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Abstract: Signal transducer and activation of transcription 5 (STAT5) is a key transcription factor that
regulates various biological processes in mammalian development. Aberrant regulation of STAT5
has also been causally linked to many diseases, including cancers and immune-related diseases.
Although persistent activation of STAT5 due to dysregulation of the signaling cascade has been
reported to be associated with the progression of solid tumors and leukemia, various genomic
mutations of STAT5 have also been found to cause a wide range of diseases. The present review
comprehensively summarizes results of recent studies evaluating the intrinsic function of STAT5
and the link between STAT5 mutations and human diseases. This review also describes the types of
disease models useful for investigating the mechanism underlying STAT5-driven disease progression.
These findings provide basic knowledge for understanding the regulatory mechanisms of STAT5
and the progression of various diseases resulting from aberrant regulation of STAT5. Moreover, this
review may provide insights needed to create optimal disease models that reflect human disease
associated STAT5 mutations and to design gene therapies to correct STAT5 mutations.
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1. Introduction

The signal transducer and activator of transcription (STAT) proteins are a family
of transcription factors that mediate diverse biological processes, including immune re-
sponses, cell proliferation, and differentiation. The first two STAT proteins, STAT1 and
STAT2, were identified in the interferon system as cytoplasmic transcription factors [1].
STAT1 and STAT2 are activated by Janus kinases (JAKs) and bind to the specific target
sequence of a promoter for interferon-alpha (IFN-α) and IFN-gamma (IFN-γ) gene induc-
tion. Subsequently, additional STAT family members with distinct biological functions
were identified. At present, the STAT family consists of seven members (STAT1, STAT2,
STAT3, STAT4, STAT5A, STAT5B, and STAT6) with similar molecular weights ranging from
75 to 95 kDa [2]. The STAT5A protein was initially identified as a mammary gland factor
that regulates genes encoding milk proteins in response to lactogenic hormones [3,4]. A
structurally related isoform, STAT5B, was subsequently identified [5–7]. The two isoforms,
STAT5A and STAT5B, collectively known as STAT5, are activated by many cytokines and
growth factors, including prolactin (PRL), growth hormone (GH), interleukin 2 (IL-2),
IL-3, and erythropoietin (EPO), with STAT5A and STAT5B showing distinct and partially
redundant biological functions [8–10]. Persistent STAT5 activity has also been causally
linked to solid tumors and leukemia [11–13]. The present review focuses on the unique
features of STAT5 and the genomic STAT5 mutations associated with various diseases.
This review also describes current disease models useful for studying the role of STAT5 in
disease progression and proposes strategies for treating STAT5 mutation-driven diseases.

1.1. Genomic Structure and Functional Domains of STAT5

STAT5A and STAT5B are encoded by two distinct genes positioned in a head-to-head
orientation within ~10 kb on human chromosome 17 and mouse chromosome 13 [10,14]
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(Figure 1a). ChIP-sequencing (ChIP-seq) profiling and clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9-targeted mice have revealed that transcription of the
STAT5 gene is auto-regulated by a STAT5-driven enhancer in mammary tissue [15]. Al-
though STAT5A and STAT5B proteins are encoded by separate genes, they are 90% identical
at the amino acid level and their functional domains are similar to those of other STAT fam-
ily members [16]. The STAT protein consists of an N-terminal domain, a coiled-coil domain,
a DNA binding domain, a linker region, a Src homology 2 (SH2) domain, and a C-terminal
transactivation domain. STAT5A and STAT5B contain 794 and 787 amino acids, respec-
tively, and the arrangement of their functional domains is highly conserved, with slight
differences in their C-terminal domains [7] (Figure 1b). The N-terminal domain is essential
for STAT5 tetramerization and contains a nuclear export signal, whereas the coiled-coil
domain contains an unconventional nuclear localization signal [17,18]. The DNA-binding
domain binds to the STAT5 binding motif of the target promoter and contains a nuclear
export signal, and the SH2 domain is required for STAT5 dimerization. Phosphorylation
of a specific tyrosine (Y) residue, Y694 in STAT5A and Y699 in STAT5B, is essential for
activation of these proteins by JAK. The C-terminal transactivation domain is responsible
for the binding of STAT5 to DNA [19].
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Figure 1. Schematic diagrams of the STAT5 genomic locus and its functional domains. (a) Genomic
location of genes encoding STAT5A and STAT5B. The transcription start sites of STAT5A and STAT5B
are oriented in opposite directions within a ~12 kb sequence on human chromosome 17. ChIP-seq
analyses revealed that the STAT5-bound enhancer is only found in the intergenic region between
the STAT5A and STAT5B genes in mammary tissue and is essential for autoregulation of STAT5
transcription. (b) Functional domains of STAT5A and STAT5B. The NTD is required for STAT5
tetramerization and contains a Crm1 exportin-mediated nuclear export signal. The CCD contains a
nuclear localization signal and binds to importin proteins. The DBD binds to the STAT5 binding motif
of the target promoter and contains a Crm1-independent nuclear export signal. The SH2 domain
is important for STAT5 homo- or heterodimerization and the CTD functions in transactivation.
Phosphorylation of a specific tyrosine residue (Y694 of STAT5A and Y699 of STAT5B) is essential for
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STAT5 activation by JAK. Abbreviations: NTD, N-terminal domain; CCD, coiled-coil domain; DBD,
DNA-binding domain; SH domain, Src homology 2 domain; CTD, C-terminal transactivation domain.

1.2. Activation Mechanism and Biological Functions of STAT5

STAT5 is a latent cytoplasmic transcription factor that can be activated in response
to a variety of cytokines, hormones, and growth factors [20], resulting in its translocation
into the nucleus (Figure 2). Once ligands bind to the cell surface receptors, the associated
JAKs phosphorylate the specific tyrosine residues (Y694 of STAT5A or Y699 of STAT5B) and
activated STAT5 forms homo- or heterodimers through reciprocal SH2 domains. STAT5
dimers then translocate to the nucleus and bind to a specific sequence called the Interferon
Gamma Activated Sequence (GAS motif, TTCNNNGAA) in the promoter of responsive
genes. Phosphorylation of specific serine residues (S725 and S779) in STAT5A was also
found to be involved in hematopoietic transformation [21,22]. Unphosphorylated STAT5
continuously shuttles between the nucleus and cytoplasm [18], although its specific function
remains to be determined.
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Figure 2. STAT5 activation mechanism. (a) STAT5A is activated by Janus kinases (JAK) in response to
prolactin (PRL), interleukin-3 (IL-3), and placental lactogen (PL) to induce the expression of genes
involved in mammary gland development and immune responses. (b) STAT5B is activated by JAK in
response to growth hormone (GH), IL-2, and IL-3 and induces genes involved in body growth and
immune responses.

Studies in STAT5 null mice revealed that STAT5A and STAT5B have partially redun-
dant and partially distinct functions [16]. Loss of STAT5A in mice impaired mammary
gland development and alveolar differentiation during pregnancy [8], whereas mice lack-
ing STAT5B exhibited defective body growth [23]. Inactivation of STAT5A or STAT5B is
partially compensated by the other, whereas the absence of both induced perinatal lethal-
ity [9,24]. STAT5A is predominantly expressed in the mammary glands, whereas STAT5B is
more abundant in the liver, muscle, and immune cells [15]. Because of differences in their
levels of STAT5 expression across cell types, STAT5A and STAT5B are sensitive to distinct
cytokines. STAT5A is predominantly stimulated by PRL and induces genes involved in
alveolar differentiation and milk secretion (Figure 2a). STAT5B activated by GH enhances
body growth and liver gene expression, whereas STAT5B activated by IL-2 or IL-3 enhances
immune responses (Figure 2b).

2. Dysregulation of STAT5 in Human Diseases

Persistent activation of STAT5 has been causally linked to tumorigenesis, including
breast cancer, colorectal cancer, and hematological malignancies [25]. Human leukemia
patients have shown continual activation of STAT5 by JAK mutations, BCL-ABL chimeric
oncoproteins, TEL-JAK2 fusion proteins, or FLT-ITD mutations [12,26–30]. Recent advances
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in genome sequencing technology have shown that genomic mutations of STAT5 result in
the aberrant regulation of diverse signaling pathways and cause various diseases [31–34].

