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Abstract
The sine oculis homeobox homolog (SIX) family, a group of transcription factors 
characterized by a conserved DNA-binding homology domain, plays a critical 
role in orchestrating embryonic development and organogenesis across various 
organisms, including humans. Comprising six distinct members, from SIX1 to 
SIX6, each member contributes uniquely to the development and differentiation 
of diverse tissues and organs, underscoring the versatility of the SIX family. Dys-
regulation or mutations in SIX genes have been implicated in a spectrum of de-
velopmental disorders, as well as in tumor initiation and progression, highli-
ghting their pivotal role in maintaining normal developmental trajectories and 
cellular functions. Efforts to target the transcriptional complex of the SIX gene 
family have emerged as a promising strategy to inhibit tumor development. 
While the development of inhibitors targeting this gene family is still in its early 
stages, the significant potential of such interventions holds promise for future 
therapeutic advances. Therefore, this review aimed to comprehensively explore 
the advancements in understanding the SIX family within gastrointestinal can-
cers, focusing on its critical role in normal organ development and its implica-
tions in gastrointestinal cancers, including gastric, pancreatic, colorectal cancer, 
and hepatocellular carcinomas. In conclusion, this review deepened the understa-
nding of the functional roles of the SIX family and explored the potential of uti-
lizing this gene family for the diagnosis, prognosis, and treatment of gastrointes-
tinal cancers.

Key Words: Sine oculis homeobox homolog; Gastrointestinal cancer; Transcription factor; 
Development; Regulation; Diagnosis; Therapeutics
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Core Tip: The sine oculis homeobox homolog gene family, crucial for embryonic development and implicated in tumors, 
shows promise for targeted therapies in gastrointestinal tumors. Understanding its diverse roles can lead to advances in 
diagnosis, prognosis, and treatment of gastrointestinal cancers.
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INTRODUCTION
Growth and development involve the regulation of numerous factors, with a significant portion being transcription 
factors responsible for directly interpreting the genome and initiating the first step in DNA sequence decoding. Nu-
merous transcription factors serve as master regulators and selector genes, controlling cell type determination, deve-
lopmental patterns, and the regulation of specific pathways. Aberrant expression of transcription factor expression and 
mutations in their binding sites are closely linked to tumorigenesis[1]. Among them, the sine oculis homeobox homolog 
(SIX) family proteins function as transcription factors, regulating the expression of target genes involved in various 
developmental processes and contributing to eye, inner ear, muscle, and kidney development. They regulate the exp-
ression patterns of genes crucial for normal tissue differentiation and morphogenesis by interacting with other tran-
scription factors, cofactors, and signaling molecules[2]. Furthermore, mutations or dysregulation of SIX genes have been 
implicated in various human developmental disorders and cancers, underscoring their significance in human health and 
cancer. Understanding the molecular mechanisms underlying the function of SIX family members can offer insights into 
the pathogenesis of these diseases and potential therapeutic targets[3].

Currently, gastrointestinal cancers (GICs) represent some of the most prevalent and metastatic malignancies, sig-
nificantly impacting mortality rates. Metastatic GICs, characterized by their high invasiveness and heterogeneity, are the 
primary cause of mortality among patients with these malignancies[4]. Despite advances in modern surgical techniques, 
radiotherapy, and chemotherapy for early detection and treatment, the overall 5-year survival rate for advanced GIC 
remains low due to challenges in early diagnosis, rapid disease progression, high metastatic risk, and resistance to che-
motherapy and radiotherapy[5]. Current therapeutic targets and diagnostic biomarkers fail to meet the clinical needs for 
GIC treatment, necessitating a better understanding of cancer progression mechanisms and optimized treatment 
strategies. Studies have shown that SIX genes are associated with the development and progression of GICs, holding 
potential as therapeutic targets. Therefore, this review aimed to deepen understanding of the function of the SIX family 
and to explore their potential in diagnosing, prognosticating, and treating gastrointestinal tumors.

SIX HOMEOBOX FAMILY MEMBERS
The first member of the SIX family, sine oculis (SO), was initially discovered in fruit flies, with its name originating from 
Latin, meaning “without eyes” as mutations in the SO gene lead to eye development defects in fruit flies[6]. Subsequent 
studies in fruit flies identified the presence of two more SIX genes, namely OPTIX and DSIX4. Similar to SO, Optix is also 
expressed in developing eyes, but its role in the retina differs from that of SO[7]. Dsix4, on the other hand, is not involved 
in eye development but plays a role in muscle and gonad development[8]. Gene duplications during evolution have ex-
panded the SIX family, which in humans comprises six members organized into three subfamilies, that is SIX1/SIX2 
(SO), SIX3/SIX6 (Optix), and SIX4/SIX5 (Dsix4)[2].

Structurally, all of these proteins possess two functional domains, the SIX domain (SD) and the homeobox nucleic acid 
recognition domain (HD)[2]. The SD is an evolutionarily conserved domain located immediately after the 5’ end and 
adjacent to the HD, playing a role in mediating protein-protein interactions. For instance, the eyes absent (Eya) protein, a 
coactivator for the SIX family, predominantly interacts with SD, facilitating gene activation[9]. In HD, the substitution of 
conserved amino acids leads to structural variations that influence DNA binding. In addition to the conserved SD and 
HD domains, SIX family proteins also feature variable-length regions on both sides, defined as the C-terminal and N-
terminal domains[10].

SIX1
The SIX1 gene is located on human chromosome 14q23.1, spanning a length of 6057 bp and comprising five transcripts 
that encode two protein isoforms. The SIX1 protein consists of 284 amino acids, with serine or threonine residues 
replacing amino acids at positions 5 and 12 within the HD[11]. Despite lacking an activation domain, SIX1 collaborates 
with auxiliary factors to regulate gene expression. During transcriptional activation, SIX1 interacts with Eya, facilitating 
their nuclear translocation and participation in regulation [12].

SIX1, the earliest identified member of the SIX family, has been extensively studied[6]. During early development, SIX1 
is closely associated with progenitor cell proliferation and intercellular communication, contributing significantly to 
tissue and organ formation. For instance, during the development of skeletal muscle, an analysis of gene expression in 
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early mouse embryonic stages revealed that SIX1 is expressed in mesoderm-derived tissues, including skeletal muscles 
and dorsal root ganglia[13]. It was subsequently discovered that the expression of SIX1 and PAX3 precedes that of myo-
genic regulatory factors, which are critical determinants of the myogenic fate in muscle progenitor cells[14].

Additionally, studies have shown that SIX1 enhances and sustains MyoD expression in adult muscle satellite cells, 
promoting the regeneration of muscle[15]. Furthermore, SIX1 collaborates with EYA3 to bind to the MEF3 promoter site, 
thereby facilitating the transcription of myogenin[16]. In the development of sensory organs, SIX1 orchestrates the ba-
lance among the neural crest, epidermis, and pre-placodal ectoderm through transcriptional activation and repression 
mechanisms, playing a critical role in regulating cranial placode development[17]. During the early kidney development 
process, overlapping expression of PAX2, EYA1, SIX1, and SIX2 in the renal metanephric mesenchyme have been noted. 
The absence of SIX1 leads to a failure of ureteric bud invasion into the mesenchyme, followed by mesenchymal apoptosis. 
Additionally, research has found that PAX2 expression depends on EYA1 and SIX1, while SIX2 expression in the renal 
metanephric mesenchyme is also dependent on SIX1[18]. During embryonic gonadal development, the collaborative 
function of SIX1 and SIX4 is essential for male gonadal differentiation, affecting SRY activation and downstream targets, 
such as FOG2 and NR5A1, which are critical for sex determination and gonadal size regulation[19].

Research has shown that defects in the SIX1 gene are implicated in the etiology of branchiootic syndrome 3 and 
autosomal dominant deafness 23[20]. Branchiootic syndrome 3 is a genetic disorder characterized by developmental 
defects in the auditory system. SIX1 plays a pivotal role in the regulation of organogenesis by interacting with the EYA 
and PAX gene families[21]. On the other hand, dominant deafness 23 is an autosomal dominant genetic condition charac-
terized by symmetric hearing loss. Mutations in SIX1 impair its normal function in the development of the auditory 
system, particularly in the structures of the inner ear[20].

SIX2
The SIX2 gene is located on human chromosome 2p21, spanning a total length of 4271 bp. Initially identified by Boucher 
et al[22], the gene was discovered through screening of the human genome library using human SIX1 cDNA. The 
predicted SIX2 protein comprises 291 amino acids and consists of two exons.

In craniofacial development, SIX2 is robustly expressed in the neural crest-derived frontonasal mesenchyme, and its 
absence is associated with frontonasal developmental defects[23]. In gastric development, the expression of SIX2 is linked 
to the formation of the pyloric sphincter[24]. In the maturation process of human pancreatic β cells, SIX2 is essential for 
the expression of multiple hallmark genes, and its absence significantly impairs the control of insulin processing and 
secretion in β cells[25].

During kidney development, SIX2 is expressed in the early stages within the uninduced metanephric mesenchyme of 
the nephrogenic cortex, where it has the potential to regulate ureteric bud outgrowth and kidney differentiation[26]. 
Furthermore, SIX2 is crucial for maintaining the undifferentiated state of renal pelvic mesenchymal progenitor cells, 
opposing the inductive signals from the ureteric bud to prevent premature and ectopic epithelial differentiation and 
preserve the progenitor pool[27]. It also inhibits nephron formation by directly or indirectly suppressing the expression of 
WNT4 and SFRP2 within the renal mesenchyme[27].

SIX3
The SIX3 gene is located on human chromosome 2p21, spanning a length of 4370 bp and comprising 2 exons. A single 
transcript encodes a protein of 332 amino acids in length[28]. Research on SIX3 binding sites has identified the DNA 
sequence ATTA as the motif that binds to SIX3[29].

During the process of eye development, SIX3 is primarily expressed in the lens and neuroretina, where it facilitates the 
formation of ectopic vesicle-like structures in mouse embryos[30]. It is indicated that conditional loss of SIX3 does not 
affect the initial development of the optic vesicle but impedes subsequent neuroretinal specification, as SIX3 inhibits the 
expression of WNT8B to promote neuroretinal formation[31]. Recent research highlighted the collaborative role of SIX3 
and SIX6 in maintaining multipotent neuroretinal progenitors in the retina, regulating the expression of crucial markers 
and suppressing aberrant activation of Wnt/β-catenin signaling, thereby ensuring normal retinal development and differ-
entiation[32].

During the maturation process of human pancreatic β cells, SIX3 prevents the inappropriate expression of genes 
typically active in fetal β cells, adult α cells, and other non-β cell types[25]. Additionally, SIX3 suppresses fetal gene exp-
ression programs and alternative islet cell fates, thereby enhancing insulin secretion and the proper regulation of β cell 
gene expression, ultimately strengthening the function of mature β cells[25].

Haploinsufficiency of SIX3 can lead to holoprosencephaly 2, a congenital brain malformation characterized by the 
failure of the forebrain to properly divide into the right and left hemispheres during early embryonic development[33]. 
Research indicated that SIX3 influences the expression of key developmental genes such as SHH and FOXG1, with 
variations in SIX3 dosage potentially resulting in different forms of holoprosencephaly[34].

SIX4
The SIX4 gene is located on human chromosome 14q23.1 and spans a total length of 14813 base pairs. It comprises five 
exons and three transcripts, encoding two protein variants. The SIX4 protein consists of 781 amino acids[35].

It was found that SIX4 mainly collaborates with other members of the SIX family during development. For instance, 
SIX4 and SIX5 have been identified to act together during mice abdominal wall development, crucial for abdominal wall 
growth and morphological changes, with their deficiency resulting in umbilical herniation[36]. SIX4, along with SIX1, has 
been implicated in mice myogenesis[37], kidney development[38], and gonadal development[19]. During embryonic 
development, SIX4 functionally serves as an auxiliary factor, collaborating with other family members, and playing a 
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crucial supportive role.

SIX5
Originally known as myotonic dystrophy-associated homeodomain protein, SIX5 is located downstream of the dy-
strophia myotonica protein kinase gene on human chromosome 19q13.32, spanning three exons that encode three protein 
isoforms, with a total length of 4468 bp. The SIX5 protein consists of 739 amino acids and contains an intrinsic C-terminal 
activation domain[39].

The SIX5 gene is associated with myotonic dystrophy 1 (DM1) and branchio-oto-renal (BOR) syndrome. DM1 is a mu-
ltisystem disorder characterized by myotonia, muscle wasting, testicular atrophy, and cataracts. The underlying genetic 
cause involves the repeat expansion downstream of the dystrophia myotonica protein kinase gene on chromosome 19, 
which impedes the expression of neighboring genes, including SIX5, leading to reduced expression in DM1[40]. For in-
stance, knockout mice lacking SIX5, both heterozygous and homozygous, develop cataracts, implicating the involvement 
of SIX5 deficiency in the cataract phenotype of DM1[41]. Furthermore, loss of SIX5 leads to reproductive defects in mice, 
including testicular atrophy, infertility, and hormonal alterations, suggesting the significance of SIX5 in spermatogenesis 
and interstitial cell regulation[42]. Moreover, the muscle contractility, electromyographic insertional activity, and 
histology of SIX5-deficient mice are normal, contrasting with the muscle stiffness and wasting observed in human DM1
[43].

