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Introduction
Since its first description in 1990, the family of 
sex-determining region Y (SRY)-related high-
mobility-group (HMG) box (SOX) transcription 
factors have gained attention for their potential 
physiological and pathological role in cell biology. 
The SOX family are characterized by their high 
degree of sequence homology with the SRY 
HMG DNA-binding domain.1,2 To date, approx-
imately 20 SOX genes have been identified in 
both vertebrates and invertebrates, which can be 
further categorized into eight subgroups (SOXA 
to SOXH) based on sequence homology inside 
and outside the HMG domain.3 SOX transcrip-
tion factors are essential in regulating stem cell 
maintenance and terminal differentiation of dif-
ferent cell types.4 Given that SOX proteins con-
trol multiple essential developmental and 
homeostatic processes, it is not surprising that 

dysfunction and mutation of SOX genes can lead 
to a variety of hereditary human diseases. Growing 
evidence has shown that several SOX members 
are involved in different types of cancer, such as 
SOX2 in prostate cancer (PCa),5 SOX4 in leuke-
mia,6 and SOX9 in breast cancer.7

SOX11 belongs to the highly conserved SOXC 
group, also including SOX4 and SOX12.8 The 
past two decades witnessed an evolution in our 
understanding of the biological function of 
SOX11. In 1993, SOX11 was accepted as a tran-
scriptional activator in the development of the 
nervous system.8 Subsequently, defects in SOX11 
expression were demonstrated to be responsible 
for malformations of a variety of human organs, 
such as heart, lung, stomach, and the skeletal sys-
tem.9 Recent studies have demonstrated SOX11 
mRNA as one of the most frequently increased 
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transcripts in various human cancers, including 
mantle cell lymphoma (MCL),10 epithelial ovar-
ian cancer (EOC),11 breast cancer,12 gastrointes-
tinal tumors,13 and nervous system neoplasms. 
Various regulatory mechanisms of SOX11, 
including promoter methylation, histone modifi-
cations and microRNA (miRNA) interference, 
underlie the regulation of its expression and activ-
ity.10,14 Owing to its pro-proliferative and anti-
apoptotic effects, SOX11 has been considered as 
an oncogene.15,16 Nevertheless, recent investiga-
tions have described paradoxical roles of SOX11 
in tumor suppression and in the prognosis of dif-
ferent types of cancer.17,18 Therefore, it is impera-
tive to define the potential role of SOX11 in 
tumorigenesis and elucidate how alteration of 
SOX11 is linked to the development of human 
cancers.

The focus of this review is to summarize the latest 
progress regarding the associations between 
SOX11 and cancers. First, we introduce the 
structure and function of the SOX11 gene. Then, 
we direct attention to the regulatory mechanisms 
of SOX11 in cancers. Next, we highlight the dual 
roles of SOX11 in pathological processes and 
molecular pathways underlying its oncogenic or 
antitumor effects. Moreover, we discuss the clini-
cal relevance of SOX11 in cancer treatment and 
prognosis. Finally, we set out several novel poten-
tial directions of SOX11 studies. Collectively, the 
information compiled here will serve as a compre-
hensive reference for the actions of SOX11 in 
cancer identified to date and hopefully aid in the 
design of further experimental research and 

increase the potential of SOX11 as a therapeutic 
target for cancers in the future.

Molecular features of SOX11
SOX11 was cloned and characterized by the par-
tial cloning of both human and mouse SOX11 
genes and was mapped to chromosome 2p25.3.8 
SOX11 is a single-exon gene, the full-length 
cDNA of which was 8743 bp, with a long 3’ 
untranslated region.8,19 The SOX11 protein is 
composed of 441 amino acids. SOX11 features 
two functional domains: the N-terminal HMG 
domain and the conserved C-terminal transacti-
vation domain (TAD).20,21 (Figure 1) These two 
domains are conserved in all three SOXC mem-
bers. The homology between SOXC members is 
relatively low outside these two conserved 
domains. Interestingly, these two domains are 
more highly conserved between SOX4 and 
SOX11 orthologs than between SOX12 and 
SOX11 orthologs.20

The N-terminal HMG domain of SOX11 can 
bind to the consensus sequence 5’-(A/T)(A/T)
CAA(A/T)G-3’ in the minor groove of DNA.22 
Binding of the HMG domain to the minor groove 
in the DNA helix causes a sharp bend, leading to 
alteration of local chromatin architecture and the 
formation of functional transcriptional enhancer 
complexes.22,23 All SOXC proteins have been 
demonstrated to share 67% identity and 94% 
similarity in the TAD, which comprises the 33 
C-terminal residues. The TAD of SOX11 is pre-
dicted to form a stable uninterrupted helical 

Figure 1.  The molecular structure of SOX11.
The SOX11 protein is composed of 441 amino acids. SOX11 contains two functional domains, the N-terminal HMG domain 
and the conserved TAD.
SOX11, sex-determining region Y-related high-mobility-group box transcription factor 11; HMG, high mobility group; TAD, 
C-terminal transactivation domain.
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structure, which is shorter and interrupted by 3 
and 7 residues in SOX4 and SOX12, respec-
tively.20 Protein secondary structure models indi-
cate that 20 residues in the SOX11 TAD domain 
are responsible for this essential helical struc-
ture.20 In accordance with the belief that this con-
figuration plays a critical role in regulating TAD 
activity, SOX11 is most effective in transactivat-
ing transfected reporter genes among the three 
SOXC proteins.20,24,25 However, the mechanism 
through which the TAD controls transcriptional 
activation remains to be investigated. Moreover, 
prosite assay revealed three supposed phospho-
rylation sites in the TAD of SOX11: a casein 
kinase-2 phosphorylation site at Ser363, a glyco-
gen synthase kinase-3 and a polo-like kinase site 
at Thr371, and a polo-like kinase site at Thr376.20 
Recently, Balta et  al.26 carried out mass-spec-
trometry-based identification of putative phos-
phorylation sites followed by mutational analysis. 
They identified one serine residue, S30, which 
strongly modulated SOX11’s subcellular localiza-
tion, and nine other serine residues with the 
potential for phosphorylation. It will be interest-
ing to explore how SOX11 is targeted by different 
kinases and pathways, which may result in combi-
natorial phosphorylation code that modulates 
SOX11’s activity and target specificity.

In addition, two acidic regions in SOX11, AR1 
(amino acids 188-214) and AR2 (amino acids 
319-311), have been demonstrated to function as 
negative regulatory domains to suppress DNA 
binding.20 An approximately twofold increase in 
the capability of SOX11 to bind DNA in electro-
phoresis mobility shift assays can be observed 
after deletion of these two inhibitory domains in 
SOX11.24 These two autoinhibitory regions 
sharply decrease DNA binding, probably by pro-
viding a hinge that masks the HMG domain and 
the TAD. Thus, the acidic regions, the HMG 
domain and the TAD in SOX11 may cooperate 
to precisely regulate the recruitment of SOX11 to 
activate specific genes and prevent the promiscu-
ous binding of SOX11 to DNA. Nevertheless, the 
interactions of this assumed autoregulatory 
mechanism still need to be elucidated.

Expression and biological functions of 
SOX11
To further understand the function of SOX11 in 
malignancies, it is significant to highlight its 
expression and critical roles in vertebrate devel-
opment and normal physiological conditions.