2.1. Diseases Caused by Dysregulation of the STAT5 Signaling Pathways

STAT5 is a signal transducer primarily activated by members of the JAK family, a
group of non-receptor tyrosine kinases that transduce cytokine signaling. To date, four
members of the JAK family have been identified: JAK1, JAK2, JAK3, and tyrosine kinase
2 (TYK2). These proteins share similar functional domains, including an amino-terminal
FERM homology domain, a SH2 domain, a pseudokinase domain called JAK homology
2 (JH2), and a tyrosine kinase domain called JH1. Mutations in JAKs have been found to
induce the persistent activation of STAT5, resulting in solid cancers and leukemia (Table 1).
The missense mutation A634D in JAK1 enhances STAT5 phosphorylation and is associated
with T cell- and B cell-acute lymphoblastic leukemia [35]. The gain of function mutation
S703I in JAK1 also results in the constitutive upregulation of STAT5 phosphorylation in
patients with autoinflammatory diseases [36]. In contrast, exome sequencing analysis
identified a germline mutation in JAKl, P733L, which reduced STAT5 phosphorylation
in immunodeficient patients with early metastatic bladder carcinoma [37]. The somatic
mutation V671F of JAK2 was found to constitutively activate JAK2 activity and to be highly
associated with myeloproliferative cancer [12]. Germline mutation E846D in JAK2 causes
the prolonged Epo-dependent activation of STAT5 and contributes to hereditary erythrocy-
tosis [38]. The missense mutation M511I in JAK3 results in the hyper-phosphorylation of
STAT5 and is associated with T-cell prolymphocytic leukemia [39].

The constitutively active tyrosine kinase BCR-ABL hybrid oncogene is highly prevalent
in patients with chronic myeloid leukemia [40]. This BCR-ABL fusion gene is generated by
chromosomal translocation between chromosomes 9 and 22. STAT5 activity is increased in
BCR-ABL+ leukemia [41], with the production of reactive oxygen species (ROS) by STAT5
exacerbating the progressive stage of the disease [42]. Several missense mutations in BCL-
ABL, including E255K, D276G, F359V, and F317L, have been found to induce resistance to
treatment and worsen patient prognosis [43].

Table 1. Mutations in tyrosine kinases associated with STAT5-driven disease.

Gene Mutation Region Disease Reference

JAK1
A634D Pseudokinase Acute lymphoblastic leukemia [35]
S703I Pseudokinase Autoimmune disease [36]
P733L Pseudokinase Bladder carcinoma [37]

JAK2 V617F Pseudokinase Myeloproliferative disorders [26,44,45]
E846D Linker Erythrocytosis [38,46]

JAK3 M511I Linker Leukemia [39]

BCR-
ABL1

E255K P-Loop Leukemia [40,42,43]
D276G Linker Leukemia [42]
F359V Linker Leukemia [40,42,43]
F317L Linker Leukemia [40,42,43]

2.2. Diseases Associated with STAT5 Genomic Mutations

Genetic mutations in STAT5 have been associated with various diseases (Table 2). Ge-
nomic mutations, including point mutations, insertions, and deletions, have been identified
in both the coding and noncoding regions of STAT5. A single nucleotide polymorphism
(SNP) in STAT5 was found to be highly associated with chronic inflammatory diseases,
such as Crohn’s disease and atopic dermatitis [31,32]. STAT5 rs16967637 was found to be
associated with dysregulation of T cell differentiation by altering the numbers of T-helper 17
(Th 17) and T-regulatory (Treg) cells that are strongly associated with Crohn’s disease [31].
STAT5A SNP rs16967637 was also found to exacerbate the severity of atopic dermatitis
in African Americans, whereas STAT5B SNP rs9900213 was found to increase the risk of
atopic dermatitis in European Americans [32]. Case studies have shown that STAT5A



Int. J. Mol. Sci. 2022, 23, 11297 5 of 12

SNP rs7217728 and STAT5B SNP rs6503691 and rs7218653 are highly associated with colon
cancer [47].

Table 2. Types of STAT5 genomic mutations associated with disease.

Gene Mutation Region Disease Reference

STAT5A

SNP (rs16967637) Intron
Crohn’s disease [31]

Atopic dermatitis [32]
SNP (rs7217728) Intron Colon cancer [47]

Missense
(E269Q)

Coiled-coil
domain

Upper aerodigestive
tract cancer [48]

Missense
(N642H) SH2 domain Leukemia [49–51]

STAT5B

SNP (rs9900213) Intron Atopic dermatitis [32]
SNP (rs6503691,

rs7218653) Intron Colon cancer [47,57]

Missense
(N642H) SH2 domain Leukemia [52,53,58,59]

Missense
(Y665F) SH2 domain Leukemia [33,54,59]

STAT5A Frameshift
(Q368Pfs*9)

DNA binding
domain Colorectal cancer [55]

STAT5B Frameshift
(K583Nfs*16) SH2 domain Colorectal cancer,

Breast cancer [56]

Several missense mutations in STAT5 were found to promote cytokine-independent
cell proliferation in solid tumors and leukemias. Integrated exome sequencing and mRNA
sequencing analyses revealed that E269Q, a missense point mutation in the coiled-coil
domain of STAT5A, was associated with head and neck squamous cell carcinoma (Cos-
mic database COSV61805753) [48]. Introduction of a single point mutation N642H near
the phosphotyrosine-binding site in the SH2 domain of STAT5A was found to induce
the constitutive activity of STAT5 [49,50], promoting the GM-CSF-independent growth of
the TF-1 human leukemic cell line and IL-6-dependent differentiation of the M1 murine
leukemic cell line. Indeed, STAT5 N642H mutations have been identified with high fre-
quency in patients with T-cell prolymphocytic leukemia [51]. The STAT5B N642H mutation
is also frequently detected in pediatric T-cell acute lymphoblastic leukemia and has been
associated with an increased risk of recurrence [52]. Whole genome sequencing analysis
showed that the STAT5B N642H mutation was associated with aggressive mature T-cell
leukemia [33,34], and RNA-sequencing analysis found that the recurrent STAT5B N642H
mutation was present in myeloid neoplasms with eosinophilia [53]. Integrated genomic
analysis identified another missense mutation Y665F in STAT5B that induces constitutive
phosphorylation of mutant protein in patients with T-cell acute lymphoblastic leukemia
and T-cell prolymphocytic leukemia [54].

In addition to point mutations, insertions and deletions are also frequently found in
STAT5 mutation-driven diseases. An insertion in the DNA binding domain of STAT5A,
the Q368Pfs*9 mutation, has been associated with colorectal cancer (Cosmic database
COSV61805871) [55]. In STAT5B, a deletion mutation (K583Nfs*16) in the DNA binding
domain that resulted in a frameshift was found to correlate with colorectal cancer and
breast cancer (Cosmic database COSV53180593) [56].

3. Mutation Models Developed to Study the Role of STAT5 in Diseases

The role of STAT5 in mammalian development and disease has been investigated by
the introduction of different types of mutations into cells and/or animal models. Many
mutations in STAT5 or STAT5-associated tyrosine kinases have been generated by the
conventional Cre-Lox recombination system, resulting in full or partial gene deletions [9,24].
Recent advances in genome editing technology, such as the CRISPR-Cas9 system, have
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allowed the generation of target specific mutations in a time and cost-effective manner
(Table 3). The CRISPR-Cas9 system was first detected in bacterial immune systems and was
further engineered into a two component system, a single guide RNA (sgRNA) and a Cas9
endonuclease, for genome editing [60]. Once the gRNA binds to the target sequence, the
Cas9 generates a double-stranded break 3 bp upstream of the protospacer adjacent motif
(PAM, NGG sequence). The cleaved region is further degraded by cellular exonucleases
and repaired by non-homologous end joining, which can result in the deletion of several
nucleotides from the target region. This newly developed genome editing technology
enables target-specific mutations in various organisms [61–63].

Table 3. Mutation models useful to study the role of STAT5 in diseases.

