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Protein inhibitors of activated STATs (PIAS) are proteins for cytokine signaling that activate activator-mediated gene transcription. These proteins, as versatile cellular regulators, have been described as regulators of approximately 60 proteins. Dysregulation of PIAS is associated with inappropriate gene expression that promotes oncogenic signaling in multiple cancers. Multiple lines of evidence have revealed that PIAS family members show modulated expressions in cancer cells. Most frequently reported PIAS family members in cancer development are PIAS1 and PIAS3. SUMOylation as post-translational modifier regulates several cellular machineries. PIAS proteins as SUMO E3 ligase factor promotes SUMOylation of transcription factors tangled cancer cells for survival, proliferation, and differentiation. Attenuated PIAS-mediated SUMOylation mechanism is involved in tumorigenesis. This review article provides the PIAS/SUMO role in the modulation of transcriptional factor control, provides brief update on their antagonistic function in different cancer types with particular focus on PIAS proteins as a bonafide therapeutic target to inhibit STAT pathway in cancers, and summarizes natural activators that may have the ability to cure cancer.
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1 The PIAS proteins

The term PIAS (protein inhibitors of activated STAT) originates due to its cellular function, as all members of this family negatively regulates the STAT (1, 2). The PIAS were primarily identified via yeast two hybrid (Y2H) technique. The PIAS proteins that are found in eukaryotes are evolutionary conserved from yeast and process versatile cellular regulatory function of approximately 60 proteins (3, 4). The PIAS family comprises four genes, generating a total of seven proteins: PIAS1, PIASxα, PIASxβ, PIAS3, PIAS3L, PIASy, and PIASyE6 (as called PIAS4) are reported in all eukaryotic and mammalian cells 19526197. In eukaryotes, PIAS proteins play a key role in activating a wide range of cellular pathways, including nuclear transport through intracellular channels, Sma- and Mad-related proteins, along with DNA damage repair through the recruitment of transcription factors (5).




2 Historical perspective

PIAS3 was first identified in 1997 as an inhibitor of interferon alpha (IFN-α)-induced STAT3-mediated transcriptional regulation in cytoplasmic and nuclear extracts of human and mouse cell lines (6). In 1998, additionally four members of PIAS family were isolated from JY112 B cells. Co-immunoprecipitation results indicate that PIAS1 has the ability to interact with only STAT1 to mask DNA binding domain but not with STAT2 or STAT3 (3). Not long after, the PIAS family was found to negatively control the JAK/STAT pathway to inhibit the transduction cascade (7). PIAS1 expression as a co-modulator in monkey and mouse was reported first in this study. Importantly, the co-expression of PIAS1 with androgen receptors (ARs) was found to be crucial for AR initiation and maintenance of spermatogenesis (8). PIAS3 also interacts with AR as co-regulator in prostate cancer (9). In 2001, a distinct effect of PIASy was reported as blocker of AR in prostate cancer (10). The most important discovery related to PIAS protein in 2001 is its role to catalyze the SUMOylation of various of LEF1, p53, and STAT (11). The “PINIT” domain is a well conserved domain in PIAS family consisting of 181 amino acids essential for nuclear localization of PIAS3L identified in mouse (12). PIASy, by recruiting histone deacetylase 1 (HDAC1), interacts with Smad protein and functions as a downregulator of Smad-mediated transcriptional responses (13). Further investigation determined the PIAS3 function to stimulate the Smad transcriptional activity (13). Progress in the study of PIAS focused on PIAS as a new target for anticancer therapy. Overexpression of PIAS3 reduces the STAT3 transcription in glioblastoma and ovarian cancer. Curcumin was first reported to control the activated STAT3 by affecting the expressions of PIAS and JAK/STAT suppressor genes in cancer (14).

