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Abstract: Deregulation of many homeobox genes has been observed in various cancers and has caused 
functional implications in the tumor progression. In this review, we will focus on the roles of the human 
muscle segment homeobox (MSX) transcription factor family in the process of tumorigenesis. The MSX 
transcription factors, through complex downstream regulation mechanisms, are promoters or inhibitors 
of diverse cancers by participating in cell proliferation, cell invasion, cell metastasis, cell apoptosis, cell 
differentiation, drug resistance of tumors, maintenance of tumor stemness, and tumor angiogenesis. 
Moreover, their upstream regulatory mechanisms in cancers may include: gene mutation and chromosome 
aberration; DNA methylation and chromatin modification; regulation by non-coding RNAs; regulation 
by other transcription factors and post-translational modification. These mechanisms may provide a 
better understanding of why MSX transcription factors are abnormally expressed in tumors. Notably, 
intermolecular interactions and post-translational modification can regulate the transcriptional activity 
of MSX transcription factors. It is also crucial to know what affects the transcriptional activity of MSX 
transcription factors in tumors for possible interventions in them in the future. This systematic summary 
of the regulatory patterns of the MSX transcription factor family may help to further understand the 
mechanisms involved in transcriptional regulation and also provide new therapeutic approaches for tumor 
progression.
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Introduction

The homeobox genes were first discovered in Drosophila 
and subsequently in mammals (1). Mammalian homeobox 
genes are named after their homologs in Drosophila and are 
grouped into several families such as distal-less homeobox 
(DLX), muscle segment homeobox (MSX), etc. (2). The 
human MSX family has two subtypes: MSX1 and MSX2, 
both MSX1 and MSX2 function as transcription factors and 
each of them has a homeodomain that plays an important 
role in the transcriptional regulation of target genes (3,4). 
Furthermore, the homeodomain is also a motif for protein-
protein interactions which could affect their transcriptional 
activity (5-8). The expression of MSX1 or MSX2 is also 
often deregulated in many tumors (9,10) and the MSX 
family mediates various cellular processes in cancers such as 
proliferation (11), invasion (12), metastasis (13), apoptosis (14), 
differentiation (15), drug resistance (16), tumor stemness (17), 
tumor angiogenesis (8), etc. Furthermore, MSX transcription 
factors exhibit either promotive or inhibitive effects on 
cancers through complex downstream regulatory mechanisms 
(11,14,18,19).

In this review, we firstly elucidated on the biological 
characteristics of MSX family, upstream regulation on 
expression and regulation on transcriptional activity. 
Moreover, we observed the roles of the MSX family in 
various tumors. Finally, we presented our views on the 
clinical application values of the MSX family in cancer 
research, particularly in the monitoring of tumor prognosis, 
diagnosis and treatment.

We present the following article in accordance with the 
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/atm-21-220).

Methods

We conducted a literature search of the PubMed database 
using the following keywords: “muscle segment homeobox 
1 and cancer”, “muscle segment homeobox 2 and cancer”, 
“MSX1 and cancer”, “MSX2 and cancer”. We also reviewed 
articles on the concepts of “transcription factor”, “cancer 
progression”, “transcriptional regulation”. Original articles 
and review articles published in the English language 
between December 1986 to August 2020 were included.

Biological structures of the MSX family

The MSX family which contains a homeodomain is highly 

conserved and present in all major classes of vertebrates, 
human MSX family includes two subtypes, MSX1 and 
MSX2 (20) (Figure 1). Both the MSX1 and MSX2 gene 
have 2 exons (21,22). The protein encoded by MSX1 
consists of 297 amino acids and contains a homeodomain 
(aa175-229) (21). Similar to MSX1, the MSX2 protein is 
composed of 267 amino acids and also has a homeodomain 
(aa145-199) (22). Within the 60-amino-acid homeodomains 
of MSX1 and MSX2, human and murine sequences are the 
same, while only 2 amino acids are diverse in the MSX1 
and MSX2 homeodomains (7,22,23). MSX2 and MSX1 
share the same MSX binding-site and the mutation in 
MSX2 homeodomain (substitution of histidine for proline 
at residue 148) has no effect on the binding of MSX2 to the 
MSX binding-site (7). The three-dimensional structure of 
MSX1 shows that two atypical proline residues make the 
N-terminal arm of the homeodomain of MSX1 very stable 
and orderly. The N-terminal arm of MSX1 can track small 
groove of DNA, and the DNA bound by the homeodomain 
of MSX1 has a 28° bend compared to the normal 21° bend 
of the homeodomain of MSX2 (24). Since the N-terminal 
domain is unique, this allows MSX1 to have a more potent 
transcription capability (25). More studies are needed to 
elucidate on the transcriptional role of other regions other 
than homeodomain in the human MSX family (Figure S1) 
(26-30).

