly attenuated SOX12-
dependent cell invasion, migration and wound healing ability
(Fig. 4A, B & Supplementary Fig. S4A, B). Western blotting also
confirmed that LDHA knockdown partially reversed the effects
on the TGF-β signaling pathway in SOX12-overexpressing PTC
cells (Fig. 4C). Subsequently, we applied the LDHA inhibitor FX11
to SOX12-overexpressing PTC cells, which significantly inhibited
LDHA activity [17, 19] Consistent with LDHA knockdown,
treatment with FX11 also decreased the metastasis and wound
healing ability of SOX12-overexpressing BCPAP and KTC-1 cells
(Fig. 4D, E & Supplementary Fig. S4C, D). In addition, FX11
treatment attenuated SOX12-induced activation of the TGF-β
signaling pathway in PTC cells (Fig. 4F).
To verify whether SOX12 exerts biological functions in vivo by

regulating LDHA, we injected SOX12-overexpressing BCPAP cells
and control cells through the tail vein in nude mice. Three weeks
later, the mice were treated with FX11 and DMSO. The results
showed that LDHA inhibition reduced the bioluminescence
signals and the tumor sizes of the mice in the BCPAP-SOX12
group (Fig. 4G, H & Supplementary Fig. S4E, F). H&E staining
experiments suggested that the numbers of lung metastatic
nodules, as well as the visually detected metastatic nodules, were
obviously decreased upon FX11 treatment (Fig. 4H & Supplemen-
tary S4G). Moreover, immunohistochemical staining of lung
metastasis tumors revealed that the protein expression levels of
vimentin and N-cadherin were reduced in tumors treated with
FX11 (Fig. 4I, J). These observations indicate that LDHA is essential
for SOX12-mediated PTC cell metastasis.

SOX12 and YBX1 cooperate to promote LDHA transcriptional
activation
To better understand the molecular mechanisms by which SOX12
activates LDHA expression, we investigated proteins that interact
with SOX12 via the pull-down of a SOX12-Flag fusion protein
followed by mass spectrometry analysis. The gene ontology (GO)
analysis results revealed that SOX12 is involved in transcription
and DNA binding processes (Fig. 5A). Although more than 1000
SOX12-binding proteins have been detected in BCPAP cells,
among the transcriptional regulatory proteins, the transcription
factor Y-box-binding protein 1 (YBX1) has drawn our attention. As
the most prominent member of the YBX family, YBX1 is associated
with multiple cancer-related processes [20, 21]. Moreover, protein-
protein docking analysis demonstrated the binding potential of
SOX12 and YBX1 (Fig. 5B). This analysis indicated that YBX1
interacts with SOX12. To determine whether YBX1 is a protein
partner that interacts with SOX12, we immunoprecipitated the
SOX12 protein with anti-FLAG antibody in SOX12-overexpressing
BCPAP and TPC-1 cells and immunoblotted with anti-YBX1
antibody (Fig. 5C).
To test the possibility that SOX12 and YBX1 were assembled on

the LDHA promoter, we performed ChIP/re-ChIP assays. Intrigu-
ingly, the YBX1 re-ChIP assay with anti-SOX12 immunoprecipitates
led to the precipitation of the LDHA promoter DNA fragment, thus
indicating that YBX1 and SOX12 were bound together on the same
LDHA promoter (Fig. 5D, E). These results demonstrate the

coexistence of YBX1 and SOX12 on the LDHA promoter, which is
essential for promoting LDHA transcriptional activation in thyroid
cancer cells.
Next, we analyzed our CUT&Tag data and found that SOX12

could bind to the promoter region of YBX1, thus indicating that
SOX12 also activated YBX1 expression (Fig. 5F). ChIP-qPCR analysis
found that a higher amount of SOX12 was accumulated in the
YBX1 promoter of BCPAP and KTC-1 cells when SOX12 was
overexpressed (Fig. 5G). To further investigate the role of YBX1 in
the regulation of LDHA by SOX12, we conducted rescue
experiments. As determined by RT-qPCR and Western blot
analysis, YBX1 knockdown blocked the activation of the LDHA/
TGF-β pathway induced by SOX12 overexpression in PTC cells (Fig.
5 & Supplementary Fig. S5A, B). These findings suggest that SOX12
positively regulates the expression of LDHA in a YBX1-dependent
manner in PTC. Functional experiments showed a reduction in
YBX1-antagonized SOX12-regulated metastasis and wound heal-
ing ability in PTC cells (Fig. 5I, J & Supplementary Fig. S5C, D).
These results indicate that YBX1 plays an essential role in SOX12-
induced invasion and EMT in thyroid cancer cells.