Mutation Gene Editing
Method

Species and Cell
Type Disease Reference

STAT5A/B
deletion

CRISPR-Cas9 Human T
lymphoblast cell Leukemia [64]

CRISPR-Cas9 Mouse neuroblast
cell Neurodegeneration [65]

STAT5B deletion CRISPR-Cas9 Human B cell Autoimmune
disease [66]

STAT5A/B T92A Viral transduction Mouse bone
marrow cell Oncogenesis [67]

STAT5A H299R,
S711F Viral transduction Mouse pro-B cell Leukemia [68]

STAT5A S726A,
S780A Viral transduction Human breast

cancer cell Breast cancer [69]

JAK1 deletion CRISPR-Cas9 Mouse fibroblast cell Tumorigenesis [70]

JAK3 deletion CRISPR-Cas9 SCID patient-
derived iPSC

Autoimmune
disease [71]

JAK2 V617F
Amplification

refractory mutation
system (ARMS)

Human B cell Leukemia [72]

BCR-ABL1 T315I CRISPR/Cas9 Human BCR-ABL+

leukemia cell Leukemia [73]

3.1. Disease Models with STAT5 Genomic Mutations

Recent advances in genome editing technologies have enabled researchers to utilize
the CRISPR-Cas9 system to generate disease models with STAT5 mutations. For example,
STAT5A, STAT5B, and STAT5A/B deletion mutations were generated in a T lymphoblastoid
cell line using the CRISPR-Cas9 system to investigate the role of STAT5 in glucocorticoid
(GC) resistant T cell-acute lymphoblastic leukemia [64]. IL-7 was found to promote resis-
tance to GC therapy in patients with T cell-acute lymphoblastic leukemia, suggesting that
this disease could be treated by inhibiting the IL-7R/JAK/STAT5 pathway. CRISPR-Cas9-
mediated STAT5A/B deletions were induced in a neuroblastoma cell line to determine the
correlation of neuroprotective activity with the IFN-β/STAT5 pathway in neurodegenera-
tive diseases such as Parkinson’s disease [65]. Results of this study suggested that STAT5
is essential for IFN-β-mediated mitochondrial homeostasis and that the IFN-β/STAT5
molecular cascade could be a potential therapeutic target for neurodegenerative diseases.
A STAT5B deletion mutation was generated in a malignant human B cell line using the
CRISPR-Cas9 system to elucidate the role of STAT5 in the differentiation of B cell sub-
sets [66]. These results identified the mechanisms regulating STAT5B in IL-21-dependent
human B-cell differentiation and the correlation of STAT5B deficiency with dysfunctional
humoral immunity in autoimmune diseases.

Prior to the widespread use of the CRISPR-Cas9 genome editing technology, sequence-
specific mutagenesis was introduced with retroviral vector systems, based on the ability
of retroviruses to stably integrate into the chromosomes of dividing target cells [68]. The
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role of STAT5 mutations in disease was therefore investigated by using retroviral vectors
to introduce STAT5 missense mutations into target cells. In addition to the persistent
STAT5 phosphorylation, STAT5 frequently shows post-translational modifications, such as
glycosylation at T92, in many human cancer cells. Mice with B cells carrying the STAT5
T92A mutation were generated using a retroviral vector system [67], with this mutation
resulting in decreased STAT5 phosphorylation, transactivation potential, and oncogenic
transformation capacity in mice, suggesting that T92 could be a potential therapeutic
target. A constitutively active form of STAT5A with H299R and S711F mutations was also
introduced into a pro B cell line through PCR-driven mutagenesis followed by retroviral
transduction [68]. This mutant cell line was found to constitutively express an active
form of STAT5 and grow independent of IL-3 stimulation, making it useful for studying
the role of STAT5 in leukemogenesis. The serine 726 and 780 residues were recently
shown to be constitutively phosphorylated in breast cancer cell lines and patient tumor
samples [69]. To investigate the role of serine phosphorylation of STAT5 in breast cancer
development, STAT5 was knocked down with shRNA and phospho-deficient mutations
(S726A and S780A) were introduced into the MCF7 breast cancer cell line through lentiviral
transduction. Loss of serine phosphorylation reduced the PRL-induced proliferation of
MCF-7 cells independent of tyrosine phosphorylation, indicating that these specific serine
residues may be molecular targets for clinical intervention.

3.2. Other Mutation Models Useful to Study the Role of STAT5 in Tumorigenesis

The CRISPR-Cas9 genome editing technique has also been utilized to create models
evaluating the role of STAT signaling pathways in disease. For example, the mechanism of
JAK1/STAT3 regulation in tumorigenesis was assessed by using the CRISPR-Cas9 system
to introduce a JAK1 deletion mutation into a mouse fibroblast cell line overexpressing the
ubiquitin-specific protease 6 (USP6) oncogene [70]. Similarly, to investigate JAK3 function
in autoimmune diseases, a CRISPR-Cas9-mediated JAK3 deletion was generated in an
induced pluripotent stem cell (iPSC) line derived from a patient with severe combined
immunodeficiency (SCID) [71]. CRISPR-Cas9-directed JAK3 correction restored the normal
T cell development. In contrast, acute myeloid leukemia cell lines carrying the most
prevalent JAK mutation, V671F, were screened with the amplification refractory mutation
system (ARMS) that detects single nucleotide changes or small deletions [72]. These JAK-
deficient or mutant cell lines will be useful to study the role of STAT5 in tumorigenesis,
as multiple studies have reported that the aberrant JAK/STAT5 pathway is involved in
cancer progression.

A drug resistant leukemia cell line was generated by introducing the T315I mutation
into the BCR-ABL+ leukemia cell line using the CRISPR-Cas9 system [73]. This cell line
showed resistance to the tyrosine kinase inhibitor imatinib, suggesting that this BCR-ABL
mutant cell line will be useful to study the correlation of BCR-ABL oncogenes and STAT5
in the development of leukemia.

4. Discussion

STAT5 plays an important role in regulating mammalian development and disease
progression. Dysregulation of STAT5 has been found to be associated with many human
diseases [26,29,30,40]. As accumulating evidence has shown that constitutive activation of
STAT5 by abnormal JAK activity is a major cause of cancer and hematological malignancies,
several JAK inhibitors have been used to treat STAT5-associated diseases [74,75]. For
example, Ruxolitinib (Jakafi®, Incyte Corp., Wilmington, DE, USA), a JAK inhibitor that
targets both JAK1 and JAK2, was first approved by the United States Food and Drug
Administration (USFDA) in 2011 for the treatment of myeloid disorders [76–79]. Tofacitinib
(Xeljanz®, Pfizer, New York, NY, USA) is another JAK inhibitor that selectively targets
JAK3, which was approved by the USFDA in 2012 for the treatment of rheumatoid arthritis
and more recently for the treatment of ulcerative colitis [78,80,81]. Pacritinib, a JAK2
and FTL3 inhibitor, is currently in phase 2 clinical trials for prostate cancer (Clinical trial
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number: NCT04635059). Several inhibitors that directly target STAT5 have also been
developed. Pimozide is a psychotropic drug that inhibits STAT5 tyrosine phosphorylation
and induces cell death in chronic myeloid leukemia [44]. IST5-002 is a small molecule
inhibitor that prevents both JAK2 and BCR-ABL-mediated phosphorylation of STAT5 and
induces apoptosis in prostate cancer and chronic myeloid leukemia [82]. AC-4-130 is a
STAT5 SH2 domain inhibitor that directly inhibits STAT5 activation, dimerization, and
translocation in acute myeloid leukemia [83].

Although persistent activation of STAT5 by aberrant kinase activity has been found to
promote tumorigenesis, little is known about the correlations between disease and genomic
mutations in STAT5 or in its regulatory regions. Recent advances in next-generation
sequencing technology have revealed hitherto unknown STAT5 genomic mutations in
human disease (Table 2). Integration of whole genome sequencing and transcriptome
analysis of clinical samples will be useful for identifying disease-associated STAT5 genetic
mutations at the whole-genome level. However, studies of cells and animal models with
STAT5 mutations are essential to investigate the genuine function of disease-associated
STAT5 mutations. Although the conventional Cre-Lox recombination system has been
widely used to study the biological functions of many molecules, it is technically difficult,
takes a long time to obtain mutations, and has a low mutation rate. The recently developed
CRISPR-Cas system has provided an unprecedented opportunity to generate target-specific
mutations in a wide range of organisms in a time- and cost-efficient manner. In addition,
the simultaneous introduction of gRNAs targeting multiple sites can induce the deletion of
multiple sites in a relatively short time [84].