SOX11 is widely expressed during organogenesis 
in the mouse embryo, and is highly expressed in 
human and mouse fetus in the peripheral and 
central nervous system, gastrointestinal tract, 
lung, spleen, pancreas, kidneys, and gonads.27–29 
High levels of SOX11 genes are also expressed in 
mesenchymal and neural progenitor cells.30 
Interestingly, during embryonic development, 
Kuhlbrodt and colleagues31 found that the abun-
dance of SOX11 transcripts is reduced early with 
ongoing development, indicating that SOX11 
may only play an essential role in early determina-
tion and differentiation processes. Further, 
expression of SOX11 is lack or even absent in 
adult neurons and other tissues. SOX11 expres-
sion cannot be detected in normal lymphoid pro-
genitors or mature B cells.32,33

As clearly indicated by its protein properties and 
expression pattern, SOX11 plays a crucial role in 
human developmental and differentiation pro-
cesses. SOX11-deficient newborn mice suffer 
from a variety of developmental defects and 
immediately die of heart arterial outflow tract 
malformations after birth.28 In addition, these 
SOX11-deficient mice present widespread mal-
formations, including cleft lip and palate, lung 
hypoplasia, asplenia, omphalocele, split lumbar 
vertebrae, undermineralized skull, open eyelids, 
and microphthalmia with anterior segment dys-
genesis.9,28 Developing SOX11 knock-out mice 
also suffer from hypoplasia in the renal and nerv-
ous systems. SOX11-deficient retinas show 
impeded differentiation of retinal ganglion and 
cone cells during the embryonic stages.34,35 
Targeted ablation of both SOX11 and SOX4 in 
the retinal ganglion cells can lead to a complete 
absence of retinal ganglion cells during embry-
onic development.36 In addition, deletion of 
SOX11 significantly impairs the proliferation of 
sympathetic ganglia in the early embryonic stages 
and influences their survival during later develop-
mental stages.27 Genetic studies of SOX11, 
regarding both embryonic and adult neurogene-
sis, indicate that SOX11 plays essential roles in 
the differentiation of neural stem cells, mainte-
nance of the immature state of oligodendrocyte 
lineages and the control of sensory neuron 
survival.37–39

The expression of SOX11 may vary in different 
cancer types (Table 1). For example, SOX11 
mRNA can be detected at a high level in a wide 
variety of cancers, including breast cancer,12 gastric 
cancer (GC),18 lymphoma,40 and hematopoietic 
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tumors.41 In contrast, low expression of SOX11 
can also be observed in other cancers, such as naso-
pharyngeal carcinoma (NPC),17 diffuse large B-cell 
lymphoma (DLBCL),41 and bladder cancer.42

Nevertheless, the re-expression of SOX11 in dif-
ferent cancer types has a prominent impact on 
tumor formation and initiation. Clonal expansion 
of cells with tumorigenic properties is the pivotal 
process towards tumor initiation.61 SOX11 may 
exert both stimulative and suppressive effect on 
these tumorigenic cells, which can evade normal 
cell cycle checkpoints and invade tissues.12,41 In 
addition to its diverse role in controlling cell fate, 
evidence has showed the important function of 
SOX11 in regulating the expansion and differen-
tiation of cancer-initiating cells (CICs).62 The 
orchestration of tumor formation and initiation 
has been identified in several cancers to be driven 
by CICs, also termed cancer stem-like cells.63 
SOX11 has the ability to repress expansion and 
maintenance of highly aggressive CICs in the 
development of glioma.44 Therefore, SOX11 par-
ticipates in tumorigenesis partly through control-
ling CIC maintenance, and may act as a stem cell 
marker in some cases.

Regulatory mechanisms of SOX11 
expression
The differential expression patterns in develop-
ment and tumor-specific effects of SOX11 origi-
nate from the underlying mechanisms that control 
the expression and activity of its mRNA and pro-
tein, including epigenetic alterations and miRNA 
interference. In addition, several upstream regu-
lators, such as Wnt and Notch signaling path-
ways, have also been implicated in regulating 
SOX11 expression and activity.

Epigenetic alterations
Epigenetic alterations such as DNA methylation 
and histone modifications, which regulate gene 
expression without changing the DNA sequence, 
play a vital role in development and tumorigene-
sis.64,65 The silence of SOX11 in normal adult tis-
sues may be attributed to DNA methylation in its 
promoter region. More sites of SOX11 promoter 
have been found to be methylated in tissues of 
adult stages, including brain, kidney, and testis, 
in comparison with fetal as well as neonatal coun-
terparts.29 Of major interest, the methylation rate 
of the SOX11 promoter region is significantly 
higher in a wide variety of carcinoma tissues, 

including DLBCL,41 NPC,17 EOC,11 estrogen 
receptor (ER) positive breast cancer,66 and blad-
der cancer,42 compared with adjacent normal tis-
sues, which may downregulate SOX11. 
Interestingly, hypomethylation of SOX11 pro-
moter region can also be observed in both 
SOX11-positive and SOX11-negative MCL cell 
lines, whereas DNA methyltransferase inhibitor, 
5-azacytidine, can downregulate SOX11 expres-
sion in SOX11-positive MCL cell lines. The 
effect of 5-azacytidine on SOX11 levels might be 
indirect owing to the fact that the SOX11 pro-
moter region is already hypomethylated in MCL. 
In fact, 5-azacytidine inhibits the enzymes that 
instigate those repressive marks, leading to their 
dilution in the treated cell population.10,41

Hypermethylation was not detected in either 
adult stem cells or normal hematopoietic cells 
that have low levels of SOX11, whereas strong 
enrichment of repressive histone markers 
H3K9me2 and H3K27me3 was responsible for 
the repression of SOX11 expression in these 
cells.14 Furthermore, analysis of H3K27me3 
enrichment in neoplastic cells revealed that 
acquired methylation of the SOX11 promoter 
might be associated with the loss of these repres-
sive histone markers.66 In addition, in embryonic 
stem cells and SOX11-positive MCL cell lines, 
high SOX11 expression is correlated with the 
activation of histone markers, including 
H3K9/14Ac and H3K4me3, instead of to DNA 
methylation.14 In addition to DNA and histone 
methylation, histone acetylation is also predomi-
nant in the regulation of SOX11. Nordstrom and 
colleagues found that histone deacetylase inhibi-
tors can induce SOX11 expression in cancer cells 
with low levels of SOX11 methylation, but not in 
methylated cancer cell lines, suggesting that his-
tone acetylation may induce SOX11 expression 
and that promoter methylation can prevent chro-
matin acetylation.66 Taken together, these results 
demonstrate that repressed SOX11 expression in 
development or tumorigenesis is mainly caused 
by epigenetic alterations such as elevated meth-
ylation or histone deacetylase activity. However, 
integrative studies are required to elucidate which 
DNA methyltransferases and histone modifying 
enzymes are involved in this tight control of 
SOX11.

