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Abstract. The intracellular pathway of Janus kinase/signal 
transducer and activator of transcription (JAK/STAT) and 
modification of nucleosome histone marks regulate the expres‑
sion of proinflammatory mediators, playing an essential role 
in carcinogenesis, antiviral immunity and the interaction of 
host proteins with Herpesviral particles. The pathway has also 
been suggested to play a vital role in the clinical course of the 
acute infection caused by severe acute respiratory syndrome 
coronavirus type  2 (SARS‑CoV‑2; known as coronavirus 
infection‑2019), a novel human coronavirus initially identified 

in the central Chinese city Wuhan towards the end of 2019, 
which evolved into a pandemic affecting nearly two million 
people worldwide. The infection mainly manifests as fever, 
cough, myalgia and pulmonary involvement, while it also 
attacks multiple viscera, such as the liver. The pathogenesis is 
characterized by a cytokine storm, with an overproduction of 
proinflammatory mediators. Innate and adaptive host immu‑
nity against the viral pathogen is exerted by various effectors 
and is regulated by different signaling pathways notably the 
JAK/STAT. The elucidation of the underlying mechanism 
of the regulation of mediating factors expressed in the viral 
infection would assist diagnosis and antiviral targeting 
therapy, which will help overcome the infection caused by 
SARS‑CoV‑2.
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1. Introduction

The mammalian signal transducer and activator of transcrip‑
tion (STAT) family of proteins comprises seven members, 
namely STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B 
and STAT6, which function to initiate the transcription of 
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genes, hence playing a role in advance of all cytokine‑driven 
signaling present in the extracellular environment  (1). 
The coding genes for STAT family proteins are mapped 
in three chromosomal clusters: Chromosomes 2, 12 and 
17 (2); the molecular size ranges from 748 amino acids for 
STAT4 to 851 amino acids for STAT2 (https://www.uniprot.
org/uniprotkb?query), as summarized in Table I.

The molecules share the conserved domains, exerting the 
activities of transducing intracellular signaling and initiating 
transcription, as suggested by their names. From amino 
(N)‑terminus to carboxy (C)‑terminus, the domains on the 
linear structure include, the NH2‑terminal domain of STAT 
provides protein‑protein interaction sites and is required for 
the interactions of dimer‑dimer to form tetramers or oligo‑
mers, a coiled‑coil domain, a DNA‑binding domain, and the 
Src homology 2 (SH2) domain. The SH2 domain is required 
for the recruitment of STATs to phosphorylated receptors. The 
tyrosine residues modified by phosphorylation are Tyr 701 for 
STAT1, Tyr 690 for STAT2, Tyr 705 for STAT3, Tyr 693 for 
STAT4, Tyr 694 for STAT5 and Tyr 641 for STAT6, required for 
SH‑phosphotyrosine interaction. The transactivation‑domain 
on C‑terminus is essential for co‑factor interactions (3). The 
scheme of linear cluster of motifs in STAT proteins is depicted 
in Table II. The molecules of STATs are recruited by acti‑
vated receptors of different cytokines in forms of homo‑ and 
heterodimers (4).

STATs are transcription factors that latently exist in the 
cytoplasm; they are activated upon phosphorylation by Janus 
kinase (JAK). JAK is a family of intracellular tyrosine kinases, 
comprising JAK1‑3 and tyrosine kinase 2 (TYK2) that 
non‑covalently interact with the domain on membrane receptor 
or receptors of growth factor extending to the intracellular 
portion; they are triggered to activate when different cytokines 
bind their receptors. JAKs catalyze phosphorylation of tyro‑
sine residue to transduce signals of a wide range of surface 
receptors on membrane. Upon phosphorylation, individual 
STAT molecules are dimerized and translocate to the nucleus, 
initiating transcription (Fig. 1). The important role of STAT in 
the regulation of immune response and other biological events 
has been revealed in gene‑targeting studies (5,6).

Three major mechanisms have been revealed to negatively 
regulate STAT signaling: i) The JAK and STAT dephosphory‑
lation catalyzed by various tyrosine protein phosphatases, such 
T‑cell specific 45 (7‑9); ii) JAK inactivation by suppressor of 
cytokine signaling (SOCS) family proteins; and iii) interac‑
tion with protein inhibitor of activated STAT (PIAS), which 
has been identified as a negative regulator of STAT signaling. 
Previous studies have shown that PIAS proteins act on small 
ubiquitin, as modifier small ubiquitin‑like modifier E3 ligase. 
In addition, biochemical studies have suggested that the list of 
proteins either positively or negatively regulated by the PIAS 
family through multiple mechanisms has rapidly expanded to 
>60, with the majority being transcription factors (10,11).

Upon phosphorylation, STATs are homo‑ or heterodimer‑
ized, translocate to the nucleus and coordinate with other 
coactivators of transcription or transcription factors, contrib‑
uting to an increased initiation of transcription (Fig. 1). In 
cultured cells and experimental animals, the ligand‑dependent 
activation of STATs has been observed as a transient process, 
lasting for minutes or hours. Molecules of STATs, and STAT1, 

3 and 5 in particular, are persistently tyrosine‑phosphorylated 
or tyrosine‑activated. A number of experiments have revealed 
the importance of STAT activation for the control of growth. 
Data obtained strongly suggest its role in controlling cell 
cycle progression and initiation and occurrence of apoptosis. 
The JAK/STAT signaling pathway controls processes at the 
cellular level that is of essence in homeostasis. Alterations of 
this axis contribute to the progression of cancer, inflammatory 
and autoimmune diseases (11,12).