Another disorder associated with SIX5 mutations is BOR. Similar to SIX1, mutations in SIX5 hinder the interaction 
between EYA1 and SIX5, leading to reduced transcriptional activity of the EYA1-SIX5 complex[44]. However, some 
studies have questioned the pathogenic impact of SIX5 mutations in BOR syndrome, as SIX5 mutations were not detected 
in their samples[45,46]. Further research is needed to explore the relationship between SIX5 mutations and BOR syn-
drome.

SIX6
The SIX6 gene is located on human chromosome 14q23.1, spanning a length of 3705 base pairs, and consists of two exons 
and one transcript encoding a protein of 246 amino acids[47].

During eye development, SIX6, similar to its subfamily member SIX3, is expressed in the optic vesicles and optic nerve
[48]. Subsequent research has found that both SIX6 and SIX3 promote retinogenic factors to maintain the progenitor 
population of the neuroretina[49]. Furthermore, point mutations and allelic deletions in SIX6 are associated with various 
ocular malformations, including anophthalmia[47], microphthalmia[50], primary open-angle glaucoma[51,52], optic disc 
anomalies, and macular atrophy[53].

THE ROLE OF SIX FAMILY GENES IN GICS
Gastric cancer
Gastric cancer (GC) ranks as the fifth most prevalent cancer globally and stands as the third-leading cause of cancer-
related mortality[4]. Its metastatic pathways, encompassing direct infiltration, hematogenous spread, transluminal 
dissemination, and lymphatic dissemination, significantly contribute to the unfavorable prognosis seen in advanced 
cases. Despite notable advancements in GC diagnosis and treatment, its incidence and mortality rates persist without 
effective control, with metastasis and chemotherapeutic resistance posing substantial challenges[54].

Lv et al[55] analyzed the correlation between SIX1 expression and clinicopathological parameters in GC, finding that 
overexpression of SIX1 is significantly associated with larger tumor size, serosal invasion, and lymph node metastasis as 
well as closely related to local recurrence and distant metastasis. High levels of SIX1 expression were found to decrease 
both overall and disease-free survival rates in patients with GC[55]. Furthermore, the induction of vascular endothelial 
growth factor-C (VEGF-C) by SIX1 is crucial for its ability to promote lymphatic and distant metastases. A positive co-
rrelation between SIX1 and VEGF-C has been established, with SIX1 acting as an upstream regulator that activates the 
expression of VEGF-C[56]. Du et al[57] observed elevated levels of SIX1 in GC tissues, where silencing of SIX1 expression 
could promote mitochondrial apoptosis by inhibiting the anti-apoptotic protein B-cell lymphoma-2 and activating ca-
spase-7.

Further investigations revealed that SIX1 overexpression increased the expression of cyclin D1, MMP2, extracellular 
regulated protein kinases, and proteins associated with epithelial-mesenchymal transition (EMT). It promoted GC cell 
proliferation by targeting cyclin D1 and facilitated the EMT process as well as cell invasion by modulating MMP2 and E-
cadherin[58]. Additionally, circNHSL1 acted as a “sponge” for miR-1306-3p to alleviate its inhibitory effect on the expre-
ssion of its target SIX1, thereby promoting GC progression. Among them, SIX1 enhanced vimentin expression by directly 
binding to its promoter region, thus influencing the malignant progression of GC[59].

Wang et al[60] confirmed that short-form RON (sf-RON) activation of the β-catenin/SIX1 signaling pathway enhanced 
glucose metabolism in GC cells, leading to cell proliferation. Upregulation of SIX1 was observed upon overexpression of 
short-form RON or RON. Silencing expression of β-catenin decreased SIX1 levels as well as the expression levels of 
glycolytic proteins (glucose transporter type 1 and LDHA), while introduction of SIX1 cDNA rescued this process. Fur-
thermore, SIX1 can induce the expression of transforming growth factor (TGF)-β1, which leads to the phosphorylation 
and activation of the receptors for TGF-β1. This activation initiates SMAD2 and SMAD3, which then bind with SMAD4 to 
form a Smad complex. This complex subsequently translocates to the nucleus to regulate the expression of specific genes. 
Within the nucleus, the Smad complex functions as a transcription factor, regulating the expression of various genes 
associated with EMT, such as E-cadherin, N-cadherin, vimentin, and snail. SIX1 promotes the EMT process by upregu-
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lating these genes through the TGF-β/Smad2/3 signaling pathway[61]. These findings underscore the critical role of SIX1 
in GC cell migration and invasion (Figure 1).

Rajkumar et al[62] discovered that SIX3 is differentially expressed between patients with GC and matched normal 
controls. Recent research has revealed that SIX3 is involved in GC progression. The long noncoding RNA DLGAP1-AS2 
interacts directly with SIX3, influencing the inhibitory effect of SIX3 on the expression of the WNT1 gene. Specifically, 
upon binding with SIX3, DLGAP1-AS2 impedes the binding of SIX3 to the promoter region of the WNT1 gene, thereby 
relieving the inhibition of WNT1 transcription and activating WNT1 transcription. Furthermore, the study found that 
Wnt/β-catenin signaling mediated by DLGAP1-AS2 depends on WNT1. This process leads to the malignant transfor-
mation of GC cells, including enhanced proliferation, migration, and invasion capabilities[63].

Elevated expression levels of SIX4 in GC tissues are positively correlated with the malignant behavior of GC cells and 
associated with poor prognosis in patients[64]. Additionally, miR-384 has been found to directly target the 3’ untranslated 
regions (3’UTR) of the SIX4 gene and inhibit its expression. Circ-0000670 acts as a “sponge” by binding to miR-384, 
releasing the inhibition on SIX4, which leads to increased expression of SIX4. This higher expression of SIX4 may pro-
mote the malignant behavior of GC cells[64]. These findings suggest that the SIX family and its related signaling pa-
thways could be potential therapeutic targets for GC.

Colorectal cancer
Colorectal cancer (CRC) ranks as the third most prevalent cancer globally, constituting about 10% of all cancer cases and 
standing as the second-leading cause of cancer-related deaths worldwide[4]. CRC exhibits a diverse array of genetic and 
epigenetic characteristics, with its onset influenced by various internal and external factors, including mutation accumu-
lation, susceptibility loci linked to family history, abnormal expression of non-coding RNA, and chronic or persistent 
inflammation[65]. Despite advancements in medical technology that have introduced new treatment methods, such as 
endoscopic and surgical local resection, preoperative radiotherapy and systemic therapy, extensive surgery for localized 
and metastatic disease, metastatic local ablation therapy, as well as palliative chemotherapy, targeted therapy, and im-
munotherapy, the cure rate is still limited by recurrence and chemotherapy resistance. Therefore, the treatment of CRC 
still faces several challenges, including a high recurrence rate, poor prognosis, impact on patients’ postoperative quality 
of life, and low 5-year survival rates for patients with metastasis patients[66].

Ono et al[67] discovered through gene expression analysis that SIX1 is expressed in CRC cells and is associated with 
EMT. SIX1 enhances the expression of ZEB1, a known inhibitor of E-cadherin, by activating it at the post-transcriptional 
level. ZEB1 can bind directly to the promoter region of the E-cadherin gene, inhibiting its transcriptional activity and 
leading to reduced E-cadherin expression. SIX1 also suppresses the transcriptional activity of the miR-200 family 
members, which negatively regulates the expression of ZEB1 and/or other EMT-related transcription factors by targeting 
their 3’UTR regions. The downregulation of the miR-200 family diminishes inhibition of ZEB1, allowing increased levels 
of ZEB1 that in turn inhibit E-cadherin expression[67]. Inhibition of E-cadherin is a key hallmark of EMT, marking the 
loss of epithelial characteristics and acquisition of mesenchymal traits.

Additionally, studies have confirmed that miR-30b can directly target the 3’UTR region of the SIX1 gene, causing 
degradation of SIX1 mRNA or preventing its translation into protein, thereby reducing SIX1 expression levels, indirectly 
increasing E-cadherin expression, and inhibiting EMT. Thus, miR-30b controls CRC cell migration and invasion by nega-
tively regulating SIX1 expression[68]. Similarly, SIX1 is also a direct target of miR-362, with the expression of miR-362 
being inversely correlated with that of SIX1 in CRC[69].

Kahlert et al[70] analyzed the expression pattern of SIX1 across normal mucosa, adenomas, and primary adenocar-
cinomas, establishing a correlation between progressive epithelial dedifferentiation and increasing SIX1 expression. 
Overexpression of SIX1 in HCT116 cells induced a mesenchymal-like phenotype and enhanced cell migration capabilities. 
Furthermore, both univariate and multivariate analyses confirmed that high SIX1 expression is associated with reduced 
overall survival.

SIX1 has been confirmed to promote the development and metastasis of CRC through multiple mechanisms. SIX1 is a 
direct target of TEAD4 in CRC, with TEAD4 binding to two MCAT motifs within the SIX1 promoter to enhance its tran-
scription. TEAD4 facilitates EMT and CRC cell migration. The absence of SIX1 diminishes this effect, whereas its overe-
xpression amplifies it, indicating that SIX1 mediates the role of TEAD4 in promoting CRC cell migration[71]. Moreover, 
in MC38 cells, overexpression of SIX1 increases the levels of the ALDH1 protein and expands the cluster of differentiation 
(CD) 44 +/CD166 + cell population, characteristics indicative of an increase in cancer stem cell traits. SIX1 stimulates 
angiogenesis by upregulating the expression of VEGF. Tumor cells with SIX1 overexpression recruit tumor-associated 
macrophages by increasing the expression of macrophage-specific colony-stimulating factor, chemokines C-C motif 
chemokine ligand 2/5, and VEGF, further promoting tumor growth and metastasis[72].

Additionally, research has found that SIX1 activates the mitogen-activated protein kinase signaling pathway in CRC 
cells[72]. Song et al[73] discovered that SIX1 promotes the malignant progression of CRC cells by activating the Wnt/β-
catenin signaling pathway, a process confirmed by the localization of β-catenin in the cell nucleus. Similarly, FOXC2 
enhances the expression of circCASK, which increases the sponging effect of circCASK on miR-1271-5p, reducing the 
inhibition of miR-1271-5p on SIX1. This, in turn, promotes SIX1 expression and further activates the Wnt/β-catenin sig-
naling pathway[74].

Wu et al[75] discovered that the expression of SIX1 and EYA1 is upregulated in CRC tissues. The SIX1/EYA1 complex 
can regulate the expression of key genes, including cyclin A1 and TGF-β1, by binding to specific DNA sequences. 
Furthermore, the dual knockdown of SIX1 and EYA1 reduces cell proliferation, invasion, tumor growth, and in vivo 
tumor development. Li and Ma[76] discovered that circPLOD2 acts as a “sponge” for miR-513a-5p, enhancing the activity 
of its target gene SIX1, which in turn increases the transcriptional expression of the glycolytic enzyme LDHA, associated 
with the Warburg effect, thereby regulating the glycolysis process in CRC cells[76] (Figure 1).
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Figure 1 Regulation mechanism of SIX1 expression in gastrointestinal cancers. EMT: Epithelial-mesenchymal transition; GIC: Gastrointestinal 
cancer; TGF: Transforming growth factor; VEGF: Vascular endothelial growth factor.

SIX2 has been recognized as an important EMT-related gene associated with CRC prognosis. Its methylation status and 
mutation state may influence its regulatory role in EMT, and changes in its expression levels are closely linked to tumor 
invasiveness, immune evasion, and drug treatment responsiveness[77]. Wu et al[78] discovered that the RNA helicase 
DDX3 upregulates the transcription of SIX2 by enhancing the binding of the c-fos protein to the SIX2 promoter. This 
process involves the activation of YAP1 through the phosphatidylinositol 3 kinase (PI3K)/AKT signaling pathway, which 
increases the expression and phosphorylation of c-fos, thereby facilitating its binding to the SIX2 promoter[78]. Further 
studies indicated that DDX3-mediated invasiveness and cetuximab (CTX) resistance are regulated through the YAP1/
SIX2 axis in KRAS-WT cells and were further validated in animal models[78]. Additionally, cells overexpressing DDX3 
exhibited reduced sensitivity to CTX, but knockdown of YAP1 or SIX2 or the exogenous expression of E-cadherin 
significantly increased the sensitivity of DDX3-overexpressing cells to CTX, suggesting that the YAP1/SIX2 axis plays a 
role in DDX3-mediated CTX resistance. Then, in patients with KRAS-WT CRC, SIX2 expression levels were associated 
with overall survival and recurrence-free survival[78].

Jin et al[79] found that SIX3 can inhibit cell growth, suggesting that it may act as a tumor suppressor in CRC. This 
differs from its role in GC. Additionally, studies have shown that SIX3 is coregulated by DNMT3B and the PRC1/PRC2 
complexes, indicating that its expression may be controlled by these protein complexes. SIX3 frequently undergoes DNA 
hypermethylation in CRC, leading to gene silencing[79]. Furthermore, the knockout of DNMT1 and DNMT3B can affect 
the methylation status and expression of the SIX3 gene. The absence of DNMT3B results in the loss of H2AK119 ubiquit-
ination marks at specific gene promoter regions, potentially affecting the expression and function of the SIX3 gene[79].