A further study investigated the E3-SUMO ligase activity of PIAS4 as co-regulators by inhibiting and modifying the expression of vitamin D receptor (VDR). The PIAS family was also reported as a novel interacting partner of cleavable isoforms of receptor tyrosine kinase ErbB4 ICD (15). At that time, PIAS1 overexpression was reported for first time in the nucleus of prostate cancer cells (16). The new findings recognized PIAS1 as a critical regulator of non-mutational myelo-erythroid genes inactivation in hematopoietic stem cell (HSC) and in lymphoid progenitors (17). Later on, a protein necdin was reported that overwhelmed the proapoptotic activities of PIAS1 (18). The efficacy of PIAS4 and PIAS1 function as intrinsic antiviral factor towards intracellular viral infection was investigated (19). In herpes simplex virus 1 infection, PIASy was overexpressed, which localized to nuclear domain containing viral genome. SIM domain of PIAS4 is responsible for nuclear localization in viral genome, whereas its expression that increases in replication compartments depended on SAP domain or LxxLL motif (20). Compared to other members of the PIAS family, PIAS3 is elevated in fibroblast-like synoviocytes (FLSs) and STs derived from chronic inflammatory joint rheumatoid arthritis (RA) patients (21). This discovery demonstrated the PIAS3 and another member of PIAS family, PIAS4, as positive regulators of hypoxia inducible factor (HIF-1α)-mediated transcription (22). The research supported that PIASxα was expressively lower in osteosarcoma, but the main focus was on the inhibitory mechanism of PIASxα in osteosarcoma by downregulating the important modulators of cell cycle such as cyclin D kinase in nude mouse tumor model (23). A new molecular mechanism of PIAS was reported for the very first time in kuruma shrimp (Marsupenaeus japonicus) as a negative regulator of transcription factor, embracing inhibition of STAT phosphorylation and translocation into the nucleus (2). PIAS family members were differentially expressed in breast cancer, as PIAe S2 and PIAS3 were downregulated, whereas PIAS4 has a contradictory trend (24) (Figure 1).




Figure 1 | A record of discoveries related to PIAS proteins.






3 Structure of PIAS family

The PIAS family comprises four members, which are highly homologous and shared analogous domains, but amino acid numbers vary among members of the PIAS family. PIAS1 with 651 amino acids retained the least number of residues. Genetic alteration of exon in PIAS 2, 3, and 4 give rise to their splice variants such as PIAS2ab, PIAS3L, and PIAS4E6, respectively (Table 1). Generally, five diverse domains have been reported in this family. Within N-terminal, PIAS protein is characterized by scaffold attachment factor (SAF)-A/B. SAP domain contains 35 amino acids along with LXXLL signature, which plays a fundamental role in A/T rich structure that facilitates protein–DNA interaction (25). SAP domain is crucial for PIASy to target lymphoid enhancer factor 1 (LEF1), suggesting its interaction with some additional SUMOylated substrate (11). The PINIT motif domain was found in PIASs, which is essential for protein localization (1). PIAS4 and its splice variant PIAS4E6 entirely lack PINIT motif. A zinc-binding domain, a central domain rich with cysteine residue, is also present. PIAS protein domains vary regarding to amino acid numbers such as PIAS3L isoform comprised of additional 35 amino acids between SAP and PINIT domain as compared to PIAS3. PIAS2a and PIAS2b diverge with respect to the length of S/T region (Figure 2) (1).


Table 1 | Difference between the members of PIAS family.






Figure 2 | The domain structure of PIAS protein and their significance are illustrated. Each member of PIAS displays a distinct pattern of tissue expression.






4 PIAS protein as transcriptional regulator

PIAS protein was first recognized to inhibit STAT in 1997 (26). Cytokines binding on cell surface receptor stimulates the Janus kinase, activators of transcription signal transduction pathways, and stress-activated/mitogen-activated protein kinase pathways that are responsible for various cellular responses (2). In mammals, seven members of the STAT family (STAT1-7) are conserved tyrosine residue, which are phosphorylated by JAKs. The term JAK derives from the Roman two-faced God having two domain categorizations, such as the catalytic domain and kinase-like domain. Upon binding of cytokine, its receptor activates the JAKs, ultimately causing trans-phosphorylation of cytoplasmic transcription factors (27). This phosphorylation resulting into dimer formation of specific STAT proteins is due to abandoned docking site that moves to the nucleus either to stimulate or suppress regulatory elements for gene transcription. Biochemical assays revealed that PIAS proteins block the DNA binding ability of STATs. PIAS1 interacts with the dimeric form of STAT1, while PIAS2x inhibits the transcriptional potential of STAT1 and STAT4. Interestingly, STAT3 losses its transcriptional activity because PIAS3 negatively regulates its DNA attaching ability present in homodimer or heterodimer form (27). The PIAS protein indeed functions as a transcriptional regulator not only in JAK/STAT pathway but also in other pathways such as NF-κB, p73, p53, and Smad proteins, by modulating their activity and down streaming the gene expression 37088348, 31758961, and 34054823. In the NF-κB pathway, PIAS is an important negative regulator that interacts with p56 subunit of NF-κB in the nucleus and blocks the DNA binding activity of p56 both in vitro and in vivo (28), although PIAS1 binds directly with DNA and stopped NF-mediated transcription. Inflammatory stimuli, such as TNF and LPS, activate the IKKa kinase, which translocate into the nucleus. Inside the nucleus, IKKa interacts with PIAS1, leading to the phosphorylation of PIAS1 at Ser90. The SUMO E3 ligase activity of PIAS1 is crucial for IKKa-mediated PIAS1 phosphorylation. Following phosphorylation, PIAS1 dissociates from IKKa and binds to the promoters of PIAS1-regulated genes, contributing to transcriptional repression (29). PIAS protein integrates signals from other signaling pathway to influence the NF-κB activity indirectly. These proteins also interact with p73, a member p53 tumor suppressor family, and play a significant role in its modulating activity through SUMOylation, altering its transcriptional regulator and protein–protein interaction, thereby influenced the cellular processes such as apoptosis and differentiation (5, 30). PIAS SUMOylates the p73 α and decreases the p73 transcriptional activity on several genes such as Bax and MDM in HEK293 cells at G1-to-S phase of cell cycle (31). Thus, PIAS strongly represses the transcriptional activity of p53 through promoting the apoptosis via upstreaming the Bax Level (32) (Figure 3).




