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A B S T R A C T 

Multiple myeloma (MM) is a haematological disease characterized by plasma cells malignancy and 

extramedullary and/or peripheral blood progression with significant patient morbidity, thus 

representing an urgent clinical need. Besides multiple affected sites, resistance to therapy is strongly 

limiting current available therapies. The Wilms’ tumour 1 (WT1) gene received particular attention in 

the last decades due to its role as oncogenic factors in acute myeloid leukemia, acute lymphocytic 

leukemia, chronic myelogenous leukemia and myelodysplastic syndromes, thus becoming an 

attractive target for immune therapy in such dismal diseases. Herein, we aimed at reviewing current 

knowledge on the potential role of WT1 in MM pathogenesis and on its potential role as therapeutic 

target for MM. 

 

© EuroMediterranean Biomedical Journal  2022 

1. Introduction 

Multiple myeloma (MM) is a haematological tumor characterized by the 

accumulation of clonal, malignant plasma cells in the bone marrow. 

Plasma cell dyscrasias encompass a spectrum of diseases, which include 

asymptomatic premalignant phase (i.e. monoclonal gammopathy of 

unknown significance, MGUS), asymptomatic MM (i.e. smoldering MM, 

SMM) and malignant disease (i.e. MM and plasma cell leukemia) 

associated with end-organ damage and significant patient morbidity (1-3). 

MM accounts for 10% of hematologic malignancies and 1% of all cancer 

deaths. Incidence increases with age (median 65 years), it is rare under 40, 

and twice as common in Afro-Caribbeans (4).  

The only clearly defined epidemiological risk factor is radiation exposure.  

Recent evidences support the hypothesis of a significant role of 

intercellular communication, milieu conditioning and soluble factors in 

several physiological and pathological conditions, including MM, with a 

particular focus on mesenchymal stem cells as main cellular component of 

bone marrow (5-20).  

 

Several adverse prognostic factors including paraprotein levels, Hb count, 

serum calcium level, lytic bone lesions, and renal function have been 

identified. However, the parameters used do not address the fundamental 

genetic abnormalities of the disease and current approaches are strongly 

limited by resistance mechanisms (21-27). Deletion of 13q is an important 

adverse prognostic factor and the presence of hypodiploidy is strongly 

associated with poor prognosis in MM (28). 

The Wilms’ tumour 1 (WT1) gene was first identified in 1990 as a strong 

candidate predisposition gene for Wilms’ tumour, which is a childhood 

renal neoplasm. Since then, a number of studies confirmed that WT1, 

which maps to chromosome 11p13, is mutated in the germline or 

somatically in∼15% of Wilms’ tumour cases (29).  

Although WT1 gene was categorized at first as a tumor-suppressor gene, 

it was recently demonstrated that the wild-type WT1 gene holds a critical 

role during human development and acts as oncogenic rather than a 

tumor-suppressor function in many kinds of malignancies, including 

haematological malignancies such as acute myeloid leukemia (AML), 

acute lymphocytic leukemia (ALL), chronic myelogenous leukemia 
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(CML) and myelodysplastic syndromes (MDS) (30-38). Its widespread 

expression in tumors has led WT1 to become one of the main target for 

cancer immune therapy (39, 40). However, there is very little data 

concerning the monitoring of WT1 levels in myeloma patients and its 

effect on prognosis. Here, we provide an overview of the WT1 gene, 

highlighting its role in MM pathogenesis. 

2. WT1 structure and isoforms 

The mammalian WT1 gene is ∼50 kb in length, encoding proteins from as 

many as ten exons. There are at least 36 potential mammalian WT1 

isoforms and all of them include four C2H2 Kruppel like zinc fingers 

similar to those found in the SP1 family of transcription factors. All non-

mammalian vertebrates express only two isoforms, which differ by just 

three amino acids (lysine, threonine and serine; KTS). Although the 

functional relevance of the many WT1 isoforms is unclear, the importance 

of the +KTS and −KTS isoforms has been highlighted by the 

identification of splice site mutations in patients with Frasier syndrome 

(41). This pathology leads to male-to-female sex reversal and focal 

segmental glomerulosclerosis of the kidney. The dominant WT1 

mutations create one allele that only produces the −KTS isoforms, leading 

to a reduced +KTS/−KTS isoform ratio. This suggests that both isoforms 

are essential and have different functions. A murine study demonstrated 

that mice lacking one of the + KTS or - KTS isoforms died neonatally due 

to incomplete renal development (42). In contrast, mice that specifically 

lack an insertion of 17 mammalian-specific amino acids encoded by an 

alternate exon 5 show no observable phenotype. Interestingly, the 17 

amino acid domain acts as a transcriptional activator through interaction 

with the prostatic apoptosis response factor PAR4 (PAWR) and a 

mutation in this domain has been identified in a Wilms tumor, attesting to 

its importance at least in humans (43, 44). 