The expression of SOX12 is correlated with YBX1 and LDHA in
PTC patients
To better elucidate the relationships among SOX12, LDHA and
YBX1 in PTC, we performed bioinformatic analysis using published
data. The expression of SOX12 and LDHA or YBX1 scores were
positively correlated according to the scRNA-seq data and TCGA
database (Fig. 6A–F). We then used immunohistochemical analysis
to evaluate the expression levels of SOX12, YBX1 and LDHA in
thyroid cancer tissues with different expression levels of SOX12
(Fig. 6G). Correlation analysis revealed that higher expression
levels of YBX1 and LDHA were correlated with higher expression
levels of SOX12 (Fig. 6H–J). In addition, we used logistic regression
to establish prediction models of SOX12, YBX1, and LDHA
expression scores for lymph node metastasis. Compared with
these single-factor models, the model combining the three scores
had the best prediction efficiency for lymph node metastasis in
PTC patients (Fig. 6K). We subsequently compared the protein
levels between six pairs of thyroid tumor tissues and matched
normal tissues. The results revealed significantly higher SOX12
expression in tumor tissues than in normal tissues, and the
expression levels of YBX1 and LDHA were consistent with those of
SOX12 (Fig. 6L). In conclusion, the expression level of SOX12 is
correlated with YBX1 and LDHA in PTC patients.

DISCUSSION
The incidence rate of papillary thyroid carcinoma (PTC) is
increasing rapidly every year. Although PTC is considered a
malignant tumor with a good prognosis, distant metastases occur
in a small number of patients, with PTC being the most common
cause of death associated with thyroid cancer [22]. Therefore, the
understanding of the molecular mechanisms underlying PTC
invasion and metastasis is urgently needed. Our results high-
lighted that SOX12 plays an important role in PTC metastasis and
that SOX12 cooperates with YBX1 and promotes oncogenic LDHA

Fig. 3 SOX12 transcriptionally activates LDHA expression in PTC. A Volcano plot of the RNA-seq analysis of SOX12-knockdown BCPAP cells.
B GSEA showed that the differentially expressed genes between SOX12-overexpressing cells and control cells were significantly enriched in
TGF-beta signaling. Venn diagram (C) and heatmap (D) demonstrating that 42 genes overlapped among genes that were down-regulated
after SOX12 knockdown, as detected by RNA-seq and CUT & Tag. E SOX12 occupancy in the vicinity of the LDHA, INAVA, and TMEM263
promoter was assessed by CUT & Tag in SOX12 3×Flag-overexpressing BCPAP cells. F RT-qPCR was performed to measure the mRNA
expression of 5 representative genes regulated by SOX12. G ChIP-qPCR was proformed revealing that SOX12 directly binding to the promoter
of LDHA on chr11 18395944 region. H luciferase reporter assays showed that SOX12 transactivated LDHA promoter activity. I Western blot
analysis of LDHA and EMT-related markers, including N-cadherin, Vimentin, in SOX12 knockdown cells. J, K Representative immunohisto-
chemical images of SOX12, LDHA, N-cadherin and Vimentin staining in metastatic lung tissues (Scale bar is 100 μm). P values were determined
using a two-tailed unpaired Student’s t test. (*p < 0.05, **p < 0.01, ***p < 0.001).
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expression, thereby facilitating PTC cell migration in vitro and lung
metastasis in vivo (Fig. 5K).
SOX12 was identified as being a member of the SOX gene

family, which encodes transcription factors. Previous studies have
shown that SOX12 plays a crucial role in embryonic development

and maintenance of cellular properties [23]. Accumulating
evidence suggests that mutations, deletions or overexpression
of the SOX12 gene are closely related to the initiation and
development of various types of malignant tumors [5]. It has been
reported that SOX12 helps in maintaining the tumor
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characteristics of HCC and induces tumor metastasis through the
EMT process in HCC [24].
Furthermore, the long non-coding RNA NR2F1-AS1, which

regulates miR-423-5p/SOX12 expression, promoted PTC invasion
and metastasis [25]. Although SOX12 is a potential biomarker in
PTC, the relationship between SOX12 and metastasis in PTC is still
largely unknown. Compared with previous studies, this study
demonstrated the prognostic and diagnostic value of SOX12 in
PTC via differential expression analysis and survival analysis.
Compared with that in normal tissues, SOX12 expression is
significantly upregulated in PTC tissues, and its high expression is
closely related to poor patient survival. These findings suggest
that SOX12 could be a critical biomarker for PTC progression.
Despite the compelling findings presented in this study, we
acknowledge certain limitations that should be addressed in
future work. Notably, the number of independent clinical samples
analyzed, particularly those with confirmed pulmonary metastasis,
was relatively limited due to the rarity and availability of such
specimens.
LDHA is repeatedly associated with altered glycolytic metabo-

lism and is considered to be a potential target for cancer
treatment [26]. LDHA has been reported to promote metastasis by
facilitating EMT in renal cell carcinoma (RCC), thus suggesting that
LDHA may be a promising target for RCC therapy [27]. There is
considerable evidence that LDHA combines with other transcrip-
tion factors and plays an important role in cancer progression. In
patients with invasive breast cancer, ErbB2 is positively correlated
with the HSF1/LDHA axis [28]. Klf4 binds to the promoter region of
LDHA, thus regulating LDHA expression in pancreatic cancer cells
[29]. Moreover, the downregulation of LDHA promotes cell death
via the p53 signaling pathway in breast cancer [30, 31]. The STAT3/
LINC00671/LDHA axis regulates glycolysis and proliferation in PTC
[32]. Furthermore, the lncRNA GLTC targets LDHA and promotes
PTC progression [33]. We previously demonstrated that LDHA
induces the transcription of EMT-related genes and promotes PTC
progression [17]. The data presented in this study provide the first
evidence that the transcriptional activation of LDHA is synergis-
tically regulated by SOX12 and YBX1 through the combination of
an antagonist at the LDHA promoter in PTC. This discovery
highlights the critical role of LDHA in PTC metastasis and suggests
that the targeting of the SOX12-YBX1-LDHA axis could be a
promising therapeutic strategy.
YBX1 is an oncogene which is consistently expressed in various