The regulatory mechanisms of expression

The expression of MSX1 or MSX2 in cancer tissues is often 
abnormal when compared to adjacent normal tissues (9,10). 
Since the mechanisms that regulate their expression levels 
in tumors are complex (Figure 2), five discovered important 
regulatory mechanisms are mainly discussed:

Gene mutation and chromosome aberration
In breast  cancer,  an 11 nucleotides deletion,  the 
c.469+46_56del mutation in the intron of MSX1 gene was 
close to the splicing site, it interfered with the alternative 
splicing of pre-mRNA and affected the final product (31).  
Equally, van Nistelrooij et al. found that the down-regulated 
MSX1 expression caused by gene mutation may be associated 
with Barrett’s esophagus and esophageal adenocarcinoma (32).  
MSX1 was up-regulated in gastric cancer and the genes 
associated with single nucleotide polymorphism (SNP) 
sites in gastric cancer were screened through the database, 
where MSX1 is included (33). Chromosome deletions and 
rearrangements are common chromosome aberrations, Nagel 

http://dx.doi.org/10.21037/atm-21-220
http://dx.doi.org/10.21037/atm-21-220
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et al. documented that in patients with natural killer (NK) cell 
leukemia, the transcription level of MSX1 was significantly 
down-regulated due to the deletion of chromosome 
4p16 where MSX1 is located (34). Fluorescence in situ 
hybridization and gene chromatin immunoprecipitation 
(ChIP) analysis revealed that MSX1 in Hodgkin’s lymphoma 
cell lines was rearranged at site 4p16, yielding a lower 
expression of MSX1 (35).

DNA methylation and chromatin modification
Rauch et al.  confirmed that in lung squamous cell 
carcinoma, the CpG island of MSX1 was hypermethylated 
and thus the expression of MSX1 was down-regulated (36).  
Furthermore, compared with adjacent normal tissues, 
MSX1 was found to be decreased and hypermethylated at 
the promoter region in colon adenocarcinoma (COAD) (9).  
Moreover, the methylation level of CpG island of MSX2 
in gastric cancer tissues was found to be lower than in 
normal tissues and, therefore, MSX2 was upregulated in 
gastric cancer tissues (10,37). In endometrial cancer, the 
methylation status of MSX1 promoter was decreased, 
corresponding to its high expression (38). Histone 
acetyltransferase and histone deacetylase also regulate 
the expression of the MSX family. Nagel et al. reported 

that in mantle cell lymphoma, histone acetyltransferase 
plant homeodomain finger16 (PHF16) promoted MSX1 
expression while histone deacetylase (HDAC) inhibited 
its expression (39). Moreover, Hamada et al. documented 
that histone acetyltransferases E1A-associated protein p300 
and CREB-binding protein (CBP) were co-activators that 
promoted the expression of MSX2 in pancreatic cancer (40). 
Chromatin modification might therefore be an important 
mechanism by which MSX genes are deregulated in tumors.

Non-coding RNAs
MicroRNAs are small endogenous RNAs that cannot 
encode proteins, but they can inhibit or activate the 
translation and stabilization of target mRNAs (41,42). 
For example, in cultured human palate cells, microRNA-
374a-5p down-regulated the expression of MSX1 (43). Liu 
et al. also reported that microRNA-203 up-regulated the 
expression of MSX2 in osteoblasts (44). Whether non-
coding RNA can regulate MSX transcription factors in 
tumors is of great research value in the future.

