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Abstract 
Approximately 10% of cancers have a hereditary predisposition. However, no genetic diagnosis is available in 60%-80% of familial cancers. 
In some of these families, immune dysregulation-mediated disease is frequent. The immune system plays a critical role in identifying and 
eliminating tumors; thus, dysregulation of the immune system can increase the risk of developing cancer. This review focuses on some of 
the genes involved in immune dysregulation the promote the risk for cancer. Genetic counseling for patients with cancer currently focuses on  
known genes that raise the risk of cancer. In missing hereditary familial cases, the history family of immune dysregulation should be recorded, 
and genes related to the immune system should be analyzed in relevant families. On the other hand, patients with immune disorders diagnosed 
with a pathogenic mutation in an immune regulatory gene may have an increased risk of cancer. Therefore, those patients need to be under sur-
veillance for cancer. Gene panel and exome sequencing are currently standard methods for genetic diagnosis, providing an excellent opportunity 
to jointly test cancer and immune genes.
Key words: immune dysregulation; immune surveillance; pathogenic mutation; germline/somatic mutation; penetrance.
Abbreviations: AID, autoimmune diseases; ALL, acute lymphoblastic leukemia; ALPS, autoimmune lymphoproliferative syndrome; AML/CML, acute/chronic 
myeloid leukemia; APDS, activated PI3K-delta syndrome; CLL, chronic lymphocytic leukemia; CLPD-NK, chronic NK lymphoproliferative disorders; CNS, central 
nerve system; CTLA-4, cytotoxic T-lymphocyte-associated protein; DISC, death-inducing signaling complex; EBV, Epstein-Barr virus; FasL, Fas-ligand; FoxP3, 
Forkhead box protein P3; GoF, gain of function; GWAS, genome-wide association study; HIES, hyper-IgE syndrome; HL, Hodgkin’s lymphoma; HPV, human 
papilloma virus; IBD, inflammatory bowel disease; IEIs, inborn errors of immunity; IKK, inhibitor of kappa B kinase; IKZF1, Ikaros family zinc finger 1; JAK, Janus 
kinase; LoF, loss of function; LOH, loss of heterozygosity; LRBA, LPS Responsive Beige-Like Anchor; MAPK, mitogen-activated protein kinase; MDS, familial 
myelodysplastic syndrome; MDSCs, myeloid-derived suppressor cells; NA, not available; NEMO, NF-κB essential modulator gene; NF-κB, nuclear factor-kappa 
B; NHL, non-Hodgkin’s lymphoma; NHLPL, nodular lymphocyte-predominant Hodgkin’s lymphoma; NR, not relevant; NSCLC, non-small-cell lung carcinoma; 
pDCs, plasmacytoid dendritic cells; PI3Ks, phosphatidylinositol 3 kinases; PIRD, primary immune regulatory disorders; PTCL, peripheral T-cell lymphoma; 
SCID, severe combined immune deficiency; SLE, systemic lupus erythematosus; STAT, signal transducer and activator of transcription; T-ALL, T-cell acute 
lymphoblastic leukemia; Th, T-helper cells; T-LGL, T-cell large granular lymphocytic leukemia; TNF-R, tumor necrosis factor receptor; Tregs, regulatory T cells; 
TYK2; tyrosine kinase 2; XLP1, X-linked lymphoproliferative disease type 1; ZF1/2, zink finger domains.

Introduction
Despite a known familial predisposition for cancer in 10% of 
cases, the molecular cause in a substantial number of families 
remains undefined. Genetic diagnosis is missing in approxi-
mately 60%-80% of familial cancers [1, 2]. In some families, 
poly-autoimmunity and increased susceptibility to infections 
occur frequently, often in the same individual, with an early 
age of onset [3–5]. In recent years, a well-established rela-
tionship has been reported between immune dysregulation 
and an increased risk of cancer due to immune surveillance 
failure [6]. Therefore, it is not surprising that individuals with 

dysregulated immune systems harbor an increased risk of 
developing cancer.

Cancer develops through an accumulation of gene variants 
involved in the transformation of normal cells to cancer cells. 
It is important to differentiate between somatic and germline 
cancer-inducing gene variants. Most cancers are sporadic, re-
sulting from pathogenic gene variation in the body tissues (i.e. 
somatic mutation). In cases of hereditary cancers, every cell of 
the body harbors this mutation (i.e. germinal mutation) and 
malignancy can develop through somatic variation, including 
a somatic mutation in the trans-allele of the predisposition 
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gene to initiate tumorigenesis [3]. Although somatic and 
germline variants may predispose an individual to cancer, 
their function may be unrelated to the immune system.

Inborn errors of immunity (IEIs) consist of a heterogeneous 
group of diseases caused by gene variants affecting the im-
mune system. In this group of diseases, one can find primary 
immune regulatory disorders (PIRD), which consists of IEI 
with loss or gain of functions of regulatory proteins of the 
immune system. This results in immune dysregulation, which 
manifests by lymphoproliferation, autoimmunity, atopy, and 
malignancy, as well as increased susceptibility to infections 
[7]. Since the introduction of next generation sequencing, 
more than 400 IEI disorders have been identified [8].

Various biological processes are involved in cell balance and 
are important for cancer prevention. Pathogenic variation in 
critical genes, including genes involved in DNA repair, sup-
pressor genes, and oncogenes, cause genetic instability, un-
controlled cell growth, and progressive loss of differentiation 
[3]. Other mechanisms that can contribute to cancer develop-
ment include escape of tumor cells from immune surveillance 
and chronic viral infections, which modulate the host im-
mune response, disrupting immune surveillance and inducing 
cancer [9].

In some patients, cancer-inducing gene variants are related 
to the immune system. These patients may not harbor tumor-
inducing somatic or germline gene variants; however, some 
have a history of familial cancer and immune dysregulation. 
Thus, shedding light on the relationship between immune 
dysregulation and cancer disposition may help identify indi-
viduals with an elevated risk of cancer, promoting early diag-
nosis and intervention [10].

PIRD may induce cancer via various mechanisms [11]. 
Here, we review the immune-related biological pathways and 
genes that affect cancer predisposition, with a focus on im-
mune dysregulation. The review will be structured according 
to different underlying mechanisms: chronic inflammation, 
oncogenic viral infections in IEIs, disorders of apoptosis, dys-
function of immune checkpoints, disruption of cell signaling, 
hematopoietic defects, and abnormal transcriptional control 
of inflammatory genes. Each mechanism will be further dis-
cussed regarding its specific gene defects. Thus, we hope to 
shed light on the association between IEIs and cancer.

Chronic inflammation can lead to 
tumorigenesis
Several autoimmune conditions associated with an increased 
risk of cancer are listed in Table 1 [5, 12–19]. Autoimmune 
diseases are typically characterized by recognition of self-
antigens as non-self, which leads to tissue damage and a 
chronic inflammatory steady state [20–22].