Evidence suggests the role of STAT family proteins in 
inducing and maintaining a pro‑carcinogenic inflammatory 
microenvironment, for the initiation of malignant transforma‑
tion and during cancer progression (13). The importance of 
inflammation in tumor initiation and malignant progression 
has been primarily subject to investigation. Inflammatory 
conditions can initiate or promote oncogenic transformation, 
genetic and epigenetic changes in malignant cells can also 
generate an inflammatory microenvironment that further 
supports tumor progression. In addition to tumor‑promoting 
role of inflammation, the importance of immune responses and 
inflammatory mediators have been underscored in suppressing 
tumorigenesis and tumor growth (14‑16). STAT3 and, to some 
extent, STAT5 and STAT6 are involved in inhibiting antitumor 
immunity. In view of the effector molecules of cell cycle and 
apoptosis regulated by JAK‑STAT, it suggests that the pathway 
also contributes to carcinogenesis through proliferation 
promotion and programmed cell death potentiation (13).

Modulation of the antiviral immunity mediated by 
JAK/STAT pathway contributes to the signaling of interferons, 
notably type I. The JAK‑STAT pathway is also implicated in 
the pathogenesis by two tumorigenic human herpesviruses, 
Epstein‑Barr virus (EBV) and Kaposi sarcoma‑associated 
herpesvirus (KSHV).

The gamma group of human herpesviruses contains two 
lymphotropic members, EBV and KSHV. In their genome, 
genes are located next to the terminal repeat region code 
for membrane proteins to transduce cellular signals. The 
coding products termed terminal membrane proteins (TMPs) 

Table I . Chromosomal mapping and length in amino acid 
residue numbers of STATs.

Member of	C hromosomal	 Molecular
STAT	 localization of	 length
family	 coding genes	 (amino acids)

STAT1	C hromosome 2	 750
STAT4	C hromosome 2	 748
STAT2	C hromosome 12	 851
STAT6	C hromosome 12	 847
STAT3	C hromosome 17	 770
STAT5A	C hromosome 17	 794
STAT5B	C hromosome 17	 787

The coding genes for STAT family members are mapped in three 
chromosomal clusters as indicated. Each subgroup shows similar 
range of full length with amino acid numbers. STAT, signal trans‑
ducer and activator of transcription.
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interact with the cellular proteins involved in the activities of 
non‑receptor protein tyrosine kinases and tumor necrosis factor 
receptor‑associated factors. It has been demonstrated that 
persistent STAT activation may be implicated in EBV‑driven 
tumorigenesis in immunocompetent individuals  (17), as 
observed in nasopharyngeal carcinoma, tightly associated 
with EBV infection and endemic among certain regions in the 
world, including southern China and Southeast Asia.

When the cytokine receptors are activated, JAKs catalyze 
phosphorylation of tyrosine residue to transduce signals of 

a wide range of surface receptors on membrane. As afore‑
mentioned, the activity of STATs is modulated by a group of 
inhibitor PIAS. PIAS1 and PIAS3 block the effects of STAT1 
and STAT3 respectively; it has been reported that the entry of 
lytic cycle is prevented if STAT3 is downregulated by PIAS3. 
The high expression of STAT3 has been revealed to facilitate 
the entry of lytic cycle of EBV (Fig. 2A) (18).

An EBV encoded serine/threonine‑protein kinase BGLF4 
has been shown to enhance the production of extracellular viral 
particles during EBV lytic replication (19,20). BGLF4 effec‑
tively suppresses the activities of the polyinosinic:polycytidylic 
acid poly (I:C)‑stimulated IFN‑beta promoter and responsive 
element of interferon regulatory factor (IRF) 3. Moreover, 
BGLF4 represses expression of endogenous IFN‑beta mRNA 
stimulated by the poly (I:C) and the phosphorylation of 
STAT1 at Tyr701  (21). The genetic coding product, viral 
IRF2 of KSHV/HHV‑8 inhibits signaling of interferon as 
reported (22). The knowledge of Herpesviral interfering of 
JAK/STAT is summarized in Fig. 2B with the employment 
of the pathway mapping tool from the Kyoto Encyclopedia 
of Genes and Genomes database (https://www.genome.
jp/entry/K11220; map05167 KSHV infection; map05169 EBV 
infection).

Several non‑receptor tyrosine kinases, such as SH2 and the 
protooncogene homologous to retroviral ABL transforming 
gene, forming a malignancy‑related cytogenetic aberra‑
tion known as the Ph chromosome (19) have been found to 
phosphorylate STATs. It has been revealed that sorafenib, a 
multikinase inhibitor, inhibits cell proliferation and triggers 
apoptosis at much lower concentrations in cells in which the 
fused protein BCR/ABL is expressed (23). In Ph+ leukemia 
cells, apoptosis is induced by sorafenib as evidenced by that 
caspase‑3 have been revealed and drops of mitochondrial 
membrane potential have been specifically identified in cells 
harboring BCR/ABL.

JAK/STAT pathway analysis has revealed that elements of 
proximal signaling such as IFN receptor 1, JAK1 and TYK2, 
are disrupted by SARS‑CoV‑2, leading to the inhibition 

Table II. Motif composition of STAT family members.

	 Motif
	----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 Protein interact	A ll‑alpha	 Tetramerization 	DNA  binding		  SH2 	 TAZ2 binding
STAT	  domain	  domain	 domain of TRPM	  domain	L inker	 domain	 domain

STAT1	 2‑119	 144‑308	 266‑286	 322‑458	 481‑558	 578‑622	 715‑738
STAT2	 2‑122	 146‑308	 ‑	 321‑456	 482‑557	 578‑648	 783‑838
STAT3	 2‑119	 145‑313	 ‑	 326‑464	 488‑565	 584‑651	 ‑
STAT4	 2‑119	 144‑308	 ‑	 321‑454	 478‑554	 573‑627	 ‑
STAT5a	 3‑123	 146‑324	 ‑	 336‑469	 492‑574	 595‑669	 ‑
STAT5b	 2‑123	 146‑324	 ‑	 336‑469	 492‑574	 595‑668	 ‑
STAT6	 2‑113	 182‑242	 ‑	 277‑413	 436‑518	 538‑616	 655‑847a

Proteins of STAT family share most of the motifs except that only STAT1 possesses tetramerization domain of TRPM1, possessed by the TRP 
superfamily; the domain mapped in carboxyl terminus, TAZ2 binding domain is alternatively called TAD; it is absent in STAT 3, 4, 5a and 
5b. aOn the C‑terminus, STAT6 possesses a C‑terminal region rather than TAD. Based on KEGG entries hsa:6772‑hsa:6778 (STAT1‑STAT6). 
STAT, signal transducer and activator of transcription; TRPM, transient receptor potential melastatin; SH2, Src homology 2; TAD, transactiva‑
tion domain.