To date, the CRISPR-Cas9 system has only been used to generate STAT5 deletion
mutants, whereas retroviral transduction systems have been mainly used for the replace-
ment or insertion of site-specific sequences (Table 3). Although CRISPR-Cas9-mediated
homologous recombination leads to low insertional mutation rates, recently developed
base-editing and prime-editing systems have enabled the precise introduction of point
mutations or multiple nucleotide exchanges with high frequency [85,86]. Base-editing can
exchange single nucleotides from C to T or G to A using a catalytically inactive Cas9 linked
to cytidine deaminase or adenosine deaminase, respectively [85,87]. Prime editing can even
replace short nucleotides using Cas9 nickase fused with reverse transcriptase [86]. These
techniques can introduce disease associated STAT5 SNPs, missense mutations, or inser-
tional mutations into cells and animal models. STAT5 mutant models can help evaluate
the direct impact of STAT5 mutations on disease progression and enable understanding of
the mechanisms underlying STAT5-induced disease development. Furthermore, genome
editing techniques such as CRISPR-Cas9, base-editing, and prime-editing can be exploited
for gene therapy of STAT5-associated diseases. Although these techniques require improve-
ment to avoid unexpected off-target events and more efficient intracellular delivery systems
are needed, they have clearly revolutionized the field of genome editing. The efficiency
of intracellular delivery of the CRISPR-Cas system have been improved by developing
a smaller version of Cas9 endonuclease, such as CjCas, to fit the genome capacity of an
adeno-associated viral vector, or by utilizing a baculoviral vector with a packaging capacity
over 100 kb [88,89]. To further improve the mutation rate, a single plasmid expressing
gRNA cassettes and Cas9 nuclease has been developed as an alternative to introducing
gRNA and Cas9 into cells separately [90]. These strategies could facilitate the development
of clinical therapeutics to treat STAT5 genetic mutation-driven diseases.

Author Contributions: Conceptualization, U.K. and H.Y.S.; methodology, U.K.; software, U.K.;
validation, H.Y.S.; investigation, U.K.; resources, H.Y.S.; writing—original draft preparation, U.K.;
writing—review and editing, H.Y.S.; visualization, U.K.; supervision, H.Y.S.; project administration,
H.Y.S.; funding acquisition, H.Y.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by a National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (grant number 2022R1F1A1073325).



Int. J. Mol. Sci. 2022, 23, 11297 9 of 12

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Darnell, J.E., Jr.; Kerr, I.M.; Stark, G.R. Jak-STAT pathways and transcriptional activation in response to IFNs and other extracellular

signaling proteins. Science 1994, 264, 1415–1421. [CrossRef] [PubMed]
2. Copeland, N.G.; Gilbert, D.J.; Schindler, C.; Zhong, Z.; Wen, Z.; Darnell, J.E., Jr.; Mui, A.L.; Miyajima, A.; Quelle, F.W.; Ihle, J.N.;

et al. Distribution of the mammalian Stat gene family in mouse chromosomes. Genomics 1995, 29, 225–228. [CrossRef] [PubMed]
3. Gouilleux, F.; Wakao, H.; Mundt, M.; Groner, B. Prolactin induces phosphorylation of Tyr694 of Stat5 (MGF), a prerequisite for

DNA binding and induction of transcription. EMBO J. 1994, 13, 4361–4369. [CrossRef] [PubMed]
4. Wakao, H.; Gouilleux, F.; Groner, B. Mammary gland factor (MGF) is a novel member of the cytokine regulated transcription

factor gene family and confers the prolactin response. EMBO J. 1994, 13, 2182–2191. [CrossRef]
5. Azam, M.; Erdjument-Bromage, H.; Kreider, B.L.; Xia, M.; Quelle, F.; Basu, R.; Saris, C.; Tempst, P.; Ihle, J.N.; Schindler, C.

Interleukin-3 signals through multiple isoforms of Stat5. EMBO J. 1995, 14, 1402–1411. [CrossRef]
6. Liu, X.; Robinson, G.W.; Gouilleux, F.; Groner, B.; Hennighausen, L. Cloning and expression of Stat5 and an additional homologue

(Stat5b) involved in prolactin signal transduction in mouse mammary tissue. Proc. Natl. Acad. Sci. USA 1995, 92, 8831–8835.
[CrossRef]

7. Mui, A.L.; Wakao, H.; O’Farrell, A.M.; Harada, N.; Miyajima, A. Interleukin-3, granulocyte-macrophage colony stimulating factor
and interleukin-5 transduce signals through two STAT5 homologs. EMBO J. 1995, 14, 1166–1175. [CrossRef]

8. Liu, X.; Robinson, G.W.; Wagner, K.U.; Garrett, L.; Wynshaw-Boris, A.; Hennighausen, L. Stat5a is mandatory for adult mammary
gland development and lactogenesis. Genes Dev. 1997, 11, 179–186. [CrossRef]

9. Teglund, S.; McKay, C.; Schuetz, E.; van Deursen, J.M.; Stravopodis, D.; Wang, D.; Brown, M.; Bodner, S.; Grosveld, G.; Ihle, J.N.
Stat5a and Stat5b proteins have essential and nonessential, or redundant, roles in cytokine responses. Cell 1998, 93, 841–850.
[CrossRef]

10. Miyoshi, K.; Cui, Y.; Riedlinger, G.; Robinson, P.; Lehoczky, J.; Zon, L.; Oka, T.; Dewar, K.; Hennighausen, L. Structure of the
mouse Stat 3/5 locus: Evolution from Drosophila to zebrafish to mouse. Genomics 2001, 71, 150–155. [CrossRef]

11. Nieborowska-Skorska, M.; Wasik, M.A.; Slupianek, A.; Salomoni, P.; Kitamura, T.; Calabretta, B.; Skorski, T. Signal transducer
and activator of transcription (STAT)5 activation by BCR/ABL is dependent on intact Src homology (SH)3 and SH2 domains of
BCR/ABL and is required for leukemogenesis. J. Exp. Med. 1999, 189, 1229–1242. [CrossRef] [PubMed]

12. Funakoshi-Tago, M.; Tago, K.; Abe, M.; Sonoda, Y.; Kasahara, T. STAT5 activation is critical for the transformation mediated by
myeloproliferative disorder-associated JAK2 V617F mutant. J. Biol. Chem. 2010, 285, 5296–5307. [CrossRef] [PubMed]

13. Barash, I. Stat5 in breast cancer: Potential oncogenic activity coincides with positive prognosis for the disease. Carcinogenesis 2012,
33, 2320–2325. [CrossRef] [PubMed]

14. Crispi, S.; Sanzari, E.; Monfregola, J.; De Felice, N.; Fimiani, G.; Ambrosio, R.; D’Urso, M.; Ursini, M.V. Characterization of the
human STAT5A and STAT5B promoters: Evidence of a positive and negative mechanism of transcriptional regulation. FEBS Lett.
2004, 562, 27–34. [CrossRef]

15. Metser, G.; Shin, H.Y.; Wang, C.; Yoo, K.H.; Oh, S.; Villarino, A.V.; O’Shea, J.J.; Kang, K.; Hennighausen, L. An autoregulatory
enhancer controls mammary-specific STAT5 functions. Nucleic Acids Res. 2016, 44, 1052–1063. [CrossRef] [PubMed]

16. Hennighausen, L.; Robinson, G.W. Interpretation of cytokine signaling through the transcription factors STAT5A and STAT5B.
Genes Dev. 2008, 22, 711–721. [CrossRef]

17. John, S.; Vinkemeier, U.; Soldaini, E.; Darnell, J.E., Jr.; Leonard, W.J. The significance of tetramerization in promoter recruitment
by Stat5. Mol. Cell. Biol. 1999, 19, 1910–1918. [CrossRef]

18. Shin, H.Y.; Reich, N.C. Dynamic trafficking of STAT5 depends on an unconventional nuclear localization signal. J. Cell Sci. 2013,
126, 3333–3343. [CrossRef]