The expression levels of SIX4 in CRC tissues are significantly higher than those in normal tissues. Furthermore, 
elevated SIX4 expression is associated with lymph node metastasis, advanced tumor-lymph node-metastasis (TNM) 
stage, and poor prognosis in patients with CRC, including overall survival and recurrence-free survival[80]. Further 
investigations have revealed that SIX4 promotes the metastasis of CRC cells by activating the PI3K-AKT signaling 
pathway. Rescue experiments further confirmed the regulatory role of SIX4 in the PI3K-AKT signaling pathway[80].

Additionally, SIX4 increases the expression of VEGF-A by interacting with hypoxia-inducible factor 1α (HIF-1α). 
VEGF-A is a key regulatory factor in tumor angiogenesis, and its expression is regulated by low oxygen conditions and 
HIF-1α. HIF-1α, a critical transcription factor under hypoxic conditions, can bind to the hypoxia response elements on the 
VEGF-A promoter, activating VEGF-A transcription[81]. Subsequently, SIX4 upregulates HIF-1α expression through the 
PI3K/Akt signaling pathway dependency. Akt, a protein kinase, enhances the stability and activity of HIF-1α through 
phosphorylation, thereby increasing VEGF-A expression to promote tumor growth and angiogenesis[81].

SIX5, together with EYA3 and p300, forms the EYA3-SIX5-p300 complex. This complex is formed after the induction of 
EYA3 expression under hypoxic conditions, with the involvement of hypoxia-inducible factors HIF-1α and HIF-2α. 
Additionally, SIX5 plays a role in recognizing and binding to the promoter regions of target genes within the complex, 
recruiting p300 to acetylate chromatin, leading to chromatin relaxation and further enhancement of gene expression. SIX5 
also synergistically interacts with EYA3 to enhance transcriptional activation. SIX5 participates in the regulation of genes 
associated with tumor cell proliferation, invasion, and tumor growth through the aforementioned mechanisms, thereby 
playing a role in the development of CRC[82].
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Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) constitutes the predominant form of primary liver cancer, ranks as the sixth most 
prevalent malignant tumor globally, and is the fourth-leading cause of cancer-related mortality worldwide, with chronic 
viral hepatitis, alcohol consumption, diabetes mellitus, and nonalcoholic steatohepatitis representing the principal risk 
factors for its onset[4]. While surgical resection and liver transplantation serve as primary treatments, long-term disease-
free survival remains suboptimal. Tumor recurrence and metastasis stand as the primary causes of mortality among 
patients with HCC[83].

Overexpression of SIX1 is associated with tumor progression in HCC. Studies have found that approximately 85% of 
HCC tumor tissues exhibit increased SIX1 mRNA expression compared to non-tumor liver tissues, with about 60% of 
tumor tissues showing elevated SIX1 protein expression. High levels of SIX1 protein expression are observed in HCC cell 
lines with high metastatic potential. Furthermore, the overexpression of the SIX1 protein is significantly associated with 
the pathological TNM stage and vascular invasion in HCC. It is also correlated with poorer overall survival in patients 
with HCC after liver resection[84]. Further investigation has revealed that inhibition of SIX1 expression significantly 
reduces the growth and proliferation capabilities of HCC cells as well as diminishes their migration and invasion abilities. 
It also leads to a delay in the G2/M transition of cells, affecting the abnormal progression of the cell cycle and chemores-
istance. Through cDNA microarray analysis, it has been found that SIX1 can regulate the expression of multiple genes 
associated with tumor development[85]. Similarly, Cheng et al[86] also confirmed the role of SIX1 in cell proliferation, 
apoptosis, and cell cycle regulation.

SIX1 influences the metabolic activities and stem cell characteristics of HCC cells by modulating metabolic processes 
linked to the Warburg effect, including sugar uptake, lactate production, adenosine triphosphate generation, and oxygen 
consumption rate[87]. Lu et al[88] found that SIX1 plays a role in glycolysis by directly regulating the expression of 
glycolytic genes such as hexokinase 2 and LDHA, which are involved in regulating cell proliferation and/or apoptosis. 
Additionally, miR-524-5p can inhibit the expression of SIX1 by targeting its 3’UTR. This regulatory action of miR-524-5p 
can suppress the positive regulation of glycolytic genes by SIX1, thereby reducing glycolysis levels. Conversely, the 
lncRNA TUG1 acts as a “sponge” for miR-524-5p, inhibiting its suppressive effect on SIX1 and thereby indirectly increa-
sing SIX1 activity, which in turn promotes glycolysis[88].

Furthermore, Chu et al[89] discovered that SIX1 enhances the level of O-GlcNAcylation, a post-translational protein 
modification involving the addition of O-GlcNAc to serine/threonine residues of proteins. SIX1 undergoes O-GlcNA-
cylation modification at serine 276, inhibiting its ubiquitination degradation and thus enhancing the stability of the SIX1 
protein. This enhancement promotes tumor growth and further exacerbates the malignant phenotype of HCC cells by 
increasing glucose uptake and O-GlcNAcylation levels. Subsequently, Liu et al[90] also identified a modification that 
enhances the stability of SIX1. They found that activation of the EGFR-AKT signaling pathway promotes the expression 
of ubiquitin-specific peptidase 1 (USP1). Ubiquitin-specific peptidase 1, a deubiquitinating enzyme, reduces the ubiquit-
ination levels of SIX1 by removing ubiquitin chains from the protein, thereby stabilizing SIX1 expression and enhancing 
its stability.

Moreover, significant colocalization of SIX1, DACH1, and p53 was reported. Overexpression of SIX1 inhibited the 
expression of both DACH1 and p53, while overexpression of DACH1 enhanced the expression of p53, suggesting that 
SIX1 may indirectly decrease the expression of p53 by suppressing DACH1 and thereby promote tumor progression[86]. 
Li et al[91] found that SIX1 played a crucial role in drug resistance in HCC cells by modulating reactive oxygen species 
and autophagy. Treatment with SIX1 siRNA, paclitaxel alone, or their combination significantly increased reactive ox-
ygen species levels in HCC cells, and it resulted in decreased expression of the autophagy-related protein light chain 3-I 
and increased expression of light chain 3-II, along with a significant reduction in p62 levels. Then, treatment with the 
reactive oxygen scavenger N-acetylcysteine and the autophagy inhibitor reversed these effects.

Similarly, research has also confirmed the relationship between SIX1 and cellular stemness and chemotherapy drug 
sensitivity. Knockdown of SIX1 enhances the sensitivity of HCC cells to 5-fluorouracil (5-FU). Additionally, SIX1 can 
directly bind to the promoter region of the SOX2 gene, enhancing its transcriptional activities and expression accordingly. 
SOX2 is a master regulator of stemness. Therefore, SIX1 affects the stemness of HCC cells by regulating SOX2. Overex-
pression of SIX1 can induce normal liver cells to acquire stem cell characteristics, including increased ability for sphere 
formation and expression of stemness markers. Furthermore, the decreased stemness and the increased sensitivity to 5-
FU caused by SIX1 knockdown can be partially reversed by overexpression of SOX2[92] (Figure 1).

It was revealed that the expression of SIX2 was significantly elevated in HCC tumor tissues compared to adjacent non-
tumorous liver tissue and normal liver tissue. High levels of SIX2 are associated with shorter overall survival and disease-
free survival in patients with HCC. Additionally, the expression of SIX2 correlates with factors such as sex, tumor size, 
alpha-fetoprotein levels, and portal vein invasion, suggesting that SIX2 may enhance tumor growth and invasion cli-
nically. In cases of HCC with portal vein tumor thrombosis, the expression levels of SIX2 are even higher, indicating that 
SIX2 may facilitate tumor metastasis[93]. Li et al[94] also found that elevated expression levels of SIX2 are associated with 
shorter overall survival in patients with HCC. Furthermore, SIX2 suppresses the expression of E-cadherin by stimulating 
methylation in the promoter region of the E-cadherin gene. This suppression reduces the sensitivity of HCC cells to 5-FU 
and enhances the stem cell-like properties of the HCC cells[94].

Moreover, recent research has revealed that NIK, an NF-κB-inducing kinase, enhances the stability of SIX2 protein by 
inhibiting its ubiquitination. Knockdown of NIK promotes the ubiquitination of SIX2, and this reduction in SIX2 protein 
stability can be rescued by treating with the proteasome inhibitor. The overexpression of SIX2 partially reverses the 
inhibitory effect of NIK knockdown on the stem cell-like properties of HCC cells. These findings suggest that NIK 
promotes the stem cell-like properties of HCC cells through SIX2, including self-renewal capacity and tumorigenicity[95].
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It is noteworthy that the expression of SIX3 mRNA in HCC tissues is significantly lower compared to adjacent non-
tumorous tissues, a contrast to the expression patterns of other members of the SIX family in HCC[96]. Studies indicated 
that SIX3 can bind to the promoter region of WDR26 gene, and the overexpression of lncWDR26 enhances the binding of 
SIX3 to this promoter region. This binding inhibits the transcription of the WDR26 gene, thereby inhibiting the growth 
and metastasis of HCC cells[97].

SIX4 is also found to be significantly upregulated in HCC tissues compared to adjacent non-tumor tissues, which is 
positively correlated with the absence of a tumor capsule, microvascular invasion, higher TNM staging, and poor pro-
gnosis[96]. Further studies revealed that SIX4 can directly bind to the promoter regions of the YAP1 and c-MET genes, 
activating their expression, which promotes the invasion and metastasis of HCC. The expression of SIX4 is positively 
regulated by hepatocyte growth factor, which activates the ERK/NF-κB signaling pathway through its receptor, c-MET, 
thus upregulating SIX4 expression. This created a novel positive feedback loop of hepatocyte growth factor-SIX4-c-MET 
that may enhance the malignant progression of HCC[96].

Pancreatic cancer
The incidence of pancreatic cancer (PC) is increasing and continues to be one of the most lethal cancers[4]. It is charac-
terized by its highly aggressive tumor growth rate, high rate of metastasis, and notable resistance to chemotherapy. 
Various treatment modalities, such as surgical resection, chemotherapy, and radiation therapy, have been progressively 
advancing over time. Nevertheless, due to the advanced or metastatic stage of diagnosis in most patients, treatment 
options are constrained, leading to an unfavorable prognosis[98].

Research has found that SIX1 is expressed at significantly higher levels in PC tissues compared to normal pancreatic 
tissues. Overexpression is positively correlated with tumor size, TNM staging, lymph node metastasis, and tumor gra-
ding in PC, and it is closely associated with patient prognosis[99]. It is confirmed that SIX1 can bind to specific regions of 
the cyclin D1 promoter, enhancing its activity. Additionally, the expression of SIX1 is significantly correlated with cyclin 
D1 in human PC tissues. SIX1 promotes the proliferation and colony formation of PC cells, partly by directly activating 
the transcription of cyclin D1, facilitating cell cycle progression and enhancing the proliferative capacity[100]. Conver-
sely, inhibiting SIX1 reduces the migratory capacity of PC cells in vitro, slows tumor growth in vivo, and diminishes the 
CD24-/ CD44 + tumor stem cell phenotype[101].

Additionally, SIX1 enhances glycolysis in PC cells by directly targeting and activating the expression of LDHA, leading 
to lactate accumulation. Natural killer cells co-cultured with PC cells overexpressing SIX1 exhibit a reduced proportion of 
activated surface receptors and diminished expression of cytotoxic mediators. This indicates that lactate accumulation 
caused by SIX1 overexpression inhibits natural killer cell function, weakening the immune defense against malignant 
tumor cells[102]. Zhou et al[103] also discovered that the expression of SIX1 in glycolysis is regulated by the E3 ubiquitin 
ligase TRIM16. TRIM16 promotes glycolysis and metastasis in PC cells by stabilizing NIK, which inhibits the ubiquit-
ination and degradation of SIX1 (Figure 1).

The role of the SIX3 gene in various cancers has been extensively studied, particularly as a tumor suppressor gene[79,
97]. Research has revealed that the methylation status of SIX3 is associated with early diagnosis of PC, showing sig-
nificant differences in methylation levels between patients with PC and healthy controls. In PCs, the high methylation 
level of the SIX3 gene may lead to gene silencing, thereby impairing its function as a tumor suppressor[104].

Database analysis and quantitative real-time PCR techniques have confirmed the overexpression of SIX4 in PC tissues. 
Knockdown of SIX4 via siRNA technology significantly reduces the survival rate, colony formation ability, and mito-
chondrial membrane potential of PC cells. Silencing SIX4 alters the expression of apoptosis-related genes, thereby 
increasing apoptosis and autophagy in cancer cells[105]. Additionally, the knockdown of SIX4 leads to cell cycle arrest at 
the G1 and sub-G1 phases, which may be associated with the inhibition of cell proliferation and the initiation of apoptosis
[105].

Furthermore, SIX1 and SIX4 act as downstream effectors of hepatocyte nuclear factor 4α (HNF4α). HNF4α inhibits 
tumor growth and steers tumor cells towards epithelial properties, while SIX1 and SIX4 drive tumor cell proliferation 
and foster mesenchymal/neuronal cell differentiation in HNF4α-negative PC. HNF4α regulates PC proliferation and 
molecular subtypes by directly binding to the gene promoter regions of SIX1 and SIX4, suppressing their expression
[106]. Further research has found that SIX4 and SIX1 physically interact with their enzymatic cofactors, such as SIX4 with 
the histone demethylase UTX and SIX1 depending on the Eya family protein tyrosine phosphatases, which are potential 
drug targets[106]. Moreover, RNA sequencing analysis revealed a gene network coregulated by SIX4 and SIX1, which 
likely involves multiple cell fate determinants that influence the characteristics of PC cells[106].