types of cancers [34–36]. In particular, the nuclear localization of
YBX1 is associated with a poor prognosis [37, 38]. Jung et al.
reported that YBX1 regulates SOX2, thus resulting in a relatively
more aggressive subtype of breast cancer [39]. In addition, YBX1
controls p53 to regulate its apoptotic function [40]. However, in
PTC, the significance of YBX1 has never been reported. We found
that YBX1 KD antagonized SOX12-regulated metastasis. Further-
more, SOX12 positively regulates the expression of LDHA in a
YBX1-dependent manner. Taken together, these findings under-
score the importance of YBX1 in PTC progression and suggest that
it is a potential therapeutic target that warrants further
investigations.

In this study, we demonstrate that pharmacological inhibition
of LDHA using FX11 effectively impairs tumor growth and
metastatic progression in PTC models, supporting LDHA as a
potential therapeutic target within the SOX12-YBX1-LDHA
signaling axis. FX11, a small-molecule LDHA inhibitor, has shown
promising anti-tumor efficacy in multiple preclinical models
[19, 41]. Previous studies have reported that FX11 exhibits
favorable pharmacokinetic properties, with reasonable bioavail-
ability and metabolic stability in vivo [19]. To further enhance the
translational value of LDHA inhibition, future studies may explore
the potential of combination therapies involving FX11. For
instance, LDHA inhibition has been reported to synergize with
inhibitors targeting complementary metabolic pathways, such as
glutaminase or mitochondrial oxidative phosphorylation [42, 43].
Additionally, combining FX11 with conventional chemothera-
peutic agents may enhance cytotoxic efficacy by exacerbating
metabolic stress in tumor cells. Intriguingly, recent evidence
suggests that LDHA inhibition may also modulate the tumor
microenvironment by promoting anti-tumor immune responses,
providing a rationale for combination with immune checkpoint
blockade [44]. These strategies merit further investigation and
may offer promising avenues to potentiate the therapeutic
impact of LDHA-targeted interventions in PTC and other
malignancies.
Metastasis remains the leading cause of cancer-related death,

presenting significant challenges despite advances in early
detection and treatment. Our findings offer novel insight into
the molecular mechanisms underlying PTC metastasis by elucidat-
ing the role of the SOX12-YBX1-LDHA signaling axis. The targeting
of this signaling node may provide a new avenue for therapeutic
interventions in PTC. Future research should focus on further
elucidating the precise mechanisms by which SOX12 and YBX1
regulate LDHA and exploring the potential of the targeting of this
axis in other cancer types. Additionally, the development of
specific inhibitors that disrupt the SOX12-YBX1 interaction or
LDHA expression could provide an avenue for new treatment
strategies aimed at mitigating PTC metastasis and improving
patient outcomes.

METHODS
Cell lines and cell culture
The TPC-1, KTC-1, BCPAP, and ACT-1 cell lines were purchased from the
American Type Culture Collection. The K1, CAL-62, and C643 cell lines were
purchased from Guangzhou Cellcook Biotech (China). The Nthy-ori 3-1 cell
line was purchased from the Chinese Academy of Science (China). All cell
lines have been authenticated by STR analysis. All the cell lines were
cultured in RPMI-1640 medium or DMEM medium supplemented with 10%
fetal bovine serum (FBS) and maintained in a humidified incubator at 37 °C
with 5% CO2.

Clinical data and tissue samples
This study involved tumor tissue sections from 40 patients with complete
medical records, diagnosed with PTC, poorly differentiated thyroid
carcinoma (PDTC), or ATC at the Tianjin Medical University Cancer
Institute and Hospital. Matched fresh PTC tissues and adjacent normal