Inflammation has acute and chronic stages, but the link to 
tumorigenesis is through chronic inflammation [23]. Acute 
inflammation is governed by effector T-helper (Th)1 lympho-
cytes attracted by innate immune cells that secrete cytokines, 
such as IL-2 and interferon (IFN)-γ. In contrast, chronic in-
flammation controlled by Tregs and Th2 lymphocytes, which 
secrete pro-tumorigenic factors, such as IL-4, IL-10, IL-13, 
and TGF-β [23]. The high levels of pro-inflammatory cyto-
kines activate myeloid-derived suppressor cells (MDSCs), 
preventing immune activation and leading to immune 
dysregulation, immunosuppression, and eventually dysfunc-
tion of the innate and adaptive effector arm of the immune 
system. This harmful environment results in tissue damage 
and several complications, including an increased risk of 
cancer initiation and progression [24].

The etiology of autoimmune diseases tends to be multi-
factorial. Among other inducers, environmental and genetic 
factors are known to contribute to the onset of autoimmune 
diseases [25, 26]. A possible link between autoimmunity and 
cancer is also strongly suggested by epidemiological studies 
and research findings showing that some of the genes that 
significantly contribute to autoimmunity elevate cancer risk 
(Table 2).

Viral infections, immune dysregulation, and 
cancer predisposition
Chronic infection with viruses, such as Epstein-Barr virus 
(EBV) or human papilloma virus (HPV), is known to in-
crease the risk of malignancy. EBV contributes to tumorigen-
esis by inducing a persistent inflammatory environment and 
expressing viral oncogenic proteins. This is specifically seen 
in patients with IEIs. For example, patients with X-linked 
lymphoproliferative disease type 1 (XLP1), which is caused 
by variants in the SH2D1A gene, have impaired CD8 + T and 

Table 1: association between autoimmune diseases and cancer

Reference Cancer association Autoimmune disease 

[20, 21] Non-Hodgkin’s lymphoma (NHL), Hodgkin’s lymphoma (HL) ALPS
[14, 17] Hepatocellular carcinoma Autoimmune hepatitis

Gastric adenocarcinoma Autoimmune gastritis
Colorectal cancer Crohn’s disease, ulcerative colitis, 

bowel disease
Nasopharyngeal carcinoma, Barrett’s esophagus, gastrointestinal adenoma, ovarian 

cancer, thyroid cancer
Dermatomyositis

[5] Lymphoma, lung cancer Rheumatoid arthritis
[16] lung cancer, Breast, prostate, bladder, rectal, hematological cancers Scleroderma
[18, 19] Hematological cancers: leukemia, HL and NHL, multiple myeloma

Solid cancers: cervical, bladder, gastric, lung, non-melanoma skin, thyroid, ovarian, 
hepatobiliary, vulva-vagina, cervix, pancreas, oropharyngeal cancer

Systemic lupus erythematosus

[15] Liver, pancreatic, colorectal, endometrial, kidney cancers Type 1 diabetes

Abbreviations: ALPS, autoimmune lymphoproliferative syndrome; NHL, non-Hodgkin’s lymphoma; HL, Hodgkin’s lymphoma.
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natural killer (NK) cell activation and are, therefore, unable 
to kill transformed cells [9, 27].

In contrast, HPV modulates the host immune response by 
diverse mechanisms including inhibition of IFN synthesis and 
signaling, decreasing T- and NK-cell cytotoxic responses, and 
evading the innate immune response. Thus, HPV disrupts im-
mune surveillance and may trigger cancer, especially in IEIs, 
such as GATA2 deficiency, as the patients are prone to HPV 
infections [27, 28].

Disorders of apoptosis
The Fas cell surface death receptor, ALPS1A, APO-1, APT1, 
CD95, FAS1, FASTM, and TNFRSF6, belong to the tumor 
necrosis factor receptor (TNF-R) family. Fas and Fas-ligand 
(FasL) play a critical role in the immune response, particu-
larly in killing pathogen-infected target cells, damaged cells, 
and autoreactive lymphocytes by triggering apoptosis [29]. 
Germinal and somatic mutations in FAS are the leading cause 
of autoimmune lymphoproliferative syndrome (ALPS) [30, 
31], a rare condition characterized by defective apoptotic 
mechanisms that disrupt lymphocyte homeostasis. The apop-
totic defects lead to chronic lymphadenopathy, hepatomegaly, 
and splenomegaly. ALPS is also characterized by expansion of 
double-negative (CD4-CD8-) T cells and autoimmune path-
ology, mostly autoimmune cytopenia [30–33].

Germline heterozygous pathogenic mutations in FAS cause 
70% of genetically defined ALPS, whereas somatic heterozy-
gous mutations account for 10% of cases. In some instances, 
there are germinal and somatic mutations. Other causes of 
ALPS are mutations in additional genes encoding proteins in 
the Fas–FasL pathway, such as those that participate in the 
death-inducing signaling complex (DISC) apparatus, the Fas 
natural ligand, FASLG (<1%), and CASP10 (<1%). In ap-
proximately 20% of ALPS cases, the responsible gene has not 
been determined [32, 33].

Family studies suggest differences in the penetrance of 
the cellular phenotype, as expressed through defective Fas-
mediated apoptosis and the clinical phenotype. Some individ-
uals with FAS mutations present with defects in apoptosis at 
the cellular level almost as severe as in patients with ALPS 
but are clinically asymptomatic. Among individuals within 
a family, some have biomarker evidence of disease with no 
symptoms, whereas others have very mild disease symptoms 
(e.g. mild thrombocytopenia or very mild anemia). The clin-
ical penetrance can range from 30% to 90% [19, 30, 32]. 
Thus, when diagnosing a pathogenic mutation in FAS, other 
asymptomatic family members should be assessed, as they 
may also be positive for this mutation.

There are two main FAS-dependent mechanisms that can 
lead to tumorigenesis: dysregulation of cell division and dif-
ferentiation and disruption of apoptosis [18]. Fas is a cell sur-
face receptor that initiates programmed cell death in activated 
lymphocytes. As such, it is not surprising that somatic muta-
tions in FAS and FASLG in malignant cells are widespread in 
a broad range of cancers, preventing apoptosis of cancer cells 
and encouraging immortality [34]. Furthermore, inherited 
defects in the Fas–FasL pathway contribute to the develop-
ment of lymphoma. Individuals with ALPS and pathogenic 
germline mutations in FAS are at 14-fold increased risk of 
non-Hodgkin’s lymphoma (NHL) and 51-fold increased risk 
of Hodgkin’s lymphoma (HL), with 15% cumulative risk be-
fore 30 years of age [18, 19]. Thus, lymphomas can occur at 

any age in ALPS-Fas, but there is a cumulative increase with 
age [19, 35, 36]. Individuals with FAS germline mutations are 
also at high risk of solid tumors [34, 37].

Functional polymorphisms in the FAS receptor–ligand 
pathway increase the risk of developing metastatic esopha-
geal squamous cell carcinoma, affect the survival of patients 
with early-stage non-small cell lung cancer, and increase the 
risk for esophageal, breast, and lung cancers [38–42]. Loss of 
FAS receptor function results in loss of apoptosis and defines 
FAS as a tumor suppressor gene. Taken together, findings in-
dicate that, in patients with lymphoma or other cancers who 
have a family history of ALPS, a genetic test for mutations 
in the FAS–FASL pathway is highly recommended. Similarly, 
in patients with ALPS who have mutations in the FAS–FASL 
pathway, genetic testing should be carried out within the 
family, starting with the proband’s biologic parents if avail-
able. Thus, genetic testing will facilitate close monitoring and 
early diagnosis of cancer and treatment if needed.