Figure 3 | PIAS as downregulators of JAK/STAT, Smed signaling pathways, and NF kb pathway.






5 The process of SUMOylation

SUMOylation and ubiquitination, two important components of ubiquitination proteasome system, have significant roles in protein homeostasis and signal transduction (33). Small ubiquitin-like modifier (SUMO) is colossal covalent change that combines with the target protein at lysine residue by recruiting enzymatic cascade (34). The modification by SUMO usually regulates protein–protein interactions through accumulation of binding partners that dock specific SUMO-interaction motifs (SIMs) (35). Mammals have four SUMO isoforms, which are SUMO 1–4 (36). SUMOylation regulates various biological processes including stabilization of protein structure, DNA damage repair, carcinoma, embryonic development, cell proliferation, immune responses, and apoptosis (37). Enzymatic cascade of SUMOylation comprised E1 (activator), E2 (conjugase), and E3 (ligase) enzymes (35). In humans, the SUMOylation process is triggered by sentrin-specific protease 1 (SENP) for proteolytic cleavage at carboxyl-terminal that exposes a terminal diglycine GG motif. The SUMO activation enzymes E1 and E2 form heterodimer (ATP dependent), composed of Aos1-Uba2 and SAE1-SAE2 proteins, respectively. To activate SUMO protein, the heterodimer Aos1/Uba2-mediated adenylation through ATP-dependent reaction stimulates the linkage of its carboxyl group with heterodimers SAE2/Uba2. E1 and E2 catalytic cysteine residues congregate via E2 enzyme Ubc9 to promote thioester transfer. However, the mechanism is still to be elucidated (38). SUMO E3 ligase plays a pivotal role in targeting protein; it binds with specific lysine residue in the substrate, and this conjugation can lead towards poly-SUMOylation (39). The modification of the SUMOylation process by removal of the SUMOglycine residue from the lysine substrate by the SUMO family of proteases indicates that SUMOylation is reversible (36).



5.1 SUMOylation and cancer

SUMOylation is a post-translational alteration that has arisen in recent decade as a mechanism involved in controlling several biological processes, which is essential in vertebrates (40). Dysregulation of SUMOlyation is linked with several age-related disorders and cancer formation (41). SUMO machinery is overexpressed in cancer cells to recruit or sustain tumorigenesis. E1-conjugated enzyme has been found overexpressed in colorectal cancer. A mechanistic investigation uncovered the catalytic subunit of E1 (SAE2), which reduced the tumor initiation (42).

Recent evidence revealed that the SUMOylation of Grb2 (growth factor receptor-bound protein 2) is crucial for the amplification of Ras/MEK/ERK cascade. Grb2 SUMOylation recruits Sos1 (son of sevenless homolog 1) for the formation of Grb2-Sos1 results in the initiation of signaling pathway RAS/MEK/MAPK that consequently plays pivotal roles in carcinogenesis, cell migration, and tumor development (43).