Transcription factors
Several transcription factors including other homeobox 
genes exert different effects on the expression of MSX 

Figure 1 Model of the protein structures of the muscle segment homeobox (MSX) family (MSX1 and MSX2): two-dimensional (2D) 
structures of MSX1 and MSX2. The human MSX family of transcription factors shares a homeodomain of the same length (green). The 
homeodomain is the DNA binding domain of MSX1 and MSX2, and also a motif for protein-protein interactions.
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family. For example, Revet et al. reported that paired like 
homeobox2B (PHOX2B) down-regulated the expression 
of MSX1 in neuroblastoma (15). Additionally, Nagel et al. 
revealed that in NK leukemia, the activator of transcription 
and developmental regulator2 (AUTS2) and PR/SET 
domain1 (PRDM1) activated the expression of MSX1,  
while interferon regulatory factor4 (IRF4) acted as a 
suppressor of MSX1 expression (34). Forkhead box C1 
(FOXC1) indicated the suppression of MSX1 expression in 
Hodgkin Lymphoma (45). Moreover, transcription factors 
FOXC1 and motor neuron pancreas homeobox1 (MNX1) 
were activators of MSX1 transcription in mantle cell 
lymphoma (39). In another study, MSX1 with SNP loci was 

shown to be regulated by forkhead box L1 (FOXL1) in gastric 
cancer (33). In odontogenic tumors, Sonoda et al. noted 
that ameloblastin suppressed the expression of MSX2 (46).  
A study on breast cancer revealed that progesterone 
receptors promoted the expression of MSX2 (47). In T-acute 
lymphoblastic leukemia (T-ALL), it has been established 
that GATA binding protein2 (GATA2) and FOXC1 
mediated the activation of MSX1 transcription while GATA 
binding protein3 (GATA3), lymphoid enhancer binding 
factor1 (LEF1), TAL bHLH transcription factor1 (TAL1) 
and thymocyte selection associated high mobility group box 
(TOX) repressed MSX1 transcription (48).

Transcription factors regulate each other in the 

Figure 2 Roles of MSX transcription factors in cancer and the known mechanism. Regulation of the expression of MSX transcription 
factors including downstream transcription factors of signaling pathways, individual transcription factors, gene mutation, DNA methylation, 
histone acetylation and deacetylation, ubiquitination and degradation, single nucleotide polymorphism or microRNA regulation may up- 
or down-regulate the expression of MSX transcription factors. Regulation of transcriptional activity: depending on the environment, MSX 
transcription factors function as transcriptional activators or repressors: (I) they may recruit co-regulators including Miz1, Dlx5, SHARP, 
MINT, RBM15, TBP, PAX3, YB1/p32, H1b, H1C to form transcriptional complexes and (II) post-translational modifications such as 
SUMOylation may affect transcription, resulting in different endings. By targeting different genes, MSX transcription factors are involved 
in: (I) cell proliferation (cyclin D1, cyclin D3, cyclin E, cyclin-dependent kinase 4, c-jun, Rb, NKX3-1); (II) cell apoptosis (Cip1, ERK, 
BIRC5, caspase 3, BCL2, survivin, N-cadherin, MIR17HG); (III) cell invasion (E-cadherin, vimentin, N-cadherin, β-catenin, Twist1, KIFs); 
(IV) cell metastasis (BSP, ZEB1); (V) cell differentiation (NEUROD1); (VI) tumor stemness (MyoD, Myf5, SOX2); (VII) drug resistance 
(ABCG2, SOX2); (VIII) angiogenesis (VEGF).



Annals of Translational Medicine, Vol 9, No 9 May 2021 Page 5 of 14

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(9):810 | http://dx.doi.org/10.21037/atm-21-220

regulatory network of signaling pathways, the expression of 
MSX can also be regulated by corresponding transcription 
factors in specific signaling pathways such as growth factor 
signals in tumors (40). In colorectal carcinoma, WNT/
β-catenin signaling activated MSX1 expression while the 
promoter of MSX1 was activated by β-catenin (18). Previous 
studies have suggested that MSX2 can also function as 
a downstream effector of WNT signaling in human 
ovarian endometrioid adenocarcinoma cells and human 
teratoma cells (49-51). The downstream factor of bone 
morphogenetic protein (BMP) signaling SMAD4 activated 
the expression of MSX1 in T-ALL (48). Additionally, in 
NK cell leukemia SMAD3 was activated by BMP signaling 
and SMAD3 inhibited MSX1 expression (34). Similarly, 
BMP4 activated the expression of MSX2 through SMAD4 
or ERK1/2 or P38 in pancreatic cancer cells (40). The GLI 
family zinc finger 1 (GLI1), which is known to be involved 
in the hedgehog (Hh) signaling pathway, promoted the 
expression of MSX2 in gastric cancer (52). Several reports 
have confirmed that MSX2 acted as a regulatory target gene 
for Ras (12,53) even though its molecular mechanisms have 
not been established.