Apart from DNA methylation and histone modi-
fications, the 3D reconfiguration of the SOX11 
enhancer is also associated with aberrant SOX11 
expression. Recently, Queirós et  al.67 have 
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identified that a distal enhancer associated with 
aberrant SOX11 expression only showed high 
contact frequencies with the SOX11 gene in 3D 
space in the SOX11-positive MCL samples. 
Moreover, the authors have also showed the pres-
ence of an enhancer-related histone mark 
(H3K4me1) and the epigenetic mark (H3K27ac) 
related to genomic activation at the putative 
SOX11 enhancer (a cluster of hypomethylated 
DMRs located 650 kb downstream of SOX11) 
only in the SOX11-positive samples, strongly 
suggesting that this regulatory element plays a 
role in SOX11 expression in MCL.68

miRNA interference
miRNAs are a series of 18- to 25-nucleotide non-
coding RNAs that suppress protein translation 
through sequence-specific pairing with 3’-untrans-
lated regions (3’-UTRs) of target mRNAs.69 In 
neonatal rat neurons, miR-212-3p and miR-
132-3p showed the most prominent interactions 
with the 3’-UTR sequence of SOX11, thus sup-
pressing SOX11 expression, which indicates that 
SOX11 expression can be regulated by miRNAs 
in neurogenesis.70 In melanoma, a reporter assay 
with the 3’-UTR of SOX11 cloned downstream 
of the luciferase gene exhibited decreased lucif-
erase activity in the presence of miR-211, indicat-
ing that miR-211 is a direct repressor of SOX11 
expression.71 In addition, Navarro and col-
leagues72 used supervised analyses to identify that 
a total of 22 miRNAs are visibly overexpressed 
and lead to the silencing of SOX11 in MCL, in 
particular the most important miRNAs were 
miR-455-5p and miR-455-3p. Even with these 
studies, the potential role of miRNAs in the regu-
lation of SOX11 expression in tumorigenesis is 
largely unknown. Thus, further studies are 
required to illustrate the correlation between 
SOX11 and miRNAs.

Upstream regulatory pathways
Differential expression of SOX11 could also be 
correlated with the activity of a variety of signal-
ing pathways. The canonical Wnt signaling path-
way, which signals through β-catenin and T-cell 
factor (TCF) transcription factors, is indispensa-
ble for embryonic development and the mainte-
nance of adult stem cells.73 Previous studies have 
reported that SOX members, including SOX2 
and SOX4, are upregulated by Wnt signaling in 
both benign and malignant intestinal tissues.74 In 
addition, the Notch pathway has been implicated 

in suppressing SOX4 and SOX11 expression in 
the early developing retina.34

Furthermore, although recent investigations have 
identified genetic alterations in SOX members 
such as SOX2 and SOX9 in several cancer types, 
mutational analyses of the entire SOX11 coding 
sequence in MCL have not revealed tumor-asso-
ciated DNA sequence alterations.75–77 
Nevertheless, further studies should also focus on 
whether there exist accumulated genetic altera-
tions, including gene deletion and gene amplifica-
tion, of SOX11 in other cancer types.

Oncogenic function of SOX11 in tumors
There is compelling evidence that SOX11 func-
tions as a crucial transcription factor targeting 
downstream genes to exert tumor-stimulative 
effects in a wide variety of tumors. To further 
understand the pleiotropic functions of SOX11 in 
tumors and to provide insight into its mechanisms 
of action and potential applications, we have 
focused on specific molecular pathways of SOX11 
during distinct tumor processes (Figure 2).

Stimulating cell survival in tumorigenesis
The regulation of apoptosis-related pathways 
appears to serve as a critical juncture for the con-
trol of unbridled cell proliferation and tumor 
growth.78,79 The fact that abnormal expression of 
SOX11 has the capacity to evoke tumorigenesis 
primarily through promoting cell survival and 
suppressing apoptosis has been highlighted.15,16

The pro-survival role of SOX11 could be associ-
ated with its direct transcriptional upregulation of 
Tead2, which is an important transcription factor 
in the HIPPO signaling pathway and confers 
SOX11-mediated survival signals during organo-
genesis.15 Notably, the pro-survival effect of the 
HIPPO pathway has also been implicated in the 
development and metastasis of a large variety of 
tumors.15,80 In addition, SOX11 silencing was 
reported to decrease the expression of SET 
domain and mariner transposase fusion gene 
(SETMAR).62,81 SETMAR is a methyltransferase 
that can cooperate with topoisomerase II alpha to 
promote mitosis.82 Of major interest, recent stud-
ies show that SETMAR is involved in chromo-
somal rearrangements in B-cell malignancies.83 
These results demonstrate that SOX11 may exert 
its oncogenic effect by maintaining cell prolifera-
tion through its direct regulation of SETMAR.
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Moreover, SOX11 can promote cell survival via 
transcriptional regulation of the pro-apoptotic 
gene B-cell lymphoma 2 (BCL2)/adenovirus E1B 
19 kDa protein-interacting protein 3 (BNIP3) as 
well as the anti-apoptotic gene TRAF family mem-
ber-associated NF-κB activator (TANK).16 BNIP3 
is a mitochondrial protein, the increased expres-
sion of which can induce the acute onset of apop-
tosis in neurons.84 TANK works with TNF 
receptor-associated factor 2 (TRAF2) to induce 
genes supporting neuron survival.85,86 In Neuro2a 
neuroblastoma cells, siRNA-mediated SOX11 
knock-down led to enhanced apoptosis by increas-
ing BNIP3 and decreasing TANK.16 These 
results suggest that regulation of anti-apoptotic 
pathways by SOX11 serves as an essential mecha-
nism of its oncogenic effects.

Promoting cell proliferation in tumorigenesis
SOX11 is also critical for growth and prolifera-
tion of multiple cancer types. In vitro, SOX11 
knock-down in ER-negative breast cancer cell 

lines, MCL-derived cell lines, and glioma-
derived cell lines reduces cell proliferation, sug-
gesting that SOX11 contributes to cancer cell 
proliferation in tumorigenesis.12,32,43 Concordant 
with the oncogenic role of SOX11 in vitro, 
Vegliante and colleagues87 created an MCL-
xenotransplant model by transplanting 
Z138shSOX11 cell lines into CB17-SCID mice 
and found that SOX11 silencing reduced tumor 
growth compared with SOX11-positive control 
tumors in vivo.

Kuo et al.88 have recently developed a transgenic 
C57BL/6 mouse model (Eμ-SOX11-EGFP) 
expressing murine SOX11 and EGFP under the 
control of a B-cell-specific IgH-Eμ enhancer. 
They demonstrated that B-cell-specific overex-
pression of SOX11 promoted the oncogenic pro-
liferation of B1a B cells and drove an MCL-like 
phenotype. In addition, the increased signaling 
through the B-cell receptor (BCR) pathway asso-
ciated with SOX11 overexpression can be 
reversed by pharmacological BTK inhibition, 

Figure 2.  Overall carcinogenic actions of SOX11 on the hallmarks of tumor biology.
SOX11 exerts tumor-stimulative effects through increasing cell proliferation, repressing cell differentiation, inducing 
angiogenesis, and promoting metastasis.
BCL6, B-cell lymphoma 6; BNIP3, B-cell lymphoma 2 (BCL2)/adenovirus E1B 19 kDa protein-interacting protein 3; CIC, 
cancer-initiating cell; PAX5, Paired box protein 5; PDGFA, platelet-derived growth factor A; SETMAR, SET domain and 
mariner transposase fusion gene; SOX11, Sex-determining region Y-related high-mobility-group box transcription factor 11; 
TANK, TRAF family member-associated NF-κB activator.
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indicating that the oncogenic power of SOX11 
promoting the transformation and aberrant 
expansion of the B1a B cells, in part through the 
activation of the BCR.88

Inhibiting cancer cell differentiation
Cell differentiation blockade is generally observed 
in tumorigenesis and tumor progression. Recent 
studies have provided evidence that re-expression 
of SOX11, which is normally decreased after 
brain maturation, in malignant glioma may reflect 
a dedifferentiation process during tumorigene-
sis.43,89 In addition, blocking of plasma cell dif-
ferentiation mediated by SOX11 has been 
regarded as a relevant oncogenic mechanism in 
lymphoid neoplasia. B-cell lymphoma 6 (BCL6) 
is a transcription factor important for germinal 
center formation, and is indispensable for the dif-
ferentiation of B lymphocytes into plasma cells or 
memory B cells.90 SOX11 binding at the pro-
moter of BCL6 in MCL cells causes the powerful 
transcriptional inhibition of BCL6.49 The power-
ful inhibitory effect of SOX11 on BCL6 tran-
scription may interfere with the B-cell 
differentiation program in lymphomagenesis.

