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Abstract. Glioblastoma multiforme (GBM) is the most 
common type of primary brain tumor in adults. GBM is 
characterized by a high degree of malignancy and aggressive‑
ness, as well as high morbidity and mortality rates. GBM is 
currently treatable via surgical resection, chemotherapy and 
radiotherapy, but the prognosis of patients with GBM is poor. 
The suppressor of cytokine signaling (SOCS) protein family 
comprises eight members, including SOCS1‑SOCS7 and 
cytokine‑inducible SH2‑containing protein. SOCS proteins 
regulate the biogenesis of GBM via the JAK/STAT and NF‑κB 
signaling pathways. Driven by NF‑κB, the expression of SOCS 
proteins can serve as a negative regulator of the JAK/STAT 
signaling pathway and exerts a potential inhibitory effect on 
GBM. In GBM, E3 ubiquitin ligase is involved in the regula‑
tion of cellular functions, such as the receptor tyrosine kinase 
(RTK) survival signal, in which SOCS proteins negatively 
regulate RTK signaling, and kinase overexpression or muta‑
tion can lead to the development of malignancies. Moreover, 
SOCS proteins affect the proliferation and differentiation 
of GBM cells by regulating the tumor microenvironment. 
SOCS proteins also serve specific roles in GBM of different 
grades and different isocitrate dehydrogenase mutation status. 
The aim of the present review was to describe the biogenesis 
and function of the SOCS protein family, the roles of SOCS 
proteins in the microenvironment of GBM, as well as the 
role of this protein family and E3 ubiquitin ligases in GBM. 
Furthermore, the role of SOCS proteins as diagnostic and 
prognostic markers in GBM and their potential role as GBM 
therapeutics were explored.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common type of 
primary brain tumor in adults. GBM has a high degree of malig‑
nancy and strong invasive ability and, therefore, usually has a 
poor prognosis. The overall survival time following diagnosis 
is ~12 months (1). The prognosis remains unchanged following 
maximal surgical resection, chemotherapy and radiotherapy (2). 
Therefore, in order to investigate and discover new therapeutic 
targets and develop more optimized and effective therapeutic 
strategies, it is necessary to further understand the molecular 
mechanisms underlying the development and progression of 
GBM  (3). According to The Cancer Genome Atlas, GBM 
may be genetically classified into the following four subtypes: 
Mesenchymal, classical, neural and proneural  (4). Previous 
studies have reported that the mesenchymal is the most aggressive 
subtype (5) and is associated with an inflammatory microenvi‑
ronment, angiogenesis and drug resistance (6). Radiotherapy 
and chemotherapy can increase GBM resistance and invasive‑
ness by promoting proneural‑to‑mesenchymal transition (5). 
Furthermore, numerous factors are involved in gliomagenesis, 
including numerous signaling pathways that are crucial for 
GBM development, such as the JAK/STAT (4,7,8), p53, retino‑
blastoma (RB) and receptor tyrosine kinase (RTK) signaling 
pathways (9). Mutations in isocitrate dehydrogenase 1 and 2 
(IDH1/2) can reduce enzymatic activity and induce the develop‑
ment of GBM (10). Moreover, the deletion of chromosome 1p36 
and 19q13 can cause oligodendroglioma (11). However, current 
research on the mechanisms underlying gliomagenesis remains 
insufficient and further investigation is needed for future diag‑
nosis, classification and treatment of GBM (12).
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Suppressor of cytokine signaling (SOCS) proteins are 
cytokine‑inducible proteins that inhibit cytokine signaling 
in a number of different signaling pathways. The SOCS 
protein family comprises eight members: SOCS1‑SOCS7 
and cytokine‑inducible SH2‑containing protein (CIS). 
Structurally, these proteins are similar, as they each contain 
the Src homology 2 (SH2) domain, a variable amino‑terminal 
domain and a carboxy‑terminal SOCS box (13). Functionally, 
it was previously indicated that cytokine signaling may serve 
potentially negative roles in GBM, such as promoting GBM 
cell proliferation, migration and angiogenesis via the C‑X‑C 
motif chemokine ligand 2/IL‑8/C‑X‑C motif chemokine 
receptor 2 pathway (14), while the SOCS family may serve a 
positive role in GBM mediated by certain signaling pathways 
or immune molecules; for example, SOCS can inhibit GBM 
cell proliferation and angiogenesis by negatively regulating 
the JAK/STAT3 signaling pathway (15). Therefore, the role of 
SOCS proteins in GBM has recently become a focus in GBM 
research.

The occurrence, progression, diagnosis and prognosis 
of numerous human tumors, including GBM, are associated 
with the SOCS protein family. SOCS3, which is one of the 
most well‑studied members of the SOCS family, inhibits the 
JAK/STAT signaling pathway by binding to an activated 
receptor  (16). Furthermore, SOCS3 inhibits the NF‑κB 
signaling pathway, antagonizing cAMP‑mediated signal 
transduction and enhancing signal transduction via the MAPK 
signaling pathway  (17‑19). In GBM, E3 ubiquitin ligases 
regulate important cellular functions, including the regulation 
of the RTK survival signal. Overexpression or mutation of 
numerous kinase family members, including RTK, may cause 
the development of malignancies; however, SOCS proteins 
serve a negative regulatory role in RTK signaling (20). The 
PI3K/Akt signaling pathway is abnormally activated in the 
majority of patients with GBM  (21). Furthermore, casein 
kinase 1 (CK1) and glycogen synthase kinase‑3β (GSK‑3β) 
promote cytoplasmic degradation of IκB and NF‑κB‑mediated 
nuclear transcription to inhibit apoptosis  (22). NF‑κB can 
induce the expression of SOCS3 and activate the NF‑κB 
signaling pathway by binding to the SOCS promoter and 
initiating gene transcription (23). SOCS3 ultimately acts as a 
negative regulator of the JAK/STAT3 signaling pathway (24). 
Overall, the SOCS protein family may be implicated in the 
occurrence, progression and prognosis of numerous tumors; 
SOCS3, in particular, may function as a tumor suppressor (25).