Dysfunction of immune checkpoint pathways
Immune checkpoint receptor CTLA-4
CTLA-4 encodes cytotoxic T-lymphocyte-associated protein 
and is a key negative regulatory protein of the immune 
system. Following activation, CTLA-4 is expressed on the sur-
face of T cells, attenuating T-cell activation. CTLA-4 is also 
expressed constitutively on induced and natural Tregs and 
helps maintain peripheral tolerance [43]. The link between 
CTLA-4 haploinsufficiency and autoimmunity has been 
demonstrated in mice lacking CTLA-4 [44] and in patients 
with haploinsufficiency. CTLA-4 mutations cause several dis-
eases of autoimmune and immune dysregulation, including 
autoimmune cytopenia (62%), atopic dermatitis (56%), 
hypogammaglobulinemia (84%), lymphoproliferation (73%), 
sinopulmonary infections and lymphocytic interstitial lung 
disease (68%), and inflammatory bowel disease (IBD; 59%) 
[43, 45–47]. The penetrance of CTLA-4 haploinsufficiency 
with autoimmune infiltration disease is incomplete, with an 
estimated 40% of family members with variants in CTLA-4 
appearing clinically healthy [48]. CTLA-4 insufficiency due 
to heterozygous mutations can cause ALPS-like syndrome, 
which is clinically similar to ALPS and elevates cancer risk 
[49]; 12.9% of patients with haploinsufficiency CTLA-4 mu-
tations develop various cancers, including lymphoma (7.6%-
8.8%), multifocal gastric cancer (3.3%-3.8%), multiple 
myeloma (0.7%), and metastatic melanoma (0.7%) [46, 50, 
51].

CTLA-4 is an immune checkpoint receptor involved in 
the immune suppression signal via the induction of Tregs. 
Therefore, checkpoint inhibitors that block CTLA-4 are in 
use as anti-cancer therapies [20, 21]. Paradoxically, genetic-
ally predisposed patients with CTLA-4 haploinsufficiency are 
at increased risk of cancer development. Two major mechan-
isms can explain this paradox. First, a deficiency in CTLA-4 
causes unbalanced lymphoproliferation, leading to hemato-
logical cancers. Second, the inflammation triggered by host-
intrinsic immune dysregulation initiates tumorigenesis and 
causes malignancies, such as gastric cancer [22, 23].

LRBA encodes the LPS-responsive beige-like 
anchor protein
LPS responsive beige-like anchor (LRBA) is involved in ves-
icle trafficking that regulates CTLA-4 turnover in endosomes 
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and helps maintain an intracellular vesicular pool of CTLA-4 
for immediate mobilization to the cell surface after T-cell ac-
tivation. Loss of LRBA leads to the degradation of CTLA-4 
vesicles by lysosomes. Thus, LRBA deficiency causes a sec-
ondary loss of CTLA-4. Homozygous or compound heterozy-
gous germline mutations in LRBA have been linked to diseases 
of immune dysregulation, including immunodeficiency, IBD-
like enteropathy, and autoimmune disease [48, 52].

Similar to CTLA-4 insufficiency, LRBA deficiency 
syndrome can cause ALPS-like syndrome, including all of the 
symptoms of ALPS, elevating the risk for lymphomas [49]. 
In a long-term retrospective analysis of patients with LRBA 
deficiency, malignancies occurred in 3.9% of patients. Over 
a median follow-up of 10 years, one patient developed gas-
tric cancer (at 19 years of age) and malignant melanoma (at 
27 years of age), and two patients had malignancies of the 
central nervous system (CNS): an astrocytic tumor and CNS 
lymphoma [53, 54].

Therefore, in patients with hematological or other cancers, 
including gastric cancer, melanoma, and malignancies of the 
CNS, who have a self or familial history of immune diseases, 
genetic testing of CTLA-4 and CTLA-4 pathway genes is re-
commended.

Disruption of cell surface signaling
The JAK-STAT pathway
The Janus kinase (JAK)-signal transducer and activator of 
transcription (STAT) pathway play a significant role in signal 
transduction and orchestration of the immune system [55]. 
Jak/STAT dysfunction impacts immunodeficiency, suscep-
tibility to infection, autoimmunity, and protection against 
cancer [56].

JAKs play an essential role in the regulation of cytokine 
signaling. They control cell survival, proliferation, differenti-
ation, immune responses, and hematopoiesis [57]. The mam-
malian JAK family has four protein members, including three 
JAKs (JAK1-3) and tyrosine kinase 2 (TYK2), which selectively 
bind to the cytoplasmatic chain of different cytokine receptors, 
such as IL-12 and IFNγ. After ligand binding, the JAK-kinase 
enzyme is activated and undergoes auto-phosphorylation, 
which leads to selective trans-phosphorylation of transcrip-
tion factors from the signal transducers and activators of the 
transcription (STAT) family. These, in turn, translocate to the 
nucleus and regulate the transcription of various inflamma-
tory cytokine genes [58, 59].

Mutations in JAK family proteins are related to several 
immune-related diseases [56, 58]. A homozygous mutation in 
JAK3 causes severe combined immune deficiency (SCID) [59–
62], and JAK1 loss of function (LoF) leads to innate immuno-
deficiency, which mainly results in a decrease in NK cells and 
increased sensitivity to mycobacterial infections [63, 64]. A 
JAK1 gain-of-function (GoF) mutation causes systemic im-
mune dysregulation [65], an autosomal recessive pathogenic 
variant with a complete absence of TYK2 causes mycobac-
terial and viral infections [66], and JAK2 plays a critical role 
in the maintenance and function of adult hematopoietic stem 
cells [67].

During the last few years, dysregulation of JAK signaling 
has been associated with hematological malignancies, 
and even solid tumors [57]. Somatic mutations in the 
JAKs have increasingly been recognized in primary onco-
genic lesions [56]. JAK2 mutations have been identified in 

hematological neoplasms, mainly in myeloproliferative dis-
eases, including polycythemia vera, essential thrombocyth-
emia, primary myelofibrosis, and leukemia [68]. Although 
most myeloproliferative neoplasms are sporadic, there are 
also familial cases. In this context, first-degree relatives of pa-
tients with myeloproliferative neoplasm were found to have 
a 5- to 7-fold increased risk of developing myeloproliferative 
cancer [69].