Post-translational modification
Song et al. revealed that protein inhibitor of activated 
STAT1 (PIAS1) enhanced the stability of MSX1 protein by 
inhibiting ubiquitination (54). Protein inhibitor of activated 
STAT Y (PIASy)-MSX1 interaction is also critical for 
MSX1 protein stabilization (8). Yuan et al. in their study 
on lung and breast cancer also showed that MSX2 was a 
substrate of F-box and WD repeat domain containing2 
(FBXW2)-E3 ligase, whereas a combination of FBXW2 
with MSX2 promoted the ubiquitination and degradation 
of MSX2 (55). O-linked-N-acetylglucosamine (O-GlcNAc) 
which is also a kind of post translational modification could 
down-regulate MSX1 expression (56). Therefore, the post-
translational modification of the protein is also an important 
reason for the dysregulation of the expression of MSX 
transcription factors in tumors.

In addition to the five regulatory mechanisms we 
discussed above, retinoids (57) and MSX1 antisense  
RNA (58) also regulated the expression of MSX1 in 
development. Overall, the regulation of MSX gene 
expression is accomplished by abundant mechanisms.

The regulatory mechanisms of transcriptional activity

The regulatory mechanisms of transcriptional activity 

include protein-protein interactions and post-translational 
modification. Previous studies indicated that interactions 
between TATA-box b inding prote in  (TBP)  wi th 
MSX1 attenuated the inhibitory effect of MSX1 on the 
glycoprotein hormone α subunit (αGSU) gene expression 
in a DNA binding-independent manner (59). During 
tooth development, MSX1 formed a heterodimer with 
paired box 3 (PAX3), while the formation of non-
transcriptional complex prevented MSX1 from binding 
to the DNA of its target gene (60). In addition, YB1/
p32 synergistically enhanced the transcriptional activity 
of MSX1 through protein interactions (61). In particular, 
MSX1 in synergy with histone inhibited myogenic 
regulators (62). Furthermore, MSX1 and co-factor histone 
H1C can inhibited ZHX2 in Hodgkin’s lymphoma (35). 
PIASy can promote MSX1 to repress the reporter activity 
of vascular endothelial growth factor (VEGF) and this 
promotion further help MSX1 to mediate angiogenesis 
inhibition (8). In human embryo development research, 
MSX2 was shown to interact with two transcription factors, 
MSX-interacting-zinc finger1 (Miz1) (63) and distal-less 
homeobox5 (Dlx5) (64). Wu et al. documented that the 
affinity of MSX2-Miz1 complex to the MSX-DNA binding 
site on the target gene promoter was higher compared to 
that of MSX2 alone, thereby, enhancing the expression of 
the target gene (63). Newberry et al. found that MSX2-
Dlx5 complex cannot bind the MSX binding site on 
the promoter of target gene, thus the expression of the 
target gene was inhibited (64). The SHARP and MSX2-
interacting nuclear target protein (MINT) are involved 
in the transcriptional activity of MSX2 (65). A study on 
breast cell lines showed that RNA-binding motif protein 
15 (RBM15) may regulate the transcriptional activity of 
MSX2 (14). Besides, post-translational modification small 
ubiquitin-related modification (SUMO) is considered to be 
an important regulatory mechanism for transcription (66). 
Song et al. showed that in 293T cells, PIAS1 promoted the 
SUMOylation of MSX1 and the SUMOylation inhibited 
the transcriptional activity of MSX1 (54). The regulatory 
mechanisms which can affect the transcriptional activity 
of MSX transcription factors in tumors need further study 
for the possibility of interventions in their transcriptional 
activity in practical applications.