Figure 1. Scheme of action pattern of gene expression regulated by JAK/STAT 
pathway. The cellular responses elicited by three representing cytokines, IL‑6, 
IFN‑gamma and IFN alpha/beta are illustrated. The receptors associated 
JAKs are recruited and activated on receptor ligation, then different STATs 
are phosphorylated and homo‑ or heterodimerized. The dimerized STATs 
translocate to nuclei, binding regulatory elements upstream of coding portion 
of genes and initiate their transcription (11). JAK, Janus kinase; STAT, signal 
transducer and activator of transcription; IRF, interferon regulatory factor.
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of IFN‑induced STAT phosphorylation. The mechanisms 
underlying STAT inhibition have been explained to uncover 
an immune evasion strategy against SARS‑CoV‑2 and the 
pathway involved could be targeted by anti‑coronavirus 
therapy (24).

Coronavirus disease of 2019 (COVID‑19) caused a severe 
pandemic in the next three years. The clinical entity of 
COVID‑19 has been intensely studied (25), and it has been 
found that the infection of lower respiratory tract and multiple 
internal organs is characterized by cytokine release syndrome 
(CRS) with an increased production of interleukins (ILs), such 
as IL‑6, IL‑2, IL‑7 and IL‑10. Some of the cytokines involved 
in the pathogenesis use a distinct intracellular JAK‑mediated 
signaling pathway. The inhibition of JAK, therefore, pres‑
ents a marked therapeutic potential for CRS, which is 
known as a common cause of adverse clinical outcomes for 
COVID‑19 (26,27).

A unique panel of cell culture models profiling proteomic 
responses to SARS‑CoV‑2 infection has been established 
and described using lung, liver, intestine, kidney, heart 
and brain cells. The system enables the identification of 
proteins and pathways in the cells that are widely targeted 
by SARS‑CoV‑2. Among the pathways traced, the most 
notable was the JAK‑STAT signaling cascade, the key 
component in the interferon (IFN) response pathway. The 
inhibition of STAT phosphorylation combined with its 

nuclear translocation has been demonstrated in cells infected 
with SARS‑CoV‑2 (28‑31).

JAK/STAT pathway analysis has revealed that elements of 
proximal signaling such as IFN receptor 1, JAK1 and TYK2, 
are disrupted by SARS‑CoV‑2, leading to the inhibition of 
IFN‑induced STAT phosphorylation.

The JAK/STAT pathway has been implicated in carci‑
nogenesis and viral pathogenesis, notably in pulmonary 
involvement from COVID‑19. Progress in this field will be 
reviewed in the present study.

2. Janus kinase/signal transducer and activator of 
transcription (JAK/STAT) pathway is implicated in 
carcinogenesis and malignancy progression

Malignancy is achieved by the functional alteration of two types 
of cancer‑related genes, that is, oncogenes and tumor suppressor 
genes (TSGs). They acquire oncogenic potential in two ways; 
gain‑of‑function for oncogenes and loss‑of‑function for TSGs.

Clinically, patients with colorectal carcinoma or other 
cancers get a prolonged and improved antitumor immunity from 
immunotherapy when STAT1 is expressed in the nucleus (32). 
When JAK1 is dissociated from the receptor of IFN‑γ, the 
phosphorylation of STAT1 inhibition follows; concomitantly, 
STAT1 is translocated to the nucleus to promote tumor growth 
through the inhibition of apoptosis (33).

Figure 2. Effect of STATs pathway interacting with herpesviruses EBV and KSHV during lytic cycle and interferon signaling. (A) High level of STAT3 
activated by IL‑6 on binding with its cognate receptor regulates EBV entry to lytic cycle; it is inhibited by the protein PIAS3. (B) The JAK/STAT pathway 
downstream of type I interferon counteracted by herpesviruses EBV and KSHV encoded products; IFNAR binds IFN‑alpha and beta, then recruited JAK1 and 
TYK2, the latter is inhibited by a EBV latent protein, LMP1, while the heterotrimer STAT1‑STAT2‑IRF9 formed after activation of JAK1/TYK2 is inhibited 
by EBV kinase BGLF4 and by KSHV encoded vIRF2. STAT, signal transducer and activator of transcription; EBV, Epstein Barr virus; KSHV, Kaposi 
sarcoma‑associated herpesvirus; PIAS3, protein inhibitor of activated STAT3; JAK, Janus kinase; IFNAR, interferon alpha/beta receptor; TYK, tyrosine 
kinase; vIRF, viral interferon regulatory factor.
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Small RNAs, such as microRNAs, which bind to the 
untranslated region of mRNA, may directly or indirectly 
impact the expression of STAT1. It has been revealed that 
STAT1 overexpression significantly repressed the expression 
of miR‑181a (34).