 

3. Molecular mechanisms of WT1 action 

Although several studies reported that WT1 functions as a transcription 

factor, some evidences support its post-transcriptional function, via RNA 

interactions. Of note, the data suggest that the –KTS isoforms may 

function mostly as transcriptional regulators, whereas the +KTS isoforms 

act predominantly post-transcriptionally. This suggests that the two 

isoforms perform identical or compensatory functions during these 

processes.  

WT1 is a transcription factor that bind to the early growth response-1 

DNA consensus sequence present in various growth factor gene promoters 

through its four zinc fingers. Of note, early cell-free studies showed that 

WT1, the −KTS isoforms in particular, binds to a consensus site, 5′-

GCGGGGGCG-3′, which is identical to that found for EGR1, while 

+KTS isoform binds to a slightly different sequence (45, 46). 

As previously reported, WT1 can act as either a transcriptional activator 

or repressor depending on the nature of the domain its binds. Furthermore, 

several post-translational modifications, including sumoylation and 

phosphorylation, have been shown to regulate WT1 subcellular 

localization and subsequently its function (47).  

 

 

Rampal and co-workers demonstrated that WT1 can also regulate gene 

expression by modulating the epigenetic landscape, and this is relevant for 

disease progression (48). Loss-of-function WT1 mutations are observed in 

a subset of acute myeloid leukaemia (AML), as are mutations in the genes 

encoding TET family proteins, including IDH1/2 and TET2 which are 

involved in converting 5-methylcytosine (5mC) in the genome to 5- 

hydroxymethylcytosine (5hmC), often leading to gene expression 

increase. Accordingly, loss of function of WT1, TET2 or TET3 leads to a 

reduction in 5hmC and a similar impaired haematopoietic differentiation 

phenotype (49, 50). 

The post-transcriptional function of WT1 was first observed by studying 

the + KTS isoform that specifically localizes and interacts with junction 

factors in kidney cells (51). Consistent with these observations, 

subsequent experiments showed that both major isoforms WT1, but not 

EGR1, can bind RNA derived from exon 2 of Igf2, the + KTS isoform 

showing greater affinity (52). It is possible to hypothesize that WT1 

interacts with RNA-binding proteins in an isoform-dependent manner. 

These include the U2AF65 (U2AF2) and RBM4 junction factors, HNRPU 

(HNRNPU) and the Wilms tumor-associated protein WTAP, which is an 

essential component of the complex that performs RNA methylation and 

regulates splicing (53-56). 

Furthermore, an interesting non-canonical function for WT1 in the 

regulation of mitotic checkpoints in cultured cell lines has also been 

demonstrated through direct interaction with the spindle assembly 

checkpoint protein MAD2 (57). It is clear that these observations could 

have implications for cancers that arise due to the mutation or 

dysregulated of WT1. 

As previously reported, WT1 was initially shown to act as a 

transcriptional repressor, but to date the specific functions of WT1 in 

normal and neoplastic tissues remain to be fully elucidated. In normal 

ontogenesis, the WT1 gene is expressed in a time- and tissue-dependent 

manner, mainly in the foetal kidney, ovary, testis, and structures of 

mesodermal origin (58). Conversely, in adults, WT1 gene expression is 

limited to very few tissues, including kidney podocytes, stroma and 

splenic capsule, testicular Sertoli cells, ovarian granulosa cells, and CD34 

positive hematopoietic progenitor stem cells (59-62). 

Regarding malignant cells, most cases of acute leukemia and chronic 

myeloid leukemia blast crisis show abnormal expression of WT1 (63, 64). 

Of note, increased WT1 expression in acute leukemia is potentially used 

as a marker of minimal residual disease (MRD) (63). In this context, 

previous studies demonstrated that the level of WT1 expression in B 

lymphoma cells is significantly lower than that of acute leukemia (65); 

however, knowledge on the details of WT1 expression in MM and other 

types of mature B-cell neoplasms is poor. 

 

4. WT1 in multiple myeloma 

Most newly diagnosed cases of MM have a normal karyotype, and 

abnormalities are most often seen in advanced disease associated with 

increased proliferative activity of malignant cells (66). 

In this context, the FISH test is required for specific chromosomal 

abnormalities detection in MM patients, allowing the identification of an 

abnormal clone in 45% of cases (67).  

 



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (38) 175- 180                                                                                               177 

 

Deletions of 13q14, 17p13 and 11q23 are all associated with a poor 

prognostic factor, along with translocations of 14q32 involving 

chromosomes 4 and 16 have also been identified. Additional common 

cytogenetic alterations such as hyper or hypodiploidy and abnormalities 

involving chromosome 1q can be observed in MM patients. Such genetic 

instability is associated with altered proliferation or apoptosis pathways, 

including p53, the nuclear factor-kB pathway and RAS. Assays for the 

identification of susceptible MRD are essential for the detection of a 

relapse allowing the early initiation of immunotherapy interventions (68, 

69). However, current MRD assays are heterogeneous and disease-

specific approaches are sometimes required. Consequently, the idea of 

using WT1 as an MRD marker was an obvious area of study in myeloma 

patients. 