19. Moriggl, R.; Gouilleux-Gruart, V.; Jahne, R.; Berchtold, S.; Gartmann, C.; Liu, X.; Hennighausen, L.; Sotiropoulos, A.; Groner, B.;
Gouilleux, F. Deletion of the carboxyl-terminal transactivation domain of MGF-Stat5 results in sustained DNA binding and a
dominant negative phenotype. Mol. Cell. Biol. 1996, 16, 5691–5700. [CrossRef]

20. Wingelhofer, B.; Neubauer, H.A.; Valent, P.; Han, X.; Constantinescu, S.N.; Gunning, P.T.; Muller, M.; Moriggl, R. Implications of
STAT3 and STAT5 signaling on gene regulation and chromatin remodeling in hematopoietic cancer. Leukemia 2018, 32, 1713–1726.
[CrossRef]

21. Levy, D.E.; Darnell, J.E., Jr. Stats: Transcriptional control and biological impact. Nat. Rev. Mol. Cell. Biol. 2002, 3, 651–662.
[CrossRef] [PubMed]

22. Friedbichler, K.; Kerenyi, M.A.; Kovacic, B.; Li, G.; Hoelbl, A.; Yahiaoui, S.; Sexl, V.; Mullner, E.W.; Fajmann, S.; Cerny-Reiterer, S.;
et al. Stat5a serine 725 and 779 phosphorylation is a prerequisite for hematopoietic transformation. Blood 2010, 116, 1548–1558.
[CrossRef] [PubMed]

http://doi.org/10.1126/science.8197455
http://www.ncbi.nlm.nih.gov/pubmed/8197455
http://doi.org/10.1006/geno.1995.1235
http://www.ncbi.nlm.nih.gov/pubmed/8530075
http://doi.org/10.1002/j.1460-2075.1994.tb06756.x
http://www.ncbi.nlm.nih.gov/pubmed/7925280
http://doi.org/10.1002/j.1460-2075.1994.tb06495.x
http://doi.org/10.1002/j.1460-2075.1995.tb07126.x
http://doi.org/10.1073/pnas.92.19.8831
http://doi.org/10.1002/j.1460-2075.1995.tb07100.x
http://doi.org/10.1101/gad.11.2.179
http://doi.org/10.1016/S0092-8674(00)81444-0
http://doi.org/10.1006/geno.2000.6433
http://doi.org/10.1084/jem.189.8.1229
http://www.ncbi.nlm.nih.gov/pubmed/10209040
http://doi.org/10.1074/jbc.M109.040733
http://www.ncbi.nlm.nih.gov/pubmed/20028972
http://doi.org/10.1093/carcin/bgs362
http://www.ncbi.nlm.nih.gov/pubmed/23161573
http://doi.org/10.1016/S0014-5793(04)00166-8
http://doi.org/10.1093/nar/gkv999
http://www.ncbi.nlm.nih.gov/pubmed/26446995
http://doi.org/10.1101/gad.1643908
http://doi.org/10.1128/MCB.19.3.1910
http://doi.org/10.1242/jcs.123042
http://doi.org/10.1128/MCB.16.10.5691
http://doi.org/10.1038/s41375-018-0117-x
http://doi.org/10.1038/nrm909
http://www.ncbi.nlm.nih.gov/pubmed/12209125
http://doi.org/10.1182/blood-2009-12-258913
http://www.ncbi.nlm.nih.gov/pubmed/20508164


Int. J. Mol. Sci. 2022, 23, 11297 10 of 12

23. Udy, G.B.; Towers, R.P.; Snell, R.G.; Wilkins, R.J.; Park, S.H.; Ram, P.A.; Waxman, D.J.; Davey, H.W. Requirement of STAT5b for
sexual dimorphism of body growth rates and liver gene expression. Proc. Natl. Acad. Sci. USA 1997, 94, 7239–7244. [CrossRef]
[PubMed]

24. Cui, Y.; Riedlinger, G.; Miyoshi, K.; Tang, W.; Li, C.; Deng, C.X.; Robinson, G.W.; Hennighausen, L. Inactivation of Stat5 in mouse
mammary epithelium during pregnancy reveals distinct functions in cell proliferation, survival, and differentiation. Mol Cell. Biol.
2004, 24, 8037–8047. [CrossRef]

25. Halim, C.E.; Deng, S.; Ong, M.S.; Yap, C.T. Involvement of STAT5 in Oncogenesis. Biomedicines 2020, 8, 316. [CrossRef]
26. McLornan, D.; Percy, M.; McMullin, M.F. JAK2 V617F: A single mutation in the myeloproliferative group of disorders. Ulst. Med.

J. 2006, 75, 112–119.
27. Birkenkamp, K.U.; Geugien, M.; Lemmink, H.H.; Kruijer, W.; Vellenga, E. Regulation of constitutive STAT5 phosphorylation in

acute myeloid leukemia blasts. Leukemia 2001, 15, 1923–1931. [CrossRef]
28. Hoelbl, A.; Schuster, C.; Kovacic, B.; Zhu, B.; Wickre, M.; Hoelzl, M.A.; Fajmann, S.; Grebien, F.; Warsch, W.; Stengl, G.; et al. Stat5

is indispensable for the maintenance of bcr/abl-positive leukaemia. EMBO Mol. Med. 2010, 2, 98–110. [CrossRef]
29. Lacronique, V.; Boureux, A.; Valle, V.D.; Poirel, H.; Quang, C.T.; Mauchauffe, M.; Berthou, C.; Lessard, M.; Berger, R.; Ghysdael, J.;

et al. A TEL-JAK2 fusion protein with constitutive kinase activity in human leukemia. Science 1997, 278, 1309–1312. [CrossRef]
30. Mizuki, M.; Fenski, R.; Halfter, H.; Matsumura, I.; Schmidt, R.; Muller, C.; Gruning, W.; Kratz-Albers, K.; Serve, S.; Steur, C.; et al.

Flt3 mutations from patients with acute myeloid leukemia induce transformation of 32D cells mediated by the Ras and STAT5
pathways. Blood 2000, 96, 3907–3914. [CrossRef]

31. Connelly, T.M.; Koltun, W.A.; Berg, A.S.; Hegarty, J.P.; Brinton, D.; Deiling, S.; Poritz, L.S.; Stewart, D.B. A single nucleotide
polymorphism in the STAT5 gene favors colonic as opposed to small-bowel inflammation in Crohn’s disease. Dis. Colon Rectum
2013, 56, 1068–1074. [CrossRef] [PubMed]

32. Ando, T.; Xiao, W.; Gao, P.; Namiranian, S.; Matsumoto, K.; Tomimori, Y.; Hong, H.; Yamashita, H.; Kimura, M.; Kashiwakura, J.;
et al. Critical role for mast cell Stat5 activity in skin inflammation. Cell Rep. 2014, 6, 366–376. [CrossRef] [PubMed]

33. Kiel, M.J.; Velusamy, T.; Rolland, D.; Sahasrabuddhe, A.A.; Chung, F.; Bailey, N.G.; Schrader, A.; Li, B.; Li, J.Z.; Ozel, A.B.; et al.
Integrated genomic sequencing reveals mutational landscape of T-cell prolymphocytic leukemia. Blood 2014, 124, 1460–1472.
[CrossRef] [PubMed]

34. Kucuk, C.; Jiang, B.; Hu, X.; Zhang, W.; Chan, J.K.; Xiao, W.; Lack, N.; Alkan, C.; Williams, J.C.; Avery, K.N.; et al. Activating
mutations of STAT5B and STAT3 in lymphomas derived from gammadelta-T or NK cells. Nat. Commun. 2015, 6, 6025. [CrossRef]
[PubMed]

35. Flex, E.; Petrangeli, V.; Stella, L.; Chiaretti, S.; Hornakova, T.; Knoops, L.; Ariola, C.; Fodale, V.; Clappier, E.; Paoloni, F.; et al.
Somatically acquired JAK1 mutations in adult acute lymphoblastic leukemia. J. Exp. Med. 2008, 205, 751–758. [CrossRef]

36. Gruber, C.N.; Calis, J.J.A.; Buta, S.; Evrony, G.; Martin, J.C.; Uhl, S.A.; Caron, R.; Jarchin, L.; Dunkin, D.; Phelps, R.; et al.
Complex Autoinflammatory Syndrome Unveils Fundamental Principles of JAK1 Kinase Transcriptional and Biochemical
Function. Immunity 2020, 53, 672–684. [CrossRef]