All cullin‑RING E3 ligases (CRLs) share a conserved 
molecular structure. SOCS proteins are important substrate 
recognition modules for CRLs, which inhibit cytokine‑induced 
signal transduction cascades by promoting ubiquitination 
of signal transduction intermediates that are then degraded 
by targeted proteasomes. For example, in the case of CRL5, 
SOCS interacts with the JAK/STAT signaling pathway to 
mediate the ubiquitination and degradation of cytokines and 
exert a tumor‑inhibitory effect (26).

Furthermore, SOCS3 hypermethylation may be an impor‑
tant predictor of poor prognosis (27). The SOCS family has 
been proven to be involved in the invasion and metastasis of 
numerous types of tumors (28), but their role in the invasion 
and metastasis of GBM remains unclear. In addition, the 
significance of SOCS proteins in the treatment of patients with 

GBM, such as their roles in postoperative radiotherapy and 
chemotherapy, remains to be further investigated. The aim of 
the present review was primarily to summarize the regulatory 
role of SOCS proteins in GBM and their clinical significance, 
the interaction of E3 ubiquitin ligase and SOCS proteins and 
their role in GBM, the modified SOCS protein substrates and 
the therapeutic value of targeting SOCS proteins.

2. SOCS proteins

Biogenesis of SOCS proteins. In 1995, Yoshimura et al (29) 
discovered that a cytokine‑responsive gene was upregulated 
during IL‑3 treatment of hematopoietic stem cells. This gene 
was later named CIS. Starr et al in 1997 (30) and Nicholson 
and Hilton in 1998 (31) identified a new family of negative 
regulators in the monocytic leukemia M1 cell line via retro‑
virus expression in a hematopoietic cDNA library. SOCS1 was 
initially screened and cloned, and it was found that SOCS1 
could bind to JAK to inhibit cytokine signaling. Similar to 
SOCS1, the other seven cDNAs (CIS and SOCS2‑SOCS7) were 
shown to encode proteins containing a SOCS box. Members of 
the SOCS protein family have a conserved structure, including 
an N‑terminal region, a central SH2 homologous region and 
a C‑terminal region containing the SOCS box. Furthermore, 
both SOCS1 and SOCS3 genes encode a pseudo‑substrate, 
which is a unique kinase‑inhibitory region (KIR) and exists 
upstream of the central SH2 domain  (25). SOCS protein 
activity is closely associated with the specificity of the 
SOCS‑SH2 domain, which interacts with signaling molecules 
and, therefore, determines the signaling pathways that are 
regulated (28). Structurally, the C‑terminal regions of SOCS 
proteins contain a sequence of 40 conserved amino acids, with 
the N‑terminal regions varying in length, ranging from 50 to 
380 amino acids. The N‑terminal regions of the SOCS proteins 
contain no recognizable sequences, and only SOCS7 contains 
a nuclear localization signal and multiple proline‑rich regions 
(Fig. 1)  (32). It has also been determined that the expres‑
sion levels of SOCS3 and SOCS1 are the highest in central 
nervous system cells, such as microglia and astrocytes, and 
the abnormal expression of SOCS3 and SOCS1 is associated 
with the poor prognosis of GBM (25). Furthermore, previous 
studies have reported that other SOCS family members can 
change the phenotype of GBM cells via signaling pathways 
such as the JUN/microRNA (miRNA/miR)‑494/SOCS6 (33) 
and miR‑599/androgen receptor (AR)/SOCS2‑antisense RNA 
1 (AS1) signaling pathways (34). However, further in vivo and 
in vitro experiments must be performed.

Mechanism of action of SOCS proteins. SOCS boxes 
consist of ~40  amino acids, have strong homology and 
are highly conserved. The SOCS‑SH2 domain is located 
directly upstream of the SOCS box and is distinguished by 
an N‑terminal α‑helix known as the extended SH2 subdo‑
main, which stabilizes the phosphorylated tyrosine‑binding 
loop (35,36). By binding the SH2 domain to phosphorylated 
residues in the receptor complex, the SOCS box‑associated 
E3 ubiquitin ligase becomes attached to its substrate  (37). 
Functionally, SOCS proteins are hypothesized to negatively 
regulate the JAK/STAT signaling pathway by binding to 
the JAK/cytokine receptors or by competing with the STAT 
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protein for phosphorylation docking sites on the receptor. 
Moreover, the KIR of SOCS1 and SOCS3 is crucial for inhib‑
iting JAK. In addition, KIR serves an important regulatory 
role by interacting with elongin B, cullin‑5 or cullin‑2, RING 
box protein (RBX) 1 and E2 to degrade signaling proteins that 
bind to them, preventing E3 ubiquitin ligase targeting, while 
preventing the degradation of the proteins themselves, thereby 
regulating the stability of signaling molecules in the cell and 
inhibiting cell signal transduction (38‑40). In order to mediate 
proteasomal degradation of related proteins, C‑terminal SOCS 
boxes interact with components of the ubiquitin ligase mecha‑
nism (41). For certain endogenous SOCS proteins, due to the 
lack of a reliable detection method, the protein and mRNA 
expression levels of different subtypes of SOCS and the rela‑
tionship between mRNA and protein expression levels remain 
unclear (42).

Functions of SOCS proteins
SOCS1 and SOCS3. SOCS1 inhibits IFN signaling by inter‑
acting with the IFN‑α/β receptor subunit 1 and the IFN‑γ 
receptor subunits, limiting the IFN activation of STAT3 (43). 
SOCS1 can also interfere with a wide range of signaling 
pathways by promoting the degradation of p65 of the NF‑κB 
signaling pathway and kinase apoptosis signal‑regulating 
kinase 1 upstream of the JNK and p38 signaling pathways (25). 
SOCS3 inhibits the signaling of the IL‑6 cytokine family (44), 
and signaling mediated by lipopolysaccharide, type I and II 
IFN, growth hormone, IL‑2, IL‑3 and IL‑4, participating 
in a wide range of immune responses  (24,45‑47). SOCS3 
also inhibits the NF‑κB signaling pathway, antagonizing 
cAMP‑mediated signaling (26) and enhancing signaling via 
the MAPK pathway (43).