JAK2 abnormalities, including chromosomal abnormalities 
(trisomy, translocation, and insertion/deletion) and point mu-
tations, have been found in hematological cancers. The ma-
jority of these abnormalities affect the inhibitory domain of 
JAK2, leading to constitutive activation of the kinase and sub-
sequent aberrant engagement of downstream signaling path-
ways [68, 70]. The JAK2 V617F somatic mutation is present 
in most patients with myeloproliferative cancers. This muta-
tion can be found in 95% of patients with polycythemia vera, 
approximately 50% of patients with essential thrombocytosis 
and primary myelofibrosis, 20% of patients with chronic 
neutrophilic leukemia, 3%-13% of patients with chronic 
myelomonocytic leukemia, and 20% of patients with juvenile 
chronic myelomonocytic leukemia [68–70]. Interestingly, a 
germline mutation in JAK2 V617F was associated with an 
elevated risk of myeloproliferative neoplasms in individuals 
harboring this mutation [69–71].

JAK1 has a significant impact on the homeostatic numbers 
of NK cells. According to Witalisz-Siepracka et al., an LoF 
mutation in JAK1 leads to a decline in NK cell numbers and 
interferes with immune surveillance. According to this study, 
the loss of one JAK1 allele is sufficient to impair the con-
trol of tumor growth [63]. Patients with a biallelic homozy-
gote germline mutation in the JAK1 gene suffer from a lack 
of functional JAK1 and have early-onset bladder carcinoma, 
indicating the role of JAK1 in the immunological surveillance 
of cancer [64].

Overall, it appears that homozygous LoF mutations in JAK 
genes can be lethal (JAK2) or highly debilitating (JAK3, in 
severe combined immunodeficiency). Furthermore, heterozy-
gous GoF mutations in JAK genes can give rise to hemato-
logical cancers, such as myeloproliferative neoplasms [72].

Disruption of STAT proteins
The STAT family of proteins includes seven cytoplasmic tran-
scription factors that regulate cellular proliferation, apop-
tosis, angiogenesis, malignancy, and the immune response. 
These proteins participate in the pathogenesis of inflamma-
tory, autoimmune, and neoplastic diseases due to their in-
volvement in diverse signaling events downstream of IL and 
growth factor receptors. Several STAT proteins are linked to 
cancer pathology. For example, constitutively active STAT1, 
STAT3, and STAT5 are found in breast, lung, prostate, and 
pancreatic cancers, as well as hematological malignancies. 
The upregulation of these STAT signaling pathways promotes 
tumor growth and survival due to increased cell proliferation, 
migration, invasion, inhibition of apoptosis, and dysregulated 
immune surveillance [73–75].

STAT1
STAT1 is a transcription factor activated by type I and type 
II IFNs. GoF mutations in STAT1 elevate functions known 
to be associated with dominant syndromes of immune de-
ficiency, including chronic mucocutaneous candidiasis, 
mycobacteriosis recurrent respiratory infections, immune 
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dysregulation, and autoimmunity [76, 77]. STAT1 activates 
genes that mediate immune functions, such as antiviral/anti-
pathogen signals, suppression of cell proliferation, and induc-
tion of apoptosis. As a result, STAT1 signaling is generally 
considered a tumor-suppressive pathway [78]. Conversely, 
accumulating evidence indicates that increased STAT1 ac-
tivation leads to increased tumor progression in multiple 
types of cancer. Some of the IFN-stimulated genes are likely 
tumor promoters and type I IFN can protect cancer cells from 
CD8 + T-cell-mediated toxicity by upregulating the immune 
checkpoints and downregulating anti-apoptotic signaling 
[79]. Moreover, STAT1 induces pro-inflammatory cyto-
kines, such as TNF-α, TGFβ, IL-13, and IL-4, and recruits 
suppressive granulocytic MDSCs to the tumor microenviron-
ment, which suppress immune cell functions and promote a 
microenvironment that supports tumor formation [80, 81]. 
In a mouse model of late-stage mammary carcinoma, re-
searchers showed that STAT1 overexpression promotes ag-
gressive tumor growth, whereas gene knockdown of STAT1 
significantly delays tumor progression [80]. Notably, somatic 
overexpression of STAT1 has been found in several cancers. 
In melanoma, STAT1 is the most frequently mutated gene in 
the STAT family [73]. Overexpression of STAT1 in human 
breast cancer is related to increased disease progression from 
ductal carcinoma in situ to invasive carcinoma [80].

Interestingly, some patients with germline STAT1 GoF mu-
tations have various kinds of cancers, including squamous 
cell carcinoma (4%), gastrointestinal carcinoma (0.7%), la-
ryngeal carcinoma (0.36%), melanoma (0.36%), and acute 
leukemia (0.36%), with an overall cancer rate of 5.8% [82]. 
In one family with GoF mutations, 2 out of 4 family members 
had nodular lymphocyte-predominant Hodgkin’s lymphoma 
(NHLPL) [83].

From the above, it seems that individuals with a GoF muta-
tion in STAT1 have an increased risk of cancer [79].

STAT3
STAT3 is involved in the regulation of immune cell activation 
and differentiation. This transcription factor plays a signifi-
cant role in several critical cellular processes, including the cell 
cycle, cell proliferation, cellular apoptosis, and tumorigenesis, 
and has been heavily implicated in cancer. A GoF germline 
mutation in STAT3 leads to an early-onset autoimmune 
and lymphoproliferative disease, whereas an LoF mutation 
in STAT3 causes hyper-IgE syndrome (HIES) [84–87]. The 
average age of onset of first symptoms in the GoF disease is 
3 years, but not all mutation carriers become symptomatic, 
with a penetrance rate of 82% [86].

Constitutive activation of STAT3 via somatic mutations is 
relevant in the oncogenesis of both solid and hematopoietic 
cancers. Persistent activation of STAT3 followed by STAT5 
is frequently detected in human tumor tissues, including 
breast, lung, pancreatic, head and neck, prostate, ovarian, 
melanoma, and pancreatic cancer cells [74]. However, hyper-
active STAT3 in tumors is mainly associated with T-cell large 
granular lymphocytic (T-LGL) leukemia (40%) and chronic 
NK lymphoproliferative disorders (CLPD-NK). Patients with 
T-LGL leukemia are often characterized by autoimmunity 
and autoimmune cytopenia. In these patients, germline mu-
tations in STAT3 should be detected [73, 86, 88]. Recently, 
STAT3 GoF germline mutations have been reported in two 
cases of malignancy. One adult patient had early childhood-
onset autoimmune thrombocytopenia and late-onset HL, and 

one patient developed LGL leukemia at 14 years of age [85, 
87]. Whether the influence of germline STAT3 GoF variants 
is similar to the impact of somatic LGL variants regarding 
proliferation and impaired apoptosis is still unknown. Given 
the young average age of patients with STAT3 GoF mutations 
and patients with LGL leukemia, and the fact that some of the 
STAT3 GoF carriers are asymptomatic, long-term follow-up 
is crucial to understanding the risk of malignancy in STAT3 
GoF syndrome.