37. Eletto, D.; Burns, S.O.; Angulo, I.; Plagnol, V.; Gilmour, K.C.; Henriquez, F.; Curtis, J.; Gaspar, M.; Nowak, K.; Daza-Cajigal, V.;
et al. Biallelic JAK1 mutations in immunodeficient patient with mycobacterial infection. Nat. Commun. 2016, 7, 13992. [CrossRef]

38. Kapralova, K.; Horvathova, M.; Pecquet, C.; Fialova Kucerova, J.; Pospisilova, D.; Leroy, E.; Kralova, B.; Milosevic Feenstra, J.D.;
Schischlik, F.; Kralovics, R.; et al. Cooperation of germ line JAK2 mutations E846D and R1063H in hereditary erythrocytosis with
megakaryocytic atypia. Blood 2016, 128, 1418–1423. [CrossRef]

39. Wahnschaffe, L.; Braun, T.; Timonen, S.; Giri, A.K.; Schrader, A.; Wagle, P.; Almusa, H.; Johansson, P.; Bellanger, D.; Lopez, C.;
et al. JAK/STAT-Activating Genomic Alterations Are a Hallmark of T-PLL. Cancers 2019, 11, 1833. [CrossRef]

40. O’Hare, T.; Eide, C.A.; Deininger, M.W. Bcr-Abl kinase domain mutations, drug resistance, and the road to a cure for chronic
myeloid leukemia. Blood 2007, 110, 2242–2249. [CrossRef]

41. Warsch, W.; Kollmann, K.; Eckelhart, E.; Fajmann, S.; Cerny-Reiterer, S.; Holbl, A.; Gleixner, K.V.; Dworzak, M.; Mayerhofer, M.;
Hoermann, G.; et al. High STAT5 levels mediate imatinib resistance and indicate disease progression in chronic myeloid leukemia.
Blood 2011, 117, 3409–3420. [CrossRef] [PubMed]

42. Warsch, W.; Grundschober, E.; Berger, A.; Gille, L.; Cerny-Reiterer, S.; Tigan, A.S.; Hoelbl-Kovacic, A.; Valent, P.; Moriggl, R.;
Sexl, V. STAT5 triggers BCR-ABL1 mutation by mediating ROS production in chronic myeloid leukaemia. Oncotarget 2012,
3, 1669–1687. [CrossRef] [PubMed]

43. Soverini, S.; Branford, S.; Nicolini, F.E.; Talpaz, M.; Deininger, M.W.; Martinelli, G.; Muller, M.C.; Radich, J.P.; Shah, N.P.
Implications of BCR-ABL1 kinase domain-mediated resistance in chronic myeloid leukemia. Leuk. Res. 2014, 38, 10–20. [CrossRef]
[PubMed]

44. Nelson, E.A.; Walker, S.R.; Weisberg, E.; Bar-Natan, M.; Barrett, R.; Gashin, L.B.; Terrell, S.; Klitgaard, J.L.; Santo, L.; Addorio, M.R.;
et al. The STAT5 inhibitor pimozide decreases survival of chronic myelogenous leukemia cells resistant to kinase inhibitors. Blood
2011, 117, 3421–3429. [CrossRef]

45. Ungureanu, D.; Wu, J.; Pekkala, T.; Niranjan, Y.; Young, C.; Jensen, O.N.; Xu, C.F.; Neubert, T.A.; Skoda, R.C.; Hubbard, S.R.; et al.
The pseudokinase domain of JAK2 is a dual-specificity protein kinase that negatively regulates cytokine signaling. Nat. Struct.
Mol. Biol. 2011, 18, 971–976. [CrossRef]

http://doi.org/10.1073/pnas.94.14.7239
http://www.ncbi.nlm.nih.gov/pubmed/9207075
http://doi.org/10.1128/MCB.24.18.8037-8047.2004
http://doi.org/10.3390/biomedicines8090316
http://doi.org/10.1038/sj.leu.2402317
http://doi.org/10.1002/emmm.201000062
http://doi.org/10.1126/science.278.5341.1309
http://doi.org/10.1182/blood.V96.12.3907
http://doi.org/10.1097/DCR.0b013e31829de128
http://www.ncbi.nlm.nih.gov/pubmed/23929016
http://doi.org/10.1016/j.celrep.2013.12.029
http://www.ncbi.nlm.nih.gov/pubmed/24412367
http://doi.org/10.1182/blood-2014-03-559542
http://www.ncbi.nlm.nih.gov/pubmed/24825865
http://doi.org/10.1038/ncomms7025
http://www.ncbi.nlm.nih.gov/pubmed/25586472
http://doi.org/10.1084/jem.20072182
http://doi.org/10.1016/j.immuni.2020.07.006
http://doi.org/10.1038/ncomms13992
http://doi.org/10.1182/blood-2016-02-698951
http://doi.org/10.3390/cancers11121833
http://doi.org/10.1182/blood-2007-03-066936
http://doi.org/10.1182/blood-2009-10-248211
http://www.ncbi.nlm.nih.gov/pubmed/21220747
http://doi.org/10.18632/oncotarget.806
http://www.ncbi.nlm.nih.gov/pubmed/23458731
http://doi.org/10.1016/j.leukres.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24131888
http://doi.org/10.1182/blood-2009-11-255232
http://doi.org/10.1038/nsmb.2099


Int. J. Mol. Sci. 2022, 23, 11297 11 of 12

46. Tun, P.W.W.; Buka, R.J.; Graham, J.; Dyer, P. Heterozygous, germline JAK2 E846D substitution as the cause of familial erythrocyto-
sis. Br. J. Haematol. 2022, 198, 923–926. [CrossRef]

47. Slattery, M.L.; Lundgreen, A.; Kadlubar, S.A.; Bondurant, K.L.; Wolff, R.K. JAK/STAT/SOCS-signaling pathway and colon and
rectal cancer. Mol. Carcinog. 2013, 52, 155–166. [CrossRef]

48. Martin, D.; Abba, M.C.; Molinolo, A.A.; Vitale-Cross, L.; Wang, Z.; Zaida, M.; Delic, N.C.; Samuels, Y.; Lyons, J.G.; Gutkind, J.S.
The head and neck cancer cell oncogenome: A platform for the development of precision molecular therapies. Oncotarget 2014,
5, 8906–8923. [CrossRef]

49. Ariyoshi, K.; Nosaka, T.; Yamada, K.; Onishi, M.; Oka, Y.; Miyajima, A.; Kitamura, T. Constitutive activation of STAT5 by a point
mutation in the SH2 domain. J. Biol. Chem. 2000, 275, 24407–24413. [CrossRef]

50. Kawashima, T.; Murata, K.; Akira, S.; Tonozuka, Y.; Minoshima, Y.; Feng, S.; Kumagai, H.; Tsuruga, H.; Ikeda, Y.; Asano, S.; et al.
STAT5 induces macrophage differentiation of M1 leukemia cells through activation of IL-6 production mediated by NF-kappaB
p65. J. Immunol. 2001, 167, 3652–3660. [CrossRef]

51. Fahrenkamp, D.; Li, J.; Ernst, S.; Schmitz-Van de Leur, H.; Chatain, N.; Kuster, A.; Koschmieder, S.; Luscher, B.; Rossetti, G.;
Muller-Newen, G. Intramolecular hydrophobic interactions are critical mediators of STAT5 dimerization. Sci. Rep. 2016, 6, 35454.
[CrossRef] [PubMed]

52. Bandapalli, O.R.; Schuessele, S.; Kunz, J.B.; Rausch, T.; Stutz, A.M.; Tal, N.; Geron, I.; Gershman, N.; Izraeli, S.; Eilers, J.; et al. The
activating STAT5B N642H mutation is a common abnormality in pediatric T-cell acute lymphoblastic leukemia and confers a
higher risk of relapse. Haematologica 2014, 99, e188–e192. [CrossRef] [PubMed]