It was previously demonstrated that reduced SOCS1 and 
SOCS3 expression levels in human astrocytoma can lead to the 
phosphorylation of STAT3, which activates the JAK/STAT3 
signaling pathway and indicates a poor prognosis (48). The 
mutual regulation of SOCS1 and SOCS3 can enhance GBM 
resistance to ionizing radiation (49); SOCS1 and SOCS3 may 
also serve as epigenetic regulators of GBM hypermethylation, 

which is associated with a poor GBM prognosis  (50). 
However, the pathogenic role of SOCS1 and SOCS3 remains 
incompletely understood and further research is needed.

Other SOCS family members: SOCS2, 4, 5, 6, 7 and CIS. 
At present, there are relatively few studies on the role of the 
remaining SOCS family members (CIS and SOCS2, 4, 5, 6 
and 7) in GBM, whereby most studies regulate the phenotypes 
of GBM cell lines using the targeted action of miRNAs. It 
was previously demonstrated that methylation of the SOCS2 
promoter may be associated with a poor GBM prognosis (50). 
The circular (circ)RNA‑aspartyl/asparaginyl β‑hydroxylase 
(circ‑ASPH) can promote the invasion of GBM cells by 
targeting the miR‑599/AR/SOCS2‑AS1 signaling pathway (34). 
Furthermore, miR‑296‑3p is regulated by neurofibromatosis 
2 (NF2) and enhances the invasiveness of GBM cells via 
the SOCS2/STAT3 signaling pathway. Overexpression of 
miR‑296‑3p can inhibit the expression of STAT5A, inducing 
STAT3 phosphorylation by downregulating SOCS2 and, there‑
fore, increasing the invasiveness of T98G cells (51). It was also 
previously demonstrated that SOCS6 can cause a change in the 
GBM cell phenotype via the JUN/miR‑494/SOCS6 signaling 
pathway (33). Khalighfard et al (52) reported that miR‑1290 
directly targets the 3'‑untranslated region (UTR) of the SOCS4 
gene and inhibits its expression, which increases GBM cell 
proliferation, migration, invasion and resistance to chemo‑
therapy and radiation. Moreover, Liu et al (53) determined 
that long intergenic non‑protein coding RNA (LINC)00668 
promoted glioma cell proliferation by regulating SOCS5 
expression via competitively sponging miR‑518c‑3p. However, 
SOCS7 and CIS have rarely been studied in GBM. Therefore, 
more in vitro and in vivo experiments are needed to explore the 
role of these SOCS family members in GBM.

3. SOCS proteins and E3 ubiquitin ligase

Roles of E3 ubiquitin ligase. E3 ligases can be divided into 
three subtypes, including homologous to the E6‑associated 
protein C‑terminus domain ligases, RING E3 ligases, and 

Figure 1. The SOCS box motif of the SOCS protein family. SOCS family members (SOCS1‑SOCS7 and CIS) contain a SOCS box, as well as a central SH2 
homology region, which is shown in yellow. The kinase inhibitory region of SOCS1 and SOCS3 is marked in red, which is located in the upstream of the central 
SH2 domain. The N‑terminal regions of SOCS proteins are relatively non‑conserved in length, ranging between 50 and 380 amino acids. SOCS, suppressor of 
cytokine signaling; CIS, cytokine‑inducible SH2‑containing protein.
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RING‑in‑between‑RING E3 ligases (54). In humans, most 
E3 ubiquitin ligases are of the RING subtype, with >600 
falling into this category. In GBM, certain E3 ubiquitin 
ligases are involved in regulating the ubiquitination of SOCS 
proteins, such as the CRL E3 ligase family, which contains 
the cullin scaffold protein CRL5 complex, cullin 5‑elongin 
B/C‑SOCS (55,56). SOCS proteins link the BC complex and 
cullin 5 to promote JAK ubiquitination, thereby inhibiting the 
JAK/STAT signaling pathway (57). The ubiquitin‑proteasome 
system (UPS) is an important protein degradation pathway 
in eukaryotes (58). Abnormalities in proteins regulated by 
UPS are closely associated with numerous types of human 
cancer (59), including GBM (60). Ubiquitin modification is a 
multi‑stage process. The E1‑activating enzyme is activated by 
ATP, and then transferred to the E2 ubiquitin‑binding enzyme, 
which is connected to the active site of E2 by a thioester bond. 
E2 is activated by binding to a specific E3 ubiquitin ligase 
(Fig. 2) (61). E3 ubiquitin ligase serves an important role in 
determining the specificity of the UPS. E3 ubiquitin ligase 
is involved in numerous cellular processes, such as signal 
transduction, DNA repair and replication, by regulating the 
ubiquitination of proteins (62).

Relationship between E3 ubiquitin ligases and SOCS 
proteins. All CRLs possess a conserved molecular structure 
that recognizes a range of substrate compositions, has different 
modalities of regulation and unique ways of connecting 
the UB component (Fig.  3). The two most characteristic 
subfamilies of CRLs are the Skp1‑cullin‑F‑box (SCF) and 
elongin‑C‑cullin‑SOCS‑box families, with the latter including 
the SOCS box‑containing proteins and the von Hippel‑Lindau 
(VHL) tumor suppressor. VHL and SOCS box proteins bind 
to cullin scaffolds using heterodimers of elongin B and C. 
SOCS box proteins are also recognized as important substrate 
recognition modules for CRLs (63). SOCS proteins partially 
inhibit the cytokine‑induced signal transduction cascade by 
promoting ubiquitination of signal transduction intermediates, 
which are then targeted for proteasomal degradation. The 
process relies on interactions between the SOCS box domain, 
the adapter complex elongin B and elongin C and the E3 
ubiquitin ligase scaffold protein cullin family (64).