Mutation in regulatory gene such as MYC is involved in cell proliferation and tumorigenesis. Myc stimulates the SAE1 transcription, and research demonstrated that synthetic lethality of Myc was associated with silencing of SAE1/2 enzymatic activity. In cancer cells, downregulation of SAE1/2 and elevated level of Myc showed significant reduction in metastasis (36). Furthermore, the overexpression of SAE1/2 and Ubc9 has been found in hepatocellular carcinoma and pancreatic and breast cancer (44). The implication of SUMOylation in different cancers has already been described, but here, we will discuss PIAS/SUMO interaction with respect to cancer.




5.2 PIAS/SUMO interaction in cancer

The most frequently reported PIAS family member in cancer development are PIAS1 and PIAS3. These proteins perform as SUMO-specific ligases and trigger the SUMOylation of tumor suppressor p53 and protooncogene in non-small lung cell carcinoma. PIASy stops p53-mediated transactivation without affecting apoptosis ability (45). Contrastingly, SUMO E3 ligase PIAS3-Smurf2 SUMOylation pathway represses the breast cancer cell-derived organoids. PIAS3 reduction in breast tumor promotes the PIAS3 and Smurf2 pathway in tumor progression and metastasis; PIAS3-Smurf2 SUMOylation mechanism still requires more investigation in breast tumor metastasis (46). PIASxα is a novel ligase that reduces ubiquitation of PTEN to increase protein stability. PTEN regulates the cell cycle by blocking phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathway (47). In addition, the overexpression of PIAS3xα deregulates the cyclin D kinase (CDK) that inhibits the cell proliferation (23). PIAS3xα deficiency may link with PTEN ubiquitation and overexpression of CDKs and cyclin D to promote the uncontrolled cell division. PIAS1 is a putative SUMO E3 ligase that extends breast cancer 1 (AIBI) half-life and is expressed excessively in approximately 60% of breast tumors. In breast tumor, AIBI modulates estrogen receptor α (ERα)-mediated gene expression. AIBI SUMOylation catalyzed by the E3 ligase inhibits AIB1 activity via reduced interaction with ERα. PIAS1-mediated AIBI SUMOylation needs to be further investigated for breast cancer therapy (48).




5.3 PIAS1 SUMOylation: cancer development and progression

PIAS have a variety of functions including cell proliferation, differentiation, apoptosis, tumor development, and immune responses (2). Cancer proliferation, progression, and response to therapies depend upon the interaction between malignant cells and tumor microenvironment. Proteins involved in tumorigenesis rely on SUMOylation (49). PIAS1 and PIASxα co-localize with the resident protein of PML nuclear bodies that are renowned as SUMO1 and SUMO2. Box2-CC domain of PML facilitates its interaction with PIAS1 and PIASxα. Neither PIASxα nor point mutation at SUMOylation site affects the capability of PIAS1-mediated PML degradation (Figure 4). Casein kinase II (CK2) overexpression and physical interaction with other proteins play an important role in tumorigenesis. PIAS1 and CK2 interaction aberrantly leads to ubiquitin proteosomal degradation of tumor suppressor protein PML (50).




Figure 4 | PIAS1 promotes tumorigenesis via SUMOylation and proteosomal degradation of PML. Also shown is the antagonistic role of PIAS1 in APL remission by recruiting RNF4-mediated ubiquitin degradation. Recruitment of JNK1 after PIAS1 mediated SUMOylation of MYC contributing to B-cell lymphomagenesis.



SUMOylation also regulates hexokinase 2 at K315 and K492 binding sites; thus, SUMO-defective hexokinase 2 preferably binds to mitochondria and also enhances glucose consumption and lactate production and downregulates mitochondrial respiration. This reprogramming supports prostate cancer cell proliferation and enhances the cells from chemotherapy-induced cell apoptosis (51). SUMOylation regulates YTHDF2 binding to the K571 site and promotes binding mRNA degradation and tumor progression via upstreaming of its binding affinity with m6A-modified mRNA (52). Monensin is an antibiotic that acts as anti-ovarian cancer by inhibiting the MEK-ERK pathway and also enhancing the MEK1 SUMOylation (53). In another study, SYNJ2BP-COX16 promoted breast cancer via phosphorylation with DRP1, mitochondrial fission, and SUMOylation at K107 residue. Thus, SYNJ2BP-COX16 is a novel target for treatment of breast cancer (54). Similarly, Ginkgolic acid is another therapeutic potential that inhibits the growth and invasion of many cancers via hindering the SUMOylation of IGF-1R (54).