SIX6 has been identified as one of the differentially expressed genes consistently associated with PC and its radiores-
istance. Genome-wide methylation analysis revealed a set of genes whose expression was altered in radioresistant cell 
lines, with a particular enrichment of genes related to cholesterol biosynthesis pathways. SIX6 is involved in the 
cholesterol biosynthesis pathway and is speculated to be associated with the radioresistance of PC cells[107]. However, 
comprehensive research is still lacking to elucidate the specific mechanism of action of SIX6 in PC.

IMAGING IN HEALTHCARE
Although the role of the SIX gene family in GIC has been extensively studied, relying on a single gene is insufficient to 
fully elucidate the complex mechanisms underlying cancer development. Cancer is a multifactorial disease driven by 
interactions between gene expression, epigenetic modifications, and environmental influences[108]. To better understand 
the onset and progression of cancer, technologies that can accurately capture these multiple factors are essential.
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Figure 2 Hyperspectral applications in healthcare: A multifunctional diagnostic tool. HSI: Hyperspectral.

Traditional diagnostic methods face limitations in early detection and real-time imaging, particularly for GIC, which 
are often located deep within internal organs and are not visible to the naked eye or easily detected through non-invasive 
techniques[109]. However, advances in imaging technologies, especially hyperspectral imaging (HSI) and multispectral 
imaging, have enabled scientists to capture the spectral characteristics of tissues, leading to a better understanding of 
gene expression, mutations, and epigenetic changes (Figure 2). Integrating these imaging techniques with artificial 
intelligence can enhance early cancer detection and provide new perspectives for targeting the SIX gene family[110].

For example, in the early diagnosis of esophageal cancer, the combination of HSI with artificial intelligence has been 
shown to differentiate between normal and cancerous tissues through spectral analysis without direct tissue contact[111]. 
Studies have demonstrated that HSI outperforms traditional endoscopic techniques in sensitivity and specificity for early 
esophageal cancer detection, reducing reliance on biopsies[112,113]. Furthermore, multispectral imaging can be used not 
only for diagnosis but also as a surgical navigation tool, allowing real-time evaluation of tissue states and boundaries 
during surgery[114,115].

This presents new opportunities for exploring the application of HSI in GIC. Combining this technology with research 
on the SIX gene family offers a novel approach for early GIC detection and can deepen our understanding of the role of 
SIX genes in cancer initiation and progression. By precisely capturing the spectral characteristics of tumor tissues, HSI can 
support targeted gene therapy, providing strong backing for personalized cancer treatment[116]. This innovative 
integration of new imaging technologies and gene-targeted therapies offers a fresh perspective for developing SIX gene 
family-based therapies to address abnormalities in complex signaling pathways.

SUMMARY AND PROSPECT
At the mechanistic level, the diverse roles of the SIX gene family provide researchers with key insights into its functions 
in GIC, opening new avenues for therapeutic interventions. Precision-targeted therapies, particularly those designed for 
specific genetic targets, offer significantly improved efficacy and reduced side effects compared to traditional treatments
[117]. For instance, ginsenoside Rh4 targets SIX1, thereby blocking the TGF-β/Smad2/3 signaling pathway. Compared to 
common chemotherapy agents like oxaliplatin, ginsenoside Rh4 demonstrates lower systemic toxicity and side effects 
while inhibiting tumor growth and metastasis[61].
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Lowering SIX1 expression with siRNA can increase the sensitivity of HepG2 cells to the chemotherapeutic drug 
paclitaxel, suggesting that SIX1 siRNA may help overcome resistance to chemotherapy in certain cancers[91]. Moreover, 
to address challenges in target identification, it is crucial to deeply explore relevant ligands and signaling pathways. In 
GIC contexts, SIX genes often activate the Wnt/β-catenin signaling pathway, promoting tumor cell proliferation and 
migration. Developing small molecule inhibitors targeting SIX or inhibitors of the Wnt signaling pathway could 
potentially suppress malignant progression in the GIC tract[73].

Additionally, abnormal regulation of SIX proteins and their cofactors may lead to tumor development and progression. 
Developing inhibitors targeting these cofactors could be an effective therapeutic strategy. Interactions between SIX1 and 
SIX4 with their cofactors, such as UTX and the Eya family proteins, are critical for their activity. Using inhibitors like 
benzbromarone (inhibits Eya family proteins) has suppressed SIX1 and SIX4 expression, which may impact the prolif-
eration of tumor cells dependent on these transcription factors[106].

Although targeting the SIX gene family has demonstrated potential advantages in the treatment of GIC, current 
research faces several limitations. Most inhibitors are still in the preclinical stage, lacking large-scale clinical validation, 
and many studies focus on single targets, limiting the coverage of relevant signaling pathways. Consequently, these 
limitations hinder the clinical application of existing findings. Further research is required to explore the mechanisms of 
the SIX gene family in different cancer types and to develop broader spectrum small-molecule inhibitors to enhance 
efficacy and expand applicability. However, due to the limited number and scope of current studies, the widespread 
clinical use of these inhibitors remains constrained. Future research must expand to cover more targeted pathways and 
undergo large-scale clinical trials to verify the effectiveness and safety of these therapies across various cancer types.

Additionally, future research directions should include extending the findings on the SIX gene family to other types of 
cancer. Although this study primarily focused on GIC, other studies have shown that the SIX gene family plays an 
important role in breast cancer, lung cancer, and other malignancies[118,119]. Therefore, future targeted therapies should 
explore the application of these genes in other types of tumors and develop inhibitors with broader applicability[120].

CONCLUSION
In summary, while targeted therapies involving the SIX gene family hold great potential, they are still in the early stages 
of development, with certain limitations in clinical application. Future research should prioritize deepening the un-
derstanding of its mechanisms, expanding the range of targeted pathways, and validating efficacy through large-scale 
clinical trials. As research progresses, SIX gene family-targeted therapies are expected to play a more significant role in 
cancer treatment, particularly in improving therapeutic outcomes across multiple cancer types.

FOOTNOTES
Author contributions: Liu J and Lan YZ designed this study; Lan YZ, Wu Z, Chen WJ, and Yu XN searched the publications; Lan YZ, Wu 
Z, Chen WJ, Yu XN, Wu HT, and Liu J interpreted the results, constructed the structure of the review, and prepared the tables; Lan YZ 
prepared the draft of the manuscript; Lan YZ and Wu Z prepared the figures; Liu J revised the manuscript critically; All authors read 
and approved the final manuscript.

Supported by the National Natural Science Foundation of China, No. 82273457; the Natural Science Foundation of Guangdong Province, 
No. 2023A1515012762 and No. 2021A1515010846; Special Grant for Key Area Programs of Guangdong Department of Education, No. 
2021ZDZX2040; and Science and Technology Special Project of Guangdong Province, No. 210715216902829.

Conflict-of-interest statement: The authors declare that they have no conflicts of interest.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers. 
It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to 
distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the 
original work is properly cited and the use is non-commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country of origin: China

ORCID number: Yang-Zheng Lan 0009-0000-4241-228X; Zheng Wu 0000-0002-1393-7586; Wen-Jia Chen 0000-0001-7157-3242; Xin-Ning Yu 
0009-0003-4658-4275; Hua-Tao Wu 0000-0002-1640-6094; Jing Liu 0000-0002-7483-4572.

S-Editor: Fan M 
L-Editor: Filipodia 
P-Editor: Zhao YQ

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0009-0000-4241-228X
http://orcid.org/0009-0000-4241-228X
http://orcid.org/0000-0002-1393-7586
http://orcid.org/0000-0002-1393-7586
http://orcid.org/0000-0001-7157-3242
http://orcid.org/0000-0001-7157-3242
http://orcid.org/0009-0003-4658-4275
http://orcid.org/0009-0003-4658-4275
http://orcid.org/0000-0002-1640-6094
http://orcid.org/0000-0002-1640-6094
http://orcid.org/0000-0002-7483-4572
http://orcid.org/0000-0002-7483-4572


Lan YZ et al. SIX in GIC

WJCO https://www.wjgnet.com 11 January 24, 2025 Volume 16 Issue 1

REFERENCES
1 Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, Chen X, Taipale J, Hughes TR, Weirauch MT. The Human Transcription 

Factors. Cell 2018; 172: 650-665 [PMID: 29425488 DOI: 10.1016/j.cell.2018.01.029]
2 Kawakami K, Sato S, Ozaki H, Ikeda K. Six family genes--structure and function as transcription factors and their roles in development. 

Bioessays 2000; 22: 616-626 [PMID: 10878574 DOI: 10.1002/1521-1878(200007)22:7<616::AID-BIES4>3.0.CO;2-R]
3 Meurer L, Ferdman L, Belcher B, Camarata T. The SIX Family of Transcription Factors: Common Themes Integrating Developmental and 

Cancer Biology. Front Cell Dev Biol 2021; 9: 707854 [PMID: 34490256 DOI: 10.3389/fcell.2021.707854]
4 Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin 2024; 74: 12-49 [PMID: 38230766 DOI: 10.3322/caac.21820]
5 Wang S, Zheng R, Li J, Zeng H, Li L, Chen R, Sun K, Han B, Bray F, Wei W, He J. Global, regional, and national lifetime risks of developing 

and dying from gastrointestinal cancers in 185 countries: a population-based systematic analysis of GLOBOCAN. Lancet Gastroenterol 
Hepatol 2024; 9: 229-237 [PMID: 38185129 DOI: 10.1016/S2468-1253(23)00366-7]

6 Cheyette BN, Green PJ, Martin K, Garren H, Hartenstein V, Zipursky SL. The Drosophila sine oculis locus encodes a homeodomain-
containing protein required for the development of the entire visual system. Neuron 1994; 12: 977-996 [PMID: 7910468 DOI: 
10.1016/0896-6273(94)90308-5]

7 Weasner B, Salzer C, Kumar JP. Sine oculis, a member of the SIX family of transcription factors, directs eye formation. Dev Biol 2007; 303: 
756-771 [PMID: 17137572 DOI: 10.1016/j.ydbio.2006.10.040]

8 Kirby RJ, Hamilton GM, Finnegan DJ, Johnson KJ, Jarman AP. Drosophila homolog of the myotonic dystrophy-associated gene, SIX5, is 
required for muscle and gonad development. Curr Biol 2001; 11: 1044-1049 [PMID: 11470409 DOI: 10.1016/s0960-9822(01)00319-0]

9 Chen R, Amoui M, Zhang Z, Mardon G. Dachshund and eyes absent proteins form a complex and function synergistically to induce ectopic 
eye development in Drosophila. Cell 1997; 91: 893-903 [PMID: 9428513 DOI: 10.1016/s0092-8674(00)80481-x]

10 Christensen KL, Patrick AN, McCoy EL, Ford HL. The six family of homeobox genes in development and cancer. Adv Cancer Res 2008; 
101: 93-126 [PMID: 19055944 DOI: 10.1016/S0065-230X(08)00405-3]

11 Wu W, Ren Z, Li P, Yu D, Chen J, Huang R, Liu H. Six1: a critical transcription factor in tumorigenesis. Int J Cancer 2015; 136: 1245-1253 
[PMID: 24488862 DOI: 10.1002/ijc.28755]

12 Mardon G, Solomon NM, Rubin GM. dachshund encodes a nuclear protein required for normal eye and leg development in Drosophila. 
Development 1994; 120: 3473-3486 [PMID: 7821215 DOI: 10.1242/dev.120.12.3473]

13 Oliver G, Wehr R, Jenkins NA, Copeland NG, Cheyette BN, Hartenstein V, Zipursky SL, Gruss P. Homeobox genes and connective tissue 
patterning. Development 1995; 121: 693-705 [PMID: 7720577 DOI: 10.1242/dev.121.3.693]

14 Tajbakhsh S, Rocancourt D, Cossu G, Buckingham M. Redefining the genetic hierarchies controlling skeletal myogenesis: Pax-3 and Myf-5 
act upstream of MyoD. Cell 1997; 89: 127-138 [PMID: 9094721 DOI: 10.1016/s0092-8674(00)80189-0]

15 Liu Y, Chakroun I, Yang D, Horner E, Liang J, Aziz A, Chu A, De Repentigny Y, Dilworth FJ, Kothary R, Blais A. Six1 regulates MyoD 
expression in adult muscle progenitor cells. PLoS One 2013; 8: e67762 [PMID: 23840772 DOI: 10.1371/journal.pone.0067762]

16 Zhang H, Stavnezer E. Ski regulates muscle terminal differentiation by transcriptional activation of Myog in a complex with Six1 and Eya3. J 
Biol Chem 2009; 284: 2867-2879 [PMID: 19008232 DOI: 10.1074/jbc.M807526200]

17 Brugmann SA, Pandur PD, Kenyon KL, Pignoni F, Moody SA. Six1 promotes a placodal fate within the lateral neurogenic ectoderm by 
functioning as both a transcriptional activator and repressor. Development 2004; 131: 5871-5881 [PMID: 15525662 DOI: 10.1242/dev.01516]

18 Xu PX, Zheng W, Huang L, Maire P, Laclef C, Silvius D. Six1 is required for the early organogenesis of mammalian kidney. Development 
2003; 130: 3085-3094 [PMID: 12783782 DOI: 10.1242/dev.00536]