The roles of MSX family in different types of tumors

The expression of MSX family in tumors
Expression levels of the MSX family vary in different 
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tumors (Tables 1 and 2). In particular, the expression of 
MSX1 is lower in multiple tumors such as breast cancer 
(82,83), high-grade serous epithelial ovarian cancer (67), 
gastric cancer (37), cervical cancer (68,84), testicular germ 
cell tumors (TGCTs) (69), malignant NK cell leukemia (34), 
glioblastoma (70), neuroblastoma (15), Wilms tumor (73) 
and Hodgkin lymphoma (35). Moreover, MSX1 expression 
is upregulated in T-ALL (48), mantle cell lymphoma 

(MCL) (39), acute myeloid leukemia (AML) (39), pituitary 
adenomas (71), melanoma (72), myxoid liposarcoma  
(MLS) (17), endometrial cancer (38). Whereas in colorectal 
cancer, compared to the adjacent normal tissues, MSX1 was 
shown to be down-regulated in COAD (9). However, the 
expression of MSX1 was also found to be significantly high 
in some colorectal cancer tissues (18,85).

The expression of MSX2 has also been shown to be 

Table 1 The dysregulated expression of MSX1 in cancer

Type of cancer Subtype of cancer Expression
Reasons for dysregulation in 

cancer
Involved signaling 

pathways
References

Lung cancer Lung squamous cell 
carcinoma

Down Hypermethylation – (36)

Colorectal cancer Colon adenocarcinoma Down Hypermethylation – (9)

Colorectal cancer – Up – WNT signaling (18)

Ovarian cancer High-grade serous epithelial 
ovarian cancer

Down – – (67)

Breast cancer – – Gene mutation – (31)

Esophageal cancer Esophageal adenocarcinoma Down Gene mutation – (32)

Leukemia T-cell acute lymphoblastic 
leukemia

Up GATA2, FOXC1 BMP signaling (48)

Leukemia Acute myeloid leukemia Up – – (39)

Leukemia NK cell leukemia Down Chromosome loss, AUTS2, 
PRDM1, IRF4

BMP signaling (34)

Neuroblastoma – Down PHOX2B – (15)

Lymphoma Mantle cell lymphoma Up PHF16, FOXC1, MNX1 – (39)

Gastric cancer – Up SNP – (33)

Cervical cancer – Down – – (68)

Testicular cancer Testicular germ cell tumors Down – – (69)

Glioblastoma – Down – – (70)

Hodgkin’s lymphoma – Down Chromosome 
rearrangement, FOXC1

– (35,45)

Pituitary cancer Pituitary adenomas Up – – (71)

Melanoma – Up – – (72)

Liposarcoma Myxoid liposarcoma Up – – (17)

Wilms tumor – Down – – (73)

Endometrial cancer – Up Hypomethylation WNT signaling (38,74)

MSX1, muscle segment homeobox 1; BMP signaling, bone morphogenetic protein signaling; FOXC1, forkhead box C1; GATA2, GATA 
binding protein 2; AUTS2, activator of transcription and developmental regulator 2; PRDM1, PR/SET domain 1; IRF4, interferon regulatory 
factor 4; PHOX2B, paired like homeobox 2B; PHF16, plant homeodomain finger 16; HDAC, histone deacetylase; SNP, single nucleotide 
polymorphism.
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elevated in most tumors such as breast cancer tissues (75), 
human pancreatic cancer (40,86), teratoma (51), ovarian 
cancer (49,81), gastric cancer (52), lung cancer (80), colorectal 
cancer (87), and inverted papilloma of the nose (78). In 
comparison, the expression of MSX2 in prostate cancer was 
higher than that in normal prostate tissues and its expression 
in metastatic cells was higher than that in non-metastatic  
cells (79). Conversely, its expression was lower in melanoma 
lung metastatic cells compared to melanoma cells that have 
not metastasized. However, the reasons for this occurrence 
have not been established (77). Finally, the expression 
of MSX2 was also reported to be low in lung and breast  
cancer (55). At the same time, the roles of MSX family 
also vary in different tumors. In some tumors, MSX family 
function as tumor promoters, but both MSX1 and MSX2 can 
exhibit inhibiting roles in other tumors.

MSX family in breast cancer
Overall, MSX1 has been reported to have an anticancer 
effect in breast cancer (82,83). In particular, MSX1 
suppressed breast cancer cell growth via inducing the G1/
S cell-cycle arrest and promoted apoptosis of breast cancer 
cells. Moreover, it suppressed the expression of β-catenin 
together with its downstream target genes so that inhibiting 
breast tumor cell migration and invasion (82). MSX1 can 
inhibit the expression of kinesin superfamily (KIFs) in 
breast cancer which leads to the occurrence and progression 
of breast cancer (83,88).