STAT5
STAT5 plays a crucial role in the development of the mam-
mary gland and immune system homeostasis. In various 
cancers, aberrant expression of STAT5 results in increased 
cell proliferation, survival, and metastasis. There are two 
isoforms, STAT5a and STAT5b, with more than 90% peptide 
sequence identity. However, due to structural differences in the 
C-terminal region, the two genes have a redundant and non-
redundant functions [89]. STAT5 plays a critical role in regu-
lating hematopoiesis and is responsible for the proliferation, 
differentiation, and apoptosis of hematopoietic cells in re-
sponse to IL-3 signaling [90]. Aberrant regulation of STAT5b 
has been reported to cause or correlate with autoimmune 
disorders, such as systemic lupus erythematosus (SLE), and 
various cancers by overexpression of the anti-apoptotic 
protein Bcl2 [91]. However, no disorders associated with a 
germline mutation in STAT5a have been reported. Another 
critical function of STAT5 in immune surveillance and auto-
immunity is to regulate Forkhead box protein P3 (FoxP3) for 
the development and function of regulatory T cells [75, 92]. 
Recently, aberrant STAT5 signaling, due to constitutive acti-
vation or lack of activity, in combination with constitutive 
activation of STAT3 has been found to contribute to tumor 
aggressiveness and cancer progression in various cancers, 
including breast, colorectal, lung, prostate, liver, and hema-
tological malignancies. Different combinations of STAT3 and 
STAT5 activity have been shown to contribute differently to 
cancer progression and, in different situations, STAT5 can act 
as a tumor suppressor or an oncogene [75].

The importance of STAT5 in the pathology of many hema-
tological cancers is related to its role in the regulation of hem-
atopoiesis. STAT5 is often constitutively activated in various 
leukemias, including acute/chronic myeloid leukemia (AML/
CML), acute lymphoblastic leukemia (ALL), and peripheral 
T-cell lymphoma (PTCL). Notably, in AML, STAT5 is consti-
tutively activated in 70% of patients [75].

A few STAT5 germline mutations have been found in pa-
tients. Homozygous missense or nonsense mutations with no 
expression of STAT5b result in an autosomal disorder charac-
terized by dwarfism, prominent forehead, eczema, high-pitched 
voice, and immunodeficiency. Dominant-negative germline 
mutations in STAT5b lead to growth failure and HIES [93, 
94]. A hyper-activated STAT5 variant in humans has not yet 
been reported. Transgenic mouse models that express an acti-
vated STAT5b mutation (N642H) in the hematopoietic com-
partment rapidly develop T-cell neoplasms [93, 95]. However, 
this gene should be included in the hereditary hematopoietic 
malignancy gene panel due to its impact on the development 
of cancers and its influence on transgenic mouse models.

Dysfunction of phosphatidylinositol 3 kinases
Other important signal transduction proteins are the 
phosphatidylinositol 3 kinases (PI3Ks). Activation of PI3K 
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is critical for lymphocyte survival, proliferation, and activa-
tion. PI3Ks contain two subunits: a catalytic subunit, p110, 
and a regulatory subunit. In immune cells, the most abun-
dant isoform is p110d. GoF autosomal-dominant variants in 
PIK3CD, which encodes p110d, cause activated PI3K-delta 
syndrome (APDS1), whereas variants in the PIK3R1 gene, 
which encodes the p85a regulatory subunit of PI3Kd, cause a 
similar syndrome, ADPS2.

APDS1/2 are immunodeficiency syndromes combined with 
autoimmunity. Chronic respiratory and viral infections are the 
most common feature of APDS. The autoimmune phenotypes 
including increased autoantibodies, lymphoproliferation, 
cytopenia, and gut and lung lymphoid aggregation [96–98].

One of the characteristics of APDS, observed in 75% of 
patients, is non-neoplastic lymphoproliferation including 
lymphadenopathy, splenomegaly, and hepatosplenomegaly. 
Approximately 13% of APDS patients develop lymphomas. 
Reinforcement of this finding was observed in a mouse model 
harboring a GoF mutation in PI3K; 20% of the mice devel-
oped spontaneous pre-malignant and/or tumors at 10-14 
months of age [98]. The formation of tumors in APDS may 
result from higher proliferation, altered metabolism, and/or 
reduced apoptosis of B lymphocytes, which allow the accu-
mulation of mutations in tumor suppressor and/or oncogenes. 
Defective tumor surveillance by T cells may also contribute to 
oncogenesis [96–98].

Hematopoietic defects
IKZF1
The Ikaros family zinc finger 1 gene (IKZF1) encodes the tran-
scription factor Ikaros, which is broadly expressed in hemato-
poietic cells. Ikaros acts as an essential transcription factor 
in controlling and regulating lymphocyte differentiation, pro-
liferation, and self-tolerance [99, 100]. It is also expressed 
in other cell lineages, including myeloid, plasmacytoid den-
dritic cells (pDCs), megakaryocytes, and erythroid cells [101, 
102]. Germline heterozygous IKZF1 mutations are associ-
ated with immune dysregulation, dysgammaglobulinemia, 
B-cell deficiency, hematological abnormalities, and auto-
immune diseases. Based on genome-wide association studies, 
polymorphisms in IKZF1 are also associated with several 
autoimmune diseases, such as immune thrombocytopenic 
purpura, arthritis, SLE, antiphospholipid syndrome, IBD, and 
primary Sjoègren’s syndrome [99–101, 103].

IKZF1 acts as a critical regulator of lymphoid differenti-
ation and as a tumor suppressor gene [104, 105]. Somatic 
genetic alterations in IKZF1 are common in different child-
hood and adult hematological malignancies, mainly in B-cell 
precursor acute lymphoblastic leukemias [104, 106]. IKZF1 
defects occur in more than 70% of BCR-ABL1-positive and 
BCR-ABL1-like cases of acute lymphoblastic leukemia, ~4% 
of T-cell acute lymphoblastic leukemia (T-ALL), and ~13% 
of early T-cell precursor ALL [104, 107, 108]. In addition, 
Ikaros has been demonstrated to be involved in the progres-
sion of many solid tumors, including lung, ovarian, liver, and 
colorectal cancer [100].

In recent years, a coding germline variation in IKZF1 was 
reported to be a risk factor for a genetic predisposition to 
ALL. Most germline variants are LoF variants or dominant-
negative variants and, therefore, adversely affect IKZF1 
function [100, 109]. It seems that IKZF1 haploinsufficiency 

promotes tumorigenesis in a process that involves the ac-
cumulation of additional genetic alterations, including 
second hits that interfere with lymphoid development [108]. 
Importantly, identified variants in IKZF1 also reduce the drug 
responsiveness of leukemic cells, possibly affecting the treat-
ment of patients [100, 109]. Studies in families with germinal 
variants in IKZF1 demonstrate high penetrance of immune 
dysregulation, mainly a progressive loss of serum immuno-
globulins and B cells and incomplete penetrance of ALL [109, 
110].

GATA2 deficiency
GATA2 is a zinc finger regulatory transcription factor that 
controls hematopoiesis by regulating the maintenance and 
self-renewal of hematopoietic stem cells. It is critical in stimu-
lating differentiation to progenitors and mature blood cells. 
Unregulated hematopoiesis and differentiation is a common 
oncogenic mechanism [4–6].