Fig. 4 LDHA is required for SOX12-dependent PTC cell metastasis. A, B Migration/Invasion assays were used to analyze the effects of LDHA
interfere in SOX12 overexpressing BCPAP and KTC-1 cells. C Western blotting showed LDHA knockdown partially reversed the TGF-β signaling
pathway in SOX12 overexpressed PTC cells. D, E Migration/Invasion assays were used to analyze the effects of treatment with FX11 for 24 h in
SOX12 overexpressing BCPAP and KTC-1 cells. F The effect of treatment with FX11 for 24 h on the expression of LDHA and EMT markers in
SOX12 overexpressing cells was investigated by Western blotting. G To verify whether SOX12 exerts its biological function in vivo by
regulating LDHA, we injected SOX12-overexpressed BCPAP cells and control cells through the tail vein of NCG mice. After three weeks, the
mice were treated with FX11 and DMSO. Representative in vivo bioluminescence images were detected before (3weeks) and after (6weeks)
FX11treatment (N= 4). H The fluorescence intensity of the SOX12 knockdown group was significantly lower than that of the control group.
I–J Immunohistochemical staining of lung metastasis tumors showed that the protein expression levels of vimentin and N-cadherin were
reduced in tumors treated with FX11 (I–J). P values were determined using a two-tailed unpaired Student’s t test. (*p < 0.05, **p < 0.01,
***p < 0.001).
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thyroid tissues were obtained from 26 patients. Total RNA was isolated
from 17 paired samples, while total protein was isolated from 6 paired
samples. This study was approved by the Ethics Committee of Tianjin
Medical University Cancer Hospital (Approval ID: Ek2021149), and
informed consent was obtained for the use of human tissues in the
experiments.

Total RNA extraction, reverse transcription-quantitative
PCR(RT-qPCR)
Total RNA was extracted from thyroid cancer cells and fresh tissues using
an RNA extraction solution (G3013; Servicebio, China). cDNA was
synthesized from mRNA using the HiScript II 1st Strand cDNA Synthesis
Kit (R212-01, Vazyme, China). Quantitative real-time PCR was performed
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with HiScript II Q RT SuperMix for qPCR (R223-01, Vazyme, China) following
the manufacturer’s instructions. Relative RNA expression was calculated
using the 2−ΔΔCt method, with β-actin serving as the internal control.
Primer sequences are listed in Additional file 1.1.

Western blotting
Cells or tissues were lysed with RIPA buffer (R0020, Solarbio, China), and
protein concentrations were determined using the BCA Protein Assay Kit
(PC0020, Solarbio, China). The samples were prepared for SDS-PAGE by
mixing with protein sample loading buffer (LT101, Epizyme, China) and
boiling. Proteins were transferred to PVDF membranes (WJ002, Epizyme,
China) and blocked with 5% skim milk (D8304, Solarbio, China) in TBS-T for
1 h. The membranes were incubated with primary antibodies at 4 °C
overnight, followed by incubation with HRP-conjugated secondary
antibodies for 1 h. Chemiluminescence detection was performed using
the Omni-ECL Femto Light Chemiluminescence Kit (SQ201, Solarbio,
China).

Cell transfection and lentivirus infection
Small interfering RNAs (siRNAs) or plasmids were transfected into cells
using Lipofectamine 3000 (L3000075, Thermo Fisher Scientific, USA), and
siRNAs were synthesized by Hanbio Biotechnology (China). Lentiviruses for
knockdown and overexpression (shSOX12, OE-SOX12) were purchased
from Hanbio Biotechnology (China). The lentivirus-infected cancer cells
were selected with 1 μg /mL puromycin. The sequences of the siRNAs and
shRNAs that were used are listed in Supplementary Additional File 1.2.

Mice models and treatments
For the in vivo thyroid cancer lung metastasis model, 4–5 weeks NCG mice
were purchased from SPF Biotechnology (Beijing, China) and bred in
specific pathogen-free (SPF) conditions. 1 × 106 BCPAP cells in 100 μL PBS
were intravenously (i.v.) inoculated to the tail vein of mice. Nine days later,
the mice were treated with 2% DMSO, FX11 (3mg/kg) for 3 weeks. For the
in vivo imaging, we used BCPAP-luci cells stably expressing luciferase, and
luciferase substrate D-Luciferin was retro-orbitally injected before imaging
at days 21 and 42. After 6 weeks, mice were sacrificed and the lungs were
collected and fixed with Bouin’s solution to count the number of
metastatic pulmonary nodules, the lungs were embedded in paraffin for
subsequent hematoxylin and eosin (H&E) staining. All animal experiments
were approved by the Ethics Committee of the Tianjin Medical University
Cancer Institute and Hospital (Approved No.: NSFC-AE-2021199).

RNA-sequencing analysis
SOX12-knockdown or control BCPAP cells were lysed using an RNA
extraction solution (G3013; Servicebio, China) and the mRNA was extracted
according to the manufacturer’s protocol. The global gene expression
profiles were determined by mRNA sequencing, which was performed at
Majorbio Bio-Pharma Technology (China). Bioinformatic analyses were
performed as previously described [46]. The raw RNA-Seq data were
uploaded to the Sequence Read Archive (SRA) under accession number
PRJNA1172414.

CUT&Tag assay
The CUT&Tag assay was conducted using the Hyperactive Universal
CUT&Tag Assay Kit for Illumina (TD903, Vazyme, China). In brief, SOX12-

knockdown or control BCPAP cells were harvested. Con A magnetic beads
were used for cell capture, while 5% Digitonin was utilized to permeabilize
the cell membrane. The DNA sequences that bound to the target protein
were specifically cleaved by combining primary antibodies, secondary
antibodies, and the Protein A-Transposome. Subsequently, PCR was
employed to assemble a second-generation sequencing library, enabling
the acquisition of a high-resolution map of the genes bound to the target
protein via next-generation sequencing. Libraries were sequenced on a
NovaSeq PE150 by Novogene (Beijing, China). CUT&Tag data were aligned
to the GRCh37/hg19 human reference genome using SOAPaligner/SOAP2
(Short Oligonucleotide Analysis Package). A maximum of two mismatches
were allowed in a pair. Reads that mapped only once at a specific location
were used for peak calling. The peaks from CUT&Tag were identified using
MACS software, specifically version MACS-1.4.2. Big-wig files were
generated using MACS-1.4.2. CUT&Tag tracks were visualized using
IGVtools (version 2.11.3). The raw CUT&Tag data were uploaded to the
Sequence Read Archive (SRA) under accession number SAMN44286703.