The dual role of MSX2 in breast cancer may be 
associated with subcellular localization and the downstream 
effectors it regulates (89). The MSX2-overexpressing 
cells presented a typical elongated and mesenchymal-
like shape, accompanied by a reduced expression of the 

Table 2 The dysregulated expression of MSX2 in cancer

Type of cancer Subtype of cancer Expression
Reasons for dysregulation 

in cancer
Involved signaling 

pathways
References

Breast cancer – Up Estrogen, progesterone – (75)

Breast cancer – Down FBXW2, PR (47,55)

Pancreatic cancer Pancreatic intraductal 
papillary mucinous tumor

Up – – (76)

Pancreatic cancer – Up P300, CBP BMP signaling, Ras 
signaling

(40,53)

Gastric cancer Diffuse-type gastric cancer Up Hypomethylation Hh signaling (10,52)

Odontogenic cancer Ameloblastoma Down Ameloblastin – (46)

Melanoma – Down – – (77)

Colorectal cancer – Up – – (19)

Nasal cancer Nasal inverted papilloma of 
the nose

Up – – (78)

Prostate cancer Prostate adenocarcinoma Up – – (79)

Lung cancer – Down FBXW2 – (55)

Lung cancer – Up – – (80)

Ovarian cancer Ovarian endometrioid 
adenocarcinoma

Up – WNT signaling (49)

Ovarian cancer Ovarian yolk sac tumor Up – – (81)

Teratoma – Up – WNT signaling (51)

MSX2, muscle segment homeobox 2; FBXW2, F-box and WD repeat domain containing 2; PR, signaling progesterone receptor signaling; 
p300, E1A-associated protein p300; CBP, camp-response element-binding protein (CREB)-binding protein, BMP signaling, bone 
morphogenetic protein signaling; Hh, hedgehog.



Liu et al. Roles of MSX transcription factor family in cancer

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(9):810 | http://dx.doi.org/10.21037/atm-21-220

Page 8 of 14

epithelial marker E-cadherin and a corresponding increase 
in the expression of mesenchymal markers, vimentin, and 
N-cadherin. This implies that MSX2 was significantly 
involved in the EMT process of breast cancer cells (90). 
Furthermore, in breast cancer cells, MSX2 was closely 
associated with the bone metastasis via improving the 
expression of bone sialoprotein (BSP) (91,92). Additionally, 
MSX2 promoted the apoptosis of breast cancer by 
upregulating the level of COP1-interactive protein1 (Cip1) 
and suppressing the level of the baculoviral IAP repeat 
containing5 (BIRC5). MSX2 also promoted apoptosis 
through the ERK pathway (14,93). Lastly, in breast cancer, 
MSX2 also acted the downstream of CHK1 to defend 
against Adriamycin (94). MSX2 might exhibit a central role 
in maintaining the characteristics of tumor stemness and 
drug resistance by inhibiting the expression of SRY-box 
transcription factor2 (SOX2) in breast cancer (95-97).

MSX family in pancreatic cancer
The role of MSX1 in pancreatic cancer has not yet been 
elucidated. However, MSX2 has been studied for its 
importance in pancreatic cancer, MSX2 promoted the 
invasion and metastasis of pancreatic cancer cells (40). 
The target gene of MSX2 may be Twist1, and further, 
it was speculated that MSX2 may promote EMT in 
pancreatic cancer through Twist1 (40). In another study, 
MSX2 was shown to inhibit the apoptosis of pancreatic 
cancer cells by down-regulating the expression of caspase 
3 (12). Elsewhere, pancreatic cancer cells with highly 
expressed MSX2 were shown to be more likely to be 
resistant to gemcitabine and 5-fluorouracil (5-FU) via the 
downstream target gene adenosine triphosphate-binding 
cassette subfamily G member2 (ABCG2) which may be a 
molecular therapeutic target for overcoming the resistance 
of pancreatic cancer to chemotherapeutic drugs (16,98). 
The MSX2 expression level was used to predict the degree 
of malignancy and prognosis of pancreatic intraductal 
papillary mucinous tumor (IPMN), and thus providing a 
valuable clinical reference to predict the deterioration of  
IPMN (76). Moreover, MSX2 has been used to identify 
pancreatic cancer and pancreatitis (99). These results 
indicate that MSX2 has great potential in clinicopathological 
diagnosis and treatment.