The CRL5 cullin 5‑elongin B/C‑SOCS ubiquitin ligase 
complex consists of cullin 5, RBX2, elongin B/C and SOCS 
proteins, among which the SOCS proteins have a substrate 
recognition function that enables the complex to interact 
with JAK proteins in the JAK/STAT signaling pathway (65). 
Furthermore, SOCS proteins inhibit the kinase activity of the 
JAK protein, which prevents the STAT protein from binding 
to the corresponding cytokine receptors and mediates the 
ubiquitination and degradation of cytokines (26). In summary, 
the CRL5 cullin 5‑Ring E3 ubiquitin ligase complex is nega‑
tively associated with innate immunity. The occurrence and 
development of tumors are often associated with the inflam‑
matory response, and SOCS proteins are believed to serve a 
tumor suppressive role by inhibiting the chronic inflammatory 
response  (66). The expression of SOCS proteins has been 
found to be significantly downregulated in tumor tissues 
and the expression level of SOCS proteins has been shown 
to be positively correlated with the survival of patients with 
glioma (50). However, the molecular mechanism of the role 
of SOCS proteins in the CRL5 complex (cullin 5‑elongin 
B/C‑SOCS‑E3 ubiquitin ligase), as well as in the initiation 
and progression of GBM, is not well understood and therefore 
needs to be explored further.

RTK signaling regulation in GBM by SOCS proteins and 
E3 ubiquitin ligases. In GBM, E3 ubiquitin ligases regulate 
important cellular functions, including RTK pro‑survival 
signaling (67). Members of the RTK family are associated 
with numerous malignancies caused by the overexpression or 
mutation of RTK proteins, and have therefore become potential 
targets for cancer therapeutics (67). In RTK signal transduction, 
the activation of RTK results in the transcriptional activation 
of SOCS coding genes; therefore, SOCS proteins serve an 
important regulatory role  (68). The SH2 domain of SOCS 
proteins interacts with RTK, which mobilizes the E3 ubiquiti‑
nation mechanism to induce ubiquitination and limit receptor 
stability. SOCS proteins serve a negative regulatory role in 
RTK signaling (20). Furthermore, EGF signaling is a typical 
example of RTK signal changes in GBM (67). Phosphorylation 
of EGF results in the activation of the JAK/STAT and 
PI3K/Akt signaling pathways, thus generating downstream 

Figure 2. Overview of the ubiquitin‑proteasome system response process. Ubiquitin can help with protein degradation or regulate other biological functions via 
E1‑E2‑E3 catalytic cascade reaction. Ubiquitin is connected to E1 in an ATP‑dependent manner and is activated by forming a ubiquitin thioester. E2 carries 
ubiquitin via thioester bonds. Finally, E3 transfers the activated ubiquitin to the lysine residue of the substrate. Ubiquitin binding to K48 or K11 causes substrate 
degradation. Ubiquitin binding to K63 represents non‑protein ubiquitination and regulates a variety of biological processes, including DNA repair and replica‑
tion, transcriptional regulation and signal transduction. K6, K11, K27, K29, K33, K48 and K63 indicate the lysine residues that serve as points of ubiquitination.
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signals (69). Numerous studies have demonstrated that SOCS 
can regulate EGFR (26). For example, SOCS1 and SOCS3 can 
block EGF‑induced activation of STAT1 and STAT3 signaling 
pathways (70), whereas SOCS2 can inhibit EGF‑induced phos‑
phorylation of the STAT5 signaling pathway (71), and SOCS4 
can reduce EGFR expression levels (72). CIS negatively regu‑
lates EGF‑induced phosphorylation of STAT3 (73). On the cell 
membrane, E3 ubiquitin ligase reduces carcinogenic signals 
by promoting EGFR ubiquitination, whereas in the nucleus, 
the E3 ubiquitin ligase TRIM24 regulates the JAK/STAT 
signaling pathway (Fig. 4) (67).

The majority of patients with GBM exhibit changes in 
the PI3K/Akt signaling pathway (74). Akt signaling is nega‑
tively regulated by the phosphorylation of Akt hydrophobic 
units by Pleckstrin homology domain leucine‑rich repeat 
protein phosphatase (PHLPP1) (75). PHLPP1 is recognized 
by the substrate binding F‑box protein and β‑transducin 
repeat‑containing protein (β‑TrCP), following the phosphory‑
lation of CK1 and GSK‑3β. β‑TrCP is the substrate recognition 
protein for SCFβ‑TrCP (22). Recognition of PHLPP1 by SCFβ‑TrCP 
results in its ubiquitination and subsequent degradation by 
the proteasome. It was previously demonstrated that defi‑
cient ubiquitin degradation of PHLPP1 in colon cancer cells 
can effectively dephosphorylate Akt and inhibit tumor cell 
proliferation. Therefore, E3 ubiquitin ligase β‑TrCP serves an 
important role in regulating PHLPP1, which provides a novel 
and alternative focus for the study of GBM (76). Furthermore, 
PHLPP1 inhibits STAT1 phosphorylation and, therefore, its 
transcriptional activity in the nucleus, uncovering a potential 

mechanism for SOCS protein synergistic inhibition of STAT 
phosphorylation as a way to regulate GBM development (77).

Evidence suggests that inhibition of GSK‑3β induces 
apoptosis in various types of cancer. GSK‑3β‑deficient 
mice display hepatocyte apoptosis and embryonic lethality, 
whereas cells from GSK‑3β‑deficient mice display reduced 
NF‑κB signaling activity, which suggests that the inhibition 
of GSK‑3β‑induced apoptosis occurs via the NF‑κB signaling 
pathway (78). GSK‑3β phosphorylation of the NF‑κB essential 
modulator has been reported to promote the nuclear localiza‑
tion and transcription of NF‑κB (79). Therefore, GSK‑3β may 
inhibit apoptosis by promoting cytoplasmic IκB degradation 
and NF‑κB‑mediated nuclear transcription (80). As NF‑κB is 
inactivated in the cytoplasm, IκBα is degraded when p65 and 
the NF‑κB p50 subunit are phosphorylated, which activates 
the NF‑κB signaling pathway (81). When entering the nucleus, 
the phosphorylated dimer of NF‑κB binds to the promoters of 
IL‑6, IL‑8 and SOCS3 to initiate gene transcription. IL‑6 and 
IL‑8 are translated into proteins and secreted. SOCS3 is also 
translated and acts as a negative regulator of the JAK/STAT3 
signaling pathway, inhibiting STAT3 activation (25).