Paired box protein 5 (PAX5) is a critical tran-
scription factor regulating B-cell identity in B-cell 
developmental progression.91 PAX5 has the 
capacity to inhibit plasma cell development via 
repressing B-lymphocyte-induced maturation 
protein 1 (BLIMP1), an essential transcription 
factor that promotes plasma cell differentiation.92 
Thus, alterations in the expression of PAX5 are 
thought to promote neoplastic transformation in 
lymphocytes.93 Of note, SOX11 silencing down-
regulates PAX5 and upregulates BLIMP1, thus 
promoting a shift from a mature B cell into the 
initial plasmacytic differentiation phenotype in 
primary MCL cell lines.87 Therefore, SOX11 
may participate in the pathogenesis of MCL 
through preventing terminal B-cell differentiation 
by regulating PAX5.

Furthermore, CD24 is known to be expressed in 
different carcinomas and has been identified as an 
essential CIC surface marker.94 CD24 is signifi-
cantly reduced or even abolished in MCL cells 
where SOX11 is stably or transiently knocked 
down.62 The visible downregulation of CD24 
upon silencing of SOX11 suggests that SOX11 
can maintain the important properties of CICs 

that facilitate expansion and renewal in 
tumorigenesis.

Initiating invasion and metastasis in cancer
One major characteristic of cancer is its capacity 
for metastasis to distant organs. Activation of epi-
thelial–mesenchymal transition (EMT), an essen-
tial metastatic mechanism, increases the potential 
for motility and metastasis of polarized epithelial 
cells.79,95 Venkov and colleagues96 found that 
RNAi-mediated downregulation of SOX11 in 
fibroblasts attenuates the expression of EMT 
markers such as N-cadherin and vimentin, which 
are normally upregulated in EMT,95 and thus 
slows down the initiation and propagation of 
EMT. In breast cancer, overexpressed SOX11 
has been identified as a critical regulator respon-
sible for the enhanced EMT-like characteristics, 
including motility and migratory ability, of aggres-
sive MDA-MB-231 and MCF7 cells.12 
Interestingly, SOX11 depletion in ER-negative 
cells leads to the decreased expression of SOX4.12 
As SOX4 functions cooperatively with SOX11 
during development and is also a regulator of 
EMT in breast cancer, it is necessary to elucidate 
whether SOX11 cooperates with SOX4 to pro-
mote EMT-like characteristics in aggressive 
basal-like breast cancers.12,27,97 In addition, ele-
vated expression of SOX11 is significantly associ-
ated with lymph node invasion and distant 
metastasis in small cell lung cancer.58 In general, 
further studies should determine whether SOX11 
contributes to the activation or mediation of 
EMT signaling or other migration-associated 
pathways in multiple types of cancer.

Balsas et  al.98 reported that specific FAK and 
CXCR4 inhibitors impaired SOX11-enhanced 
MCL engraftment in intravenous xenograft mouse 
models with a significant decrease of SOX11-
positive MCL cells in bone marrow and lymph 
nodes and a simultaneous increase in peripheral 
blood. These data indicated that SOX11 directly 
regulated the expression of CXCR4 and FAK and 
the activation of FAK/PI3K/AKT pathway, which 
further contributed to a more aggressive pheno-
type, featured by promoted MCL homing and 
invasion and increased cell proliferation, survival, 
and drug resistance.68,99 Hence, inhibition of this 
pathway may represent an efficient strategy to 
overcome stromal-mediated chemotherapy refrac-
toriness in aggressive MCL.
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Inducing tumor angiogenesis
Angiogenesis is one of the most important mech-
anisms used by cancer cells and is particularly 
widely studied in solid malignancies where it has 
critically been correlated with neoplastic growth 
and metastasis.61,100 Palomero and colleagues48 
found more enrichment of angiogenic genes and 
much larger microvessel density areas in SOX11-
positive MCL xenografts than in SOX11-negative 
xenografts. In particular, platelet-derived growth 
factor A (PDGFA) is the only SOX11-targeted 
gene found in chromatin immunoprecipitation 
investigations.48 PDGFA is involved in the pro-
motion of neoplastic angiogenesis by influencing 
the behaviors of endothelial cells and recruiting 
mesenchymal stromal cells.101,102 Luciferase 
reporter assays revealed that SOX11 is capable of 
increasing transcription of PDGFA in a paracrine 
manner. Functional evidence of PDGFA secre-
tion was exhibited in the conditioned media of 
SOX11-positive MCL cell lines, which induced 
proliferation and migration of vascular endothe-
lial cells and vessel formation to support angio-
genesis.48 Therefore, promotion of angiogenesis 
via the SOX11–PDGFA axis supports the onco-
genic function of SOX11 in the aggressive behav-
ior of cancer.

Tumor-suppressive role of SOX11 in 
carcinoma
In contrast to the roles of SOX11 in anti-apopto-
sis, promotion of metastasis and tumor angiogen-
esis, a number of recent reports have shown that 
augmented SOX11 expression might be associ-
ated with slower cancer progression in a variety of 
human cancers, including glioma,44 MCL,103 
NPC,17 GC,18 and PCa.55 These indicate that 
SOX11 has the potential to act as a tumor sup-
pressor in many malignancies. The antitumor 
effect of SOX11 has been attributed to its capac-
ity to halt cell proliferation, inhibit CICs mainte-
nance, and repress cancer invasion and metastasis 
(Figure 3).

Inhibiting cell proliferation in carcinogenesis
The Wnt signaling pathway mediates cell prolif-
eration and differentiation through activation of 
its downstream targets, such as TCF/lymphoid 
enhancer factor-1 (LEF) and β-catenin, in many 
physiological and pathophysiological condi-
tions.104,105 The enhanced nuclear localization of 
β-catenin and activation of TCF/LEF appear to 
be essential processes for carcinogenesis in many 
tissues.106,107 Previous studies have identified 

Figure 3.  Schematic representation of tumor-suppressive roles of SOX11 in cancer development.
SOX11 overexpression might be correlated with slower cancer progression. The tumor-suppressive effect of SOX11 has been 
attributed to its ability to decrease cell proliferation, repress CICs development, and reduce cancer invasion and metastasis.
ATX, autotaxin; CIC, cancer-initiating cell; DCX, doublecortin; HIG-2, hypoxia-inducible protein 2; NGN2, neurogenin 2; 
NLK, Nemo-like kinase; SOX11, sex-determining region Y-related high-mobility-group box transcription factor 11; TGF-β, 
transforming growth factor-β.
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activation of the Wnt pathway as essential for 
prompting cell proliferation in MCL cells.108,109 
Nemo-like kinase (NLK) functions as a negative 
mediator of the Wnt pathway by downregulating 
the transcriptional activity of β-catenin and TCF/
LEF.110 SMAD3 is a key mediator in the stabili-
zation and nuclear translocation of β-catenin.111,112 
SOX11 has been identified to significantly inhibit 
the Wnt signaling pathway by directly increasing 
NLK and reducing SMAD3, thus preventing the 
formation of the β-catenin/TCF4 complex in 
MCL.113 In addition, pathway analysis of ChIP-
sequencing data revealed other SOX11 binding 
targets in the Wnt pathway, including chromodo-
main helicase DNA binding protein 8 (CHD8), 
glycogen synthase kinase-3 beta (GSK3β), cul-
lin-1 (CUL1), and calcyclin binding protein 
(CACYBP), all of which are negative regulators 
of Wnt signaling and become attenuated after 
SOX11 depletion in MCL.113 Taken together, 
inhibition of Wnt signaling exhibits one crucial 
pathway through which SOX11 can exert its anti-
proliferative effect in malignancies, and the inter-
actions between SOX11 and the components of 
Wnt pathway still need further investigation.