19 Fujimoto Y, Tanaka SS, Yamaguchi YL, Kobayashi H, Kuroki S, Tachibana M, Shinomura M, Kanai Y, Morohashi K, Kawakami K, 
Nishinakamura R. Homeoproteins Six1 and Six4 regulate male sex determination and mouse gonadal development. Dev Cell 2013; 26: 416-
430 [PMID: 23987514 DOI: 10.1016/j.devcel.2013.06.018]

20 Ruf RG, Xu PX, Silvius D, Otto EA, Beekmann F, Muerb UT, Kumar S, Neuhaus TJ, Kemper MJ, Raymond RM Jr, Brophy PD, Berkman J, 
Gattas M, Hyland V, Ruf EM, Schwartz C, Chang EH, Smith RJ, Stratakis CA, Weil D, Petit C, Hildebrandt F. SIX1 mutations cause branchio-
oto-renal syndrome by disruption of EYA1-SIX1-DNA complexes. Proc Natl Acad Sci U S A 2004; 101: 8090-8095 [PMID: 15141091 DOI: 
10.1073/pnas.0308475101]

21 Patrick AN, Cabrera JH, Smith AL, Chen XS, Ford HL, Zhao R. Structure-function analyses of the human SIX1-EYA2 complex reveal 
insights into metastasis and BOR syndrome. Nat Struct Mol Biol 2013; 20: 447-453 [PMID: 23435380 DOI: 10.1038/nsmb.2505]

22 Boucher CA, Winchester CL, Hamilton GM, Winter AD, Johnson KJ, Bailey ME. Structure, mapping and expression of the human gene 
encoding the homeodomain protein, SIX2. Gene 2000; 247: 145-151 [PMID: 10773454 DOI: 10.1016/s0378-1119(00)00105-0]

23 Liu Z, Li C, Xu J, Lan Y, Liu H, Li X, Maire P, Wang X, Jiang R. Crucial and Overlapping Roles of Six1 and Six2 in Craniofacial 
Development. J Dent Res 2019; 98: 572-579 [PMID: 30905259 DOI: 10.1177/0022034519835204]

24 Self M, Geng X, Oliver G. Six2 activity is required for the formation of the mammalian pyloric sphincter. Dev Biol 2009; 334: 409-417 
[PMID: 19660448 DOI: 10.1016/j.ydbio.2009.07.039]

25 Bevacqua RJ, Lam JY, Peiris H, Whitener RL, Kim S, Gu X, Friedlander MSH, Kim SK. SIX2 and SIX3 coordinately regulate functional 
maturity and fate of human pancreatic β cells. Genes Dev 2021; 35: 234-249 [PMID: 33446570 DOI: 10.1101/gad.342378.120]

26 Weber S, Taylor JC, Winyard P, Baker KF, Sullivan-Brown J, Schild R, Knüppel T, Zurowska AM, Caldas-Alfonso A, Litwin M, Emre S, 
Ghiggeri GM, Bakkaloglu A, Mehls O, Antignac C, Network E, Schaefer F, Burdine RD. SIX2 and BMP4 mutations associate with anomalous 
kidney development. J Am Soc Nephrol 2008; 19: 891-903 [PMID: 18305125 DOI: 10.1681/ASN.2006111282]

27 Self M, Lagutin OV, Bowling B, Hendrix J, Cai Y, Dressler GR, Oliver G. Six2 is required for suppression of nephrogenesis and progenitor 
renewal in the developing kidney. EMBO J 2006; 25: 5214-5228 [PMID: 17036046 DOI: 10.1038/sj.emboj.7601381]

28 Granadino B, Gallardo ME, López-Ríos J, Sanz R, Ramos C, Ayuso C, Bovolenta P, Rodríguez de Córdoba S. Genomic cloning, structure, 
expression pattern, and chromosomal location of the human SIX3 gene. Genomics 1999; 55: 100-105 [PMID: 9889003 DOI: 
10.1006/geno.1998.5611]

29 Zhu CC, Dyer MA, Uchikawa M, Kondoh H, Lagutin OV, Oliver G. Six3-mediated auto repression and eye development requires its 
interaction with members of the Groucho-related family of co-repressors. Development 2002; 129: 2835-2849 [PMID: 12050133 DOI: 
10.1242/dev.129.12.2835]
Lagutin O, Zhu CC, Furuta Y, Rowitch DH, McMahon AP, Oliver G. Six3 promotes the formation of ectopic optic vesicle-like structures in 30

http://www.ncbi.nlm.nih.gov/pubmed/29425488
https://dx.doi.org/10.1016/j.cell.2018.01.029
http://www.ncbi.nlm.nih.gov/pubmed/10878574
https://dx.doi.org/10.1002/1521-1878(200007)22:7<616::AID-BIES4>3.0.CO;2-R
http://www.ncbi.nlm.nih.gov/pubmed/34490256
https://dx.doi.org/10.3389/fcell.2021.707854
http://www.ncbi.nlm.nih.gov/pubmed/38230766
https://dx.doi.org/10.3322/caac.21820
http://www.ncbi.nlm.nih.gov/pubmed/38185129
https://dx.doi.org/10.1016/S2468-1253(23)00366-7
http://www.ncbi.nlm.nih.gov/pubmed/7910468
https://dx.doi.org/10.1016/0896-6273(94)90308-5
http://www.ncbi.nlm.nih.gov/pubmed/17137572
https://dx.doi.org/10.1016/j.ydbio.2006.10.040
http://www.ncbi.nlm.nih.gov/pubmed/11470409
https://dx.doi.org/10.1016/s0960-9822(01)00319-0
http://www.ncbi.nlm.nih.gov/pubmed/9428513
https://dx.doi.org/10.1016/s0092-8674(00)80481-x
http://www.ncbi.nlm.nih.gov/pubmed/19055944
https://dx.doi.org/10.1016/S0065-230X(08)00405-3
http://www.ncbi.nlm.nih.gov/pubmed/24488862
https://dx.doi.org/10.1002/ijc.28755
http://www.ncbi.nlm.nih.gov/pubmed/7821215
https://dx.doi.org/10.1242/dev.120.12.3473
http://www.ncbi.nlm.nih.gov/pubmed/7720577
https://dx.doi.org/10.1242/dev.121.3.693
http://www.ncbi.nlm.nih.gov/pubmed/9094721
https://dx.doi.org/10.1016/s0092-8674(00)80189-0
http://www.ncbi.nlm.nih.gov/pubmed/23840772
https://dx.doi.org/10.1371/journal.pone.0067762
http://www.ncbi.nlm.nih.gov/pubmed/19008232
https://dx.doi.org/10.1074/jbc.M807526200
http://www.ncbi.nlm.nih.gov/pubmed/15525662
https://dx.doi.org/10.1242/dev.01516
http://www.ncbi.nlm.nih.gov/pubmed/12783782
https://dx.doi.org/10.1242/dev.00536
http://www.ncbi.nlm.nih.gov/pubmed/23987514
https://dx.doi.org/10.1016/j.devcel.2013.06.018
http://www.ncbi.nlm.nih.gov/pubmed/15141091
https://dx.doi.org/10.1073/pnas.0308475101
http://www.ncbi.nlm.nih.gov/pubmed/23435380
https://dx.doi.org/10.1038/nsmb.2505
http://www.ncbi.nlm.nih.gov/pubmed/10773454
https://dx.doi.org/10.1016/s0378-1119(00)00105-0
http://www.ncbi.nlm.nih.gov/pubmed/30905259
https://dx.doi.org/10.1177/0022034519835204
http://www.ncbi.nlm.nih.gov/pubmed/19660448
https://dx.doi.org/10.1016/j.ydbio.2009.07.039
http://www.ncbi.nlm.nih.gov/pubmed/33446570
https://dx.doi.org/10.1101/gad.342378.120
http://www.ncbi.nlm.nih.gov/pubmed/18305125
https://dx.doi.org/10.1681/ASN.2006111282
http://www.ncbi.nlm.nih.gov/pubmed/17036046
https://dx.doi.org/10.1038/sj.emboj.7601381
http://www.ncbi.nlm.nih.gov/pubmed/9889003
https://dx.doi.org/10.1006/geno.1998.5611
http://www.ncbi.nlm.nih.gov/pubmed/12050133
https://dx.doi.org/10.1242/dev.129.12.2835


Lan YZ et al. SIX in GIC

WJCO https://www.wjgnet.com 12 January 24, 2025 Volume 16 Issue 1

mouse embryos. Dev Dyn 2001; 221: 342-349 [PMID: 11458394 DOI: 10.1002/dvdy.1148]
31 Liu W, Lagutin O, Swindell E, Jamrich M, Oliver G. Neuroretina specification in mouse embryos requires Six3-mediated suppression of 

Wnt8b in the anterior neural plate. J Clin Invest 2010; 120: 3568-3577 [PMID: 20890044 DOI: 10.1172/JCI43219]
32 Diacou R, Zhao Y, Zheng D, Cvekl A, Liu W. Six3 and Six6 Are Jointly Required for the Maintenance of Multipotent Retinal Progenitors 

through Both Positive and Negative Regulation. Cell Rep 2018; 25: 2510-2523.e4 [PMID: 30485816 DOI: 10.1016/j.celrep.2018.10.106]
33 Wallis DE, Roessler E, Hehr U, Nanni L, Wiltshire T, Richieri-Costa A, Gillessen-Kaesbach G, Zackai EH, Rommens J, Muenke M. 

Mutations in the homeodomain of the human SIX3 gene cause holoprosencephaly. Nat Genet 1999; 22: 196-198 [PMID: 10369266 DOI: 
10.1038/9718]

34 Geng X, Acosta S, Lagutin O, Gil HJ, Oliver G. Six3 dosage mediates the pathogenesis of holoprosencephaly. Development 2016; 143: 4462-
4473 [PMID: 27770010 DOI: 10.1242/dev.132142]

35 Ozaki H, Yamada K, Kobayashi M, Asakawa S, Minoshima S, Shimizu N, Kajitani M, Kawakami K. Structure and chromosome mapping of 
the human SIX4 and murine Six4 genes. Cytogenet Cell Genet 1999; 87: 108-112 [PMID: 10640827 DOI: 10.1159/000015407]

36 Takahashi M, Tamura M, Sato S, Kawakami K. Mice doubly deficient in Six4 and Six5 show ventral body wall defects reproducing human 
omphalocele. Dis Model Mech 2018; 11 [PMID: 30237319 DOI: 10.1242/dmm.034611]

37 Grifone R, Demignon J, Houbron C, Souil E, Niro C, Seller MJ, Hamard G, Maire P. Six1 and Six4 homeoproteins are required for Pax3 and 
Mrf expression during myogenesis in the mouse embryo. Development 2005; 132: 2235-2249 [PMID: 15788460 DOI: 10.1242/dev.01773]

38 Kobayashi H, Kawakami K, Asashima M, Nishinakamura R. Six1 and Six4 are essential for Gdnf expression in the metanephric mesenchyme 
and ureteric bud formation, while Six1 deficiency alone causes mesonephric-tubule defects. Mech Dev 2007; 124: 290-303 [PMID: 17300925 
DOI: 10.1016/j.mod.2007.01.002]

39 Harris SE, Winchester CL, Johnson KJ. Functional analysis of the homeodomain protein SIX5. Nucleic Acids Res 2000; 28: 1871-1878 
[PMID: 10756185 DOI: 10.1093/nar/28.9.1871]

40 Thornton CA, Wymer JP, Simmons Z, McClain C, Moxley RT 3rd. Expansion of the myotonic dystrophy CTG repeat reduces expression of 
the flanking DMAHP gene. Nat Genet 1997; 16: 407-409 [PMID: 9241283 DOI: 10.1038/ng0897-407]

41 Klesert TR, Cho DH, Clark JI, Maylie J, Adelman J, Snider L, Yuen EC, Soriano P, Tapscott SJ. Mice deficient in Six5 develop cataracts: 
implications for myotonic dystrophy. Nat Genet 2000; 25: 105-109 [PMID: 10802667 DOI: 10.1038/75490]

42 Sarkar PS, Paul S, Han J, Reddy S. Six5 is required for spermatogenic cell survival and spermiogenesis. Hum Mol Genet 2004; 13: 1421-1431 
[PMID: 15163633 DOI: 10.1093/hmg/ddh161]

43 Personius KE, Nautiyal J, Reddy S. Myotonia and muscle contractile properties in mice with SIX5 deficiency. Muscle Nerve 2005; 31: 503-
505 [PMID: 15536612 DOI: 10.1002/mus.20239]

44 Hoskins BE, Cramer CH, Silvius D, Zou D, Raymond RM, Orten DJ, Kimberling WJ, Smith RJ, Weil D, Petit C, Otto EA, Xu PX, 
Hildebrandt F. Transcription factor SIX5 is mutated in patients with branchio-oto-renal syndrome. Am J Hum Genet 2007; 80: 800-804 [PMID: 
17357085 DOI: 10.1086/513322]

45 Krug P, Morinière V, Marlin S, Koubi V, Gabriel HD, Colin E, Bonneau D, Salomon R, Antignac C, Heidet L. Mutation screening of the 
EYA1, SIX1, and SIX5 genes in a large cohort of patients harboring branchio-oto-renal syndrome calls into question the pathogenic role of 
SIX5 mutations. Hum Mutat 2011; 32: 183-190 [PMID: 21280147 DOI: 10.1002/humu.21402]