4. SOCS proteins and signal transduction

As NF‑κB is inactivated in the cytoplasm, IκBα is degraded 
when p65 and p50 are phosphorylated, thereby activating the 
NF‑κB signaling pathway  (82). In GBM, RTKs, including 
EGFRs and platelet‑derived growth factor (PDGF) receptors, 
emit abnormal signals, which promote cell proliferation and 

Figure 3. Modularity of CRLs. (A) Components of the CRL5. (B) Ring E3 ligases can be organized into multi‑subunit complexes consisting of cullin, 
E2‑binding Ring‑box proteins, and the connector (adaptor) proteins that mediate substrate recognition. For CRL5, the RING E3 ligase connector may be 
elongin B/C and the substrate‑binding protein may be SOCS‑box. SOCS, suppressor of cytokine signaling; CRLs, cullin‑RING E3 ligases.
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inhibit apoptosis while maintaining the tumor environment. 
Furthermore, uncontrolled activation of the MAPK, NF‑κB, 
PI3K/Akt and JAK/STAT signaling pathways is associated 
with GBM development and progression (83‑85).

SOCS proteins and the JAK/STAT signaling pathway. The 
JAK/STAT signaling pathway is important in the biogenesis 
of GBM (86). JAK/STAT signaling is involved in a variety of 
regulatory mechanisms, interacting with SOCS proteins and 
the protein inhibitor of activated STAT (PIAS) family (25). 
Inducible expression of SOCS proteins in the cytoplasm atten‑
uates STAT signaling activity by inhibiting upstream JAK 
activation in a negative feedback loop (87). Activated STAT3 
induces SOCS3 expression, which inhibits STAT3 signal 
transduction by binding and weakening the cytokine receptor 
associated with glycoprotein 130 and the associated JAK 
protein (30,88,89). In an immunohistochemical study, GBM 
cells have been determined to contain tyrosine‑phosphorylated 
STAT3 (86). Activated STAT3 is localized to VEGFR2 in 
tumor endothelial cells (86,90‑92) and is a major transcrip‑
tional regulator of GBM  (26). Furthermore, experimental 
mouse gliomas expressed constitutively activated STAT3 and 
IL‑6, which are therefore considered to be associated with 

brain tumors (90,91,93). In GBM cells, upregulation of IL‑6 and 
oncostatin M modulates VEGF promoter activity, potentially 
promoting angiogenesis (93,94). Moreover, the PIAS protein 
interferes with DNA binding via its NH2 terminal domain, 
which inhibits the transcriptional activity of STAT (94). Data 
collected from cell lines, mouse models and patient samples 
suggest that high expression of IL‑6 in GBM may be associ‑
ated with the composition, induction and activation of STAT3 
(Fig. 5) (93).

As the JAK/STAT signaling pathway is abnormally regu‑
lated in GBM, it is possible to identify potential therapeutic 
targets for GBM by identifying negative regulators of this 
pathway, such as SOCS proteins  (95). For example, it was 
previously demonstrated that hypoxia activates the JAK/STAT 
signaling pathway by reducing SOCS3 expression levels. 
Moreover, activated STAT3 combines with hypoxia‑related 
elements located upstream of the transcription start site of 
the VEGF promoter to regulate VEGF gene expression and 
promote angiogenesis in GBM (96). Lee et al (51) reported 
that overexpression of miR‑296‑3p could inhibit the expres‑
sion of STAT5A, activate the JAK/STAT3 signaling pathway 
by downregulating SOCS2, and ultimately increase the 
invasiveness of GBM cells. Furthermore, SOCS may serve 

Figure 4. Role of E3 ubiquitin ligases and SOCS3 in RTK signaling pathway in glioblastoma multiforme. RTK is a transmembrane receptor containing 
extracellular, transmembrane and intracellular parts. Extracellular domains interact with the extracellular environment, allowing expressed cells to respond 
and adapt to extracellular signals. Upon binding to their homologous ligands, RTKs undergo autophosphorylation, leading to downstream signaling. The role of 
RTK signaling in the PI3K/Akt pathway is shown in the figure, as well as its association with SOCS3. SOCS, suppressor of cytokine signaling; RTK, receptor 
tyrosine kinase; GSK, glycogen synthase kinase; PDK, pyruvate dehydrogenase kinase; PHLPP1, pleckstrin homology domain leucine‑rich repeat protein 
phosphatase; CK1, casein kinase 1.
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as novel therapeutic targets to improve the radiotherapy 
response of GBM through the JAK/STAK signaling pathway. 
Ventero et al (77) reduced SOCS1 and SOCS3 expression via 
small interfering RNAs and reported that inhibition of SOCS3 
increased the radiation resistance of GBM cell lines, whereas 
silencing of SOCS1 had no effect. It was predicted that this 
result was related to the JAK/STAK signaling pathway, but 
further work is needed to verify this hypothesis. Overall, 
the JAK/STAT3 signaling pathway can markedly promote 
tumor cell survival and invasion while inhibiting antitumor 
immunity (97).

SOCS proteins and the NF‑κB signaling pathway. NF‑κB 
proteins are a family of transcription factors that mediate 
immune and inflammatory responses  (98‑100). Within 
this group, NF‑κB dimers can contain p65, RelB and c‑Rel 
subunits (101). In the central nervous system, the p65 and p50 
heterodimer NF‑κB proteins are dominant. Inactive NF‑κB 
can be activated via several signaling pathways associated 
with GBM, particularly canonical signaling pathways (102). 
NF‑κB is constitutively activated in GBM and is positively 
associated with increasing grades of astrocytic tumors. The 
mesenchymal subclass of GBM is characterized by elevated 
levels of NF‑κB signaling components, enhanced tolerance 
to chemotherapy and radiotherapy and poor prognosis  (4). 
The major transcription factor of the mesenchymal subtype 

of GBM is STAT3. The STAT3 inhibitor JSI‑124 activates 
the NF‑κB signaling pathway in GBM via NF‑κB p65 phos‑
phorylation and nuclear translocation, which reduces JAK2 
and STAT3 phosphorylation, decreases cell proliferation and 
induces apoptosis of GBM cells. Furthermore, JSI‑124 induces 
the increased expression of IL‑6, IL‑8 and SOCS3 (26).