Chromatin immunoprecipitation (ChIP)-qPCR/ChIP-ReChIP-
qPCR
For the first ChIP sample, 1 × 106 cells were crosslinked with 1%
formaldehyde for 10min at RT, followed by quenching with 125mM
glycine. Cell pellets were collected and lysed in lysis buffer, followed by
sonication to shear chromatin into DNA fragments between 200 and 500
bp. Chromatin fragment were immunoprecipitated with SOX12 antibody
(proteintech, 23939-1-AP) or IgG at 4 °C overnight, followed by incubated
with protein A magnetic beads. The protein/DNA complexes were then
separated and purified DNA was used for qPCR analysis. For the re-ChIP
sample, based on the first ChIP elution sample, YBX1 antibody
(proteintech, 20339-1-AP) was added, and the immunoprecipitation
experiment was repeated to study the synergistic regulation of down-
stream target genes by two or more transcription regulatory proteins. The
sequences of the primers that were used for ChIP-qPCR are listed in
Supplementary Additional File 1.3.

Luciferase reporter assay of SOX12 binding sites
Wild-type and mutant SOX12 consensus sequences were synthesized by
(Hanbio, China) and fused with a firely luciferase reporter. The adenosine
(A) in the SOX12 motif was replaced by thymine (T). BCPAP and KTC-1 cells
were seeded into a 24-well plate followed by co-transfection of 0.5 μg of
wild-type or mutated SOX12 reporter plasmids and 20 ng renilla luciferase
reporter vector. After 24 h, cells were harvested to access the luciferase
activity using the Dual-Glo Luciferase system (Promega) with the normal-
ization to pRL-TK. Each group was conducted in triplicate.

Statistical analysis
The experimental data were analyzed using the GraphPad Prism 10.0 soft-
ware. All the in vitro results were representative of at least three
independent experiments and were presented as the mean ± SD or
median with range. Paired PTC and corresponding normal thyroid samples
were analyzed using paired Student’s t test. Correlations between different
genes were analyzed using the Pearson correlation test. Kaplan–Meier
analysis was used to evaluate survival curves, and the differences in the
survival probabilities were assessed using the log-rank test. Differential
analysis between 2 groups was conducted with the two-tailed unpaired
Student’s t test (***p < 0.001, **p < 0.01, *p < 0.05).

Fig. 5 SOX12 and YBX1 cooperate to promote LDHA transcriptional activation. A GO analysis results showed that SOX12 involved in
transcription and DNA binding process assessed by IP-MS in SOX12 3×Flag-overexpressing BCPAP cells. B Protein-protein docking analysis
indicating that the binding potential for SOX12 and YBX1. C Co-IP assay with SOX12 or YBX1 antibody (or IgG) in BCPAP and KTC-1 cells,
followed by immunoblotting of SOX12 and YBX1. D SOX12 occupancy in the vicinity of the LDHA and YBX1 promoter was assessed by CUT &
Tag in SOX12 3×Flag-overexpressing BCPAP cells, YBX1 occupancy in the vicinity of the LDHA promoter was detected using public data
(CistromeDB-62977). E Luciferase reporter assays showed that SOX12 transactivated YBX1 promoter activity. F ChIP-qPCR was proformed
revealing that SOX12 directly binding to the promoter of YBX1. G ChIP/re-ChIP assay indicated that YBX1 and SOX12 were bound together on
the same LDHA promoter. H Western blot analysis of YBX1, LDHA and EMT-related markers, including N-cadherin, Vimentin, SAMD3, P-SMAD3
in SOX12 overexpression cells with or without YBX1 interfere. I, J Migration/Invasion assays were used to analyze the effects of YBX1 interfere
in SOX12 overexpressing BCPAP and KTC-1 cells. K Schematic diagram: SOX12 binds the YBX1 promoter to promote YBX1 transcription and
interacts with YBX1 to the LDHA promoter to enhance the transcriptional activation of LDHA by SOX12. LDHA subsequently enhances the
level of DNA acetylation in thyroid cancer cells, thereby upregulating the TGFbeta signaling pathway and enhancing epithelial mesenchymal
transformation of thyroid cancer and promoting metastasis. P values were determined using a two-tailed unpaired Student’s t test. (*p < 0.05,
**p < 0.01, ***p < 0.001).
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Fig. 6 Expression of SOX12 correlates with YBX1 and LDHA in PTC patients. The expression of SOX12 and LDHA or YBX1 scores show a
positive correlation within the scRNA-seq (A–C) and TCGA database (D–F). G Immunohistochemical analysis to evaluate the expression levels
of SOX12, YBX1 and LDHA in thyroid cancer tissues with different expressions of SOX12. H–J The correlation analysis revealed that the higher
expression level of YBX1 and LDHA were correlated with higher expression levels of SOX12. K A logistic regression model demonstrated the
efficacy of SOX12, LDHA, YBX1 expression and combined score in predicting PTC lymph node metastasis. L The relative protein expression
levels of SOX12, YBX1,LDHA were assessed by western blotting in 6 paired normal thyroid tissues and PTC tissues. P values were determined
using a two-tailed unpaired Student’s t test. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Detailed information about the other experiments including Thyroid
Differentiation Score (TDS) calculation, analysis of single-cell datasets, and
immunohistochemistry (IHC) are included in Supplementary Additional File 2.