GATA2 deficiency, a germline disease characterized by a 
broad spectrum of phenotypes, includes immunodeficiency 
with monocytopenia; B, NK, and dendritic cell deficien-
cies; common mycobacterium, fungal, and viral infections; 
cytopenias; myelodysplasia; myeloid leukemias; pulmonary 
alveolar proteinosis; and lymphedema [111]. The pene-
trance of this syndrome is highly variable, with unpredict-
able presentations in children and adults. Some of those 
harboring GATA2 mutations are asymptomatic, though one 
of their family members will likely have a GATA2 deficiency 
syndrome [112].

Somatic GATA2 mutations are found in 1.13% of all can-
cers. The most considerable prevalence of alterations is in 
colon adenocarcinoma, lung adenocarcinoma, acute myeloid 
leukemia, prostate adenocarcinoma, and endometrial adeno-
carcinoma [113].

GATA2 mutations are associated with distinct leukemo-
genic mechanism. GATA2-deficient patients with germline 
mutations are at an increased risk of developing familial 
myelodysplastic syndromes (Emberger syndrome), MDS 
(84%) and leukemia (AML-14%; CMML- 8%), based on the 
characterization of the clinical features of a large cohort of 
patients with GATA2 deficiency [114].

Most of the mutations (74%) are missense mutations in 
one of the two Zink finger domains (ZF1/2) and cause im-
paired binding to GATA-DNA motifs. The other mutations 
are mostly nonsense or frameshift mutations located outside 
the ZF domains and reduce the overall expression of GATA2 
protein. Both are loss of function mutations [115].

Abnormal transcriptional control of 
inflammatory genes
The nuclear factor-kappa B (NF-κB) signaling pathway is a 
multi-component pathway involved in many critical cellular 
processes, including cell proliferation and survival, apoptosis, 
innate immunity, and inflammation. The NF-κB transcription 
factor family comprises five members and multiple regulatory 
IKb proteins that, together, regulate the expression of hun-
dreds of genes: p50/p105 encoded by NFKB1, p52/p100 en-
coded by NFKB2, c-Rel encoded by REL, RelA (a.k.a. p65) 
encoded by RELA, and RelB encoded by RELB. Therefore, as 
expected, pathogenic mutations in different proteins along the 
NF-κB pathway cause many diseases, mainly those associated 
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with immune dysregulation. The mutations can be germline 
or somatic, GoF, or LoF resulting from copy number variants 
due to gene amplification or deletions, point mutations, and 
chromosomal translocations [116].

Deregulated IKK and NF-κB activities contribute to tumori-
genesis in two ways: by triggering anti-apoptotic and pro-
proliferative responses and by initiating inflammatory cytokine 
secretion. Some of the NF-κB subunits are proto-oncogenes, 
including c-Rel and RelA. Overexpression of NF-κB leads to 
chronic inflammation and, therefore, can cause cancer and/
or autoimmune diseases [117, 118]. Constitutively activated 
NF-κB has been detected in various malignancies, including 
lymphoma, gastrointestinal, genitourinary, gynecological, 
thoracic, head, and neck tumors [119]. Overexpression of sev-
eral NF-κB subunits has been described in pancreatic adeno-
carcinoma [118]. Notably, activated NF-κB in a tumor is not 
necessarily the initiating cause. Thus, mutations in different 
genes along the NF-κB pathway can be involved in immune 
dysregulation and cancer [117, 118].

Most germline LoF mutations in the core signaling compo-
nents of the NF-κB pathway cause a syndrome with different 
variable symptoms and complete penetrance. For example, 
a pathogenic mutation in the regulatory subunit NF-κB es-
sential modulator gene (NEMO) causes a syndrome that can 
include incontinentia pigmenti, dental abnormalities, ocular 
problems, hair defects, and sometimes even CNS dysfunction. 
A mutation that does not eliminate NF-κB function can cause 
anhidrotic ectodermal dysplasia with severe immunodefi-
ciency [116]. Thus, finding such a mutation in asymptomatic 
patients who developed cancer is less reasonable.

However, a mutation in some of the genes in the NF-κB 
signaling pathway may elevate the risk of cancer develop-
ment. For example, CYLD is a negative regulator protein 
of the NF-κB signaling pathway and the mitogen-activated 
protein kinase (MAPK) pathway. Pathogenic mutations in 
CYLD cause familial cylindromatosis, an autosomal dom-
inant disease characterized by the formation of benign tu-
mors, approximately 90% on the head and neck [116, 
120], multiple familial trichoepithelioma, Brooke-Spiegler 
syndrome, and other skin tumors [121, 122]. Homozygous 
cases are more severe, with 100% penetrance, but clinical se-
verity, tumor location, and types may vary among homozy-
gous and heterozygous patients [123]. Approximately 70% 
of familial cylindromas exhibit loss of heterozygosity (LOH) 
around the tumor and have the genetic attributes of a tumor-
suppressor gene [120, 121]. Most CYLD mutations identi-
fied in cylindromatosis are frameshift or nonsense mutations 
that remove all or part of the catalytic domain of CYLD. 
The mechanism by which CYLD inactivation contributes to 
tumorigenesis is chronic NF-κB activation leading to chronic 
inflammation [116, 124]. LOH of CYLD is not clearly associ-
ated with any known cancer. However, accumulating evidence 
indicates that the lack of CYLD may promote the development 
of other cancers, mainly hematological malignancies, because 
CYLD regulates the proliferation, development, and activa-
tion of lymphoid cells. CYLD mutation is widespread in mul-
tiple myeloma, with a high frequency of LOH in chromosome 
16q, including CYLD. CYLD LOH in myeloma highly cor-
relates with poor prognosis. Its expression is also significantly 
reduced in other hematological malignancies, such as acute 
T-lymphoblastic leukemia and chronic lymphocytic leukemia. 
Abnormalities in CYLD have been recognized in some solid 

tumors, including hepatocellular carcinoma, uterine cervix 
carcinoma, and renal cancer. Reduced expression of CYLD 
has also been detected in the colon, breast, hepatocellular 
carcinomas, melanoma, and other solid tumors [121, 122].

Conclusions and future directions
The immune system plays a critical role in identifying and 
eliminating tumors, a process called immune surveillance 
[125, 126]. Thus, immune dysregulation can elevate the risk 
of cancer development. The penetrance of clinical symptoms 
is diverse, and some asymptomatic individuals carry variants 
with no immune abnormalities, whereas other patients with 
the same variants present with evidence of disease. These 
asymptomatic individuals may develop symptoms later in life 
and have autoimmune diseases and/or cancer with late onset. 
There is a need for long-term surveillance of autoimmune 
disease and cancer in patients and families with mutations in 
genes known to cause immune dysregulation.

Typically, genetic counseling for patients with cancer con-
centrates on known genes that increase the risk of cancer. 
However, there is a significant number of missing genetic diag-
noses. We hope our review illuminates the need for prompt 
workups in select patients with immune dysregulation.