STAT1 is phosphorylated at the Tyr 701 residue by 
activated JAK. Upon phosphorylation, STAT1 is then homodi‑
merized and translocates to the nucleus, where it binds to 
specific gamma activated sequences (GAS), to stimulate the 
expression of IFN‑stimulated genes (ISGs) upon the initia‑
tion of transcription (35‑37). In some types of cells, STAT1 
is also phosphorylated at residue Ser727, resulting in an 
enhancement of its transcriptional activity (38). During the 
induction of transcription factor IFN regulatory factor 1 
(IRF1) expression is triggered by IFN‑γ, IRF1 interacts with 
STAT1 and recruits the STAT1‑IRF1 complex to the elements 
of GAS (32,33,39,40). Herpesvirus and coronavirus infections 
induce IFN‑γ, which regulates the activation of the JAK/STAT 
pathway. It has been demonstrated that, in ovarian cancer (OC) 
cells, IFN‑γ‑induced PD‑L1 expression is dependent on JAK1, 
STAT1 and IRF1 signaling. Furthermore, IFN‑γ increases 
acetylation of the human PD‑L1 promoter in OC and other 
cancer cells, and STAT1, Ser727‑p‑STAT1 and IRF1 are 
recruited to the promoter.

In OC, the elevated PD‑L1 expression level is associated 
with poor prognosis (31). It has been further demonstrated that 
the levels of Tyr 701‑p, STAT1 and Ser 727‑p‑STAT1 were 
increased in OC tissues (41). In OC cells, IFN‑γ was found to 
increase STAT1, Tyr 701‑p‑STAT1 and Ser727‑STAT1 levels 
when the expression of PD‑L1 was increased (42).

STAT3 and other members of the STAT family are known 
to be oncogenic, and the JAK‑STAT3 pathway is known for 
its potential to promote tumor cell proliferation, survival, 
invasion, angiogenesis and immune suppression. Previously, 
it has been revealed that the signaling of JAK/STAT3 contrib‑
utes to inflammation‑mediated carcinogenesis, maintenance 
of cancer stem cell (CSCs) phenotypes and of pre‑metastatic 
niches (35,43‑49). CSCs are a cancer cell subpopulation that 
manifests a phenotype of stem cells; they have the ability of 
sustaining self‑renewal, resembling normal stem cells.

Upon hetero‑ or homodimerization, the STAT molecules 
bind fragments with regulatory function upstream to coding 
portion in genomic sequence and initiate the transcription of 
target genes. JAK2 activation by trans‑ or autophosphoryla‑
tion induces the cascade of activating downstream molecules, 
including STATs. Experimental findings have shown that 
both extrinsic (environmental) and intrinsic pathways link 
cancer. The intrinsic pathways originate from genetic and 
epigenetic events in the tumor cells. STATs, notably STAT3, 
are crucial for both extrinsic and intrinsic pathways of inflam‑
mation (50,51). Due to its oncogenic potential, which promotes 
tumor cell proliferation and survival, STAT3 drives the 
transition from chronic inflammation to malignancy (52). In a 
variety of hematological malignancies, STAT5 and STAT6 are 
persistently activated (52‑55). In cases of chronic myelogenous 
leukemia, STAT5 has been demonstrated to be persistently 
activated in malignant cells in the presence of the classic chro‑
mosomal translocation, BCR/ABL (56).

The phosphorylated form of STAT5 enhances the tran‑
scription of regulatory factors in apoptosis, such as Bcl‑X, 

and cell cycle progression, such as cyclin D1, D2, 7E, p21Cip 
and other inhibitors of cyclin dependent kinase (CDK) (57,58). 
Mutations within the pseudokinase domain of JAK2, from 
valine to phenylalanine at residue 617 (JAK2 V617F) is a major 
activating mutation for JAK2 signaling (59,60). The mutation 
pattern is illustrated in Fig. 2. JAK2 V617F is a frequent muta‑
tion in myelo‑proliferation disorder with absence of BCR/ABL 
juxtaposition caused by the cytogenetic aberration of t (9:22) 
observed in the Ph chromosome, in which some kinase activity 
is affected (61).

JAK2 engages the pathway to activate multiple STAT 
family members in addition to STAT3. Hyperproliferation, 
which is induced by JAK2 V617F involves the activation of 
STAT3 together with the downstream factors it targets (62). 
It has been reported that the inhibition of cyclin D2 transcrip‑
tion and enhancement of p27kip1 account for the growth arrest 
caused by the inhibition of JAK2 V617F  (63). The p27kip1 
downregulation caused by the expression of JAK2 V617F has 
been found to be associated with the STAT5‑induced expres‑
sion of Skp2, suggesting that p27kip1 degradation could result 
from the overexpression of the ubiquitin ligase Skp2 directed 
at p27kip1 (62). p27kip1 has hence been identified as a substrate 
of JAK2 (64).

Mutational activation frequently contributes to malig‑
nant proliferation through events such as histone marker 
modification. In fact, STAT3 is classified as oncogenic (14). 
Its engagement directing to hallmarks of cancer, such as the 
proliferation, apoptosis evasion and angiogenesis of tumor 
cells, has been reported (65). The activities control the expres‑
sion of pro‑tumorigenic genes, such as cyclins D1 and D2, 
c‑Myc, MCL1 apoptosis regulator, survivin/baculoviral IAP 
repeat containing 5 (BIRC5), B‑cell lymphoma‑extra large, 
hepatocyte growth factor, hypoxia induced factor‑α (HIF‑1α 
and vascular endothelial growth factor A (VEGF) (66‑70).

Alterations in STAT3 expression affects the host prolifera‑
tion, as well as the drug resistance of cancer cells. When treated 
with erlotinib, p‑STAT3 levels are increased in epidermal 
growth factor receptor (EGFR)‑mutated non‑small cell lung 
cancer (NSCLC) cell lines and drug resistance is induced. 
Conversely, the RNA interference‑mediated knockdown of 
STAT3 enhances the sensitivity of cells to erlotinib  (71). 
Of note, the findings could be extended to NSCLC, whose 
tumorigenesis is driven by KRAS mutation. When treated 
with mitogen‑activated protein kinase inhibitor, NSCLC lines 
harboring a KRAS mutation exhibit an increased level of 
p‑STAT3, and drug resistance is induced (72).