53. Cross, N.C.P.; Hoade, Y.; Tapper, W.J.; Carreno-Tarragona, G.; Fanelli, T.; Jawhar, M.; Naumann, N.; Pieniak, I.; Lubke, J.; Ali,
S.; et al. Recurrent activating STAT5B N642H mutation in myeloid neoplasms with eosinophilia. Leukemia 2019, 33, 415–425.
[CrossRef] [PubMed]

54. Kontro, M.; Kuusanmaki, H.; Eldfors, S.; Burmeister, T.; Andersson, E.I.; Bruserud, O.; Brummendorf, T.H.; Edgren, H.; Gjertsen,
B.T.; Itala-Remes, M.; et al. Novel activating STAT5B mutations as putative drivers of T-cell acute lymphoblastic leukemia.
Leukemia 2014, 28, 1738–1742. [CrossRef]

55. Yaeger, R.; Chatila, W.K.; Lipsyc, M.D.; Hechtman, J.F.; Cercek, A.; Sanchez-Vega, F.; Jayakumaran, G.; Middha, S.; Zehir, A.;
Donoghue, M.T.A.; et al. Clinical Sequencing Defines the Genomic Landscape of Metastatic Colorectal Cancer. Cancer Cell 2018,
33, 125–136.e3. [CrossRef]

56. Razavi, P.; Chang, M.T.; Xu, G.; Bandlamudi, C.; Ross, D.S.; Vasan, N.; Cai, Y.; Bielski, C.M.; Donoghue, M.T.A.; Jonsson, P.; et al.
The Genomic Landscape of Endocrine-Resistant Advanced Breast Cancers. Cancer Cell 2018, 34, 427–438.e6. [CrossRef]

57. Slattery, M.L.; Pellatt, D.F.; Wolff, R.K.; Lundgreen, A. Genes, environment and gene expression in colon tissue: A pathway
approach to determining functionality. Int. J. Mol. Epidemiol. Genet. 2016, 7, 45–57.

58. Kiel, M.J.; Sahasrabuddhe, A.A.; Rolland, D.C.M.; Velusamy, T.; Chung, F.; Schaller, M.; Bailey, N.G.; Betz, B.L.; Miranda, R.N.;
Porcu, P.; et al. Genomic analyses reveal recurrent mutations in epigenetic modifiers and the JAK-STAT pathway in Sezary
syndrome. Nat. Commun. 2015, 6, 8470. [CrossRef]

59. De Araujo, E.D.; Erdogan, F.; Neubauer, H.A.; Meneksedag-Erol, D.; Manaswiyoungkul, P.; Eram, M.S.; Seo, H.S.; Qadree, A.K.;
Israelian, J.; Orlova, A.; et al. Structural and functional consequences of the STAT5B(N642H) driver mutation. Nat. Commun. 2019,
10, 2517. [CrossRef]

60. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef]

61. Hsu, P.D.; Lander, E.S.; Zhang, F. Development and applications of CRISPR-Cas9 for genome engineering. Cell 2014, 157, 1262–
1278. [CrossRef] [PubMed]

62. Mali, P.; Yang, L.; Esvelt, K.M.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-guided human genome
engineering via Cas9. Science 2013, 339, 823–826. [CrossRef]

63. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A.; et al. Multiplex genome
engineering using CRISPR/Cas systems. Science 2013, 339, 819–823. [CrossRef] [PubMed]

64. Meyer, L.K.; Huang, B.J.; Delgado-Martin, C.; Roy, R.P.; Hechmer, A.; Wandler, A.M.; Vincent, T.L.; Fortina, P.; Olshen, A.B.;
Wood, B.L.; et al. Glucocorticoids paradoxically facilitate steroid resistance in T cell acute lymphoblastic leukemias and thymo-
cytes. J. Clin. Investig. 2020, 130, 863–876. [CrossRef] [PubMed]

65. Tresse, E.; Riera-Ponsati, L.; Jaberi, E.; Sew, W.Q.G.; Ruscher, K.; Issazadeh-Navikas, S. IFN-beta rescues neurodegeneration by
regulating mitochondrial fission via STAT5, PGAM5, and Drp1. EMBO J. 2021, 40, e106868. [CrossRef] [PubMed]

66. Pelham, S.J.; Caldirola, M.S.; Avery, D.T.; Mackie, J.; Rao, G.; Gothe, F.; Peters, T.J.; Guerin, A.; Neumann, D.; Vokurkova, D.; et al.
STAT5B restrains human B-cell differentiation to maintain humoral immune homeostasis. J. Allergy Clin. Immunol. 2022; in press.
[CrossRef] [PubMed]

67. Freund, P.; Kerenyi, M.A.; Hager, M.; Wagner, T.; Wingelhofer, B.; Pham, H.T.T.; Elabd, M.; Han, X.; Valent, P.; Gouilleux, F.; et al.
O-GlcNAcylation of STAT5 controls tyrosine phosphorylation and oncogenic transcription in STAT5-dependent malignancies.
Leukemia 2017, 31, 2132–2142. [CrossRef]

68. Onishi, M.; Nosaka, T.; Misawa, K.; Mui, A.L.; Gorman, D.; McMahon, M.; Miyajima, A.; Kitamura, T. Identification and
characterization of a constitutively active STAT5 mutant that promotes cell proliferation. Mol. Cell. Biol. 1998, 18, 3871–3879.
[CrossRef]

http://doi.org/10.1111/bjh.18320
http://doi.org/10.1002/mc.21841
http://doi.org/10.18632/oncotarget.2417
http://doi.org/10.1074/jbc.M909771199
http://doi.org/10.4049/jimmunol.167.7.3652
http://doi.org/10.1038/srep35454
http://www.ncbi.nlm.nih.gov/pubmed/27752093
http://doi.org/10.3324/haematol.2014.104992
http://www.ncbi.nlm.nih.gov/pubmed/24972766
http://doi.org/10.1038/s41375-018-0342-3
http://www.ncbi.nlm.nih.gov/pubmed/30573779
http://doi.org/10.1038/leu.2014.89
http://doi.org/10.1016/j.ccell.2017.12.004
http://doi.org/10.1016/j.ccell.2018.08.008
http://doi.org/10.1038/ncomms9470
http://doi.org/10.1038/s41467-019-10422-7
http://doi.org/10.1126/science.1225829
http://doi.org/10.1016/j.cell.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24906146
http://doi.org/10.1126/science.1232033
http://doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://doi.org/10.1172/JCI130189
http://www.ncbi.nlm.nih.gov/pubmed/31687977
http://doi.org/10.15252/embj.2020106868
http://www.ncbi.nlm.nih.gov/pubmed/33913175
http://doi.org/10.1016/j.jaci.2022.04.011
http://www.ncbi.nlm.nih.gov/pubmed/35469842
http://doi.org/10.1038/leu.2017.4
http://doi.org/10.1128/MCB.18.7.3871


Int. J. Mol. Sci. 2022, 23, 11297 12 of 12

69. Woock, A.E.; Grible, J.M.; Olex, A.L.; Harrell, J.C.; Zot, P.; Idowu, M.; Clevenger, C.V. Serine residues 726 and 780 have
nonredundant roles regulating STAT5a activity in luminal breast cancer. Sci. Rep. 2021, 11, 13506. [CrossRef]

70. Quick, L.; Young, R.; Henrich, I.C.; Wang, X.; Asmann, Y.W.; Oliveira, A.M.; Chou, M.M. Jak1-STAT3 Signals Are Essential
Effectors of the USP6/TRE17 Oncogene in Tumorigenesis. Cancer Res. 2016, 76, 5337–5347. [CrossRef]

71. Chang, C.W.; Lai, Y.S.; Westin, E.; Khodadadi-Jamayran, A.; Pawlik, K.M.; Lamb, L.S., Jr.; Goldman, F.D.; Townes, T.M. Modeling
Human Severe Combined Immunodeficiency and Correction by CRISPR/Cas9-Enhanced Gene Targeting. Cell. Rep. 2015,
12, 1668–1677. [CrossRef]

72. Quentmeier, H.; MacLeod, R.A.; Zaborski, M.; Drexler, H.G. JAK2 V617F tyrosine kinase mutation in cell lines derived from
myeloproliferative disorders. Leukemia 2006, 20, 471–476. [CrossRef] [PubMed]