46 Wang SH, Wu CC, Lu YC, Lin YH, Su YN, Hwu WL, Yu IS, Hsu CJ. Mutation screening of the EYA1, SIX1, and SIX5 genes in an East 
Asian cohort with branchio-oto-renal syndrome. Laryngoscope 2012; 122: 1130-1136 [PMID: 22447252 DOI: 10.1002/lary.23217]

47 Gallardo ME, Lopez-Rios J, Fernaud-Espinosa I, Granadino B, Sanz R, Ramos C, Ayuso C, Seller MJ, Brunner HG, Bovolenta P, Rodríguez 
de Córdoba S. Genomic cloning and characterization of the human homeobox gene SIX6 reveals a cluster of SIX genes in chromosome 14 and 
associates SIX6 hemizygosity with bilateral anophthalmia and pituitary anomalies. Genomics 1999; 61: 82-91 [PMID: 10512683 DOI: 
10.1006/geno.1999.5916]

48 Jean D, Bernier G, Gruss P. Six6 (Optx2) is a novel murine Six3-related homeobox gene that demarcates the presumptive pituitary/
hypothalamic axis and the ventral optic stalk. Mech Dev 1999; 84: 31-40 [PMID: 10473118 DOI: 10.1016/s0925-4773(99)00068-4]

49 Tétreault N, Champagne MP, Bernier G. The LIM homeobox transcription factor Lhx2 is required to specify the retina field and 
synergistically cooperates with Pax6 for Six6 trans-activation. Dev Biol 2009; 327: 541-550 [PMID: 19146846 DOI: 
10.1016/j.ydbio.2008.12.022]

50 Gallardo ME, Rodríguez De Córdoba S, Schneider AS, Dwyer MA, Ayuso C, Bovolenta P. Analysis of the developmental SIX6 homeobox 
gene in patients with anophthalmia/microphthalmia. Am J Med Genet A 2004; 129A: 92-94 [PMID: 15266624 DOI: 10.1002/ajmg.a.30126]

51 Iglesias AI, Springelkamp H, van der Linde H, Severijnen LA, Amin N, Oostra B, Kockx CE, van den Hout MC, van Ijcken WF, Hofman A, 
Uitterlinden AG, Verdijk RM, Klaver CC, Willemsen R, van Duijn CM. Exome sequencing and functional analyses suggest that SIX6 is a gene 
involved in an altered proliferation-differentiation balance early in life and optic nerve degeneration at old age. Hum Mol Genet 2014; 23: 
1320-1332 [PMID: 24150847 DOI: 10.1093/hmg/ddt522]

52 Carnes MU, Liu YP, Allingham RR, Whigham BT, Havens S, Garrett ME, Qiao C; NEIGHBORHOOD Consortium Investigators, Katsanis N, 
Wiggs JL, Pasquale LR, Ashley-Koch A, Oh EC, Hauser MA. Discovery and functional annotation of SIX6 variants in primary open-angle 
glaucoma. PLoS Genet 2014; 10: e1004372 [PMID: 24875647 DOI: 10.1371/journal.pgen.1004372]

53 Yariz KO, Sakalar YB, Jin X, Hertz J, Sener EF, Akay H, Özbek MN, Farooq A, Goldberg J, Tekin M. A homozygous SIX6 mutation is 
associated with optic disc anomalies and macular atrophy and reduces retinal ganglion cell differentiation. Clin Genet 2015; 87: 192-195 
[PMID: 24702266 DOI: 10.1111/cge.12374]

54 Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric cancer. Lancet 2020; 396: 635-648 [PMID: 32861308 DOI: 
10.1016/S0140-6736(20)31288-5]

55 Lv H, Cui A, Sun F, Zhang Y, Li Y, Li L, Lin Z. Sineoculis homeobox homolog 1 protein as an independent biomarker for gastric 
adenocarcinoma. Exp Mol Pathol 2014; 97: 74-80 [PMID: 24866365 DOI: 10.1016/j.yexmp.2014.05.007]

56 Liu YC, Zhao J, Hu CE, Gan J, Zhang WH, Huang GJ. Comprehensive analysis of vascular endothelial growth factor-C related factors in 
stomach cancer. Asian Pac J Cancer Prev 2014; 15: 1925-1929 [PMID: 24716913 DOI: 10.7314/apjcp.2014.15.5.1925]

57 Du P, Zhao J, Wang J, Liu Y, Ren H, Patel R, Hu C, Zhang W, Huang G. Sine Oculis Homeobox Homolog 1 Regulates Mitochondrial 
Apoptosis Pathway Via Caspase-7 In Gastric Cancer Cells. J Cancer 2017; 8: 636-645 [PMID: 28367243 DOI: 10.7150/jca.16018]

58 Xie Y, Jin P, Sun X, Jiao T, Zhang Y, Li Y, Sun M. SIX1 is upregulated in gastric cancer and regulates proliferation and invasion by targeting 
the ERK pathway and promoting epithelial-mesenchymal transition. Cell Biochem Funct 2018; 36: 413-419 [PMID: 30379332 DOI: 
10.1002/cbf.3361]

http://www.ncbi.nlm.nih.gov/pubmed/11458394
https://dx.doi.org/10.1002/dvdy.1148
http://www.ncbi.nlm.nih.gov/pubmed/20890044
https://dx.doi.org/10.1172/JCI43219
http://www.ncbi.nlm.nih.gov/pubmed/30485816
https://dx.doi.org/10.1016/j.celrep.2018.10.106
http://www.ncbi.nlm.nih.gov/pubmed/10369266
https://dx.doi.org/10.1038/9718
http://www.ncbi.nlm.nih.gov/pubmed/27770010
https://dx.doi.org/10.1242/dev.132142
http://www.ncbi.nlm.nih.gov/pubmed/10640827
https://dx.doi.org/10.1159/000015407
http://www.ncbi.nlm.nih.gov/pubmed/30237319
https://dx.doi.org/10.1242/dmm.034611
http://www.ncbi.nlm.nih.gov/pubmed/15788460
https://dx.doi.org/10.1242/dev.01773
http://www.ncbi.nlm.nih.gov/pubmed/17300925
https://dx.doi.org/10.1016/j.mod.2007.01.002
http://www.ncbi.nlm.nih.gov/pubmed/10756185
https://dx.doi.org/10.1093/nar/28.9.1871
http://www.ncbi.nlm.nih.gov/pubmed/9241283
https://dx.doi.org/10.1038/ng0897-407
http://www.ncbi.nlm.nih.gov/pubmed/10802667
https://dx.doi.org/10.1038/75490
http://www.ncbi.nlm.nih.gov/pubmed/15163633
https://dx.doi.org/10.1093/hmg/ddh161
http://www.ncbi.nlm.nih.gov/pubmed/15536612
https://dx.doi.org/10.1002/mus.20239
http://www.ncbi.nlm.nih.gov/pubmed/17357085
https://dx.doi.org/10.1086/513322
http://www.ncbi.nlm.nih.gov/pubmed/21280147
https://dx.doi.org/10.1002/humu.21402
http://www.ncbi.nlm.nih.gov/pubmed/22447252
https://dx.doi.org/10.1002/lary.23217
http://www.ncbi.nlm.nih.gov/pubmed/10512683
https://dx.doi.org/10.1006/geno.1999.5916
http://www.ncbi.nlm.nih.gov/pubmed/10473118
https://dx.doi.org/10.1016/s0925-4773(99)00068-4
http://www.ncbi.nlm.nih.gov/pubmed/19146846
https://dx.doi.org/10.1016/j.ydbio.2008.12.022
http://www.ncbi.nlm.nih.gov/pubmed/15266624
https://dx.doi.org/10.1002/ajmg.a.30126
http://www.ncbi.nlm.nih.gov/pubmed/24150847
https://dx.doi.org/10.1093/hmg/ddt522
http://www.ncbi.nlm.nih.gov/pubmed/24875647
https://dx.doi.org/10.1371/journal.pgen.1004372
http://www.ncbi.nlm.nih.gov/pubmed/24702266
https://dx.doi.org/10.1111/cge.12374
http://www.ncbi.nlm.nih.gov/pubmed/32861308
https://dx.doi.org/10.1016/S0140-6736(20)31288-5
http://www.ncbi.nlm.nih.gov/pubmed/24866365
https://dx.doi.org/10.1016/j.yexmp.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/24716913
https://dx.doi.org/10.7314/apjcp.2014.15.5.1925
http://www.ncbi.nlm.nih.gov/pubmed/28367243
https://dx.doi.org/10.7150/jca.16018
http://www.ncbi.nlm.nih.gov/pubmed/30379332
https://dx.doi.org/10.1002/cbf.3361


Lan YZ et al. SIX in GIC

WJCO https://www.wjgnet.com 13 January 24, 2025 Volume 16 Issue 1

59 Zhu Z, Rong Z, Luo Z, Yu Z, Zhang J, Qiu Z, Huang C. Circular RNA circNHSL1 promotes gastric cancer progression through the miR-1306-
3p/SIX1/vimentin axis. Mol Cancer 2019; 18: 126 [PMID: 31438963 DOI: 10.1186/s12943-019-1054-7]

60 Wang Z, Yang Y, Hu S, He J, Wu Z, Qi Z, Huang M, Liu R, Lin Y, Tan C, Xu M, Zhang Z. Short-form RON (sf-RON) enhances glucose 
metabolism to promote cell proliferation via activating β-catenin/SIX1 signaling pathway in gastric cancer. Cell Biol Toxicol 2021; 37: 35-49 
[PMID: 32399910 DOI: 10.1007/s10565-020-09525-5]

61 Jiang H, Ma P, Duan Z, Liu Y, Shen S, Mi Y, Fan D. Ginsenoside Rh4 Suppresses Metastasis of Gastric Cancer via SIX1-Dependent TGF-β/
Smad2/3 Signaling Pathway. Nutrients 2022; 14 [PMID: 35458126 DOI: 10.3390/nu14081564]

62 Rajkumar T, Vijayalakshmi N, Gopal G, Sabitha K, Shirley S, Raja UM, Ramakrishnan SA. Identification and validation of genes involved in 
gastric tumorigenesis. Cancer Cell Int 2010; 10: 45 [PMID: 21092330 DOI: 10.1186/1475-2867-10-45]

63 Lu J, Xu Y, Xie W, Tang Y, Zhang H, Wang B, Mao J, Rui T, Jiang P, Zhang W. Long noncoding RNA DLGAP1-AS2 facilitates Wnt1 
transcription through physically interacting with Six3 and drives the malignancy of gastric cancer. Cell Death Discov 2021; 7: 255 [PMID: 
34545072 DOI: 10.1038/s41420-021-00649-z]

64 Liu P, Cai S, Li N. Circular RNA-hsa-circ-0000670 promotes gastric cancer progression through the microRNA-384/SIX4 axis. Exp Cell Res 
2020; 394: 112141 [PMID: 32535033 DOI: 10.1016/j.yexcr.2020.112141]

65 Li J, Ma X, Chakravarti D, Shalapour S, DePinho RA. Genetic and biological hallmarks of colorectal cancer. Genes Dev 2021; 35: 787-820 
[PMID: 34074695 DOI: 10.1101/gad.348226.120]

66 Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB. Colorectal cancer. Lancet 2019; 394: 1467-1480 [PMID: 31631858 DOI: 
10.1016/S0140-6736(19)32319-0]

67 Ono H, Imoto I, Kozaki K, Tsuda H, Matsui T, Kurasawa Y, Muramatsu T, Sugihara K, Inazawa J. SIX1 promotes epithelial-mesenchymal 
transition in colorectal cancer through ZEB1 activation. Oncogene 2012; 31: 4923-4934 [PMID: 22286765 DOI: 10.1038/onc.2011.646]

68 Zhao H, Xu Z, Qin H, Gao Z, Gao L. miR-30b regulates migration and invasion of human colorectal cancer via SIX1. Biochem J 2014; 460: 
117-125 [PMID: 24593661 DOI: 10.1042/BJ20131535]

69 Wan J, Yang J, Qiao C, Sun X, Di A, Zhang L, Wang D, Zhao G. MicroRNA-362 Inhibits Cell Proliferation and Invasion by Directly 
Targeting SIX1 in Colorectal Cancer. Yonsei Med J 2019; 60: 414-422 [PMID: 31016902 DOI: 10.3349/ymj.2019.60.5.414]

70 Kahlert C, Lerbs T, Pecqueux M, Herpel E, Hoffmeister M, Jansen L, Brenner H, Chang-Claude J, Bläker H, Kloor M, Roth W, Pilarsky C, 
Rahbari NN, Schölch S, Bork U, Reissfelder C, Weitz J, Aust D, Koch M. Overexpression of SIX1 is an independent prognostic marker in 
stage I-III colorectal cancer. Int J Cancer 2015; 137: 2104-2113 [PMID: 25951369 DOI: 10.1002/ijc.29596]

71 Yu T, Song J, Zhou H, Wu T, Liang Z, Du P, Liu CY, Wang G, Cui L, Liu Y. Nuclear TEAD4 with SIX1 Overexpression is an Independent 
Prognostic Marker in the Stage I-III Colorectal Cancer. Cancer Manag Res 2021; 13: 1581-1589 [PMID: 33628048 DOI: 
10.2147/CMAR.S260790]

72 Xu H, Zhang Y, Peña MM, Pirisi L, Creek KE. Six1 promotes colorectal cancer growth and metastasis by stimulating angiogenesis and 
recruiting tumor-associated macrophages. Carcinogenesis 2017; 38: 281-292 [PMID: 28199476 DOI: 10.1093/carcin/bgw121]