NSCLC lines carrying EGFR and KRAS mutations 
secrete cytokines, such as IL‑6, which contribute to the under‑
lying mechanisms of STAT3 activation in NSCLC‑related 
gp130/JAK signaling. Autocrine JAK signaling‑dependent 
STAT3 activation is followed by the engagement of gp130, 
thereby promoting tumor cell survival (71‑73). In this context, 
in vivo and in vitro tumor cell growth is decreased by knocking 
down IL‑6 or JAK1/2 (67,71,73).

Among the signaling pathways of inflammation associated 
with tumor development, STAT3 phosphorylation plays a key 
role (74). STAT3, an oncogenic transcription factor is usually 
constitutively activated in prostate and several other human 
cancers, such as breast cancer (75‑77). Due to the important 
role it plays in cell survival and proliferation (33), STAT3 has 
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been designated as a major target of anticancer therapy. In 
hepatocellular carcinoma cells, STAT3 also exerts anti‑apop‑
totic and pro‑proliferation effects (78). Indeed, in obesity (79) 
and fatty liver‑associated inflammation (80), the IL‑6/STAT3 
activation is regarded as a ‘bona fide’ tumor promoter.

The central role of STAT3 is to promote and maintain the 
stem cell phenotype. In this population, STAT3 inhibits tumor 
progression. In stem cells, it has been noted that histone (H) 
methylation at lysine residues catalyzed by enhancer of zester 
homolog 2 (EZH2) regulates STAT3 (47). As the catalytic 
subunit of polycomb repressive complex 2, EZH2 has been 
known to exhibit oncoprotein‑like activity to bi‑ or trimethylate 
a repressive mark on H3, lysine 27 of H3, to repress the tran‑
scription of the target gene (81). Negative cell cycle regulators, 
such as CDK inhibitor 1A or p21Waf1/Cip1 are downregulated. 
Repressive effects on these molecules lead to the promotion 
of malignancy through its activity of lysine transferase on 
histones; the target genes that are implicated in cell prolifera‑
tion, apoptosis and regulation of cell cycle progression include 
p15 INK4b‑ARF, p16 INK4A, tumor necrosis factor related apoptosis 
inducing ligand and Kruppel‑like factor 2 (82).

The overexpression of EZH2 disrupts cell proliferation, 
apoptosis, migration and invasion. High EZH2 level has also 
been found to be associated with an unfavorable clinical 
outcome in cancers (83‑86). It has been revealed that EZH2 
promotes malignancy in NSCLC and EZH2 overexpression 
and is associated with poor prognosis in patients with NSCLC. 
Data have suggested that EZH2‑siRNA increases the expres‑
sion of p15INK4B p21Waf1, and p27Kip1 in NSCLC lines. Univariate 
analysis revealed that NSCLC patients with a high EZH2 
expression have a significantly inferior overall, cancer‑specific 
and disease‑free survival. It has been demonstrated that over‑
expressed EZH2 is essential for NSCLC progression, and the 
levels of EZH2 may serve as a prognostic predicator of the 
same cancer (87).

EZH2 also methylates the non‑histone protein STAT3 and 
is involved in the acetylation of STAT3 which is catalyzed by 
acetyltransferase p300, thus playing a role in the regulation of 
the formation of a transcription complex bound to the target 
gene promoters.

The authors have previously demonstrated that a zinc 
finger motif containing protein ZMYND10 encoded by a 
frequently lost TSG found in a variety of human tumors 
induces the trimethylation of a histone repressive mark (H3K9) 
and downregulates cyclins that promote cell cycle entry (88). 
Forkhead box A1 (FOXA1) is a transcription factor which 
plays a role in the translation of the epigenetic signatures into 
enhancer‑driven transcriptional program characterized by cell 
type specificity; FOXA1 is differentially recruited to chro‑
matin fragments and downregulated in several cancers. The 
positive association between FOXA1 and CDKN2A/p16 INK4a, 
a negative regulator of the cell cycle that can be observed 
in prostate and breast cancers weakly expressing EZH2, 
epigenetically represses CDKN2A. It has been analyzed and 
revealed in prostate and breast cancer cells that high expres‑
sion of FOXA1 antagonizes the EZH2‑mediated repression of 
CDKN2A, as further depletion of FOXA1 reverts the effect 
of CDKN2A de‑silencing caused by the inhibition of EZH2. 
Concomitantly, the depletion of EZH2 suppresses the cancer 
cell cycle progression, while the presence of FOXA1 and 

CDKN2A optimizes this regulation (89). The modulation of 
proliferation‑related molecules by tumor suppressors through 
histone and non‑histone protein modification remains to be 
elucidated.

3. High level of STAT3 contributes to refractory state to 
lytic cycle switch in Epstein‑Barr virus (EBV) and Kaposi 
sarcoma‑associated herpesvirus (KSHV)

Upon viral infection, IFNs are secreted and the JAK/STAT 
pathway is activated, which leads to the promotion of the tran‑
scription of ISGs to defend against viral infection (18). Type I 
IFNs bind to the IFN‑activated receptor IFNAR1, leading to 
JAK activation. The activated JAK in turn phosphorylates 
STAT1 and STAT2, enabling them to form heterodimers to 
bind with IRF9, forming the complex of ISG factor 3. The 
complex is further linked to IFN‑stimulated response elements 
and induces the transcription of ISGs (90).