Since the significance of the WT1 gene for multiple myeloma had not yet 

been clarified, Hatta et.al set out to determine clinical relevance by 

examining the association of clinical parameters and WT1 expression in 

the bone marrow in newly diagnosed MM patients (70). Expression of 

WT1 in myeloma was 59 to 1,600 copies / microg of RNA and 0.05 to 

406.3 copies / microg of RNA / 100 plasma cells, respectively, lower than 

in leukemia. Interestingly, WT1 transcripts have been observed to 

increase as clinical factors worsen, including stage of the disease, Hb, 

protein M, platelet count, creatinine, urea nitrogen (BUN), serum alkaline 

phosphatase (ALP), beta2-microglobulin, calcium, activity of thymidine 

kinase (TK) and C-reactive protein (CRP). These results demonstrated 

that the expression level of WT1 could be an additional marker compared 

to the standard parameters considered in the risk assessment also for MM. 

In contrast with this, Saatci et.al, found no association between WT1 

expression and multiple myeloma pathogenesis, although this difference 

may be partly explained by differences in sensitivity, use of qualitative 

versus quantitative analyses and the type of sample used (28). However, it 

was reported that WT1 expression levels in PB samples were significantly 

lower than in bone marrow samples in healthy individuals and the WT1 

expression level was very low almost undetectable by quantitative RT-

PCR. Consistent with this, Inou et al. reported that the expression of WT1 

in BM was a log of magnitude greater than that of PB (71). Given the 

existence of low constitutive expression of WT1 in MM patients in 

peripheral blood, the analysis of WT1 expression may not be a practical 

genetic marker for routine clinical use, but the WT1 analysis in BM may 

be more sensitive PB in myeloma patients as suggested by Hatta's data. 

Since WT1 expression appears to play an essential role in tumorigenesis 

and to be required to maintain the transformed phenotype and function, it 

has been suggested that the WT1 protein may be beneficial as a target 

antigen for cancer (72, 73). In this contest, CD8 positive cytotoxic T 

lymphocytes (CTLs) play a key role as effectors of antitumor immune 

responses, recognizing tumor-associated antigen-derived (TAA) peptides 

that are "processed" and presented on the surface of tumor cells in 

association with the major histocompatibility complex (MHC) class I 

molecules, leading to tumor cells’ killing. Clinical evidence of antitumor 

immune responses efficacy has been obtained in several clinical settings, 

including the transplant versus leukemia (GVL) effect following 

allogeneic hematopoietic stem cell transplantation (HSCT)(74). These 

results strongly suggest that the WT1 protein could be a promising target 

antigen for cancer immunotherapy. 

 

 

Since several types of normal cells, including haematopoietic progenitor 

cells, physiologically express WT1, knowing whether WT1-specific CTLs 

cause damage to normal tissue is critical. WT1-specific CTLs were shown 

to selectively kill leukemia cells but not normal hematopoietic progenitor 

cells, both of which express WT1. This can be explained by the difference 

in the level of WT1 expression between malignant and normal 

hematopoietic cells (65, 75). 

It has been shown that many patients with haematological malignancies 

such as MDS, CML and AML produced WT1 IgM and IgG antibodies, 

indicating that not only WT1 responsive B cells in patients were activated 

but also the T cells needed to induce the class change of the WT1 

antibody. Of note, the analysis in MDS patients revealed that the class 

change of the WT1 antibody from IgM to IgG occurred in conjunction 

with the progression of the disease from refractory anemia (RA) to 

refractory anemia with excess blasts (RAEB) with an increase in the 

amount of tumor that stimulates the patients' immune system (76).  

Furthermore, the WT1 antibody disappeared after achieving complete 

remission in AML patients, suggesting that the decreased stimulation of 

the immune system by the leukemic cell-derived WT1 protein resulted in 

the interruption of antibody production (77). 

Tyler et. al reported that MM cells are highly susceptible to perforin-

mediated cytotoxicity by WT1-specific cytotoxic T lymphocytes (WT1-

CTL)(78). Moreover, WT1 expression is sufficient to induce interferon-γ 

(IFN-γ) production by CTL. Isolated minimal clinical responses have been 

reported with WT1 peptide-based immunotherapy, which correlated with 

the expansion of functional WT1-CTL and their migration to the BM. The 

clinical significance of WT1-CTL has been demonstrated in patients with 

MM relapse and high-risk cytogenetics undergoing allogeneic T-cell-

depleted hematopoietic stem cell transplantation (alloTCD-HSCT). MM 

patients received dose-escalating donor lymphocyte infusions (DLI) after 

transplantation, with increases in WT1-CTL frequencies in all serially 

monitored patients after alloTCD-HSCT and DLI. Interestingly, the 

emergence of WT1-CTL after DLI has been associated with the reduction 

or stabilization of specific MM markers. Clinically relevant disease 

responses were observed in MM patients who developed marked WT1-

CTL responses. Furthermore, the co-expression of WT1 and CD138 

observed in immunohistochemistry (IHC) in the BM samples of all MM 

patients tested proved that the expression of WT1 correlated with disease 

course (78).  