DATA AVAILABILITY
The authors confirmed that the data supporting the findings of this study are
available within the article. Sequencing reads are available from the Sequence Read
Archive under BioProject ID PRJNA1172414. Uncropped Western blot images can be
found in Supplementary materials. All additional data are available from correspond-
ing authors upon request, please contact xzheng05@tmu.edu.cn.

REFERENCES
1. Boucai L, Zafereo M, Cabanillas ME. Thyroid cancer. JAMA. 2024;331:425–43.
2. Bischoff LA, Ganly I, Fugazzola L, Buczek E, Faquin WC, Haugen BR, et al. Mole-

cular alterations and comprehensive clinical management of oncocytic thyroid
carcinoma. JAMA Otolaryngol Head Neck Surg. 2024;150:265–72.

3. Zhang J, Xu S. High aggressiveness of papillary thyroid cancer: from clinical
evidence to regulatory cellular networks. Cell Death Discov. 2024;10:378.

4. Toraih EA, Hussein MH, Zerfaoui M, Attia AS, Marzouk Ellythy A, Mostafa A, et al.
Site-specific metastasis and survival in papillary thyroid cancer: the importance of
brain and multi-organ disease. Cancers. 2021;13:1625.

5. Grimm D, Bauer J, Wise P, Krüger M, Simonsen U, Wehland M, et al. The role of SOX
family members in solid tumours andmetastasis. Semin Cancer Biol. 2020;67:122–53.

6. Du F, Chen J, Liu H, Cai Y, Cao T, Han W, et al. SOX12 promotes colorectal cancer
cell proliferation and metastasis by regulating asparagine synthesis. Cell Death
Dis. 2019;10:239.

7. Du F, Feng W, Chen S, Wu S, Cao T, Yuan T, et al. Sex determining region Y-box 12
(SOX12) promotes gastric cancer metastasis by upregulating MMP7 and IGF1.
Cancer Lett. 2019;452:103–18.

8. Huang W, Chen Z, Shang X, Tian D, Wang D, Wu K, et al. Sox12, a direct target of
FoxQ1, promotes hepatocellular carcinoma metastasis through up-regulating
Twist1 and FGFBP1. Hepatology. 2015;61:1920–33.

9. Su Z, Bao W, Yang G, Liu J, Zhao B. SOX12 promotes thyroid cancer cell pro-
liferation and invasion by regulating the expression of POU2F1 and POU3F1.
Yonsei Med J. 2022;63:591–600.

10. Wang L, Hu F, Shen S, Xiao H, Li G, Wang M, et al. Knockdown of SOX12
expression inhibits the proliferation and metastasis of lung cancer cells. Am J
Transl Res. 2017;9:4003–14.

11. Zhao C, Ling X, Xia Y, Yan B, Guan Q. LncRNA UCA1 promotes SOX12 expression
in breast cancer by regulating m(6)A modification of miR-375 by METTL14
through DNA methylation. Cancer Gene Ther. 2022;29:1043–55.

12. Evdokimova V, Tognon C, Ng T, Ruzanov P, Melnyk N, Fink D, et al. Translational
activation of snail1 and other developmentally regulated transcription factors by
YB-1 promotes an epithelial-mesenchymal transition. Cancer Cell. 2009;15:402–15.

13. Kwon E, Todorova K, Wang J, Horos R, Lee KK, Neel VA, et al. The RNA-binding
protein YBX1 regulates epidermal progenitors at a posttranscriptional level. Nat
Commun. 2018;9:1734.

14. Dinh NTM, Nguyen TM, Park MK, Lee CH. Y-box binding protein 1: unraveling the
multifaceted role in cancer development and therapeutic potential. Int J Mol Sci.
2024;25:717.

15. Lai YW, Hsu WJ, Lee WY, Chen CH, Tsai YH, Dai JZ, et al. Prognostic value of a
glycolytic signature and its regulation by Y-box-binding protein 1 in triple-
negative breast cancer. Cells. 2021;10:1890.

16. Qin X, Sun H, Hu S, Pan Y, Wang S. A hypoxia-glycolysis-lactate-related gene
signature for prognosis prediction in hepatocellular carcinoma. BMC Med
Genomics. 2024;17:88.