73 Song W, Ma J, Lei B, Yuan X, Cheng B, Yang H, Wang M, Feng Z, Wang L. Sine oculis homeobox 1 promotes proliferation and migration of 
human colorectal cancer cells through activation of Wnt/β-catenin signaling. Cancer Sci 2019; 110: 608-616 [PMID: 30548112 DOI: 
10.1111/cas.13905]

74 Zou J, Huang Y, Chen Y, Wu Z, Xie H, Zhou H, Xing C. FOXC2-induced circCASK aggravates colorectal cancer progression by upregulating 
SIX1 expression. IUBMB Life 2023; 75: 659-672 [PMID: 36961205 DOI: 10.1002/iub.2718]

75 Wu J, Huang B, He HB, Lu WZ, Wang WG, Liu H. Two naturally derived small molecules disrupt the sineoculis homeobox homolog 1-eyes 
absent homolog 1 (SIX1-EYA1) interaction to inhibit colorectal cancer cell growth. Chin Med J (Engl) 2021; 134: 2340-2352 [PMID: 
34561318 DOI: 10.1097/CM9.0000000000001736]

76 Li Y, Ma H. circRNA PLOD2 promotes tumorigenesis and Warburg effect in colon cancer by the miR-513a-5p/SIX1/LDHA axis. Cell Cycle 
2022; 21: 2484-2498 [PMID: 36071678 DOI: 10.1080/15384101.2022.2103339]

77 Yang Y, Feng M, Bai L, Liao W, Zhou K, Zhang M, Wu Q, Wen F, Lei W, Zhang P, Zhang N, Huang J, Li Q. Comprehensive analysis of 
EMT-related genes and lncRNAs in the prognosis, immunity, and drug treatment of colorectal cancer. J Transl Med 2021; 19: 391 [PMID: 
34526059 DOI: 10.1186/s12967-021-03065-0]

78 Wu DW, Lin PL, Wang L, Huang CC, Lee H. The YAP1/SIX2 axis is required for DDX3-mediated tumor aggressiveness and cetuximab 
resistance in KRAS-wild-type colorectal cancer. Theranostics 2017; 7: 1114-1132 [PMID: 28435452 DOI: 10.7150/thno.18175]

79 Jin B, Yao B, Li JL, Fields CR, Delmas AL, Liu C, Robertson KD. DNMT1 and DNMT3B modulate distinct polycomb-mediated histone 
modifications in colon cancer. Cancer Res 2009; 69: 7412-7421 [PMID: 19723660 DOI: 10.1158/0008-5472.CAN-09-0116]

80 Li G, Hu F, Luo X, Hu J, Feng Y. SIX4 promotes metastasis via activation of the PI3K-AKT pathway in colorectal cancer. PeerJ 2017; 5: 
e3394 [PMID: 28584719 DOI: 10.7717/peerj.3394]

81 Sun X, Hu F, Hou Z, Chen Q, Lan J, Luo X, Wang G, Hu J, Cao Z. SIX4 activates Akt and promotes tumor angiogenesis. Exp Cell Res 2019; 
383: 111495 [PMID: 31301290 DOI: 10.1016/j.yexcr.2019.111495]

82 Yang C, Liu H. Both a hypoxia-inducible EYA3 and a histone acetyltransferase p300 function as coactivators of SIX5 to mediate 
tumorigenesis and cancer progression. Ann Transl Med 2022; 10: 752 [PMID: 35957720 DOI: 10.21037/atm-22-2663]

83 Brown ZJ, Tsilimigras DI, Ruff SM, Mohseni A, Kamel IR, Cloyd JM, Pawlik TM. Management of Hepatocellular Carcinoma: A Review. 
JAMA Surg 2023; 158: 410-420 [PMID: 36790767 DOI: 10.1001/jamasurg.2022.7989]

84 Ng KT, Man K, Sun CK, Lee TK, Poon RT, Lo CM, Fan ST. Clinicopathological significance of homeoprotein Six1 in hepatocellular 
carcinoma. Br J Cancer 2006; 95: 1050-1055 [PMID: 17008870 DOI: 10.1038/sj.bjc.6603399]

85 Ng KT, Lee TK, Cheng Q, Wo JY, Sun CK, Guo DY, Lim ZX, Lo CM, Poon RT, Fan ST, Man K. Suppression of tumorigenesis and 
metastasis of hepatocellular carcinoma by shRNA interference targeting on homeoprotein Six1. Int J Cancer 2010; 127: 859-872 [PMID: 
20013809 DOI: 10.1002/ijc.25105]

86 Cheng Q, Ning D, Chen J, Li X, Chen XP, Jiang L. SIX1 and DACH1 influence the proliferation and apoptosis of hepatocellular carcinoma 
through regulating p53. Cancer Biol Ther 2018; 19: 381-390 [PMID: 29333942 DOI: 10.1080/15384047.2018.1423920]

87 Zhang X, Guo J, Jabbarzadeh Kaboli P, Zhao Q, Xiang S, Shen J, Zhao Y, Du F, Wu X, Li M, Ji H, Yang X, Xiao Z, Wen Q. Analysis of Key 
Genes Regulating the Warburg Effect in Patients with Gastrointestinal Cancers and Selective Inhibition of This Metabolic Pathway in Liver 
Cancer Cells. Onco Targets Ther 2020; 13: 7295-7304 [PMID: 32801756 DOI: 10.2147/OTT.S257944]
Lu L, Huang J, Mo J, Da X, Li Q, Fan M, Lu H. Exosomal lncRNA TUG1 from cancer-associated fibroblasts promotes liver cancer cell 88

http://www.ncbi.nlm.nih.gov/pubmed/31438963
https://dx.doi.org/10.1186/s12943-019-1054-7
http://www.ncbi.nlm.nih.gov/pubmed/32399910
https://dx.doi.org/10.1007/s10565-020-09525-5
http://www.ncbi.nlm.nih.gov/pubmed/35458126
https://dx.doi.org/10.3390/nu14081564
http://www.ncbi.nlm.nih.gov/pubmed/21092330
https://dx.doi.org/10.1186/1475-2867-10-45
http://www.ncbi.nlm.nih.gov/pubmed/34545072
https://dx.doi.org/10.1038/s41420-021-00649-z
http://www.ncbi.nlm.nih.gov/pubmed/32535033
https://dx.doi.org/10.1016/j.yexcr.2020.112141
http://www.ncbi.nlm.nih.gov/pubmed/34074695
https://dx.doi.org/10.1101/gad.348226.120
http://www.ncbi.nlm.nih.gov/pubmed/31631858
https://dx.doi.org/10.1016/S0140-6736(19)32319-0
http://www.ncbi.nlm.nih.gov/pubmed/22286765
https://dx.doi.org/10.1038/onc.2011.646
http://www.ncbi.nlm.nih.gov/pubmed/24593661
https://dx.doi.org/10.1042/BJ20131535
http://www.ncbi.nlm.nih.gov/pubmed/31016902
https://dx.doi.org/10.3349/ymj.2019.60.5.414
http://www.ncbi.nlm.nih.gov/pubmed/25951369
https://dx.doi.org/10.1002/ijc.29596
http://www.ncbi.nlm.nih.gov/pubmed/33628048
https://dx.doi.org/10.2147/CMAR.S260790
http://www.ncbi.nlm.nih.gov/pubmed/28199476
https://dx.doi.org/10.1093/carcin/bgw121
http://www.ncbi.nlm.nih.gov/pubmed/30548112
https://dx.doi.org/10.1111/cas.13905
http://www.ncbi.nlm.nih.gov/pubmed/36961205
https://dx.doi.org/10.1002/iub.2718
http://www.ncbi.nlm.nih.gov/pubmed/34561318
https://dx.doi.org/10.1097/CM9.0000000000001736
http://www.ncbi.nlm.nih.gov/pubmed/36071678
https://dx.doi.org/10.1080/15384101.2022.2103339
http://www.ncbi.nlm.nih.gov/pubmed/34526059
https://dx.doi.org/10.1186/s12967-021-03065-0
http://www.ncbi.nlm.nih.gov/pubmed/28435452
https://dx.doi.org/10.7150/thno.18175
http://www.ncbi.nlm.nih.gov/pubmed/19723660
https://dx.doi.org/10.1158/0008-5472.CAN-09-0116
http://www.ncbi.nlm.nih.gov/pubmed/28584719
https://dx.doi.org/10.7717/peerj.3394
http://www.ncbi.nlm.nih.gov/pubmed/31301290
https://dx.doi.org/10.1016/j.yexcr.2019.111495
http://www.ncbi.nlm.nih.gov/pubmed/35957720
https://dx.doi.org/10.21037/atm-22-2663
http://www.ncbi.nlm.nih.gov/pubmed/36790767
https://dx.doi.org/10.1001/jamasurg.2022.7989
http://www.ncbi.nlm.nih.gov/pubmed/17008870
https://dx.doi.org/10.1038/sj.bjc.6603399
http://www.ncbi.nlm.nih.gov/pubmed/20013809
https://dx.doi.org/10.1002/ijc.25105
http://www.ncbi.nlm.nih.gov/pubmed/29333942
https://dx.doi.org/10.1080/15384047.2018.1423920
http://www.ncbi.nlm.nih.gov/pubmed/32801756
https://dx.doi.org/10.2147/OTT.S257944


Lan YZ et al. SIX in GIC

WJCO https://www.wjgnet.com 14 January 24, 2025 Volume 16 Issue 1

migration, invasion, and glycolysis by regulating the miR-524-5p/SIX1 axis. Cell Mol Biol Lett 2022; 27: 17 [PMID: 35193488 DOI: 
10.1186/s11658-022-00309-9]

89 Chu Y, Jiang M, Wu N, Xu B, Li W, Liu H, Su S, Shi Y, Liu H, Gao X, Fu X, Chen D, Li X, Wang W, Liang J, Nie Y, Fan D. O-
GlcNAcylation of SIX1 enhances its stability and promotes Hepatocellular Carcinoma Proliferation. Theranostics 2020; 10: 9830-9842 [PMID: 
32863962 DOI: 10.7150/thno.45161]

90 Liu Y, Kong WY, Yu CF, Shao ZL, Lei QC, Deng YF, Cai GX, Zhuang XF, Sun WS, Wu SG, Wang R, Chen X, Chen GX, Huang HB, Liao 
YN. SNS-023 sensitizes hepatocellular carcinoma to sorafenib by inducing degradation of cancer drivers SIX1 and RPS16. Acta Pharmacol Sin 
2023; 44: 853-864 [PMID: 36261513 DOI: 10.1038/s41401-022-01003-4]

91 Li B, Zhao S, Geng R, Huo Z, Zhang H. The Sineoculis Homeobox Homolog 1 (SIX1) Gene Regulates Paclitaxel Resistance by Affecting 
Reactive Oxygen Species and Autophagy in Human Hepatocellular Carcinoma Cell Line HepG2. Med Sci Monit 2018; 24: 2271-2279 [PMID: 
29656300 DOI: 10.12659/msm.906361]

92 Chen K, Wei H, Pan J, Chen Z, Pan D, Gao T, Huang J, Huang M, Ou M, Zhong W. Six1 is negatively correlated with poor prognosis and 
reduces 5-fluorouracil sensitivity via attenuating the stemness of hepatocellular carcinoma cells. Eur J Pharmacol 2019; 861: 172599 [PMID: 
31404537 DOI: 10.1016/j.ejphar.2019.172599]

93 Wan ZH, Ma YH, Jiang TY, Lin YK, Shi YY, Tan YX, Dong LW, Wang HY. Six2 is negatively correlated with prognosis and facilitates 
epithelial-mesenchymal transition via TGF-β/Smad signal pathway in hepatocellular carcinoma. Hepatobiliary Pancreat Dis Int 2019; 18: 525-
531 [PMID: 31564506 DOI: 10.1016/j.hbpd.2019.09.005]

94 Li JW, Huang CZ, Li JH, Yuan JH, Chen QH, Zhang WF, Xu ZS, Liu YP, Li Y, Zhan MX, Lu LG. Six2 is negatively correlated with good 
prognosis and decreases 5-FU sensitivity via suppressing E-cadherin expression in hepatocellular carcinoma cells. Biomed Pharmacother 2018; 
104: 204-210 [PMID: 29772441 DOI: 10.1016/j.biopha.2018.05.032]

95 Daren L, Dan Y, Jinhong W, Chao L. NIK-mediated reactivation of SIX2 enhanced the CSC-like traits of hepatocellular carcinoma cells 
through suppressing ubiquitin-proteasome system. Environ Toxicol 2024; 39: 583-591 [PMID: 37461228 DOI: 10.1002/tox.23892]

96 He Q, Lin Z, Wang Z, Huang W, Tian D, Liu M, Xia L. SIX4 promotes hepatocellular carcinoma metastasis through upregulating YAP1 and 
c-MET. Oncogene 2020; 39: 7279-7295 [PMID: 33046796 DOI: 10.1038/s41388-020-01500-y]

97 Chen B. A novel long noncoding RNA lncWDR26 suppresses the growth and metastasis of hepatocellular carcinoma cells through interaction 
with SIX3. Am J Cancer Res 2018; 8: 688-698 [PMID: 29736313]