Hypoxia-inducible protein 2 (HIG-2) is a lipid 
droplet protein that boosts neutral lipid deposi-
tion and has been identified to play roles in path-
ological lipid accumulation.114 Alterations in 
HIG-2 gene expression are commonly observed 
in lymphomas and leukemia.115 It has been 
reported that HIG-2 acts as a direct target of 
SOX11, and they reciprocally co-regulate each 
other.62,81 Silencing of SOX11 by siRNA causes 
downregulation of HIG-2, whereas knock-down 
of HIG-2 conversely reduces the expression of 
SOX11. Of major interest, SOX11 knock-down 
in MCL cell lines can significantly downregulate 
HIG-2 and subsequently increase cell prolifera-
tion. However, both HIG-2 and SOX11 knock-
down did not lead to any additive increase in 
proliferation. Thus, we cannot exclude the possi-
bility that SOX11 plays its antitumor role in MCL 
by preventing excessive proliferation by sustain-
ing the expression of HIG-2.

In addition, gene ChIP analysis revealed that the 
Rb-E2F growth regulatory pathway is involved in 
SOX11-induced growth repression.41 Cyclin-
dependent kinase inhibitor 2A (CDKN2A) and 
E2F1 are important components of the Rb-E2F 
pathway.116 The CDKN2A locus consists of two 
proteins, including p16INK4A and p14ARF, 
both of which act as tumor suppressors by 

controlling the cell cycle.117 Overexpression of 
SOX11 in GRANTA-519 and JEKO-1 lym-
phoma cells can augment the expression of the 
CDKN2A locus.41 E2F1, one of the downstream 
targets of p14ARF, can promote cell proliferation 
by regulating the expression of genes correlated 
with the cell cycle transition and the progression 
of the cell cycle from G1 into S phase.117–119 
Downregulation of E2F1 along with the reduc-
tion in cell proliferation can be observed in 
SOX11-overexpressed lymphoma cells.41 
Collectively, SOX11 may inhibit cell proliferation 
to exert anti-tumor effects by increasing CDKN2A 
and decreasing E2F1.

Transforming growth factor-β (TGF-β) is widely 
known as an essential tumor suppressor. 
Upregulation of TGF-β is also observed 24 h 
after SOX11 overexpression in MCL, followed by 
the increased expression of TGF-β receptor 
type-1 (TGFβR1), a direct binding target of 
SOX11 via high-resolution ChIP sequencing.41,113 
Of note, increased TGFβR1 has been reported to 
be needed for TGF-β-mediated growth inhibi-
tion in MCL,120 which highlights the antiprolif-
erative effect of overexpressed SOX11. Thus, the 
TGF-β pathway may also contribute to the anti-
proliferative effect of SOX11 in tumorigenesis.

The antiproliferative effect of SOX11 is also 
related to its negative regulation of autotaxin 
(ATX). The primary product of ATX is lysophos-
phatidic acid 1-acyl 2-hydroxyl glycerol 3-phos-
phate (LPA), which can promote growth, survival 
and motility of cells involved in tumorigenesis.121 
Knock-down of SOX11 by shRNA in Z138 MCL 
cell lines caused the increase in both the expres-
sion of ATX and the proliferation of cancer 
cells.103 Accordingly, Conrotto and colleagues103 
also found that SOX11 exerted its anti-tumor 
function by repressing ATX in tumorigenic cells 
and tumor growth rate in nonobese diabetic–
severe combined immunodeficient (NOD-SCID) 
mice.

Repressing the development of CICs
In addition to its inhibitory role at the initial stage 
of tumor development, SOX11 can suppress 
tumor progression by inhibiting expansion and 
differentiation of highly aggressive CICs. CICs 
are able to infinitely self-renewal and generate 
additional cancer cells.122 Hide and colleagues44 
found that glioma-initiating cell (GIC)-like cells 
NSCL61s lose the expression of SOX11. In 
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contrast, overexpression of SOX11 in these cells 
exhibits repression of tumorigenesis by not only 
inducing their neuronal differentiation but also 
attenuating Plagl1 levels.44 Plagl1 regulates both 
cell cycle arrest and apoptosis and can be detected 
in many brain areas with high cell proliferation 
activity.123,124 However, knock-down of Plagl1 
has been reported to significantly suppress the 
tumorigenicity of GICs.44,125 In consequence, 
inhibited expression of oncogenic Plagl1 may 
contribute to the antitumor effect of SOX11 by 
effectively decreasing CICs in cancer. In addi-
tion, SOX11 can synergize with neurogenin 2 
(NGN2) to efficiently convert human GIC-like 
cells to postmitotic neuron-like cells in vitro and 
in vivo.126 NGN2 is a transcription factor that 
controls the commitment of neural progenitors to 
a neuronal fate during development.127 Aberrant 
expression of NGN2 can induce the differentia-
tion of postnatal glial cells into neurons and pro-
mote cell cycle arrest and apoptosis of glioblastoma 
stem cells.128 Forced expression of NGN2/
SOX11 results in rapid cell cycle exit and repres-
sion of cell proliferation in GIC-like cells.126 
Moreover, doublecortin (DCX), a microtubule-
associated protein highly expressed in neuroblasts 
and immature neurons, is shown to inhibit GIC 
self-renewal and migration.129 The expression of 
DCX can be induced by NGN2/SOX11 in 
human GICs and may contribute to their renewal 
arrest.126 In conclusion, not only is SOX11 a criti-
cal inhibitor of CIC maintenance, but its suppres-
sion is also mandatory for CIC differentiation. 
Thus, control of the self-renewal of CICs and 
their conversion into terminally differentiated cell 
types by SOX11 represents a novel therapeutic 
strategy to prevent tumorigenesis.

Suppressing tumor invasion and metastasis
The tumor-suppressive role of SOX11 may also 
stem from its capacity to inhibit cancer cell invasion 
and metastasis.130 A recent study investigating the 
role of SOX11 in NPC CNE2 cell lines revealed 
that re-expression of SOX11 mRNA and protein 
after treatment with 5-aza-2’-deoxycytidine, a 
DNA methyltransferase inhibitor that can demeth-
ylate SOX11, may significantly attenuate the 
growth and invasion ability of CNE2 cells.17 
Notably, a higher methylation rate of SOX11 can 
be observed in NPC tissues from patients with 
lymph node metastasis than in those without lymph 
node metastasis.17 These indicate that the expres-
sion of SOX11 may be one of the factors that inhibit 
the invasion and metastasis of NPC, whereas this 

suppressive effect can be abolished by DNA meth-
ylation in cancer development. Transwell assays 
were used to investigate the migration and invasion 
capabilities of PCa PC-3 and DU145 cell lines in 
vitro, revealing that overexpression of SOX11 
observably decreases migration of these PCa cells.55 
In addition, overexpression of SOX11 in GC SGC-
7901 cell lines exhibited suppressed migration and 
invasion compared to vector-SGC-7901 cells.18 
However, the mechanisms underlying the inhibi-
tion of invasion and metastasis by SOX11 overex-
pression are still unknown. Further investigations 
are required to determine which target or signaling 
pathway SOX11 uses to inhibit migration and inva-
sion in various human cancers.