MYC after binding with the DNA element CACGTG over the dimerization with MAX acts as a transcriptional activator (55). Gene translocation or amplification promotes MYC oncogenic activities in a number of human cancers. Findings recommend that SUMOylation is obligatory to tolerate aberrant MYC activation (56). Physical interaction between PIAS1 SUMO E3 ligase and MYC encouraged its carcinogenic activity in lymphomas. PIAS1 SUMO E3 ligase through MYC SUMOylation promotes its transcription activity, upregulates phosphorylated MYC at S62, and offers docking site for protein kinase JINK1 (57). An overexpression of PIAS1 and MYC was observed in stimulated B cells, substantial subset of prime B-cell lymphomas, and other cancer types. Moreover, the inhibition of SUMOylation persuades the apoptosis of MYC-dependent lymphoma cells and signifies it as an attractive therapeutic option (58).

The antagonistic role of specific PIAS1-mediated SUMOylation stabilizes PML-RARA necessary for its therapeutic action. Subsequent binding of the RNF4 ubiquitin E3-ligase to poly-SUMOylated PML-RARA resulted in proteasomal degradation and APL remission (50). Thus, PIAS1 is obligatory for PML-RARA degradation.




5.4 PIASY ligase as suppressor of Von Hippel–Lindau

PIAS4 also acts as specific E3-type SUMO ligase. Von Hippel–Lindau (VHL) plays a pivotal role in tumor suppression activity, which is lost upon SUMOylation. Deficiency of von Hippel–Lindau leads to constitutive initiation of hypoxia-inducible factor (HIF) along with HIF target gene expression causing tumors. Three family members are crucial for the regulation of hypoxia signaling pathway. Under hypoxia condition, HIF-1α translocates into the nucleus where it binds with PIAS4, which SUMOylates HIF1α within the C-terminal. SUMOylation enhances HIF1α-dependent transcription activity, attaches to VHL, and is degraded uniformly under hypoxia condition (59). An investigation revealed that PIAS4 stimulates HIF1α signaling upon the interaction and SUMOylation of VHL in pancreatic cancer and renal clear-cell carcinoma (60).

Synovial sarcoma is a soft tissue cancer in which oncoproteins like SYT-SSX1 and SYT-SSX2 are activated upon chromosomal translocation. A protein known as NOCOA3 is upregulated by SYT-SSX1, which leads to the development of many cancers. The interaction of SUMO E3 ligase PIAS4 with SYT-SSX1 increases the SUMOylation of its substrate NOCOA3 and its binding protein NEMO in synovial sarcoma. PIAS4-mediated SUMOylation is associated with upregulation of nuclear receptor coactivator 3, which triggers adverse effects in normal cells (61).




5.5 Smad and PIAS protein interaction promote cancer

SMADs are a class of proteins that deliver extracellular signals from the TGF-β ligand to the nucleus to control transcription (62). PIAS proteins were reported to modulate the transcriptional function of SMAD that arbitrate the TGF-β biological activities (63).

TGF-β plays as a key regulator for cancer progression and immune evasion. USP8 promotes the metastasis and its therapeutic advantage suppresses the metastatic activity 35811497. PRMT5 interacts with SMAD4 and the role of SMAD4 R361 methylation to control the TGF-β during the metastasis (64).

In various cancer cells, PIAS1 enhances the transcriptional function of the Smad2/Smad4 protein complex. TGF-β-activating R-Smad/Co-Smad complex promotes inhibition of cyclin-dependent kinase (CDK) to induce the cell growth arrest by direct activation of the promoter region of p21WAF1/Cip1 gene. PIAS1 is crucial for zinc-induced Smad4 pathway activation. Impairment in Smad pathway contributes to carcinogenesis due to the escape from growth inhibition (63), but how PIAS1 interacts with Smad still needs to be investigated.

PIAS3 is downregulated by Smad6 through the ubiquitin–proteasome pathway. PIAS3 interacts with Smad2, 3, 4, and 6 members of SMAD family. In the case of Smad6, MH2 domain and PIAS3 ring domain are responsible for their interaction that degrades PIAS3 and promotes STAT3 activity in glioblastoma. Another protein family member Smurf E3 ubiquitin–protein ligase catalytic domain interacts with the PY motif of Smad6 and facilitates PIAS3 degradation in order to promote tumor growth, invasion, and survival (65).