In this context, Azuma et al. examined the mechanisms of cytotoxicity 

against WT1-specific CTL-mediated MM cells, focusing on the sensitivity 

of target cells to perforin-mediated cytotoxicity (79). Their data elucidate 

that WT1 expression levels in MM cells and lymphoma cells were both 

significantly lower than those in acute leukemia cells; however, MM cells 

were efficiently lysed by WT1-specific CTLs compared to lymphoma 

cells.  

Furthermore, WT1-specific CTL precursors appeared to be present in MM 

patients but also in healthy individuals. Various types of tumor-associated 

antigens have recently been identified, however their distribution is not 

strictly limited to malignant cells and normal cells also express these 

antigens at a relatively low level (80-82). 

The reason that only cancer cells and not normal cells are lysed by 

antigen-specific CTLs is associated with the tumor-associated antigen-

derived peptide complex and the HLA molecule is expressed on normal 

cells at too low a level to be recognized by CTL.  



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (38) 175- 180                                                                                               178 

 

However, a previous study revealed that a single major histocompatibility 

complex / peptide expressed on target cells can elicit a CTL response, but 

protective mechanisms are present in normal cells, although it is still 

unknown (83). Furthermore, CTLs are resistant to perforin-mediated 

cytotoxicity, as if they were sensitive they would be killed by the perforin 

they release. Therefore, elucidating the mechanism of resistance of CTLs 

to perforin-mediated cytotoxicity could provide an idea of the cause of the 

differential sensitivity to WT1-specific CTL-mediated cytotoxicity 

between myeloma cells and lymphoma cells (84). 

 

5. Concluding remarks 

Because the clinical outcomes of conventional chemotherapy for MM are 

not satisfactory, novel therapeutic approaches have been proposed, 

including cellular immunotherapy. Although some potential target 

antigens for immunotherapy of MM have been identified, the number of 

suitable target antigens recognized by CTLs directed against MM cells is 

still limited (85). The studies reported in this review may contribute to the 

development of novel immunotherapeutic strategies for MM and suggest 

that vaccination with a WT1-derived peptide or WT1-encoding DNA and 

adoptive immunotherapy using WT1-specific CTLs may provide an 

effective treatment option for MM as well as for acute leukemia. 

 

References 

 

1. Kazandjian D. Multiple myeloma epidemiology and survival: A 

unique malignancy. Semin Oncol. 2016;43(6):676-81. 

2. Li Volti G, Tibullo D, Vanella L, Giallongo C, Di Raimondo F, Forte 

S, et al. The Heme Oxygenase System in Hematological 

Malignancies. Antioxid Redox Signal. 2017;27(6):363-77. 

3. Romano A, Parrinello NL, Simeon V, Puglisi F, La Cava P, Bellofiore 

C, et al. High-density neutrophils in MGUS and multiple myeloma are 

dysfunctional and immune-suppressive due to increased STAT3 

downstream signaling. Sci Rep. 2020;10(1):1983. 

4. Medical Masterclass c, Firth J. Haematology: multiple myeloma. Clin 

Med (Lond). 2019;19(1):58-60. 

5. Schinke C, Qu P, Mehdi SJ, Hoering A, Epstein J, Johnson SK, et al. 

The Pattern of Mesenchymal Stem Cell Expression Is an Independent 

Marker of Outcome in Multiple Myeloma. Clin Cancer Res. 

2018;24(12):2913-9. 

6. Lo Furno D, Mannino G, Pellitteri R, Zappala A, Parenti R, Gili E, et 

al. Conditioned Media From Glial Cells Promote a Neural-Like 

Connexin Expression in Human Adipose-Derived Mesenchymal Stem 

Cells. Front Physiol. 2018;9:1742. 

7. Mannino G, Russo C, Longo A, Anfuso CD, Lupo G, Lo Furno D, et 

al. Potential therapeutic applications of mesenchymal stem cells for 

the treatment of eye diseases. World J Stem Cells. 2021;13(6):632-44. 

8. Lo Furno D, Graziano AC, Caggia S, Perrotta RE, Tarico MS, 

Giuffrida R, et al. Decrease of apoptosis markers during adipogenic 

differentiation of mesenchymal stem cells from human adipose tissue. 

Apoptosis. 2013;18(5):578-88. 

9. Musumeci G, Lo Furno D, Loreto C, Giuffrida R, Caggia S, Leonardi 

R, et al. Mesenchymal stem cells from adipose tissue which have been 

differentiated into chondrocytes in three-dimensional culture express 

lubricin. Exp Biol Med (Maywood). 2011;236(11):1333-41. 

10. Russo C, Mannino G, Patane M, Parrinello NL, Pellitteri R, Stanzani 

S, et al. Ghrelin peptide improves glial conditioned medium effects on 

neuronal differentiation of human adipose mesenchymal stem cells. 

Histochem Cell Biol. 2021;156(1):35-46. 

11. Mannino G, Longo A, Gennuso F, Anfuso CD, Lupo G, Giurdanella 

G, et al. Effects of High Glucose Concentration on Pericyte-Like 

Differentiated Human Adipose-Derived Mesenchymal Stem Cells. Int 

J Mol Sci. 2021;22(9). 