MSX family in ovarian cancer
MSX1 has an inhibitory effect on ovarian cancer (11,67). 
For example, in high-grade serous epithelial ovarian 
cancer, MSX1 impeded the growth of ovarian cancer by 

promoting apoptosis of ovarian cancer cells. In addition, 
MSX1 was found to increase the sensitivity of cancer cells to  
cisplatin (67). A study on human ovarian cancer cell line, 
OVCAR3, found that the overexpression of MSX1 could 
significantly prolong the G1 phase of the cell cycle, while 
cyclin D1, D3, E, cyclin-dependent kinase 4, c-jun, and 
Rb were significantly inhibited, thus preventing cell 
proliferation (11). MSX1 has also been reported to inhibit 
tumor angiogenesis by repressing the VEGF promoter 
activity (8). On the contrary, MSX2 also exhibits a 
carcinogenic role in ovarian cancer. Specifically, MSX2 
promoted the proliferation and metastasis of ovarian 
cancer cells from the basement membrane to the matrix as 
the downstream of WNT pathway, MSX2 also promoted 
neoplastic transformation of epithelial cells (49).

MSX family in colorectal cancer
Both MSX1 (18) and MSX2 (19) are involved in the 
progression of colorectal cancer. For instance, Horazna 
et al. found MSX1 was closely related to the occurrence 
of colorectal cancer (18). Another study revealed that the 
deficiency of MSX2 could result in the inhibition of cell 
proliferation and invasion, promotion of cell cycle arrest 
and apoptosis in colorectal cancer. MSX2 may regulate the 
malignant development of colorectal cancer through the 
AKT pathway (19,100,101). The exact mechanism through 
which MSX2 promotes colorectal cancer progression has 
not been established.

MSX family in gastric cancer
Yamashita et al. documented that MSX1 may be an anticancer 
gene in gastric cancer (37). The MSX1 has also been associated 
with the occurrence and development of gastric cancer. 
Therefore, MSX1 may be a suitable candidate biomarker for 
the diagnosis and prognosis of gastric cancer (33). Moreover, 
based on experimental studies, MSX2 promoted the growth 
of gastric cancer cells and could play an important role in 
promoting cancer. After interference with MSX2, diffuse 
gastric cancer cells showed a strong inhibition on cell 
growth. Therefore, an extended genome-wide search of the 
transcriptional downstream target genes of MSX2 may be 
of great significance for identifying the molecular targets of 
diffused gastric cancer (52).

MSX family in other cancers
In cervical cancer, MSX1 was found to act as a cancer 
suppressor by down-regulating Notch expression and up-
regulating the expression of apoptosis-associated genes (68).  
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Findings revealed that MSX1 could prevent p53 from 
exiting the nucleus via using its homeodomain to bind to 
p53 and this interaction induced the apoptosis of Hera 
cells (102). In NK cell leukemia, MSX1 inhibited oncogene 
miR-17-92a-1 cluster host gene (MIR17HG) which 
suppressed cell apoptosis (34,103). In endometrial cancer, 
MSX1 was a target gene of β-catenin and MSX1 induced 
G0/G1 arrest (74). In neuroblastoma, MSX1 exhibited an 
anticancer role by activating the Notch pathway that in 
turn induced growth inhibition and inhibiting NEUROD1 
which is associated with neuronal differentiation in the 
neuroblastoma cell line (15,104,105). In another study, 
MSX1 was shown to be a negative regulator of cell 
migration and invasion by inhibiting the WNT/β-catenin 
pathway in glioblastoma (70). Besides, MSX1 plays a 
cancer-promoting role in some tumors. MSX1 was involved 
in MLS proliferation and stemness by regulating MyoD and 
Myf5 (17,106,107). In melanoma cells, MSX1 promoted 
tumor cell metastasis by upregulating zinc finger E-box 
binding homeobox1 (ZEB1) expression (72). Additionally, 
in T-ALL cells, as a carcinogenic factor, MSX1 promoted 
the proliferation, differentiation and metastasis of leukemia 
cells and activated the oncogenic NKL homeobox gene 
NK3 homeobox1 (NKX3-1) which may be involved in cell 
proliferation (48,108). In odontogenic tumors MSX2 may 
be involved in ameloblast differentiation (46). Additionally, 
MSX2 elevated tumor cell metastasis in inverted papilloma 
of the nose (78). MSX2 was closely correlated with 
the metastasis of prostate cancer (79). Through vitro 
experiments, differences in the expression of p21, BCL2, 
Survivin, and N-cadherin indicated that a higher expression 
of MSX2 induced the apoptosis of melanoma cells and 
reduces the invasiveness of melanoma cells (77).