17. Hou X, Shi X, Zhang W, Li D, Hu L, Yang J, et al. LDHA induces EMT gene
transcription and regulates autophagy to promote the metastasis and tumor-
igenesis of papillary thyroid carcinoma. Cell Death Dis. 2021;12:347.

18. Zhang W, Ruan X, Huang Y, Zhang W, Xu G, Zhao J, et al. SETMAR facilitates the
differentiation of thyroid cancer by regulating SMARCA2-mediated chromatin
remodeling. Adv Sci. 2024;11:e2401712.

19. Le A, Cooper CR, Gouw AM, Dinavahi R, Maitra A, Deck LM, et al. Inhibition of
lactate dehydrogenase A induces oxidative stress and inhibits tumor progression.
Proc Natl Acad Sci USA. 2010;107:2037–42.

20. Lv J, Liu Y, Mo S, Zhou Y, Chen F, Cheng F, et al. Gasdermin E mediates resistance
of pancreatic adenocarcinoma to enzymatic digestion through a YBX1-mucin
pathway. Nat Cell Biol. 2022;24:364–72.

21. Chen X, Li A, Sun BF, Yang Y, Han YN, Yuan X, et al. 5-methylcytosine promotes
pathogenesis of bladder cancer through stabilizing mRNAs. Nat Cell Biol.
2019;21:978–90.

22. Durante C, Haddy N, Baudin E, Leboulleux S, Hartl D, Travagli JP, et al. Long-term
outcome of 444 patients with distant metastases from papillary and follicular

thyroid carcinoma: benefits and limits of radioiodine therapy. J Clin Endocrinol
Metab. 2006;91:2892–9.

23. Hoser M, Potzner MR, Koch JM, Bösl MR, Wegner M, Sock E. Sox12 deletion in the
mouse reveals nonreciprocal redundancy with the related Sox4 and Sox11
transcription factors. Mol Cell Biol. 2008;28:4675–87.

24. Zou S, Wang C, Liu J, Wang Q, Zhang D, Zhu S, et al. Sox12 is a cancer stem-like
cell marker in hepatocellular carcinoma. Mol Cells. 2017;40:847–54.

25. Yang C, Liu Z, Chang X, Xu W, Gong J, Chai F, et al. NR2F1-AS1 regulated miR-423-
5p/SOX12 to promote proliferation and invasion of papillary thyroid carcinoma. J
Cell Biochem. 2020;121:2009–18.

26. Augoff K, Hryniewicz-Jankowska A, Tabola R. Lactate dehydrogenase 5: an old
friend and a new hope in the war on cancer. Cancer Lett. 2015;358:1–7.

27. Zhao J, Huang X, Xu Z, Dai J, He H, Zhu Y, et al. LDHA promotes tumor metastasis
by facilitating epithelial‑mesenchymal transition in renal cell carcinoma. Mol Med
Rep. 2017;16:8335–44.

28. He L, Lv S, Ma X, Jiang S, Zhou F, Zhang Y, et al. ErbB2 promotes breast cancer
metastatic potential via HSF1/LDHA axis-mediated glycolysis. Med Oncol.
2022;39:45.

29. Shi M, Cui J, Du J, Wei D, Jia Z, Zhang J, et al. A novel KLF4/LDHA signaling
pathway regulates aerobic glycolysis in and progression of pancreatic cancer.
Clin Cancer Res. 2014;20:4370–80.

30. Allison SJ, Knight JR, Granchi C, Rani R, Minutolo F, Milner J, et al. Identification of
LDH-A as a therapeutic target for cancer cell killing via (i) p53/NAD(H)-dependent
and (ii) p53-independent pathways. Oncogenesis. 2014;3:e102.

31. Zhou Y, Niu W, Luo Y, Li H, Xie Y, Wang H, et al. p53/Lactate dehydrogenase A axis
negatively regulates aerobic glycolysis and tumor progression in breast cancer
expressing wild-type p53. Cancer Sci. 2019;110:939–49.

32. Huo N, Cong R, Sun ZJ, Li WC, Zhu X, Xue CY, et al. STAT3/LINC00671 axis
regulates papillary thyroid tumor growth and metastasis via LDHA-mediated
glycolysis. Cell Death Dis. 2021;12:799.

33. Shi L, Duan R, Sun Z, Jia Q, Wu W, Wang F, et al. LncRNA GLTC targets LDHA for
succinylation and enzymatic activity to promote progression and radioiodine
resistance in papillary thyroid cancer. Cell Death Differ. 2023;30:1517–32.

34. Shinkai K, Nakano K, Cui L, Mizuuchi Y, Onishi H, Oda Y, et al. Nuclear expression
of Y-box binding protein-1 is associated with poor prognosis in patients with
pancreatic cancer and its knockdown inhibits tumor growth and metastasis in
mice tumor models. Int J Cancer. 2016;139:433–45.

35. Gessner C, Woischwill C, Schumacher A, Liebers U, Kuhn H, Stiehl P, et al. Nuclear
YB-1 expression as a negative prognostic marker in nonsmall cell lung cancer. Eur
Respir J. 2004;23:14–9.