12. Mannino G, Cristaldi M, Giurdanella G, Perrotta RE, Lo Furno D, 

Giuffrida R, et al. ARPE-19 conditioned medium promotes neural 

differentiation of adipose-derived mesenchymal stem cells. World J 

Stem Cells. 2021;13(11):1783-96. 

13. Mannino G, Vicario N, Parenti R, Giuffrida R, Lo Furno D. Connexin 

expression decreases during adipogenic differentiation of human 

adipose-derived mesenchymal stem cells. Mol Biol Rep. 

2020;47(12):9951-8. 

14. Lo Furno D, Mannino G, Cardile V, Parenti R, Giuffrida R. Potential 

Therapeutic Applications of Adipose-Derived Mesenchymal Stem 

Cells. Stem Cells Dev. 2016;25(21):1615-28. 

15. Calabrese G, Giuffrida R, Fabbi C, Figallo E, Lo Furno D, Gulino R, 

et al. Collagen-Hydroxyapatite Scaffolds Induce Human Adipose 

Derived Stem Cells Osteogenic Differentiation In Vitro. PLoS One. 

2016;11(3):e0151181. 

16. Calabrese G, Giuffrida R, Lo Furno D, Parrinello NL, Forte S, Gulino 

R, et al. Potential Effect of CD271 on Human Mesenchymal Stromal 

Cell Proliferation and Differentiation. Int J Mol Sci. 

2015;16(7):15609-24. 

17. Musumeci G, Mobasheri A, Trovato FM, Szychlinska MA, Graziano 

AC, Lo Furno D, et al. Biosynthesis of collagen I, II, RUNX2 and 

lubricin at different time points of chondrogenic differentiation in a 

3D in vitro model of human mesenchymal stem cells derived from 

adipose tissue. Acta Histochem. 2014;116(8):1407-17. 

18. Giallongo C, Romano A, Parrinello NL, La Cava P, Brundo MV, 

Bramanti V, et al. Mesenchymal Stem Cells (MSC) Regulate 

Activation of Granulocyte-Like Myeloid Derived Suppressor Cells 

(G-MDSC) in Chronic Myeloid Leukemia Patients. PLoS One. 

2016;11(7):e0158392. 

19. Bramanti V, Grasso S, Tibullo D, Giallongo C, Pappa R, Brundo MV, 

et al. Neuroactive molecules and growth factors modulate cytoskeletal 

protein expression during astroglial cell proliferation and 

differentiation in culture. J Neurosci Res. 2016;94(1):90-8. 

20. Vicario N, Bernstock JD, Spitale FM, Giallongo C, Giunta MAS, Li 

Volti G, et al. Clobetasol Modulates Adult Neural Stem Cell Growth 

via Canonical Hedgehog Pathway Activation. Int J Mol Sci. 

2019;20(8). 

21. Giallongo C, Tibullo D, Puglisi F, Barbato A, Vicario N, Cambria D, 

et al. Inhibition of TLR4 Signaling Affects Mitochondrial Fitness and 

Overcomes Bortezomib Resistance in Myeloma Plasma Cells. Cancers 

(Basel). 2020;12(8). 

22. Giallongo C, Dulcamare I, Tibullo D, Del Fabro V, Vicario N, 

Parrinello N, et al. CXCL12/CXCR4 axis supports mitochondrial 

trafficking in tumor myeloma microenvironment. Oncogenesis. 

2022;11(1):6. 

23. Camiolo G, Barbato A, Giallongo C, Vicario N, Romano A, Parrinello 



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (38) 175- 180                                                                                               179 

 

NL, et al. Iron regulates myeloma cell/macrophage interaction and 

drives resistance to bortezomib. Redox Biol. 2020;36:101611. 

24. Tibullo D, Longo A, Vicario N, Romano A, Barbato A, Di Rosa M, et 

al. Ixazomib Improves Bone Remodeling and Counteracts sonic 

Hedgehog signaling Inhibition Mediated by Myeloma Cells. Cancers 

(Basel). 2020;12(2). 

25. Tibullo D, Giallongo C, Romano A, Vicario N, Barbato A, Puglisi F, 

et al. Mitochondrial Functions, Energy Metabolism and Protein 

Glycosylation are Interconnected Processes Mediating Resistance to 

Bortezomib in Multiple Myeloma Cells. Biomolecules. 2020;10(5). 

26. Giallongo C, Parrinello NL, La Cava P, Camiolo G, Romano A, Scalia 

M, et al. Monocytic myeloid-derived suppressor cells as prognostic 

factor in chronic myeloid leukaemia patients treated with dasatinib. J 

Cell Mol Med. 2018;22(2):1070-80. 

27. Sorrenti V, Pittala V, Romeo G, Amata E, Dichiara M, Marrazzo A, et 

al. Targeting heme Oxygenase-1 with hybrid compounds to overcome 

Imatinib resistance in chronic myeloid leukemia cell lines. Eur J Med 

Chem. 2018;158:937-50. 