Clinicians should use proper genetic and immune diag-
nostic tools in patients with IEIs or cancer with a strong 
family history. This constitutes flow cytometry of lympho-
cyte subsets, immunoglobulin levels, including IgG titers 
to past vaccines, and flow cytometry of other targeted 
lymphocyte subpopulations, such as Tregs and Th17. 
Complementing the immune workup with next generation 
sequencing, such as whole exome sequencing, will offer 
better genetic diagnosis and counseling. Moreover, patients 
can be treated with targeted biological treatment, such as 
abatacept for LRBA deficiency, and hematopoietic stem cell 
transplantations. Surveillance for cancer development will 
be part of the follow-up for these patients. For example, an-
nual bone marrow biopsies for GATA2-deficient patients, 
who are prone to cytogenetic abnormalities, myelodysplastic 
syndrome, and myeloid leukemia, will reduce mortality and 
morbidity, and promote early detection of cancer in these 
patients.

Acknowledgements
We would like to thank Prof. Vardiella Meiner, the clinical 
genetic department director at Hadassah Medical center, for 
her academic support and valuable comments regarding the 
manuscript.

Conflict of Interest
The authors have no competing interests to report.

Funding
No funding was used in the making of this manuscript.

Data Availability
Data is available upon request from the corresponding au-
thor.



124 Matza Porges and Shamriz

Author contributions
S.P.—writing of manuscript and review of the literature, OS- 
manuscript design and supervision.

Permission to reproduce (for relevant content)
Not applicable.

Clinical trial registration
Not applicable.

Animal research adheres to the ARRIVE 
guidelines
Not applicable

References
1.	 Sinilnikova OM, Dondon MG, Eon-Marchais S, Damiola F, 

Barjhoux L, Marcou M, et al. GENESIS: a French national resource 
to study the missing heritability of breast cancer. BMC Cancer. 
2016, 16, 1–9. doi:10.1186/s12885-015-2028-9.

2.	 Schubert SA, Morreau H, de Miranda NFCC, van Wezel T. The 
missing heritability of familial colorectal cancer. Mutagenesis 2020, 
35, 221–31. doi:10.1093/mutage/gez027.

3.	 Wang Q. Cancer predisposition genes: Molecular mechanisms and 
clinical impact on personalized cancer care: Examples of Lynch 
and HBOC syndromes. Acta Pharmacol Sin. 2016, 37, 143–9. 
doi:10.1038/aps.2015.89. doi:10.1038/aps.2015.89

4.	 Carneiro-Sampaio M, Coutinho A. Early-onset autoimmune dis-
ease as a manifestation of primary immunodeficiency. Front 
Immunol. 2015;6(APR) , 1–7. doi:10.3389/fimmu.2015.00185

5.	 Simon TA, Thompson A, Gandhi KK, Hochberg MC, Suissa S. In-
cidence of malignancy in adult patients with rheumatoid arthritis: 
a meta-analysis. Arthritis Res Ther. 2015, 17, 1–10. doi:10.1186/
s13075-015-0728-9. 

6.	 Ribatti D. The concept of immune surveillance against tumors: the 
first theories. Oncotarget. 2017, 8, 7175–80. www.impactjournals.
com/oncotarget/

7.	 Kolukısa B, Barış S. Primary immune regulatory disorders and 
targeted therapies. Turkish J Hematol. 2021, 38, 1–14.

8.	 Tangye SG, Al-Herz W, Bousfiha A, Cunningham-Rundles C, 
Franco JL, Holland SM, et al. The ever-increasing array of novel 
inborn errors of immunity: an interim update by the IUIS com-
mittee. J Clin Immunol 2021, 41, 666–79. doi:10.1007/s10875-
021-00980-1.

9.	 Joseph AW, Cody J Warren DP. Evasion of host immune defenses by 
HPV. Physiol Behav 2017, 176, 139–48.

10.	Hauck F, Voss R, Urban C, Seidel MG. Intrinsic and extrinsic 
causes of malignancies in patients with primary immunodefi-
ciency disorders. J Allergy Clin Immunol. 2018;141(1):59–68.e4. 
doi:10.1016/j.jaci.2017.06.009

11.	Derpoorter C, Bordon V, Laureys G, Haerynck F, Lammens T. 
Genes at the crossroad of primary immunodeficiencies and cancer. 
Front Immunol 2018, 9, 1–7.

12.	Li CM, Chen Z. Autoimmunity as an etiological factor of cancer: 
the transformative potential of chronic type 2 inflammation. Front 
Cell Dev Biol. 2021;9(June), 1–16. doi:10.3389/fcell.2021.664305

13.	Carstensen B, Read SH, Friis S, Sund R, Keskimäki I, Svensson 
AM, et al. Cancer incidence in persons with type 1 diabetes: a 
five-country study of 9,000 cancers in type 1 diabetic individuals. 
Diabetologia 2016, 59, 980–8. doi:10.1007/s00125-016-3884-9.

14.	Hill CL, Nguyen AM, Roder D, Roberts-Thomson P. Risk of cancer 
inpatients with scleroderma: a population based cohort study. Ann 
Rheum Dis 2003, 62, 728–31. doi:10.1136/ard.62.8.728.

15.	Oldroyd AGS, Allard AB, Callen JP, Chinoy H, Chung L, Fiorentino 
D, et al. A systematic review and meta-analysis to inform cancer 
screening guidelines in idiopathic inflammatory myopathies. Rheu-
matology (United Kingdom). 2021, 60, 2615–28.

16.	Bae EH, Lim SY, Han KD, Jung JH, Choi HS, Kim CS, et al. Sys-
temic lupus erythematosus is a risk factor for cancer: a nation-
wide population-based study in Korea. Lupus 2019, 28, 317–23. 
doi:10.1177/0961203319826672.

17.	Cobo-Ibáñez T, Urruticoechea-Arana A, Rúa-Figueroa I, Martín-
Martínez MA, Ovalles-Bonilla JG, Galindo M, et al. Hormonal 
dependence and cancer in systemic lupus erythematosus. Arthritis 
Care Res 2020, 72, 216–24.

18.	Straus SE, Jaffe ES, Puck JM, Dale JK, Elkon KB, Rösen-Wolff A, 
et al. The development of lymphomas in families with autoim-
mune lymphoproliferative syndrome with germline Fas mutations 
and defective lymphocyte apoptosis. Blood 2001, 98, 194–200. 
doi:10.1182/blood.v98.1.194.

19.	Bleesing JJH, Nagaraj CB, Zhang K. Autoimmune 
lymphoproliferative syndrome: ALPS. GeneReviews. 2006. https://
www.ncbi.nlm.nih.gov/books/NBK1108/.

20.	Tuohy VK, Kinkel RP. Epitope spreading: a mechanism for pro-
gression of autoimmune disease. Arch Immunol Ther Exp (Warsz) 
2000, 48, 347–51.

21.	Vanderlugt CL, Miller SD. Epitope spreading in immune-mediated 
diseases: implications for immunotherapy. Nat Rev Immunol 2002, 
2, 85–95. doi:10.1038/nri724.

22.	Duan L, Rao X, Sigdel KR. Regulation of inflammation in autoim-
mune disease. J Immunol Res 2019, 2019, 17–8.

23.	Neagu M, Constantin C, Caruntu C, Dumitru C, Surcel M, Zurac 
S. Inflammation: a key process in skin tumorigenesis (Review). 
Oncol Lett 2019, 17, 4068–84. doi:10.3892/ol.2018.9735.