Herpesviruses are characterized by the adoption of two 
distinctive patterns of infection in their life cycle: Latent and 
lytic infection. To date, two gamma‑herpesviruses among eight 
known human herpesviruses, the lymphotropic human herpes‑
virus 4 (HHV‑4) or EBV and HHV‑8 or KSHV are classified 
as tumorigenic viruses. These viruses may harbor in the body 
of the host throughout their life. During their latency phase, 
the viruses express limited genome products, without rupture 
of the host cells. The mechanisms underlying the switch from 
a latent to a lytic cycle in EBV and KSHV have been studied 
in B cell lines cultured in vitro.

In EBV, the activation of the lytic cycle is controlled by 
two virally encoded transcription factors with Zip motif; Z 
EB replication activator (ZEBRA) and replication and tran‑
scription activator (Rta). The viral bZIP transcription factor 
ZEBRA/Zta encoded by BamHI Z left frame 1 (BZLF1) 
regulates this cycle by binding to two classes of ZEBRA 
response elements. ZEBRA is a homodimeric protein related 
to the activating protein 1 (AP‑1) family of bZIP transcription 
factors (91). It regulates the EBV infection cycle by contributing 
both in establishing viral latency and triggering lytic replica‑
tion. During pre‑latency, ZEBRA is transiently expressed at 
this time course, the EBV genome is hypomethylated and it 
is critical for promoting the proliferation of quiescent naive 
and memory B cells. During latency, when the EBV genome is 
methylated, the expression of ZEBRA activates a second viral 
transcription factor, which functions along with ZEBRA to 
trigger lytic replication (92,93).

The lytic cycle activator of KSHV is the open reading 
frame 50 encoded Rta homolog (93). Following the switch to 
a lytic cycle, they express all of the genomic products, ending 
with the lysis of the host cells and establishing infection when 
entering new cells (94). The lytic cycle has been linked to the 
oncogenic potential of the viruses.

The molecular mechanisms underlying the latent‑to‑lytic 
cycle switch with the ultimate aim of utilizing anti‑viral 
therapy by increasing the number of cancer cells latently 
infected with the virus being converted to the lytic phase and 
thereby becoming sensitive to the antiviral agents. In fact, 
oncolytic therapy faces a major challenge due to the high cells 
fractionation rates in populations of latently infected cells, 
which are resistant to agents inducing the lytic cycle (95).
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The lytic cycle of EBV is characterized by the expression 
of a cascade of regulated genes; these include intermediate-
early, early and late genes. Strategies for inducing lytic 
infection of EBV in tumor cells are investigated as a potential 
therapy against EBV‑related tumors; the latent‑to‑lytic cycle 
switch of EBV in infected B and epithelial cells is regulated by 
a panel of cellular and viral proteins and the manner in which 
lytic viral reactivation is harnessed may be utilized in the 
therapeutic approach. When the viral lytic cycle is triggered, 
a number of EBV‑encoded proteins are expressed, including 
ZTA/ZEBRA, EB1, BZLF or Zta and Rta, encoded by imme‑
diate‑early genes that stimulate the expression of early and late 
genes of EBV. The early genes code for proteins required for 
the replication of EBV DNA, whereas the late genes code for 
viral structural proteins to package infectious viral particles. 
In addition to BZLF1‑encoded transcription factors, BZLF1 
transcription activator (Zta) and Rta, the expression of lytic 
EBV genes is modulated by cellular proteins (96,97). RNA 
transcribed from BZLF1 is highly upregulated in lytic cell 
populations compared with refractory or untreated cells. This 
result has been confirmed as an effective indicator for sepa‑
rating refractory and lytic EBV‑harboring cells.

It has been observed that a high level of STATs maintains 
the latent infection state of EBV. An inhibitor of activated 
STAT1, PIAS1, is a factor capable of restricting EBV by 
inhibiting transcription factors of viral and cellular origins. 
It has been demonstrated that PIAS1 inhibits the IRF‑8 
mediated activation of lytic genes through their molecular 
interaction (98). In the cell populations that are refractory 
to the induction of the lytic cycle, the preferential upregula‑
tion of STAT3 and Fos proto‑oncogene, AP‑1 transcription 
factor subunit has been observed and the expression of both 
factors is increased in folds in comparison with untreated 
cells (98).

In EBV harboring HH516‑16 cells, the regulation of the 
lytic cycle has been investigated. When latently infected with 
EBV, cells highly express STAT3 protein, predominantly 
in its unphosphorylated form. When exposed to sodium 
butyrate (NaB), an agent that induces the lytic cycle and a 
prototype of inhibitor of histone deacetylase, entry to the 
lytic cycle is triggered. HH516‑16 cells are also treated with 
IFN‑γ to determine the possible phosphorylation at residue 
Y705 induced by the treatment, or if the pathway is detect‑
able (88). Since the STAT3 transcript is increased primarily 
in refractory cells, it was examined whether the increased 
STAT3 protein levels correspondingly existed in the popu‑
lation of refractory cells. An increase in STAT3 protein in 
these populations compared with the untreated cells in a 
time‑dependent manner was observed following NaB treat‑
ment. In the subpopulation of lytic cells, STAT3 protein was 
not significantly upregulated.

It has been observed in KSHV/HHV‑8 that periodic 
switching from the latent to the lytic cycle contributes to an 
orderly expression of a large panel of viral genes to produce 
infectious virions (18). Clinico‑epidemiological studies have 
revealed that the activation of the KSHV lytic cycle criti‑
cally contributed to the pathogenesis of KS, pleural effusion 
lymphoma and multicentric Castleman disease (99‑104). The 
lytic activation of KSHV/HHV‑8 is also correlated with the 
progression and prognosis of the diseases.