36. Dahl E, En-Nia A, Wiesmann F, Krings R, Djudjaj S, Breuer E, et al. Nuclear
detection of Y-box protein-1 (YB-1) closely associates with progesterone receptor
negativity and is a strong adverse survival factor in human breast cancer. BMC
Cancer. 2009;9:410.

37. Fujii T, Kawahara A, Basaki Y, Hattori S, Nakashima K, Nakano K, et al. Expression
of HER2 and estrogen receptor alpha depends upon nuclear localization of Y-box
binding protein-1 in human breast cancers. Cancer Res. 2008;68:1504–12.

38. Kashihara M, Azuma K, Kawahara A, Basaki Y, Hattori S, Yanagawa T, et al. Nuclear
Y-box binding protein-1, a predictive marker of prognosis, is correlated with
expression of HER2/ErbB2 and HER3/ErbB3 in non-small cell lung cancer. J Thorac
Oncol. 2009;4:1066–74.

39. Jung K, Wu F, Wang P, Ye X, Abdulkarim BS, Lai R. YB-1 regulates Sox2 to
coordinately sustain stemness and tumorigenic properties in a phenotypically
distinct subset of breast cancer cells. BMC Cancer. 2014;14:328.

40. Homer C, Knight DA, Hananeia L, Sheard P, Risk J, Lasham A, et al. Y-box factor
YB1 controls p53 apoptotic function. Oncogene. 2005;24:8314–25.

41. Xie H, Hanai J, Ren JG, Kats L, Burgess K, Bhargava P, et al. Targeting lactate
dehydrogenase-a inhibits tumorigenesis and tumor progression in mouse models
of lung cancer and impacts tumor-initiating cells. Cell Metab. 2014;19:795–809.

42. Le A, Lane AN, Hamaker M, Bose S, Gouw A, Barbi J, et al. Glucose-independent
glutamine metabolism via TCA cycling for proliferation and survival in B cells. Cell
Metab. 2012;15:110–21.

43. Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias LG, et al. Lactate metabolism
in human lung tumors. Cell. 2017;171:358–71 e9.

44. Zhang W, Wang G, Xu ZG, Tu H, Hu F, Dai J, et al. Lactate is a natural suppressor of
RLR signaling by targeting MAVS. Cell. 2019;178:176–89.e15.

ACKNOWLEDGEMENTS
This work was supported by grants from Noncommunicable Chronic Diseases-
National Science and Technology Major Project (2024ZD0525600), the National
Natural Science Foundation of China (No. 82473193, No. 32200588 No. 82172821, No.
82372753), Tianjin Municipal Science and Technology Project (20JCZXJC00120,
23ZYCGSN00960, 21JCZDJC00360), Tianjin Key Medical Discipline(Specialty) Con-
struction Project(TJYXZDXK-009A, TJYXZDXK-058B) and Tianjin Health Research

X. Ruan et al.

12

Cell Death and Disease          (2025) 16:474 



Project (TJWJ2022XK024), The Science & Technology Development Fund of Tianjin
Education Commission for Higher Education (2021ZD033). The funder had no role in
the design and conduct of the study.

AUTHOR CONTRIBUTIONS
XRuan, and YHuang contributed equally to this work. YYang, PLi, and XZheng
conceived ideas and designed the research, and WZhang, GXu, SWei, XLi and MGao
contributed to project planning. XRuan and YHuang performed most of the
experiments. YZeng, MTao, ZWZhao, ZHZhao, YWang, WLuo and JYu assisted with
data analysis. YYu, PLi, XZheng, XRuan, and YHuang wrote the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study was approved by the Ethics Committee of Tianjin Medical University
Cancer Hospital (Approval ID: Ek2021149). All methods were performed in
accordance with the relevant guidelines and regulations. All authors read and
approved the final manuscript.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-025-07797-5.

Correspondence and requests for materials should be addressed to Yang Yu, Peng Li
or Xiangqian Zheng.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

X. Ruan et al.

13

Cell Death and Disease          (2025) 16:474 

https://doi.org/10.1038/s41419-025-07797-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The SOX12-YBX1-LDHA signaling axis drives metastasis in papillary thyroid carcinoma
	Introduction
	Results
	Single-cell RNA-seq analysis identifies SOX12 as a metastasis-associated gene for PTC
	SOX12 enhances the metastasis of PTC cells both in vitro and in vivo
	SOX12 transcriptionally activates LDHA expression in PTC
	LDHA is required for SOX12-dependent PTC cell metastasis
	SOX12 and YBX1 cooperate to promote LDHA transcriptional activation
	The expression of SOX12 is correlated with YBX1 and LDHA in PTC patients

	Discussion
	Methods
	Cell lines and cell culture
	Clinical data and tissue samples
	Total RNA extraction, reverse transcription-quantitative PCR(RT-qPCR)
	Western blotting
	Cell transfection and lentivirus infection
	Mice models and treatments
	RNA-sequencing analysis
	CUT&#x00026;Tag assay
	Chromatin immunoprecipitation (ChIP)-qPCR/ChIP-ReChIP-qPCR
	Luciferase reporter assay of SOX12 binding sites
	Statistical analysis

	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