Clinical relevance of SOX11 in carcinoma
The clinical relevance of the SOX11 gene has 
risen to a high level in the past 10 years as plenty 
of studies have indicated that SOX11 may con-
tribute to diagnosis, prognosis, and different drug 
options in various human cancers.

Diagnostic value of SOX11
The diagnosis of MCL is achieved by identifica-
tion of overexpressed cyclin D1 (CCND1) protein 
by immunohistochemistry (IHC) or by evidence of 
CCND1/immunoglobulin heavy chain (IGH) 
fusion by fluorescence in situ hybridization 
(FISH).131 However, approximately 10% of MCL 
lack this specific expression of CCND1. Notably, 
SOX11 is specifically expressed in almost all MCL 
cases regardless of the presence or absence of 
CCND1.32,68,132 Mozos and colleagues132 analyzed 
50 conventional MCL cases and 12 CCND1-
negative MCL cases for SOX11 expression, and 
found that nuclear SOX11 protein expression is a 
highly specific marker for both CCND1 positive 
and negative MCL. Consistently, Ek and col-
leagues32 identified the significant diagnostic value 
of SOX11 for MCL by detecting the nuclear 
expression of SOX11 in 18 whole tissue sections 
and 10 tissue microarray sections of MCL. 
Furthermore, Hsiao and colleagues133 retrospec-
tively stained a separate cohort of 98 DLBCL cases 
and a total of 22 MCL cases for SOX11 and 
CCND1, and demonstrated that immunostaining 
of SOX11 is helpful in the differential diagnosis of 
CCND1-positive DLBCL from MCL.

In general, the distinction between MCL and 
CLL is based on well-characterized morpho-
logic, phenotypic, and cytogenetic differences, 
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including cyclin D1 expression in most MCLs 
and the absence of cyclin D1 in most CLLs. It is 
sometimes tricky to distinguish between them 
because some MCLs may mimic CLL clinically, 
histologically, or phenotypically and vice versa. 
Nevertheless, it is crucial to distinguish CLL 
from MCL, because CLL is usually considered a 
low-grade neoplasm even when the disease is 
nodal, whereas cases of MCL are clinically more 
aggressive.134 Mozos et al. reported that SOX11 
is expressed in 93–95% of cyclin D1 positive 
MCL cases but in none of the large series of 
CLL.132 In addition, it has been demonstrated 
that SOX11 expression can be reliably analyzed 
by multiparameter flow cytometry and can, thus, 
be useful in distinguishing between MCL and 
CLL.135 Detection of SOX11 by IHC is there-
fore a diagnostic marker for MCL, especially 
cyclin D1 negative ones.132,47

Although SOX11 has no known lymphopoietic 
function and is not usually expressed in B cells, 
SOX11 has been shown to be expressed in spe-
cific subtypes of B-cell lymphoid malignancies, 
indicating that the dysfunction of this gene is not 
completely restricted to MCL.132 In addition, 
Lord et al. found that SOX11 protein expressing 
CD20+ cells might infrequently be detected dur-
ing immune responses in reactive lymph nodes. 
Therefore, it is important to score SOX11 by 
IHC only in the tumor areas of MCL.136 We 
should also be aware that SOX11 negativity has 
been associated with indolent MCL that might 
look and behave like CLL.137 These are the limi-
tations that restrict the diagnostic value of SOX in 
distinguishing MCL from CLL.

In medulloblastoma (MB) cases, many studies 
have confirmed obvious SOX11 overexpression 
and its availability as a biomarker in the diagnosis 
of MB.46,138,139 In addition, Teng and colleagues56 
analyzed 111 hepatocellular carcinoma (HCC) 
patients with 66 chronic hepatitis B (CHB) 
patients, and revealed that the methylation fre-
quency of serum SOX11 promoter serves as a 
useful and noninvasive biomarker for the discrim-
ination of hepatitis B virus associated HCC from 
CHB.56 The frequency of SOX11 methylation is 
also utilized in a five-gene biomarker panel to 
detect bladder cancer at an early stage.42

Prognostic significance of SOX11
Of major interest, SOX11 may play a paradoxical 
role in tumor prognosis, as summarized in Table 

2. Recent studies indicated that positive SOX11 
expression is significantly correlated with 
increased recurrence-free survival (RFS) and a 
less-aggressive phenotype in EOC,54 GC,18 glio-
mas,44 and glioblastomas.89 Notably, hypermeth-
ylation of the SOX11 promoter has been found to 
be tightly associated with a poor prognosis in 89 
GC patients via multivariate Cox regression anal-
ysis.13 By analyzing the relevance of gene expres-
sion with clinical evolution in 86 cases of CLL, 
Roisman and colleagues50 found shorter RFS and 
overall survival (OS) in SOX11-positive patients 
compared with SOX11 negative cases. It is worth-
while to note that high nuclear expression of 
SOX11 was correlated with a more prolonged OS 
and less-advanced clinicopathological features 
than those with low expression in 116 breast can-
cer patient samples.53 However, Shepherd and 
colleagues12 found that positive SOX11 expres-
sion indicated poor survival in 995 women with 
basal-like breast cancer. In the study that investi-
gated SOX11 gene expression in 50 de novo adult 
acute myeloid leukemia (AML) patients, SOX11 
overexpression influenced disease-free survival 
(DFS) and OS time through shortening it, indi-
cating that SOX11high status might be considered 
as a prognostic marker for AML patients.140

Controversies about the clinical value of SOX11
The value of SOX11 IHC as a prognostic marker 
in MCL is, however, partly conflicting because of 
the lack of defined cut-off levels of SOX11 expres-
sion, which is reflected by the different immuno-
histochemical cut-offs used in recent studies. 
Wang and colleagues141 reported that loss of 
nuclear SOX11 is related to shorter OS in MCL 
with lymph node presentation (nodal MCL) by 
analyzing 53 patient samples. In addition, Nygren 
and colleagues47 reported that lack of SOX11 
expression is associated with shorter OS and that 
SOX11-negative MCL patients develop more 
aggressive features than SOX11-positive patients. 
Nordström et  al.143 have also reported that the 
absence of nuclear SOX11 in MCL is associated 
with shorter OS. Aukema et  al.144 have recently 
conducted the currently largest (n = 365) multi-
variate analyses on the prognostic importance of 
SOX11 in MCL by taking MCL international 
prognostic index (MIPI) and Ki67 into account, 
and showed that SOX11 expression was not asso-
ciated with time to treatment failure but patients 
with low SOX11 expression had shorter OS. In 
contrast, Dreyling and colleagues145 determined 
that positive SOX11 expression was correlated 
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with poor outcome based on 112 total MCL 
patient samples. The analysis of clinical evolution 
by Roisman et al.50 also showed shorter TFS and 
OS in SOX11-positive MCL patients compared 
with SOX11-negative MCL patients.

Importantly, a multivariate analysis of 112 cases 
conducted by Fernandez and colleagues defined 
nonnodal presentation, predominantly hypermu-
tated IGVH, lack of genomic complexity, and 
absence of SOX11 expression as qualities of a 
specific subtype of indolent MCL with excellent 
outcomes that might be managed more conserva-
tively than conventional MCL.137 Navarro et al.146 
conducted an integrative and multidisciplinary 
analysis of 177 MCL and further confirmed that 
MCL with these characteristics correspond to a 
subtype of the disease with more indolent behav-
ior. Moreover, Ondrejka and colleagues142 
reported that loss of SOX11 in indolent MCL 
resulted in slow or absent clinical progression.