28. Saatci C, Caglayan AO, Kocyigit I, Akalin H, Kaynar LG, Altuntas F, 

et al. Expression of WT1 gene in multiple myeloma patients at 

diagnosis: is WT1 gene expression a useful marker in multiple 

myeloma? Hematology. 2010;15(1):39-42. 

29. Hastie ND. Wilms' tumour 1 (WT1) in development, homeostasis and 

disease. Development. 2017;144(16):2862-72. 

30. Miwa H, Beran M, Saunders GF. Expression of the Wilms' tumor 

gene (WT1) in human leukemias. Leukemia. 1992;6(5):405-9. 

31. Miyagi T, Ahuja H, Kubota T, Kubonishi I, Koeffler HP, Miyoshi I. 

Expression of the candidate Wilm's tumor gene, WT1, in human 

leukemia cells. Leukemia. 1993;7(7):970-7. 

32. Parenti R, Perris R, Vecchio GM, Salvatorelli L, Torrisi A, Gravina L, 

et al. Immunohistochemical expression of Wilms' tumor protein 

(WT1) in developing human epithelial and mesenchymal tissues. Acta 

Histochem. 2013;115(1):70-5. 

33. Parenti R, Puzzo L, Vecchio GM, Gravina L, Salvatorelli L, 

Musumeci G, et al. Immunolocalization of Wilms' Tumor protein 

(WT1) in developing human peripheral sympathetic and gastroenteric 

nervous system. Acta Histochem. 2014;116(1):48-54. 

34. Parenti R, Salvatorelli L, Musumeci G, Parenti C, Giorlandino A, 

Motta F, et al. Wilms' tumor 1 (WT1) protein expression in human 

developing tissues. Acta Histochem. 2015;117(4-5):386-96. 

35. Salvatorelli L, Parenti R, Leone G, Musumeci G, Vasquez E, Magro 

G. Wilms tumor 1 (WT1) protein: Diagnostic utility in pediatric 

tumors. Acta Histochem. 2015;117(4-5):367-78. 

36. Magro G, Salvatorelli L, Puzzo L, Musumeci G, Bisceglia M, Parenti 

R. Oncofetal expression of Wilms' tumor 1 (WT1) protein in human 

fetal, adult and neoplastic skeletal muscle tissues. Acta Histochem. 

2015;117(4-5):492-504. 

37. Parenti R, Cardile V, Graziano AC, Parenti C, Venuti A, Bertuccio 

MP, et al. Wilms' tumor gene 1 (WT1) silencing inhibits proliferation 

of malignant peripheral nerve sheath tumor sNF96.2 cell line. PLoS 

One. 2014;9(12):e114333. 

38. Longhitano L, Tibullo D, Giallongo C, Lazzarino G, Tartaglia N, 

Galimberti S, et al. Proteasome Inhibitors as a Possible Therapy for 

SARS-CoV-2. Int J Mol Sci. 2020;21(10). 

39. Nishida S, Sugiyama H. Immunotherapy Targeting WT1: Designing a 

Protocol for WT1 Peptide-Based Cancer Vaccine. Methods Mol Biol. 

2016;1467:221-32. 

40. Giallongo C, Tibullo D, La Cava P, Branca A, Parrinello N, Spina P, 

et al. BRIT1/MCPH1 expression in chronic myeloid leukemia and its 

regulation of the G2/M checkpoint. Acta Haematol. 2011;126(4):205-

10. 

41. Barbaux S, Niaudet P, Gubler MC, Grunfeld JP, Jaubert F, Kuttenn F, 

et al. Donor splice-site mutations in WT1 are responsible for Frasier 

syndrome. Nat Genet. 1997;17(4):467-70. 

42. Hammes A, Guo JK, Lutsch G, Leheste JR, Landrock D, Ziegler U, et 

al. Two splice variants of the Wilms' tumor 1 gene have distinct 

functions during sex determination and nephron formation. Cell. 

2001;106(3):319-29. 

43. Natoli TA, McDonald A, Alberta JA, Taglienti ME, Housman DE, 

Kreidberg JA. A mammal-specific exon of WT1 is not required for 

development or fertility. Mol Cell Biol. 2002;22(12):4433-8. 

44. Schumacher V, Schneider S, Figge A, Wildhardt G, Harms D, 

Schmidt D, et al. Correlation of germ-line mutations and two-hit 

inactivation of the WT1 gene with Wilms tumors of stromal-

predominant histology. Proc Natl Acad Sci U S A. 1997;94(8):3972-7. 

45. Rauscher FJ, 3rd, Morris JF, Tournay OE, Cook DM, Curran T. 

Binding of the Wilms' tumor locus zinc finger protein to the EGR-1 

consensus sequence. Science. 1990;250(4985):1259-62. 

46. Bickmore WA, Oghene K, Little MH, Seawright A, van Heyningen V, 

Hastie ND. Modulation of DNA binding specificity by alternative 

splicing of the Wilms tumor wt1 gene transcript. Science. 

1992;257(5067):235-7. 