4. Severe atypical respiratory syndrome‑coronavirus‑2 
(SARS‑CoV‑2) viral genomic coding products stimulate 
transcription factors to synthesize pro‑inflammatory 
mediators

COVID‑19, the disease caused by SARS‑CoV‑2, affects 
the lining epithelia, leading to severe respiratory disease in 
humans. It also infects other viscera, including the liver and 
kidneys, by engaging with multiple intracellular signaling 
pathways, leading to the production of mediators of inflamma‑
tory response, and hence tissue damage. It was a remarkable 
feature of pathogenesis when widespread thrombosis with 
microangiopathy in the blood vessels of the lungs was identi‑
fied during the clinical course of COVID‑19 (105).

SARS‑CoV‑2 has a genome containing a single stranded 
RNA measuring 30 kb. Two open reading frames (ORFs), 
ORF 1a and 1b synthesize 27 non‑structural proteins upon 
translation. ORFs 3, 6, 7a, 7b, 8, 9a, 9c, 10 and 14 code for 
spike (S), envelope (E) and nucleocapsid (N) proteins, as well 
as several accessory proteins. The alignment of the coding 
region is demonstrated in Fig.  3. The accessory proteins 
encoded by the aforementioned ORFs play an important 
role in the pathobiology attributed by the virus (106). These 
proteins assist the virus to establish infection to the suscep‑
tible host cells and hijack the cellular machinery of the host 
for particle assembly, amplification and pathogenesis of the 
virus. During the infection, the S protein binds to the receptor 
of angiotensin‑converting enzyme 2 on the host cells (107); 
subsequently the cellular transmembrane protease serine 
2 (TMPRSS2) cleaves the viral S protein, resulting in two 
subunits, S1 and S2. The two fragments fuse with viral and 
cellular membranes and initiate virus internalization (107) 
(Fig. 4).

Previously, the viral peptides binding with major histo‑
compatibility complex‑1 (MHC‑1) molecules to downregulate 
antiviral immune response have been described in human 
immunodeficiency virus type 1 and KSHV (108,109). A similar 
interaction between SARS‑CoV‑2 through ORF8 protein and 
human proteins has been identified, considered to be essential 
for the SARS‑CoV‑2‑mediated immune evasion by MHC‑1 
suppression (110).

The coding products of the SARS‑CoV‑2 genome have 
been investigated in relation to their pathogenesis of host 
internal organs through engagement of intracellular pathways 
to trigger production of pro‑inflammatory mediators. NF‑κB 
proteins are a set of transcription factors that regulate inflam‑
mation and cell death. The transcription factors comprise 
several subunits, such as NF‑κB 3/p65, together with negative 
regulator I‑κB, which dimerize with the subunits to repress 
their activities. Modification on specific amino residues, 
such as phosphorylation, leads to the NF‑κB activation. The 
inhibition of the activity of these transcription factors is 
removed on their degradation through phosphorylation and 
then ubiquitination on their amino (N) terminus. HK‑2 cells 
derived from the proximal tubular epithelium are susceptible 
to SARS‑CoV‑2 infection. The effect of ORF3A expression 
on the effective activation of the NF‑κB signaling pathway 
by increasing the phosphorylation of subunit p65 has been 
studied; it has been revealed that the SARS‑CoV‑2‑encoded 
protein stimulates phosphorylation on positions Ser 536 and 

https://www.spandidos-publications.com/10.3892/mmr.2024.13163
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Ser 276 of the p65 protein. ORF3A also increases the amount 
of cleavage of caspase‑3 (111), suggesting its role in triggering 

apoptosis, as identified in other cell lines. It has been observed 
that the mRNA levels of the downstream targets of TNF‑α 

Figure 4. Schematic pattern of genomic composition of SARS‑CoV‑2. (A) The arrangement of exons within SARS‑CoV‑2 genome is indicated and referred 
to the text. (B) The genomic products of SARS‑CoV‑2 target to several components of the axis of JAK/STAT pathway. SARS‑CoV‑2, severe acute respira‑
tory syndrome coronavirus type 2; JAK, Janus kinase; STAT, signal transducer and activator of transcription; IFNAR, interferon alpha/beta receptor; IRF, 
interferon regulatory factor; ORF, open reading frame.

Figure 3. Linear clustering of JAK2 motifs and role of abnormal JAK/STAT signaling in carcinogenesis. (A) The JAK2 molecule contains motifs of FERM 
required for lower Michaelis constant (Km; the concentration of saturated substrate in case of the half of maximum catalytic speed of an enzyme being 
reached) of JAK2 (V617F) towards substrates, SH2, pseudo‑PTK and the functional PTK. The pseudo‑PTK domain starting with amino acid residue 604 is 
identical in human and mouse. The mutation on 617 position of amino acid sequence is responsible for hemopoietic disorders described. (B) The impact of 
aberrant JAK/STAT pathway in carcinogenesis. High expression of STAT1 downstream of IFN‑g signaling induces PD‑L1 expression, enabling the tumor cells 
to evade host antitumor immunity. Mutant JAK2 with the lesion of V617F alters STAT3 signaling and fused protein BCR/ABL expressed from the translocated 
gene on Ph1 chromosome induces abnormal STAT5 signaling to enhance transcription of cyclins D1, D2, E and anti‑apoptotic regulator Bcl_xL, to promote 
cancer initiation. JAK, Janus kinase; STAT, signal transducer and activator of transcription; FERM, 4.1/ezrin/radixin/moesin; SH2, Src homolog 2; PTK, 
protein tyrosine kinase; PD‑L1, programmed cell death ligand 1; Ph, Philadelphia; Bcl xL, B‑cell lymphoma‑extra large.
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and IL‑6 are increased in HK‑2 cells by ORF3A. TNF‑α is a 
cytokine that activates the NF‑κB pathway and causes tubular 
cell injury, confirming the modulation of NF‑κB by ORF3A. 
STAT3 phosphorylation on residue 705 leads to functional 
activation of STAT3 induced by the cytokines TNF‑α and 
IL‑6, the expression of STAT3 is increased by ORF3A expres‑
sion. It has also been suggested that TRIM59 expression is 
increased by SARS‑CoV‑2 infection in HK‑2 cells. It has been 
noted that SARS‑CoV‑2 has a similar antagonistic activity to 
that of IFN (112). It has therefore been hypothesized that the 
pathophysiology of SARS‑CoV‑2 infection is related to the 
effects of the virus on IFN and JAK/STAT signaling. It has 
been proposed that COVID‑19 is a disease stemming from the 
dysregulation of STATs induced by SARS‑CoV‑2, leading to a 
catastrophic cascade of internal organ failure.