Conventional SOX11-positive MCL usually had 
generalized lymphadenopathy, unmutated IGHV, 
complex karyotypes, required treatment at diag-
nosis, and had an aggressive evolution. In con-
trast, SOX11-negative MCL were characterized 
by leukemic presentation, frequently associated 
with splenomegaly, and with no or minimal lym-
phadenopathy. The tumors carried mutated 
IGHV and very few chromosomal alterations in 
addition to the t(11;14). The disease tended to be 
stable and asymptomatic for long periods, 
although some tumors progressed to more aggres-
sive forms, which were usually associated with the 
acquisition of TP53 mutations and more complex 
karyotypes. These differences have led to the rec-
ognition of leukemic nonnodal MCL (nn-MCL) 
as a new subtype in the updated World Health 
Organization (WHO) classification.147 These 
results suggest that lack of SOX11 expression is a 
feature of nn-MCL subtype that may present with 
an indolent clinical behavior, though it may even-
tually progress to an aggressive form.

Notably, the apparent worse prognosis of SOX11-
negative MCL in those studies 131-134 seems to 
be related to lymph node presentation and TP53 
alterations, suggesting that these cases corre-
spond to a selected subset of progressed tumors. 
This idea is consistent with the observed poor 
outcome conferred by TP53 mutations in both 
SOX11-positive and negative MCL,148,149 and 
hints that both conclusions may not be as contra-
dictory as suggested.Ta
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Nevertheless, it has also controversial to use 
SOX11 as the marker to distinguish between 
indolent MCL and conventional MCL owing to 
the identification of cases with borderline SOX11 
expression levels, technical difficulties, and con-
comitant confounding factors, such as the pres-
ence of TP53 alterations that impair the outcome 
of both indolent MCL and conventional MCL. 
Thus, Clot et al.150 developed a novel molecular 
assay using blood samples and confirmed that 
indolent MCL had a better OS than conventional 
MCL from the time of diagnosis and longer time 
to treatment. More importantly, they revealed 
that genomic complexity and TP53/CDKN2A 
aberrations predicted for shorter OS in the whole 
series and conventional MCL, whereas only 
genomic complexity was associated with shorter 
time to treatment and OS in indolent MCL.

Clinical applications of SOX11 antibodies
As SOX11 provides promising diagnostic and 
prognostic value in cancers, the key issue is how 
to improve the specificity and sensitivity in detect-
ing SOX11 levels. Until 2012, the only available 
polyclonal antibody targeting SOX11 exhibited 
significant inter-batch variability and could not 
be incorporated into routine IHC because of non-
specific staining.151 However, a specific monoclo-
nal mouse antibody, SOX11-C1, was developed 
against a C-terminal peptide of SOX11 for use in 
MCL by Nordstrom and colleagues in 2012.152 
Compared with the polyclonal antibodies, this 
monoclonal antibody shows enhanced sensitivity, 
single epitope specificity, and no inter-batch vari-
ation, which enables the detection of tumor cells 
when they are present in <1% of total cells in 
blood specimens by IHC and flow cytometry.41,152 
Walter and colleagues58 have suggested that 
SOX11-C1 may allow for the early detection of 
small cell lung cancer (SCLC) in blood samples. 
Above all, the SOX11-C1 antibody exhibits 
robust performance superior to polyclonal anti-
bodies in diagnosing and predicting the clinic 
outcome of MCL. However, the application of 
the monoclonal antibody SOX11-C1 in other 
tumor types still requires further investigation.

Recently, Soldini et al.153 screened several differ-
ent anti-SOX11 antibodies in IHC and WB appli-
cations. Among these tested antibodies, MRQ-58 
showed to be the most sensitive and meanwhile 
did not cross-react with the SOX4 protein, which 
has high similarity in amino acid sequence to 
SOX11. The application of MRQ-58 in flow 

cytometry analysis was later investigated by Wasik 
et al.135 They revealed that the endogenous levels 
of SOX11 in MCL cell lines detected by WB cor-
respond to the SOX11 levels detected by flow 
cytometry. Furthermore, they validated by confo-
cal microscopy that MRQ-58 antibody recog-
nized protein expressed in nuclei, consistent with 
IHC data presented by Soldini et al. In addition, 
several MCL cases that were negative with the 
polyclonal SOX11 antibody HPA000536 became 
positive when using the MRQ-58 antibody, and 
the results of IHC by MRQ-58 are more consist-
ent with the mRNA expression.136 Therefore, this 
antibody greatly expands the value of SOX11 
IHC as a prognostic marker in MCL owing to its 
high specificity.

SOX11 and therapy options
As SOX11 has proven its functional role in multi-
ple aspects of tumor biology, using SOX11 for 
cancer therapy may present new therapeutic 
opportunities. Hide and colleagues44 observed an 
increased sensitivity of GICs to anticancer drugs, 
including etoposide and taxol, that was induced 
by SOX11 overexpression, suggesting that high 
expression of SOX11 may provide favorable out-
comes in clinical chemotherapy. Moreover, Kuo 
and colleagues113 analyzed the association 
between SOX11 and the effect of R-HyperCVAD 
in 131 patient MCL samples, and found that 
R-HyperCVAD treatment significantly prolonged 
OS in MCL patients with high expression of 
SOX11 compared with in those with low SOX11 
expression. Although intensive R-HyperCVAD 
therapy improves the clinical outcome of patients 
with MCL, the utilization of intensive 
R-HyperCVAD is limited in the clinic in part for 
its considerable side effects, including myelosup-
pression, infection, and other chemotherapy tox-
icities.154 However, bio-assay of SOX11 
expression may represent a unique approach for 
preselecting patients who are more likely to 
achieve better survival with this intensive chemo-
therapy regimen not only in MCL, but also in 
other SOX11 expressing solid tumors, such as 
gliomas, medulloblastomas, and ovarian tumors. 
In addition, Palomero and colleagues48 discussed 
the effect of imatinib treatment in SOX11-
positive MCL in vivo. They observed reduced 
lymphoma growth and inhibited tumor angiogen-
esis in SOX11-positive xenografts than in SOX11-
negative MCL xenografts after imatinib treatment. 
Imatinib acts as a tyrosine kinase inhibitor of 
platelet-derived growth factor receptor (PDGFR), 
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and therefore, modulation of angiogenic SOX11-
related pathways by imatinib represents an attrac-
tive therapeutic strategy for treatment of 
aggressive cancers.48,155

Epigenetic alterations play a key role in tumori-
genesis. Given its tumor-suppressive role, repress-
ing DNA methylation or histone modification 
with pharmaceutical interventions to re-express 
SOX11 may have a conducive effect in cancer 
treatment. Trichostatin A (TSA) and vorinostat 
(SAHA) are commonly used as histone deacety-
lase inhibitors, and increased expression of 
SOX11 can be observed in breast cancer, neuro-
blastoma, Burkitt lymphoma, and MCL by TSA 
and SAHA treatment via the inhibition of histone 
deacetylation.14,66 Furthermore, the treatment of 
5-aza-2’-deoxycytidine, a DNA methyltransferase 
inhibitor, can upregulate expression of SOX11 in 
the NPC cell line CNE2 and consequently inhibit 
growth and invasion of NPC.17 Although the epi-
genetic regulation of SOX11 in cancer is compli-
cated, the application of epigenetic agents 
targeting SOX11 may provide new options for 
cancer therapy, which urgently need further 
investigation. In summary, detecting SOX11 
expression can be used to indicate diagnosis, pre-
dict prognosis and provide new insights for tar-
geted therapy. Therefore, the accurate assessment 
of SOX11 expression levels in primary tumors is 
important for patient management. As studies are 
in progress to identify conditions in which the 
expression levels of SOX11 are increased, we sug-
gest that the following areas need further elucida-
tion: (i) whether increased SOX11 levels can 
identify a population at high risk for tumorigene-
sis; (ii) how to determine standards for evaluating 
SOX11 expression levels to predict tumor prog-
nosis and status; (iii) how to detect SOX11 via 
more specific and efficient approaches in the 
clinic; and (iv) how to prevent SOX11 levels from 
increasing with tumor progression