5.6 PIAS3 as a target of microRNAs in tumor

MicroRNAs are single-stranded RNAs that function as posttranscriptional modulators of gene expression. MiR-18a binds to the potential binding site 3′UTR of PIAS3. During gastric adeno-carcinogenesis, the upregulation of miR-18a miR-21 suppresses PIAS3 expressions. A recent work demonstrated that overexpression of the microRNA, miR-199a-5, negatively targets PIAS3 and p27 in osteosarcoma. The upregulation of miR-199a-5 enhanced the phosphorylation of STAT3 and ectopic overexpression of p27 that delays the G1-S phase change in the cell cycle. Thus, activated STAT3 helps tumor cells to avoid apoptosis and supports their proliferation (66). Therefore, introducing miRNA inhibitors will be the potential therapeutic approach valued for cancer therapy (Figure 5).




Figure 5 | MicroRNAs target the PIAS3 and upregulate the STAT3 that promotes anti-apoptotic genes and tumorigenesis. p27 is targeted by miR-a99a-5 and delays G1/S phase of the cell cycles.



Tumor exosome-derived miR-9 and miR-181a activate the JAK/STAT pathway by targeting the PIAS3 and SOCS3, thus promoting the expression of eMDSCs and might be providing as novel target for IL-6high breast cancer treatment (67). miR-199a-5p and microRNA-543 participate in cancer progression and proliferation via targeting the PIAS3 in cervical cancer and colorectal cancer (68, 69).





6 Modulated expression of PIAS proteins in different cancers

Recent research has demonstrated the relationship between aberrant expression of PIAS proteins and clinical pathological condition in several cancers.



6.1 PIAS1

The antagonistic expression of PIAS1 is involved in aberrant signaling pathways during carcinogenesis. Since PIAS proteins comprised SP-RING that exhibits SUMO E3 ligase activity, PIAS1-dependent SUMOylation was observed in the modulation of numerous oncogenes and tumor suppressors genes like AKT, BRCA1, and BRCA2 (57). PIAS1 acts as a cell cycle regulator that catalyzes the SUMOylation of tumor suppressor p53 and p73 and promotes the cell proliferation (70). In lung cancer and osteosarcoma cells, PIAS1, primarily overexpressed throughout the S phase, may attach to and SUMOylate p73, thus hindering the transcriptional activity of p73 that is followed by a reduction in p21 (16). An overexpression of PIAS1 has been reported in lung cancer (71). PIAS1 gene contributes to nuclear accumulation of focal adhesion kinase FAK, where FAK accelerates p53 knockdown, ultimately promoting NSCLC progression (72). PIAS1 is overexpressed in EC; thus, the upregulation of miR-182-5p and miR-96-5p downregulates the PIAS level in EC (73).




6.2 PIAS2

PIAS2 gene expression is significantly reduced in cancerous tissues as compared to its adjacent non-cancerous tissues (24). A low level of PIASxα, a splice variant of PIAS2, is involved in tumorigenesis and cell proliferation in osteosarcoma tissues (23). PIAS2 interacts with UXT protein, an important co-regulator of transcription factors such as androgen receptor (AR), in the cytoplasm and nucleus of human cervical carcinoma (74). PIAS2 interacts with ZFHX3 and enhances its activity in cell proliferation in cancers cells (75).




6.3 PIAS3

PIAS3 is generally found in a number of human tissues such as the spleen, thymus, prostate, testis, ovary, colon, and peripheral blood. A domain structure PINIT found in PIAS3 can induce apoptosis by inhibiting the transcriptional activity of STAT3 (2). Various lines of evidence suggest that low expression of PIAS3 supports cancer cells proliferation or promotes tumorigenesis. PIAS3 mRNA expression is instantaneously silenced, which influences JAK/STAT signaling cascade in gastric, medulloblastoma, breast, and lung cancers (76). PIAS3 level is negatively associated with aberrant expression of STAT3 and its downstream targets such as survivin, Bcl-xL, and c-Myc in colorectal cancer (77). In lymphocytic leukemia, various aberrant signaling pathways in tumor microenvironment, including ZAP-70 protein, MAPK, and STAT3, stimulate the expression of post-translational regulator microRNA (miR-21) and other tumor suppressor genes (PTEN, PDCD4, and PIAS3). Upregulation of miR-21 expression with interleukin-4 (IL-4) promotes oncogenic processes through downregulation of tumor suppressor genes PTEN, PDCD4, and PIAS3 (78). Another member of microRNA class is miR‐18a, which is negatively linked with PIAS3 expression in malignant mesothelioma (79). In glioblastoma, tri‐partite motif‐containing protein 8 (TRIM8) and nuclear-Smad6 arbitrate the ubiquitination that persuades degradation of PIAS3, which in turn promotes STAT3 activation (80).