98 Hu ZI, O'Reilly EM. Therapeutic developments in pancreatic cancer. Nat Rev Gastroenterol Hepatol 2024; 21: 7-24 [PMID: 37798442 DOI: 
10.1038/s41575-023-00840-w]

99 Jin A, Xu Y, Liu S, Jin T, Li Z, Jin H, Lin L, Lin Z. Sineoculis homeobox homolog 1 protein overexpression as an independent biomarker for 
pancreatic ductal adenocarcinoma. Exp Mol Pathol 2014; 96: 54-60 [PMID: 24263054 DOI: 10.1016/j.yexmp.2013.11.003]

100 Li Z, Tian T, Lv F, Chang Y, Wang X, Zhang L, Li X, Li L, Ma W, Wu J, Zhang M. Six1 promotes proliferation of pancreatic cancer cells via 
upregulation of cyclin D1 expression. PLoS One 2013; 8: e59203 [PMID: 23527134 DOI: 10.1371/journal.pone.0059203]

101 Lerbs T, Bisht S, Schölch S, Pecqueux M, Kristiansen G, Schneider M, Hofmann BT, Welsch T, Reissfelder C, Rahbari NN, Fritzmann J, 
Brossart P, Weitz J, Feldmann G, Kahlert C. Inhibition of Six1 affects tumour invasion and the expression of cancer stem cell markers in 
pancreatic cancer. BMC Cancer 2017; 17: 249 [PMID: 28388884 DOI: 10.1186/s12885-017-3225-5]

102 Ge W, Meng L, Cao S, Hou C, Zhu X, Huang D, Li Q, Peng Y, Jiang K. The SIX1/LDHA Axis Promotes Lactate Accumulation and Leads to 
NK Cell Dysfunction in Pancreatic Cancer. J Immunol Res 2023; 2023: 6891636 [PMID: 36937004 DOI: 10.1155/2023/6891636]

103 Zhou B, Huang Y, Feng Q, Zhu H, Xu Z, Chen L, Peng X, Yang W, Xu D, Qiu Y. TRIM16 promotes aerobic glycolysis and pancreatic cancer 
metastasis by modulating the NIK-SIX1 axis in a ligase-independent manner. Am J Cancer Res 2022; 12: 5205-5225 [PMID: 36504902]

104 Li S, Wang L, Zhao Q, Wang Z, Lu S, Kang Y, Jin G, Tian J. Genome-Wide Analysis of Cell-Free DNA Methylation Profiling for the Early 
Diagnosis of Pancreatic Cancer. Front Genet 2020; 11: 596078 [PMID: 33424927 DOI: 10.3389/fgene.2020.596078]

105 Heiat M, Rezaei E, Gharechahi J, Abbasi M, Behroozi J, Abyazi MA, Baradaran B. Knockdown of SIX4 inhibits pancreatic cancer cells via 
apoptosis induction. Med Oncol 2023; 40: 287 [PMID: 37656231 DOI: 10.1007/s12032-023-02163-x]

106 Camolotto SA, Belova VK, Torre-Healy L, Vahrenkamp JM, Berrett KC, Conway H, Shea J, Stubben C, Moffitt R, Gertz J, Snyder EL. 
Reciprocal regulation of pancreatic ductal adenocarcinoma growth and molecular subtype by HNF4α and SIX1/4. Gut 2021; 70: 900-914 
[PMID: 32826305 DOI: 10.1136/gutjnl-2020-321316]

107 Souchek JJ, Baine MJ, Lin C, Rachagani S, Gupta S, Kaur S, Lester K, Zheng D, Chen S, Smith L, Lazenby A, Johansson SL, Jain M, Batra 
SK. Unbiased analysis of pancreatic cancer radiation resistance reveals cholesterol biosynthesis as a novel target for radiosensitisation. Br J 
Cancer 2014; 111: 1139-1149 [PMID: 25025965 DOI: 10.1038/bjc.2014.385]

108 Ramón Y Cajal S, Capdevila C, Hernandez-Losa J, De Mattos-Arruda L, Ghosh A, Lorent J, Larsson O, Aasen T, Postovit LM, Topisirovic I. 
Cancer as an ecomolecular disease and a neoplastic consortium. Biochim Biophys Acta Rev Cancer 2017; 1868: 484-499 [PMID: 28947238 
DOI: 10.1016/j.bbcan.2017.09.004]

109 Mao Q, Zhou MT, Zhao ZP, Liu N, Yang L, Zhang XM. Role of radiomics in the diagnosis and treatment of gastrointestinal cancer. World J 
Gastroenterol 2022; 28: 6002-6016 [PMID: 36405385 DOI: 10.3748/wjg.v28.i42.6002]

110 Ortega S, Halicek M, Fabelo H, Callico GM, Fei B. Hyperspectral and multispectral imaging in digital and computational pathology: a 
systematic review [Invited]. Biomed Opt Express 2020; 11: 3195-3233 [PMID: 32637250 DOI: 10.1364/BOE.386338]

111 Tsai CL, Mukundan A, Chung CS, Chen YH, Wang YK, Chen TH, Tseng YS, Huang CW, Wu IC, Wang HC. Hyperspectral Imaging 
Combined with Artificial Intelligence in the Early Detection of Esophageal Cancer. Cancers (Basel) 2021; 13 [PMID: 34572819 DOI: 
10.3390/cancers13184593]

112 Tsai TJ, Mukundan A, Chi YS, Tsao YM, Wang YK, Chen TH, Wu IC, Huang CW, Wang HC. Intelligent Identification of Early Esophageal 
Cancer by Band-Selective Hyperspectral Imaging. Cancers (Basel) 2022; 14 [PMID: 36077827 DOI: 10.3390/cancers14174292]

113 Chou CK, Karmakar R, Tsao YM, Jie LW, Mukundan A, Huang CW, Chen TH, Ko CY, Wang HC. Evaluation of Spectrum-Aided Visual 
Enhancer (SAVE) in Esophageal Cancer Detection Using YOLO Frameworks. Diagnostics (Basel) 2024; 14 [PMID: 38893655 DOI: 
10.3390/diagnostics14111129]

114 Lin TL, Lu CT, Karmakar R, Nampalley K, Mukundan A, Hsiao YP, Hsieh SC, Wang HC. Assessing the Efficacy of the Spectrum-Aided 
Vision Enhancer (SAVE) to Detect Acral Lentiginous Melanoma, Melanoma In Situ, Nodular Melanoma, and Superficial Spreading 
Melanoma. Diagnostics (Basel) 2024; 14 [PMID: 39125548 DOI: 10.3390/diagnostics14151672]
Clancy NT, Jones G, Maier-Hein L, Elson DS, Stoyanov D. Surgical spectral imaging. Med Image Anal 2020; 63: 101699 [PMID: 32375102 115

http://www.ncbi.nlm.nih.gov/pubmed/35193488
https://dx.doi.org/10.1186/s11658-022-00309-9
http://www.ncbi.nlm.nih.gov/pubmed/32863962
https://dx.doi.org/10.7150/thno.45161
http://www.ncbi.nlm.nih.gov/pubmed/36261513
https://dx.doi.org/10.1038/s41401-022-01003-4
http://www.ncbi.nlm.nih.gov/pubmed/29656300
https://dx.doi.org/10.12659/msm.906361
http://www.ncbi.nlm.nih.gov/pubmed/31404537
https://dx.doi.org/10.1016/j.ejphar.2019.172599
http://www.ncbi.nlm.nih.gov/pubmed/31564506
https://dx.doi.org/10.1016/j.hbpd.2019.09.005
http://www.ncbi.nlm.nih.gov/pubmed/29772441
https://dx.doi.org/10.1016/j.biopha.2018.05.032
http://www.ncbi.nlm.nih.gov/pubmed/37461228
https://dx.doi.org/10.1002/tox.23892
http://www.ncbi.nlm.nih.gov/pubmed/33046796
https://dx.doi.org/10.1038/s41388-020-01500-y
http://www.ncbi.nlm.nih.gov/pubmed/29736313
http://www.ncbi.nlm.nih.gov/pubmed/37798442
https://dx.doi.org/10.1038/s41575-023-00840-w
http://www.ncbi.nlm.nih.gov/pubmed/24263054
https://dx.doi.org/10.1016/j.yexmp.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23527134
https://dx.doi.org/10.1371/journal.pone.0059203
http://www.ncbi.nlm.nih.gov/pubmed/28388884
https://dx.doi.org/10.1186/s12885-017-3225-5
http://www.ncbi.nlm.nih.gov/pubmed/36937004
https://dx.doi.org/10.1155/2023/6891636
http://www.ncbi.nlm.nih.gov/pubmed/36504902
http://www.ncbi.nlm.nih.gov/pubmed/33424927
https://dx.doi.org/10.3389/fgene.2020.596078
http://www.ncbi.nlm.nih.gov/pubmed/37656231
https://dx.doi.org/10.1007/s12032-023-02163-x
http://www.ncbi.nlm.nih.gov/pubmed/32826305
https://dx.doi.org/10.1136/gutjnl-2020-321316
http://www.ncbi.nlm.nih.gov/pubmed/25025965
https://dx.doi.org/10.1038/bjc.2014.385
http://www.ncbi.nlm.nih.gov/pubmed/28947238
https://dx.doi.org/10.1016/j.bbcan.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/36405385
https://dx.doi.org/10.3748/wjg.v28.i42.6002
http://www.ncbi.nlm.nih.gov/pubmed/32637250
https://dx.doi.org/10.1364/BOE.386338
http://www.ncbi.nlm.nih.gov/pubmed/34572819
https://dx.doi.org/10.3390/cancers13184593
http://www.ncbi.nlm.nih.gov/pubmed/36077827
https://dx.doi.org/10.3390/cancers14174292
http://www.ncbi.nlm.nih.gov/pubmed/38893655
https://dx.doi.org/10.3390/diagnostics14111129
http://www.ncbi.nlm.nih.gov/pubmed/39125548
https://dx.doi.org/10.3390/diagnostics14151672
http://www.ncbi.nlm.nih.gov/pubmed/32375102


Lan YZ et al. SIX in GIC

WJCO https://www.wjgnet.com 15 January 24, 2025 Volume 16 Issue 1

DOI: 10.1016/j.media.2020.101699]
116 Hasan MT, Campbell E, Sizova O, Lyle V, Akkaraju G, Kirkpatrick DL, Naumov AV. Multi-Drug/Gene NASH Therapy Delivery and 

Selective Hyperspectral NIR Imaging Using Chirality-Sorted Single-Walled Carbon Nanotubes. Cancers (Basel) 2019; 11 [PMID: 31416250 
DOI: 10.3390/cancers11081175]

117 Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, Zhang G, Wang X, Dong Z, Chen F, Cui H. Targeting cancer stem cell pathways for cancer 
therapy. Signal Transduct Target Ther 2020; 5: 8 [PMID: 32296030 DOI: 10.1038/s41392-020-0110-5]

118 Guo L, Li F, Liu H, Kong D, Chen C, Sun S. SIX1 amplification modulates stemness and tumorigenesis in breast cancer. J Transl Med 2023; 
21: 866 [PMID: 38031089 DOI: 10.1186/s12967-023-04679-2]

119 Mimae T, Okada M, Hagiyama M, Miyata Y, Tsutani Y, Inoue T, Murakami Y, Ito A. Upregulation of notch2 and six1 is associated with 
progression of early-stage lung adenocarcinoma and a more aggressive phenotype at advanced stages. Clin Cancer Res 2012; 18: 945-955 
[PMID: 22190591 DOI: 10.1158/1078-0432.CCR-11-1946]

120 Liao Y, Sun W, Shao Z, Liu Y, Zhong X, Deng Y, Liu F, Huang H, Liu J. A SIX1 degradation inducer blocks excessive proliferation of 
prostate cancer. Int J Biol Sci 2022; 18: 2439-2451 [PMID: 35414775 DOI: 10.7150/ijbs.67873]

https://dx.doi.org/10.1016/j.media.2020.101699
http://www.ncbi.nlm.nih.gov/pubmed/31416250
https://dx.doi.org/10.3390/cancers11081175
http://www.ncbi.nlm.nih.gov/pubmed/32296030
https://dx.doi.org/10.1038/s41392-020-0110-5
http://www.ncbi.nlm.nih.gov/pubmed/38031089
https://dx.doi.org/10.1186/s12967-023-04679-2
http://www.ncbi.nlm.nih.gov/pubmed/22190591
https://dx.doi.org/10.1158/1078-0432.CCR-11-1946
http://www.ncbi.nlm.nih.gov/pubmed/35414775
https://dx.doi.org/10.7150/ijbs.67873


Published by Baishideng Publishing Group Inc 

7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA 

Telephone: +1-925-3991568 

E-mail: office@baishideng.com 

Help Desk: https://www.f6publishing.com/helpdesk 

https://www.wjgnet.com

© 2025 Baishideng Publishing Group Inc. All rights reserved.

mailto:office@baishideng.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

	Abstract
	INTRODUCTION
	SIX HOMEOBOX FAMILY MEMBERS
	SIX1
	SIX2
	SIX3
	SIX4
	SIX5
	SIX6

	THE ROLE OF SIX FAMILY GENES IN GICS
	Gastric cancer
	Colorectal cancer
	Hepatocellular carcinoma
	Pancreatic cancer

	IMAGING IN HEALTHCARE
	SUMMARY AND PROSPECT
	CONCLUSION
	FOOTNOTES
	REFERENCES