47. Toska E, Roberts SG. Mechanisms of transcriptional regulation by 

WT1 (Wilms' tumour 1). Biochem J. 2014;461(1):15-32. 

48. Rampal R, Alkalin A, Madzo J, Vasanthakumar A, Pronier E, Patel J, 

et al. DNA hydroxymethylation profiling reveals that WT1 mutations 

result in loss of TET2 function in acute myeloid leukemia. Cell Rep. 

2014;9(5):1841-55. 

49. Wang Y, Xiao M, Chen X, Chen L, Xu Y, Lv L, et al. WT1 recruits 

TET2 to regulate its target gene expression and suppress leukemia cell 

proliferation. Mol Cell. 2015;57(4):662-73. 

50. Giallongo S, Rehakova D, Raffaele M, Lo Re O, Koutna I, 

Vinciguerra M. Redox and Epigenetics in Human Pluripotent Stem 

Cells Differentiation. Antioxid Redox Signal. 2021;34(4):335-49. 

51. Larsson SH, Charlieu JP, Miyagawa K, Engelkamp D, 

Rassoulzadegan M, Ross A, et al. Subnuclear localization of WT1 in 

splicing or transcription factor domains is regulated by alternative 

splicing. Cell. 1995;81(3):391-401. 

52. Caricasole A, Duarte A, Larsson SH, Hastie ND, Little M, Holmes G, 

et al. RNA binding by the Wilms tumor suppressor zinc finger 

proteins. Proc Natl Acad Sci U S A. 1996;93(15):7562-6. 

53. Davies RC, Calvio C, Bratt E, Larsson SH, Lamond AI, Hastie ND. 

WT1 interacts with the splicing factor U2AF65 in an isoform-

dependent manner and can be incorporated into spliceosomes. Genes 

Dev. 1998;12(20):3217-25. 

54. Spraggon L, Dudnakova T, Slight J, Lustig-Yariv O, Cotterell J, 

Hastie N, et al. hnRNP-U directly interacts with WT1 and modulates 

WT1 transcriptional activation. Oncogene. 2007;26(10):1484-91. 

55. Little NA, Hastie ND, Davies RC. Identification of WTAP, a novel 

Wilms' tumour 1-associating protein. Hum Mol Genet. 



EUROMEDITERRANEAN BIOMEDICAL JOURNAL 2022, 17 (38) 175- 180                                                                                               180 

 

2000;9(15):2231-9. 

56. Markus MA, Heinrich B, Raitskin O, Adams DJ, Mangs H, Goy C, et 

al. WT1 interacts with the splicing protein RBM4 and regulates its 

ability to modulate alternative splicing in vivo. Exp Cell Res. 

2006;312(17):3379-88. 

57. Shandilya J, Toska E, Richard DJ, Medler KF, Roberts SG. WT1 

interacts with MAD2 and regulates mitotic checkpoint function. Nat 

Commun. 2014;5:4903. 

58. Park S, Schalling M, Bernard A, Maheswaran S, Shipley GC, Roberts 

D, et al. The Wilms tumour gene WT1 is expressed in murine 

mesoderm-derived tissues and mutated in a human mesothelioma. Nat 

Genet. 1993;4(4):415-20. 

59. Pritchard-Jones K, Fleming S, Davidson D, Bickmore W, Porteous D, 

Gosden C, et al. The candidate Wilms' tumour gene is involved in 

genitourinary development. Nature. 1990;346(6280):194-7. 

60. Lee SB, Haber DA. Wilms tumor and the WT1 gene. Exp Cell Res. 

2001;264(1):74-99. 

61. Baird PN, Simmons PJ. Expression of the Wilms' tumor gene (WT1) 

in normal hemopoiesis. Exp Hematol. 1997;25(4):312-20. 

62. Mannino G, Russo C, Maugeri G, Musumeci G, Vicario N, Tibullo D, 

et al. Adult stem cell niches for tissue homeostasis. J Cell Physiol. 

2022;237(1):239-57. 

63. Inoue K, Sugiyama H, Ogawa H, Nakagawa M, Yamagami T, Miwa 

H, et al. WT1 as a new prognostic factor and a new marker for the 

detection of minimal residual disease in acute leukemia. Blood. 

1994;84(9):3071-9. 

64. Brieger J, Weidmann E, Fenchel K, Mitrou PS, Hoelzer D, Bergmann 

L. The expression of the Wilms' tumor gene in acute myelocytic 

leukemias as a possible marker for leukemic blast cells. Leukemia. 

1994;8(12):2138-43. 

65. Ohminami H, Yasukawa M, Fujita S. HLA class I-restricted lysis of 

leukemia cells by a CD8(+) cytotoxic T-lymphocyte clone specific for 

WT1 peptide. Blood. 2000;95(1):286-93. 

66. Konigsberg R, Zojer N, Ackermann J, Kromer E, Kittler H, Fritz E, et 

al. Predictive role of interphase cytogenetics for survival of patients 

with multiple myeloma. J Clin Oncol. 2000;18(4):804-12. 