After the entry of susceptible cells, SARS‑CoV‑2 
expresses the proteins non‑structural protein 1 and ORF6 
to inhibit the activity of STAT1 (113). While the activity of 
STAT1 is restricted, STAT3 becomes the predominant form 
in signaling and triggers downstream pathways. SOCS1 and 
SOCS3, are factors involved in the negative feedback of 
type I IFN signaling. They are induced by both STAT1 and 
STAT3 and inhibit the activity of JAKs (114). The binding of 
STAT1 and STAT3 to DNA is prevented by PIAS1 and PIAS3, 
respectively (115). When STAT3 is aberrantly activated and 
uncoupled from SOCS regulation, the role of PIAS3 becomes 
crucial in regulating the activity of STAT3. Protein tyrosine 
phosphorylases exert regulatory activities on activated JAKs 
and STATs (116), but their role in the control of viral infec‑
tion requires further elucidation. In lungs infected with 
SARS‑CoV‑2, EGFR levels are induced by acute lung injury or 
reduced activity of STAT1; STAT3 is activated by ligation or 
viral protein binding of EGFR (117). PIAS3 normally inhibits 
STAT3 activity; however, during the viral infection, PAI‑1 is 
produced (118) and an escalating cascade in the PAI‑1/STAT3 
axis is in turn established.

Immunomodulation and corticosteroids for interven‑
tion against cytokine production have been suggested as a 
means to limiting or minimizing the hyperactive response of 
inflammation (119). Immunoregulatory antagonists of IL‑1 or 
IL‑6 and of JAK inhibitors have so far been examined (120). 
Clinical trials on antagonists and antibodies targeting 
several cytokines at initial stages have produced promising 
results for the treatment of COVID‑19, which is character‑
ized by abnormalities in the expression of cytokines. The 
inhibition of JAK has been proven to have the potential to 
suppress inflammatory response, and endocytosis has been 
shown to mediate the surface viral receptor during the 
pathogenesis of COVID‑19 (121). Ruxolitinib, an inhibitor 
of JAK1 and JAK2 is an orally administered drug approved 
for the treatment of myelofibrosis and polycythemia vera 
in Europe (122). Several newly developed agents have been 
tested to determine their efficacy in treating COVID‑19, 
including Baricitinib (123), Clazakizumab, Siluximab and 
Anakinra (124).

A recent study described a COVID‑19 patient suffering 
from systemic sclerosis (SSc) with pulmonary fibrosis (125). 
It has been observed that the respiratory function had rapidly 
improved 10 days after she was administered Ruxolitinib. 
The reduction in pulmonary fibrosis was compared before 

and after the diagnosis of COVID‑19. JAK/STAT signaling 
has been revealed to be involved in pathogenesis and fibrosis 
modulation in SSc patients  (125). The administration of 
ruxolitinib is therefore recommended as a new therapeutic 
strategy for patients with COVID‑19 and lung fibrosis (122). 
To date, numerous clinical trials are ongoing to evaluate the 
effectiveness of biopharmaceutical drugs such as blockers of 
IL‑1, inhibitors of IL‑6 and JAKs in anti‑COVID‑19 therapy. 
The rationale behind pathogenesis and state‑of‑the‑art thera‑
peutic approach for blocking hyperinflammation have been 
described (126).

The therapeutic efficacy of Vitamin (Vit) D in COVID‑19 
has been tested. Ongoing studies indicate the antiviral effect 
of Vit D supplements in the protection against SARS‑CoV‑2 
infection, as well as its ability to reduce the risk of other viral 
and bacterial infections, including influenza (127‑129).

Vit D is a lipid soluble vitamin that maintains calcium 
levels in the body. Vit D binds to the cognate receptor, Vit 
D receptor (VDR) to form a complex and in turn binds to 
the regions of a promoter on a genomic DNA sequence to 
modulate target gene expression  (130). In addition, Vit D 
binds to VDR through a non‑genomic activity, activates 
several intracellular signaling pathways and directly regu‑
lates the transcription of multiple genes, including immune 
response‑related genes. The ability of Vit D in vitro, in vivo 
and in patients with severe COVID‑19 to enhance host 
IFN‑a/b signaling have been reported (131). Higher levels of 
JAK/STAT signaling pathway activity have been observed 
with significantly higher antiviral ISGs at both the gene and 
protein levels; the revealed regulatory role of Vit D on IFN 
type I suggests the importance of maintaining a normal level 
of Vit D to prevent and possibly treat SARS‑CoV‑2 infection. 
Additional mechanistic studies are needed to fully elucidate 
the antiviral activity of Vit D against COVID‑19. The recent 
laboratory findings support the promising use of Vit D as a 
therapeutic agent for COVID‑19.

5. Conclusions

As a kinase molecule non‑covalently associated with the 
intracellular portion of membrane integral surface receptor 
of ILs and other cytokines, JAK is activated upon ligation 
of the receptors to activate a downstream cascade, leading 
with STATs. The pathways involved are implicated in carci‑
nogenesis, viral infection and host antiviral defense against 
the infection of human herpesviruses and SARS‑CoV‑2. 
The elucidation of the JAK/STAT pathway would shed light 
into viral pathogenesis and precise targeting therapy against 
cancers, herpesviruses and coronaviruses.
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