When JSI‑124 activates intracellular signaling cascades 
including NF‑κB, the expression of the downstream SOCS3 
gene is increased within 2 h following JSI‑124 treatment. 
SOCS3 is an endogenous negative regulator of the JAK/STAT3 
signaling pathway and is often induced by JAK/STAT3 activa‑
tion (97). STAT3 is not activated following JSI‑124 treatment 
and, therefore, does not lead to increased expression levels 
of SOCS3. This result confirms that activated NF‑κB p65 is 
recruited to the SOCS3 promoter during JSI‑124 treatment and 
is responsible for the increases observed in gene expression 
levels (46,103,104). Driven by NF‑κB, SOCS3 expression may 
serve as a negative regulator of STAT3, which neutralizes 
STAT3 activation and provides a mechanism to inhibit STAT3 
following JSI‑124 treatment. This ultimately exerts a potential 
inhibitory effect on GBM. JSI‑124 inhibits STAT3 by acti‑
vating the NF‑κB signaling pathway and, although this process 
has potential antitumor effects, an off‑target pro‑inflammatory 
signaling pathway is also activated. Therefore, thorough clin‑
ical studies are needed to investigate and prevent potentially 
harmful side effects (26).

Figure 5. Negative regulation of the JAK/STAT pathway. (A) SOCS1 and SOCS3 bind directly to tyrosine‑phosphorylated JAK via the SH2 domain, thereby 
inhibiting kinase activity. CIS inhibits STST by competing with STAT for docking position on receptors. An alternative regulatory approach is provided by 
the E3 ubiquitin ligase complex, which binds the SOCS box motif and ubiquitinates related proteins that target proteasomal degradation. (B) IL‑6 family 
members bind to a common receptor subunit, gp130, which produce either homodimer or heterodimer when the ligand binds. JAK protein activation mediates 
downstream signal transduction through the MAPK and STAT3 pathways. The STAT3 dimer translocates to the nucleus and binds to common sequences in 
gene promoters including VEGF, MMP‑9, IL‑6 and SOCS3. SOCS3 inhibits cytoplasmic JAK activation and subsequent signal transduction, while PIAS3 
inhibits DNA binding of STAT3 in the nucleus. The pharmacological inhibition of JAK activity by AG490 and WP1066 suppressed the signal leading to 
STAT3 activation, and various PTPs endogenously inhibit STAT3 activity. Hydroxobenzene sulfonate inhibits STAT3‑mediated gene expression by attenu‑
ating STAT3‑activated upstream kinase signaling. SOCS, suppressor of cytokine signaling; CIS, cytokine‑inducible SH2‑containing protein; PTP, protein 
tyrosine phosphatase; FGF, fibroblast growth factor; PIAS, protein inhibitor of activated STAT; OSM, oncostatin M.

https://www.spandidos-publications.com/10.3892/ol.2021.13123
https://www.spandidos-publications.com/10.3892/ol.2021.13123
https://www.spandidos-publications.com/10.3892/ol.2021.13123
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5. Characteristics of GBM regulation via SOCS proteins

SOCS proteins in the GBM microenvironment. GBM is 
highly malignant and is characterized by high heterogeneity 
at the tissue and molecular levels, as well as high intratu‑
moral heterogeneity. At the molecular level, different GBM 
subtypes display significant differences in their microenviron‑
ments (105). Analysis of gene expression profiles and database 
mining of the Gene Expression Profiling Interactive Analysis 
(http://gepia.cancer‑pku.cn/) database and the Chinese Glioma 
Genome Atlas (http://www.cgga.org.cn/) database demon‑
strated that the expression levels of SOCS in tumor tissues were 
significantly higher compared with those in healthy tissues in 
patients with GBM. Furthermore, low SOCS expression levels 
in GBM may be considered as indicative of a poor prognosis. 
For example, SOCS3 is highly expressed in GBM, and SOCS3 
expression levels increase with an increase in tumor grade. 
Furthermore, higher wild‑type IDH1 levels, 1p/19q co‑deletion 
and wild‑type patients with GBM have higher SOCS3 expres‑
sion levels (Fig. 6). SOCS proteins can also regulate numerous 
signaling pathways via extracellular signals, thereby promoting 
gene transcription and tumor cell proliferation. For example, 
the JUN/miR‑494/SOCS6 signaling pathway is involved in 

GBM cell proliferation, apoptosis and maintenance of stem‑
ness (33). Moreover, the activation of the JAK/STAT3/SOCS3 
signaling pathway can promote the formation of the GBM 
inflammatory microenvironment and is involved in tumor 
angiogenesis, epithelial‑to‑mesenchymal transition and extra‑
cellular matrix degradation, which serves an important role 
in the invasion and metastasis of tumors (15). SOCS proteins 
can also participate in the epigenetic regulation of GBM cells 
via methylation (106) and participate in GBM resistance to 
chemotherapy (50). In summary, the aforementioned results 
and studies suggest that SOCS proteins serve important roles 
in the regulation of the tumor microenvironment.

SOCS proteins regulate GBM cell proliferation. The RTK 
signaling pathway facilitates the proliferation and migra‑
tion of tumor cells and regulates tumor progression (107). 
Activation of RTK signaling increases STAT3 gene expression 
and induces SOCS3 expression, which inhibits the prolifera‑
tion of GBM cells (30,88,89). Multiple growth factors, such 
as EGF, fibroblast growth factor (FGF) and PDGF, can also 
affect SOCS3 transcriptional activation levels (25). SOCS3 
binds constitutively to the cytoplasmic domain of EGFR and 
this binding leads to the negative regulation of EGF‑induced 