67. Harrison CJ, Mazzullo H, Cheung KL, Gerrard G, Jalali GR, Mehta 

A, et al. Cytogenetics of multiple myeloma: interpretation of 

fluorescence in situ hybridization results. Br J Haematol. 

2003;120(6):944-52. 

68. Seong C, Delasalle K, Hayes K, Weber D, Dimopoulos M, 

Swantkowski J, et al. Prognostic value of cytogenetics in multiple 

myeloma. Br J Haematol. 1998;101(1):189-94. 

69. Fonseca R, Blood E, Rue M, Harrington D, Oken MM, Kyle RA, et al. 

Clinical and biologic implications of recurrent genomic aberrations in 

myeloma. Blood. 2003;101(11):4569-75. 

70. Hatta Y, Takeuchi J, Saitoh T, Itoh T, Ishizuka H, Iriyama N, et al. 

WT1 expression level and clinical factors in multiple myeloma. J Exp 

Clin Cancer Res. 2005;24(4):595-9. 

71. Inoue K, Ogawa H, Yamagami T, Soma T, Tani Y, Tatekawa T, et al. 

Long-term follow-up of minimal residual disease in leukemia patients 

by monitoring WT1 (Wilms tumor gene) expression levels. Blood. 

1996;88(6):2267-78. 

72. Yamagami T, Sugiyama H, Inoue K, Ogawa H, Tatekawa T, Hirata 

M, et al. Growth inhibition of human leukemic cells by WT1 (Wilms 

tumor gene) antisense oligodeoxynucleotides: implications for the 

involvement of WT1 in leukemogenesis. Blood. 1996;87(7):2878-84. 

73. Graziano AC, Cardile V, Avola R, Vicario N, Parenti C, Salvatorelli 

L, et al. Wilms' tumor gene 1 silencing inhibits proliferation of human 

osteosarcoma MG-63 cell line by cell cycle arrest and apoptosis 

activation. Oncotarget. 2017;8(8):13917-31. 

74. Ritz J. Tumor immunity: will new keys unlock the door? J Clin Oncol. 

1994;12(2):237-8. 

75. Gao L, Bellantuono I, Elsasser A, Marley SB, Gordon MY, Goldman 

JM, et al. Selective elimination of leukemic CD34(+) progenitor cells 

by cytotoxic T lymphocytes specific for WT1. Blood. 

2000;95(7):2198-203. 

76. Elisseeva OA, Oka Y, Tsuboi A, Ogata K, Wu F, Kim EH, et al. 

Humoral immune responses against Wilms tumor gene WT1 product 

in patients with hematopoietic malignancies. Blood. 2002;99(9):3272-

9. 

77. Oka Y, Tsuboi A, Oji Y, Kawase I, Sugiyama H. WT1 peptide 

vaccine for the treatment of cancer. Curr Opin Immunol. 

2008;20(2):211-20. 

78. Tyler EM, Jungbluth AA, O'Reilly RJ, Koehne G. WT1-specific T-

cell responses in high-risk multiple myeloma patients undergoing 

allogeneic T cell-depleted hematopoietic stem cell transplantation and 

donor lymphocyte infusions. Blood. 2013;121(2):308-17. 

79. Azuma T, Otsuki T, Kuzushima K, Froelich CJ, Fujita S, Yasukawa 

M. Myeloma cells are highly sensitive to the granule exocytosis 

pathway mediated by WT1-specific cytotoxic T lymphocytes. Clin 

Cancer Res. 2004;10(21):7402-12. 

80. Yotnda P, Firat H, Garcia-Pons F, Garcia Z, Gourru G, Vernant JP, et 

al. Cytotoxic T cell response against the chimeric p210 BCR-ABL 

protein in patients with chronic myelogenous leukemia. J Clin Invest. 

1998;101(10):2290-6. 

81. Clark RE, Dodi IA, Hill SC, Lill JR, Aubert G, Macintyre AR, et al. 

Direct evidence that leukemic cells present HLA-associated 

immunogenic peptides derived from the BCR-ABL b3a2 fusion 

protein. Blood. 2001;98(10):2887-93. 

82. Nieda M, Nicol A, Kikuchi A, Kashiwase K, Taylor K, Suzuki K, et 

al. Dendritic cells stimulate the expansion of bcr-abl specific CD8+ T 

cells with cytotoxic activity against leukemic cells from patients with 

chronic myeloid leukemia. Blood. 1998;91(3):977-83. 

83. Sykulev Y, Joo M, Vturina I, Tsomides TJ, Eisen HN. Evidence that a 

single peptide-MHC complex on a target cell can elicit a cytolytic T 

cell response. Immunity. 1996;4(6):565-71. 

84. Jiang SB, Ojcius DM, Persechini PM, Young JD. Resistance of 

cytolytic lymphocytes to perforin-mediated killing. Inhibition of 

perforin binding activity by surface membrane proteins. J Immunol. 

1990;144(3):998-1003. 

85. Pellat-Deceunynck C. Tumour-associated antigens in multiple 

myeloma. Br J Haematol. 2003;120(1):3-9. 

 

 

 

 

 

 

 