Conclusion and prospects
Over the past 20 years, the roles of transcription 
factors in tumors have become a popular research 
topic.156–158 SOX11, a newcomer to the SOX 
family of transcription factors, has been demon-
strated to affect physiological and pathological 
processes related to organogenesis and tumori-
genesis. Considering the paradoxical effects of 
SOX11 in controlling tumorigenesis, the tradi-
tional terms ‘oncogene’ and ‘tumor-suppressor 
gene’ are far from sufficient to describe the role of 

SOX11 in tumorigenesis and progression. SOX11 
is involved in tumorigenesis by promoting prolif-
eration, tumor metastasis, and angiogenesis and 
by inhibiting cell differentiation. From another 
point of view, SOX11 exerts antitumor effects by 
inducing apoptosis, suppressing CIC mainte-
nance, and reducing cancer invasion. In particu-
lar, SOX11 plays a diverse role in the pathogenesis 
of conventional MCL through regulating a com-
plex transcriptional program that may contribute 
to both aggressive behavior and tumor preven-
tion. Notably, no mutations, genetic aberrations, 
or aberrant DNA methylations at the promoter 
region related to its expression have been 
found.10,159 Only the presence of active histone 
marks at the SOX11 promoter has been observed 
to be associated with its RNA expression.14 Thus, 
an essential question remains what the initial 
event is that causes SOX11 activation in MCL. 
Another challenge regarding the paradoxical 
results of SOX11 in MCL may derive from the 
extensive spectrum of growth patterns of MCL 
and the discrepancy between MCL subtypes.160 
Studies regarding SOX11 in iMCL only revealed 
its prognostic value.137 Large-scale investigation 
is still needed to explore detailed mechanisms 
underlying SOX11 in lymphoma development, 
which will be helpful for understanding the differ-
ent ideas of SOX11 in initiation and prognosis of 
MCL. Furthermore, both in vivo and in vitro 
studies have suggested that SOX11 can also exert 
both oncogenic and antitumor functions in the 
development and progression of other types of 
cancer. These paradoxical results might be 
explained by cellular context-dependent or cell-
type-dependent effects of SOX11 even though 
the cells derive from the same type of tissue. 
Moreover, the divergent study designs and exper-
imental materials, for example, the different 
choices and titers of antibodies in IHC or immu-
noblotting, might also be partly responsible for 
the inconsistent results. In addition, improved 
mouse models of cancer that can recapitulate 
most aspects of cancer initiation and progression 
could be helpful in unravelling more mechanisms 
underlying the paradoxical functions of SOX11. 
Undoubtedly, corroborating mouse results with 
human cancer samples is also crucial to elucidate 
the roles of SOX11. Furthermore, to better 
understand the oncogenic or antitumor roles of 
SOX11, further studies should focus on (i) 
whether upregulation of SOX11 is a cause or a 
consequence of the progression from normal  
tissue to carcinoma, (ii) which type(s) of post-
transcriptional or post-translational regulation 
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contribute(s) to its upregulation or activation in 
tumorigenesis, and (iii) the identification of more 
downstream targets or pathways activated by 
SOX11 and their connections to tumorigenesis.

The activity of various transcription factors is 
modulated by post-translational modifications, 
whereas there is no evidence reported that this is 
also the case for the SOX11 protein. As described 
previously, SOX11 can significantly regulate Wnt 
signaling to control tumor cell fate in tumorigen-
esis. In reverse, it requires more investigations 
whether Wnt pathway can provoke SOX11 activ-
ity in a way similar to the regulatory mechanism 
of SOX4 and further facilitates its tumor-sup-
pressive function. In addition, recent studies have 
reported that the crosstalk of SOX4 with the Wnt, 
Notch, and PI3K pathways can contribute to 
PCa progression.161 SOX4 has been demon-
strated to both activate and inversely be activated 
by Wnt, Notch, and PI3K pathways. Interestingly, 
another possibility of SOX11 activation may 
come from the presence of binding sides for SOX 
members in its enhancer, suggesting a positive 
feedback loop in which SOX11 enhances its own 
expression. Currently, the progress in SOX11 is 
far from sufficient to meet the need for therapeu-
tic research. Targeting SOX11 may have many 
unwanted complications. The detailed regulatory 
mechanisms of SOX11 have to be elucidated 
before SOX11 can finally serve as a therapeutic 
target. Therefore, it is advantageous to put future 
investigations into the regulatory mechanisms 
underlying activating SOX11, such as Wnt, 
Notch, and PI3K signaling, and its downstream 
targets in the context of carcinogenesis and can-
cer progression. This might also aid in the design 
of pharmacological compounds that control the 
activity of this transcription factor.

On the other hand, despite the prospective thera-
peutic benefits of pharmacological compounds 
that inhibit SOX11 activity, it is indispensable to 
carefully evaluate the cellular context in which it 
would be used and the function of SOX11 in 
those environments to prevent any adverse effects 
brought on by repression of its antitumor effect. 
Owing to its critical functions in inhibiting prolif-
eration, CIC maintenance, and cancer metastasis, 
SOX11 has been considered as tumor suppressors 
in some cases. Although the tumor-suppressive 
function of SOX11 is supported by ample experi-
mental evidence, this has not yet been confirmed 
by cancer genetics. So far only rare alterations 
involving SOX11 genes have been identified in 

tumors compared with classical tumor suppres-
sors, especially the same subgroup of SOX family. 
Given the dual nature of SOX11 and its remarka-
ble tissue context dependence, the challenge of 
further trails must pay more attention to maximiz-
ing the effect on the tumor-suppressive arms of 
SOX11 and, at the same time, minimizing the 
tumor-promoting aspect of SOX11. Ultimately, 
from a therapeutic perspective, these options open 
new avenues for investigation

In addition, SOX11 expression levels can provide 
both diagnostic and prognostic value in the clinic. 
As discussed previously, those opposing out-
comes in the clinic further underscore the differ-
ent roles of SOX11 in various cancer types. 
However, the following issues need to be 
addressed: (i) the discrepancy of prognosis in dif-
ferent types of cancer may result from tumor het-
erogeneity; (ii) the meta-analyses may have some 
potential limitations, such as deficient experi-
mental design and insufficient clinical cases; and 
(iii) there is statistical heterogeneity in clinical 
investigations which may be caused by the differ-
ent criteria used to assess SOX11 expression, the 
patient population, the tumor types, and the dis-
ease stages. Although the current knowledge of 
SOX11 continues to expand at an almost expo-
nential rate, several types of integrative studies 
are especially useful for the development of thera-
peutic strategies. Therefore, future clinical inves-
tigations may benefit from concentrating on (i) 
defining the standards for assessing SOX11 con-
centration to predict clinical outcomes, (ii) deter-
mining how to modulate SOX11 levels to 
appropriately increase therapeutic response and 
prevent cancer relapse, and (iii) determining 
whether the clinical application of therapeutics 
targeting SOX11 has other unwanted side effects. 
Together, the development of transcriptomics, 
proteomics, and drug screening technologies and 
further investigations regarding SOX11 and its 
oncogenic effects will facilitate improved applica-
tions of SOX11 in cancer treatment.
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