Figure 6. SOCS3 in GBM microenvironment. (A) SOCS3 is highly expressed in GBM. (B) GBM with high SOCS3 expression is associated with a lower 
survival rate. (C) SOCS3 expression by histological type. (D‑F) SOCS3 expression increases with the increase of GBM grade and mutation status, with higher 
expression of SOCS3 in wild‑type GBM. (G and H) GBM with 1p/19q co‑deletion has higher expression levels of SOCS3. SOCS, suppressor of cytokine 
signaling; GBM, glioblastoma multiforme; IDH, isocitrate dehydrogenase; O, oligodendroglioma; A, astrocytoma; rO, recurrence of oligodendroglioma; rA, 
recurrence of astrocytoma; AO, anaplastic oligodendro; AA, anaplastic astrocytoma; rAA, recurrence of anaplastic astrocytoma; GBM, glioblastoma; rGBM, 
recurrence of GBM.
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STAT1 and STAT3 phosphorylation in GBM cells. In the 
RTK signaling pathway, FGFR3 is constitutively related to 
SOCS3 and is independent of FGF stimulation or receptor 
kinase activity (26). Therefore, SOCS3 and RTKs are strongly 
associated with SOCS3 regulating downstream signaling via 
ubiquitination‑dependent receptor degradation. PDGF induces 
SOCS3 tyrosine phosphorylation of the Y202 and Y221 
residues in the mouse embryonic fibroblast NIH3T3 cell line 
and recruits p120 Ras GTPase‑activating protein to activate 
ERK kinase (43). Overexpression of SOCS3 mutants lacking 
two tyrosine residues was shown to inhibit PDGF‑induced 
cell proliferation, compared with wild‑type SOCS3 that did 
not exert this effect. These previous findings demonstrate that 
tyrosine phosphorylation of RTKs promotes the adaptor func‑
tion of SOCS3, which may be associated with the biological 
function of tumor cells (26). 

SOCS proteins in cell migration and invasion. Tumor cells are 
characterized by their migration and invasion abilities (43). 
In recent years, numerous studies have shown that members 
of the SOCS family are involved in the metastasis of various 
types of tumors, which provides a potential novel approach to 
the control and improvement of GBM patients. For example, 
SOCS1 promoter methylation and expression were shown to 
be associated with colorectal cancer (108), whereas SOCS2 
was found to inhibit the metastasis of liver cancer  (109). 
It was also demonstrated that IL‑23 selectively promoted 
the metastasis of colorectal carcinoma cells with SOCS3 
dysfunction via the STAT5 signaling pathway (110). However, 
SOCS proteins regulate GBM invasion and metastasis via 
numerous pathways. For example, circ‑ASPH regulates 
the miR‑599/AR/SOCS2‑AS1 signaling pathway, which 
promotes glioma cell proliferation and invasiveness  (34). 
It has also been reported that miR‑296‑3p is regulated by 
NF2 and enhances the invasiveness of GBM cells via the 
SOCS2/STAT3 signaling pathway (111). Xu et al (15) reported 
that the miR‑221/222 cluster downregulates the expression of 
the JAK/STAT signaling pathway by upregulation of SOCS3, 
and that this downregulation reduces the invasion, migration, 
proliferation and angiogenesis of GBM cells, as well as the 
protein expression levels of MMP‑2, MMP‑9 and VEGF. The 
hypermethylation of the SOCS3 promoter was shown to lead to 
SOCS3 inactivation and EGFR activation, thereby activating 
STAT3 and focal adhesion kinase (FAK), and promoting 
glioma cell invasion (27). Furthermore, Khalighfard et al (52) 
reported that miR‑1290 can target the 3'‑UTR of SOCS4 and 
inhibit its expression, which increases GBM cell prolifera‑
tion, migration, invasion and resistance to chemotherapy and 
radiotherapy. LINC00668 can also regulate the expression of 
SOCS5 in a miR‑518C‑3p‑dependent manner and promote 
the proliferation and invasion of glioma cells (53). Moreover, 
Ou‑Yang et al (33) demonstrated that neurotensin receptor 1 
inhibits GBM invasion via the Jun/miR‑494/SOCS6 axis.

In summary, numerous studies have demonstrated that 
SOCS proteins are associated with the invasion and metas‑
tasis of GBM, which provides a new therapeutic target for the 
control of metastasis and improvement of GBM prognosis.

SOCS proteins function as diagnostic and prognostic 
biomarkers. Aberrant methylation of DNA is the most 

extensively investigated epigenetic abnormality in tumori‑
genesis, and promoter hypermethylation of tumor suppressor 
genes, including adenomatous polyposis coli, p16, BRCA1, RB 
and murine double minute 2, is often associated with cancer 
development (2). Similarly, in multiple myeloma, the human 
RAD23 homolog B (HHR23B) gene is key to the nucleotide 
excision repair promoter in the myeloma KAS‑6/1 cell line. 
IL‑6 enhances and maintains hypermethylation of the p53 
tumor suppressor and HHR23B genes  (23). Furthermore, 
IL‑6‑induced hypomethylation of EGFR leads to enhanced 
EGFR expression and proliferation of cholangiocarcinoma 
cells (23). These results of the aforementioned previous studies 
suggest that DNA hypo‑ and hypermethylation are important 
mechanisms that contribute to inflammation‑associated 
tumorigenesis. As SOCS proteins have recently been identified 
as tumor suppressors, research has focused on the methylation 
status of SOCS in human tumors. Earlier studies demonstrated 
that patients with GBM and methylated SOCS proteins have 
a significantly worse prognosis compared with patients with 
unmethylated proteins. The association of methylation with 
prognosis is highly significant in the case of SOCS3 hypermeth‑
ylation. These previous studies demonstrated that methylation 
of SOCS3 results in SOCS3 inactivation, which may serve as 
a significant predictor of an unfavorable prognosis (27,50,112).

It has also been reported that SOCS3 promoter hyper‑
methylation in gliomas, activated by EGFR, is almost 
absent, and gliomas with EGFR inactivation display 
hypermethylation of the SOCS3 promoter. SOCS3 inac‑
tivation can therefore act as an alternative mechanism for 
EGFR activation in certain gliomas (27,113). Methylation 
of SOCS3 in EGFR‑inactivated gliomas preferentially 
promotes glioma cell invasion via STAT3 and FAK activa‑
tion, which further elucidates the pathogenic role of SOCS3 
promoter methylation in GBM tumors  (27). However, it 
was previously demonstrated that hypermethylation of 
different parts of the cancer genome does not necessarily 
result in an improved or worse patient outcome (114,115). 
SOCS3 promoter hypermethylation is only one example 
and its negative effects on tumor initiation or progression 
may be offset by the hypermethylation of other areas of the 
genome (114). In different types of colorectal cancer, CpG 
island methylator phenotype (CIMP) affects specific genes 
and their functions differently, either as favorable or unfavor‑
able predictors for patient prognosis (116). Glioma‑CIMPs 
(G‑CIMPs) are enriched in the proneural subgroup (117). 
In G‑CIMP‑positive samples, patients with hypermethyl‑
ation of the SOCS3 promoter generally had more favorable 
outcomes (114,115). However, the G‑CIMP biomarker can 
only be used as a prognostic predictor for G‑CIMP‑positive 
but not‑negative patients (115).