6.4 PIAS4

PIAS4 is widely expressed in the testis. It is the smallest protein among PIASs that encodes one splice variant PIAS4E6 (81). Upregulation of PIAS4 has been reported in human cancers. PIAS4 interacts and inhibits p53-mediated transactivation of its downregulators like Bax and p21 in NSCLC to inhibit apoptosis (60). PIAS4 with transcriptional co-repressor of androgen receptor interacts with DNA-binding domain of the AR that is essential for prostate cancer development and progression (Figure 6).




Figure 6 | PIAS proteins promote cancer due to their controversial modulated expressions.







7 PIAS1 suppresses invasive growth of tumor via SnoN SUMOylation

PIAS proteins have the ability to obstruct caspase activity, neutralize the activation of pro-caspases, and act as ubiquitin ligases. PIAS protein is involved in the negative regulation of apoptosis through the proteosomal degradation of pro-apoptotic proteins and STAT, which has been reported in a number of cancers (82). PIAS1 and TIF1gamma promote the SnoN SUMOylation and suppression of epithelial mesenchymal transition cancers cells, but the regulation of EMT is still unclear (83).

The prognostic value of PIAS1 revealed the detailed mechanism of the protein in SnoN SUMOylation, which supports great opportunity for breast cancer therapy (84). SnoN is a negative feedback inhibitor of transforming growth factor beta signaling (TGF-β). The biphasic role of TGF-β in advanced phases of cancer allows cells to metastasize through the induction of epithelial–mesenchymal transition (EMT) (85). During EMT, migration of cancer cells from the primary site of tumor and invasion at distant sites occur. TGF-β requires Smad- and MAD-related protein family members, Smad2 and Smad3, to transduce their signals to the nucleus. Thus, TGF-β-induced EMT pathway stimulates tumor progression later in epithelial tissues. SnoN and SUMO E3 ligase PIAS1 has emerged as an EMT regulator (86). In epithelial cells, PIAS1-SnoN SUMOylation inhibits TGF-β-induced EMT, which suggests the fundamental role of SnoN-SUMOylation in cancer progression. Foregoing investigation has revealed PIAS1 as a biomarker for breast cancer patients (85). The inhibition of TGF-β-induced EMT through SUMO E3 ligase PIAS1 and SnoN SUMOylation raises a question whether or not low level and subcellular localization of PIAS1 enhanced TGF-β-induced EMT and cancer metastasis (Figure 7).




Figure 7 | PIAS family either increases or decreases TGF-β signaling pathway that requires SMAD protein to translocate into the nucleus. PIAS1 modulated TGF-β-induced EMT complex through SUMOylation of SnoN. TGF-β, transforming growth factor beta; PIAS, protein inhibitor of activated STAT; EMT, epithelial–mesenchymal transition.






8 Natural activators

The downregulation of PIAS3 leads to the upregulation of STAT3, which promotes multiple oncogenic pathways; thus, it is an important target for cancer therapies (87). Considering these facts, few efforts have been done for the identification of natural activators to restore PIAS3 levels in cancer cells (88). Ascochlorin is an isoprenoid antibiotic obtained from phytopathogenic fungus Ascochyta viciae. Ascochlorin-induced inhibition of STAT3 substantially enhanced the expression of PIAS3 protein that significantly suppressed cancer growth in HepG2 cells. Another natural compound, Curcumin, enhances PIAS3 expressions and inhibits STAT3 phosphorylation in ovarian and endometrial cells in cancer (89). Brassinin (BSN), a phytoalexin, first isolated from cabbage, has anti‐tumor effects via enhancing PIAS3 expression. BSN inhibits the IL-6-induced STAT3 phosphorylation, which involves two inhibitors of STAT3, namely, PIAS3 and SOCS-3 (Figure 8). Paclitaxel is a semi-synthetic taxane obtained from the bark of the Pacific yew tree and is used as a therapeutic agent in NSCLC, but due to its severe side effects, potential combination of BSN and paclitaxel is used to diminish the lethality of chemotherapy during the treatment of lung cancer (90). Proteasomal inhibitors bortezomib or marizomib induce caspase 9 and increase PIAS3 expressions that initiated apoptosis and inhibit STAT3 activity in glioblastoma cells (91).