73. Tamai, M.; Inukai, T.; Kojika, S.; Abe, M.; Kagami, K.; Harama, D.; Shinohara, T.; Watanabe, A.; Oshiro, H.; Akahane, K.; et al.
T315I mutation of BCR-ABL1 into human Philadelphia chromosome-positive leukemia cell lines by homologous recombination
using the CRISPR/Cas9 system. Sci. Rep. 2018, 8, 9966. [CrossRef] [PubMed]

74. Loh, C.Y.; Arya, A.; Naema, A.F.; Wong, W.F.; Sethi, G.; Looi, C.Y. Signal Transducer and Activator of Transcription (STATs)
Proteins in Cancer and Inflammation: Functions and Therapeutic Implication. Front. Oncol. 2019, 9, 48. [CrossRef] [PubMed]

75. Qureshy, Z.; Johnson, D.E.; Grandis, J.R. Targeting the JAK/STAT pathway in solid tumors. J. Cancer Metastasis Treat. 2020, 6, 27.
[CrossRef]

76. Verstovsek, S.; Mesa, R.A.; Gotlib, J.; Levy, R.S.; Gupta, V.; DiPersio, J.F.; Catalano, J.V.; Deininger, M.; Miller, C.; Silver, R.T.; et al.
A double-blind, placebo-controlled trial of ruxolitinib for myelofibrosis. N. Engl. J. Med. 2012, 366, 799–807. [CrossRef]

77. Verstovsek, S.; Passamonti, F.; Rambaldi, A.; Barosi, G.; Rosen, P.J.; Rumi, E.; Gattoni, E.; Pieri, L.; Guglielmelli, P.; Elena, C.; et al.
A phase 2 study of ruxolitinib, an oral JAK1 and JAK2 Inhibitor, in patients with advanced polycythemia vera who are refractory
or intolerant to hydroxyurea. Cancer 2014, 120, 513–520. [CrossRef]

78. Wu, P.; Nielsen, T.E.; Clausen, M.H. FDA-approved small-molecule kinase inhibitors. Trends Pharmacol. Sci. 2015, 36, 422–439.
[CrossRef]

79. Harrison, C.N.; Vannucchi, A.M.; Kiladjian, J.J.; Al-Ali, H.K.; Gisslinger, H.; Knoops, L.; Cervantes, F.; Jones, M.M.; Sun,
K.; McQuitty, M.; et al. Long-term findings from COMFORT-II, a phase 3 study of ruxolitinib vs best available therapy for
myelofibrosis. Leukemia 2016, 30, 1701–1707. [CrossRef]

80. Fleischmann, R.; Kremer, J.; Cush, J.; Schulze-Koops, H.; Connell, C.A.; Bradley, J.D.; Gruben, D.; Wallenstein, G.V.; Zwillich, S.H.;
Kanik, K.S.; et al. Placebo-controlled trial of tofacitinib monotherapy in rheumatoid arthritis. N. Engl. J. Med. 2012, 367, 495–507.
[CrossRef]

81. Sandborn, W.J.; Su, C.; Sands, B.E.; D’Haens, G.R.; Vermeire, S.; Schreiber, S.; Danese, S.; Feagan, B.G.; Reinisch, W.; Niezychowski,
W.; et al. Tofacitinib as Induction and Maintenance Therapy for Ulcerative Colitis. N. Engl. J. Med. 2017, 376, 1723–1736. [CrossRef]
[PubMed]

82. Liao, Z.; Gu, L.; Vergalli, J.; Mariani, S.A.; De Dominici, M.; Lokareddy, R.K.; Dagvadorj, A.; Purushottamachar, P.; McCue, P.A.;
Trabulsi, E.; et al. Structure-Based Screen Identifies a Potent Small Molecule Inhibitor of Stat5a/b with Therapeutic Potential for
Prostate Cancer and Chronic Myeloid Leukemia. Mol. Cancer Ther. 2015, 14, 1777–1793. [CrossRef] [PubMed]

83. Wingelhofer, B.; Maurer, B.; Heyes, E.C.; Cumaraswamy, A.A.; Berger-Becvar, A.; de Araujo, E.D.; Orlova, A.; Freund, P.; Ruge, F.;
Park, J.; et al. Pharmacologic inhibition of STAT5 in acute myeloid leukemia. Leukemia 2018, 32, 1135–1146. [CrossRef] [PubMed]

84. Shin, H.Y.; Wang, C.; Lee, H.K.; Yoo, K.H.; Zeng, X.; Kuhns, T.; Yang, C.M.; Mohr, T.; Liu, C.; Hennighausen, L. CRISPR/Cas9
targeting events cause complex deletions and insertions at 17 sites in the mouse genome. Nat. Commun. 2017, 8, 15464. [CrossRef]

85. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420–424. [CrossRef]

86. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.; Newby, G.A.; Raguram, A.;
et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149–157. [CrossRef]

87. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable base editing of A*T to
G*C in genomic DNA without DNA cleavage. Nature 2017, 551, 464–471. [CrossRef]

88. Kim, E.; Koo, T.; Park, S.W.; Kim, D.; Kim, K.; Cho, H.Y.; Song, D.W.; Lee, K.J.; Jung, M.H.; Kim, S.; et al. In vivo genome editing
with a small Cas9 orthologue derived from Campylobacter jejuni. Nat. Commun. 2017, 8, 14500. [CrossRef]

89. Hindriksen, S.; Bramer, A.J.; Truong, M.A.; Vromans, M.J.M.; Post, J.B.; Verlaan-Klink, I.; Snippert, H.J.; Lens, S.M.A.;
Hadders, M.A. Baculoviral delivery of CRISPR/Cas9 facilitates efficient genome editing in human cells. PLoS ONE 2017,
12, e0179514. [CrossRef]

90. Kim, S.; Nowakowska, A.; Kim, Y.B.; Shin, H.Y. Integrated CRISPR-Cas9 System-Mediated Knockout of IFN-gamma and
IFN-gamma Receptor 1 in the Vero Cell Line Promotes Viral Susceptibility. Int. J. Mol. Sci. 2022, 23, 8217. [CrossRef]

http://doi.org/10.1038/s41598-021-92830-8
http://doi.org/10.1158/0008-5472.CAN-15-2391
http://doi.org/10.1016/j.celrep.2015.08.013
http://doi.org/10.1038/sj.leu.2404081
http://www.ncbi.nlm.nih.gov/pubmed/16408098
http://doi.org/10.1038/s41598-018-27767-6
http://www.ncbi.nlm.nih.gov/pubmed/29967475
http://doi.org/10.3389/fonc.2019.00048
http://www.ncbi.nlm.nih.gov/pubmed/30847297
http://doi.org/10.20517/2394-4722.2020.58
http://doi.org/10.1056/NEJMoa1110557
http://doi.org/10.1002/cncr.28441
http://doi.org/10.1016/j.tips.2015.04.005
http://doi.org/10.1038/leu.2016.148
http://doi.org/10.1056/NEJMoa1109071
http://doi.org/10.1056/NEJMoa1606910
http://www.ncbi.nlm.nih.gov/pubmed/28467869
http://doi.org/10.1158/1535-7163.MCT-14-0883
http://www.ncbi.nlm.nih.gov/pubmed/26026053
http://doi.org/10.1038/s41375-017-0005-9
http://www.ncbi.nlm.nih.gov/pubmed/29472718
http://doi.org/10.1038/ncomms15464
http://doi.org/10.1038/nature17946
http://doi.org/10.1038/s41586-019-1711-4
http://doi.org/10.1038/nature24644
http://doi.org/10.1038/ncomms14500
http://doi.org/10.1371/journal.pone.0179514
http://doi.org/10.3390/ijms23158217

	Introduction 
	Genomic Structure and Functional Domains of STAT5 
	Activation Mechanism and Biological Functions of STAT5 

	Dysregulation of STAT5 in Human Diseases 
	Diseases Caused by Dysregulation of the STAT5 Signaling Pathways 
	Diseases Associated with STAT5 Genomic Mutations 

	Mutation Models Developed to Study the Role of STAT5 in Diseases 
	Disease Models with STAT5 Genomic Mutations 
	Other Mutation Models Useful to Study the Role of STAT5 in Tumorigenesis 

	Discussion 
	References