Discussion

As mentioned above,  both MSX1 and MSX2 are 
valuable biomarkers for the diagnosis and prediction of 
tumorigenesis in some tumors (33,76). In addition, based 
on clinical prognosis studies, we noted that in breast 
cancer (14) and melanoma (77), MSX2 in the cancer cell 
cytoplasm was more associated with clinical prognosis than 
MSX2 in the nucleus. However, the mechanisms involved 
require further evaluation. Specifically, the MSX family 
seems to be closely related to tumor resistance, MSX1 was 
shown to increase the sensitivity of ovarian cancer cells 
to cisplatin, which is beneficial to patients undergoing 
chemotherapy (67). Previous studies on pancreatic 

cancer revealed that the downstream gene, ABCG2, 
regulated by MSX2 is associated with chemotherapeutic 
resistance (16). In addition, understanding the epigenetic 
regulation of MSX family gene expression may elucidate 
on the mechanisms of tumorigenesis and, thus, implying 
that epigenetic modification therapies such as histone 
acetyltransferase inhibitors may be used as adjuncts (39). 
It’s imperative to develop new drugs for the treatment of 
tumors. Interestingly, MSX1 has shown great potential 
as a therapeutic target for breast cancer by inhibiting 
the expression of the breast cancer oncogene KIFs (83). 
Immunohistochemistry analysis revealed that MSX2 was 
more preferentially expressed in diffuse gastric cancer 
than in intestinal gastric cancer cells, while its effect on 
the growth of gastric cancer cells was independent. Lastly, 
blocking of MSX2 function could be an effective Hh-
targeted cancer therapy, thus presenting a new strategy 
for the treatment of gastric cancer (52). Protein-protein 
interactions (35) could affect transcriptional activity of MSX 
transcription factors in cancers, we may find more partners 
to intervene in their transcriptional activity in practical 
applications. It has been reported the homeobox genes 
can control the level of glucose metabolism and respond 
to metabolic stress in tumor cells (109), studying the roles 
of MSX transcription factors in cell metabolism can also 
become our research direction, so it is worth further study. 
Homeodomain proteins can regulate the expression of 
tumor-derived factors to create a microenvironment that 
promotes the growth of cancer cells and may also enable 
cancer cells to escape immune destruction (110). This 
suggests that we can study whether the MSX family is 
involved in immunotherapy of tumors in the future.

Conclusions

Although the importance of the MSX family in tumor 
progression has been recognized by the scientific 
community in recent years, the study of its members is 
still in its “infancy stages” (11,40). Therefore, there is an 
urgent need to fully explore the structures and potential 
mechanisms of the partners they choose to interact with 
in tumors. In summary, generating novel information 
on the MSX family will elucidate on its transcriptional 
regulatory mechanisms and also provide new therapeutic 
strategies for tumors. In this article, we particularly focused 
on the impacts of the two members of human MSX family 
on various cancer types. Because of various downstream 
regulatory genes, the two members of the MSX family can 
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promote or inhibit cancer progression in different tumors 
(11,14,18,19). The MSX family has great potential in the 
clinical diagnosis and treatment of cancer.
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Supplementary

Figure S1 Three-dimensional (3D) structures of MSX1 and MSX2 were performed with the SWISS-MODEL expert system for protein 
structure modeling (https://swissmodel.expasy.org) to evaluate the biological function of MSX transcription factors (26-30), protein models 
generated by SWISS-MODEL are licensed under the CC BY-SA 4.0 Creative Commons Attribution-ShareAlike 4.0 International License 
(https://creativecommons.org/licenses/by-sa/4.0/).
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