Figure 8 | Natural activators of PIAS3 that negatively regulate STAT3 expressions. STAT3, signal transducer and activator of transcription 3; PIAS3, protein inhibitor of activated STAT3.






9 Clinical applications of PIAS in cancer

PIAS proteins are expressed in different cancer; thus, targeting PIAS might be a novel approach for the treatment of cancer. Samples from 25 breast cancer patients and non-cancerous tissues from the same breast were obtained and PIAS3 mRNA and quantified. PIAS3 mRNA expression was considerably lower in these patients as compared to non-cancerous tissues; thus, PIAS3 mRNA might be crucial in breast cancer development (92).

PIAS functions as a suppressor within the STAT3 signaling pathway, a critical regulator of cellular processes such as proliferation, differentiation, and apoptosis. Through its regulatory influence on the STAT3 pathway, PIAS emerges as a potential therapeutic target for addressing STAT3-dependent cancers. Manipulating the STAT3 pathway with PIAS holds promise for the treatment of cancers driven by aberrant STAT3 activity (58).

PIAS1 expression caused by Ad5/F35 virus in gastric cancer patients decreased the cell proliferation and invasion. These results indicate that PIAS1 might perform as a cancer suppressor to control metastasis (93). The expression of PIASxα from tissue samples of 29 osteosarcoma patients was analyzed utilizing reverse transcription–quantitative polymerase chain reaction and Western blot. The outcomes showed reduced expression of PIAsxα in these patients. Moreover, succeeding the overexpression of PIAsxα, the apoptosis was considerably increased. Increased expression of PIAsxα decreased tumor formation in the mouse model (94).

miR-182-5p and miR-96-5p inhibitors show the ability to increase PIAS1 expression in endometrial cancer (EC) cells. This increase in PIAS1 levels, in turn, plays a key role in inhibiting STAT3 activity. Furthermore, treatment with ectopic expression of PIAS1 and STAT3 inhibitors further suppresses STAT3 activity and decreases miR-182-5p and miR-96-5p levels in EC cells. Therefore, these results suggest that inhibitors act to disrupt the negative feedback regulatory loop between PIAS1 and STAT3, offering a promising approach for EC management by interfering with this molecular pathway (73). Quantitative SUMO proteomics analysis, following CRISPR/Cas9 knockout of individual PIAS genes elucidates novel insights into the regulatory roles of PIAS SUMO E3 ligases, shedding light on both specific and overlapping mechanisms governing cell proliferation and the cell cycle (95).

Curcumin is a dihydroxyphenolic compound possessing anti-cancer activity in many tumors. Normal ovarian and endometrial cells showed increased expression of PIAS3, while in tumor cells, the expression was considerably decreased. Curcumin enhanced PIAS3 expression in tumor cells. In a nutshell, curcumin inhibits JAK-STAT signaling through activation of PIAS3, thus decreasing STAT3 phosphorylation and cancer cell growth (89).

Brassinin is a phytoalexin and has been documented to have anticarcinogenic, chemopreventive, and antiproliferative potential (96–99). Brassinin prevents STAT3 signaling by modulating PIAS3, leading to reduced cancer growth (b). In short targeting PIAS by its inhibitors in the future could be a promising therapeutic strategy to decrease the cell proliferation and treat cancer (90).




10 Conclusion and future challenges

Recent evidence indicated that the antagonistic role of PIAS members as SUMO E3 ligases is emerging as positive regulator of intricate oncogenic networks. Recent reports suggest that PIAS protein members are differently expressed in various cancer types. Therefore, targeting PIAS proteins and downstream targets is a novel treatment approach for tumor therapy. To date, various investigations have focused on the development of pharmacological or natural inhibitors and activators regarding their expressions. However, more work should be concentrating on the molecular mechanism of natural activators of PIAS3. The interaction of PIAS1 and PIAS2 with SMAD, and PIAS1, PIAS2, and PIAS3 with Von Hippel–Lindau should be investigated in future studies. A detailed study on possible mechanism between miRNAs and PIAS3 interactions should be carried out. The overall expression of PIAS2 and PIAS4 in tumor should be described more in detail. Further studies on screening the drugs to stabilize antagonistic PIAS protein expressions offer potential therapeutic index for cancer treatment.
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