In summary, hypermethylation of tumor suppressor gene 
promoters and hypomethylation of oncogene promoters are 
important changes implicated in tumor development (118,119). 
Numerous studies have demonstrated that methylation of 
SOCS proteins predicts a poor prognosis (112,120). However, 
a few studies have found that hypermethylation of SOCS3 
promoter is associated with a good prognosis in patients with 
GBM, such as in the case of G‑CIMP (115). More research is 
needed to determine the role of SOCS3 in the diagnosis and 
prognosis of GBM.

https://www.spandidos-publications.com/10.3892/ol.2021.13123
https://www.spandidos-publications.com/10.3892/ol.2021.13123
https://www.spandidos-publications.com/10.3892/ol.2021.13123
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6. SOCS proteins in GBM treatment

As a result of in‑depth research on the role of SOCS in the occur‑
rence and development of GBM, SOCS proteins may become a 
potential therapeutic target in the future. SOCS proteins mainly 
serve a tumor suppressor role in GBM and, therefore, a SOCS 
protein imbalance may affect GBM development. SOCS1 and 
SOCS3 are both involved in the JAK/STAT signaling pathway 
and constitutive activation of this pathway is considered as a 
hallmark of numerous types of cancer (57,121). SOCS1 and 
SOCS3 proteins are also associated with cell proliferation and 
apoptosis (122). For example, when miR‑221/222 clusters are 
downregulated or silenced, the activity of the JAK/STAT3 
signaling pathway is inhibited. Therefore, upregulation of 
SOCS3 expression with ensuing decreased migration, prolif‑
eration and angiogenesis of GBM cells ultimately significantly 
prolongs patient survival (15). It was previously demonstrated 
that, when human IFN‑β is added to GBM cells, cell viability 
and miR‑431 expression levels are significantly decreased, 
which therefore upregulates the expression of SOCS6, inhib‑
iting the JAK1/STAT2 signaling pathway and reducing cell 
proliferation  (123). Future SOCS‑based therapies may be 
divided into the following two categories: i) SOCS activators 
and ii) SOCS mimics, both aimed at controlling the tumor 
suppressor function of SOCS proteins.

Although radiotherapy, chemotherapy and targeted drugs 
serve an important role in the treatment of GBM, GBM has 
been clinically proven to be resistant to a number of these treat‑
ments in recent years (124,125). Recently, SOCS proteins have 
been demonstrated to regulate GBM drug and radiation resis‑
tance. The epigenetic silencing of the SOCS1 locus induced 
by CIMP inhibits SOCS1 expression in GBM (49). Moreover, 
the constitutive expression of SOCS3 is dependent on the 
STAT3 transcription factor (115). Defects in SOCS proteins 
expression can increase radiation resistance and, thus, affect 
the biological response of GBM cells to insulin resistance (49). 
Evidence suggests that SOCS1 and SOCS3 may be associated 
with tumor aggressiveness and radiation tolerance and that 
SOCS protein expression profiles may have predictive value 
in evaluating tumor cell response to insulin resistance (49). In 
GBM, ERK MAPK is activated by the oncogenic EGFR and 
the radioprotective effect of EGFR is considered to involve 
activation of the ERK/MAPK cascade (55,126). SOCS3 can 
enhance ERK signal transduction, while SOCS1 blocks ERK 
activation, which is consistent with the concept that SOCS1 and 
SOCS3 enhance ERK signal transduction and radiation resis‑
tance in GBM. Overexpression or inhibition of SOCS proteins 
may provide new effective targets for the future treatment of 
patients with GBM. Drugs that prevent SOCS3 expression and 
function or reactivate SOCS1 transcription can sensitize GBM 
cells to insulin resistance and ultimately improve the effective‑
ness of radiation therapy (49). Furthermore, previous studies 
have demonstrated that SOCS proteins may also affect the 
sensitivity of GBM to chemotherapy. Khalighfard et al (52) 
demonstrated that downregulation or silencing of miR‑1290 
can target the 3'‑UTR of the SOCS4 gene and promote its 
expression, which results in the increased sensitivity of GBM 
cells to chemotherapy drugs.

In summary, the overexpression of SOCS proteins can 
potentially regulate the proliferation of GBM cells and tumor 

growth, as well as GBM drug and radiation resistance, and 
is therefore expected to become a new therapeutic target for 
GBM treatment in the future.

7. Conclusion

In conclusion, the SOCS protein family is involved in numerous 
cellular processes, such as cell proliferation, migration and 
apoptosis, via the JAK/STAT signaling pathway. Promoted 
by the NF‑κB protein, SOCS3 expression neutralizes STAT3 
activation following JSI‑124 treatment and provides a mecha‑
nism for STAT3 inhibition, with a potential inhibitory effect 
on GBM progression. RTKs have been extensively studied, as 
they comprise a family of cell surface receptors involved in the 
development of a variety of solid tumors, including GBM. SOCS 
proteins serve a negative regulatory role in RTK signaling. 
Furthermore, SOCS proteins may function as E3 ubiquitin 
ligases, which accelerate the ubiquitination and degradation of 
SOCS binding partners. SOCS proteins regulate the biological 
activity of GBM by targeting the RTK signaling pathway. 
Furthermore, SOCS3 hypermethylation may be an important 
predictor of a poor prognosis and serves as a predictor of 
genome‑wide methylation. Cell migration and invasion are also 
important biological processes in tumors. Evidence suggests 
that members of the SOCS family are involved in the invasion 
and metastasis of numerous types of tumors, including GBM. 
As a predictive biomarker, SOCS may help predict the response 
of patients with GBM to postoperative chemoradiotherapy. 
Therefore, SOCS proteins are expected to become a novel 
target for GBM therapeutics in the future.
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