24.	Meirow Y, Baniyash M. Immune biomarkers for chronic inflam-
mation related complications in non-cancerous and cancerous 
diseases. Cancer Immunol Immunother 2017, 66, 1089–101. 
doi:10.1007/s00262-017-2035-6.

25.	Selmi C, Lu Q, Humble MC. Heritability versus the role of the 
environment in autoimmunity. J Autoimmun. 2012, 39, 249–52. 
doi:10.1016/j.jaut.2012.07.011.

26.	Ceccarelli F, Agmon-Levin N, Perricone C. Genetic factors of auto-
immune diseases 2017. J Immunol Res 2017, 2017, 2–4.

27.	Lino CNR, Ghosh S. Epstein–Barr virus in inborn immunode-
ficiency—more than infection. Cancers (Basel) 2021, 13, 4752. 
doi:10.3390/cancers13194752

28.	Reusser NM, Downing C, Guidry J, Tyring SK. HPV carcinomas in 
immunocompromised patients. J Clin Med 2014, 4, 260–81.

29.	Andreas Strasser1, Philipp J Jost1 and SN. The many roles of FAS 
receptor signaling in the immune system. Immunity 2010, 30, 180–
92.

30.	 Jackson CE, Fischer RE, Hsu AP, Anderson SM, Choi Y, Wang J, 
et al. Autoimmune lymphoproliferative syndrome with defective 
Fas: genotype influences penetrance. Am J Hum Genet 1999, 64, 
1002–14. doi:10.1086/302333.

31.	Rieux-Laucat F, Blachère S, Danielan S, De Villartay JP, Oleastro 
M, Solary E, et al. Lymphoproliferative syndrome with autoimmu-
nity: a possible genetic basis for dominant expression of the clinical 
manifestations. Blood 1999, 94, 2575–82.

32.	Teachey D, Bride K. Autoimmune lymphoproliferative syndrome: 
more than a FAScinating disease. F1000Research 2017, 6, 1–16.

33.	Rieux-Laucat F, Magérus-Chatinet A, Neven B. The autoimmune 
lymphoproliferative syndrome with defective FAS or FAS-ligand 
functions. J Clin Immunol 2018, 38, 558–68. doi:10.1007/s10875-
018-0523-x.

34.	Beckmann, Müschen M, Warskulat U, Beckmann M. Defining 
CD95 as a tumor suppressor gene. J Mol Med (Berl). 2000 [cited 
2021 Aug 2];78(6):312–25. Available from: https://hadassah.
tdnetdiscover.com/results/mendeleycallback?token=ui.export.
mendeley.ab551e5c-9d30-44dc-b66a-a65bec566796&returnUrl=/
results/exportopenurl?sid=Entrez%3APubMed&id=pmid%3A11
001528&exportFormat=mendeley

https://doi.org/10.1186/s12885-015-2028-9
https://doi.org/10.1093/mutage/gez027
https://doi.org/10.1038/aps.2015.89
https://doi.org/10.1038/aps.2015.89
https://doi.org/10.3389/fimmu.2015.00185
https://doi.org/10.1186/s13075-015-0728-9
https://doi.org/10.1186/s13075-015-0728-9
http://www.impactjournals.com/oncotarget/
http://www.impactjournals.com/oncotarget/
https://doi.org/10.1007/s10875-021-00980-1
https://doi.org/10.1007/s10875-021-00980-1
https://doi.org/10.1016/j.jaci.2017.06.009
https://doi.org/10.3389/fcell.2021.664305
https://doi.org/10.1007/s00125-016-3884-9
https://doi.org/10.1136/ard.62.8.728
https://doi.org/10.1177/0961203319826672
https://doi.org/10.1182/blood.v98.1.194
https://www.ncbi.nlm.nih.gov/books/NBK1108/
https://www.ncbi.nlm.nih.gov/books/NBK1108/
https://doi.org/10.1038/nri724
https://doi.org/10.3892/ol.2018.9735
https://doi.org/10.1007/s00262-017-2035-6
https://doi.org/10.1016/j.jaut.2012.07.011
https://doi.org/10.3390/cancers13194752
https://doi.org/10.1086/302333
https://doi.org/10.1007/s10875-018-0523-x
https://doi.org/10.1007/s10875-018-0523-x
https://hadassah.tdnetdiscover.com/results/mendeleycallback?token=ui.export.mendeley.ab551e5c-9d30-44dc-b66a-a65bec566796&returnUrl=/results/exportopenurl?sid=Entrez%3APubMed&id=pmid%3A11001528&exportFormat=mendeley
https://hadassah.tdnetdiscover.com/results/mendeleycallback?token=ui.export.mendeley.ab551e5c-9d30-44dc-b66a-a65bec566796&returnUrl=/results/exportopenurl?sid=Entrez%3APubMed&id=pmid%3A11001528&exportFormat=mendeley
https://hadassah.tdnetdiscover.com/results/mendeleycallback?token=ui.export.mendeley.ab551e5c-9d30-44dc-b66a-a65bec566796&returnUrl=/results/exportopenurl?sid=Entrez%3APubMed&id=pmid%3A11001528&exportFormat=mendeley
https://hadassah.tdnetdiscover.com/results/mendeleycallback?token=ui.export.mendeley.ab551e5c-9d30-44dc-b66a-a65bec566796&returnUrl=/results/exportopenurl?sid=Entrez%3APubMed&id=pmid%3A11001528&exportFormat=mendeley
https://hadassah.tdnetdiscover.com/results/mendeleycallback?token=ui.export.mendeley.ab551e5c-9d30-44dc-b66a-a65bec566796&returnUrl=/results/exportopenurl?sid=Entrez%3APubMed&id=pmid%3A11001528&exportFormat=mendeley


125Clinical and Experimental Immunology, 2022, Vol. 210, No. 2

35.	Neven B, Magerus-Chatinet A, Florkin B, Gobert D, Lambotte 
O, De Somer L, et al. A survey of 90 patients with autoimmune 
lymphoproliferative syndrome related to TNFRSF6 mutation. 
Blood 2011, 118, 4798–807. doi:10.1182/blood-2011-04-347641.

36.	Price S, Shaw PA, Seitz A, Joshi G, Davis J, Niemela JE, et al. Nat-
ural history of autoimmune lymphoproliferative syndrome as-
sociated with FAS gene mutations. Blood 2014, 123, 1989–99. 
doi:10.1182/blood-2013-10-535393.

37.	Perkins K, Davis J, Price S, Niemela J, Huber AR, Wall DA, et al. 
Expanding spectrum of malignancies in ALPS: a cancer predisposing 
syndrome?. Blood. 2012, 120, 2149–2149. doi:10.1182/blood.
V120.21.2149.2149.

38.	Sun T, Miao X, Zhang X, Tan W, Xiong P, Lin D. Polymorphisms of 
death pathway genes FAS and FASL in esophageal squamous-cell 
carcinoma. J Natl Cancer Inst 2004, 96, 1030–6. doi:10.1093/jnci/
djh187.

39.	 Park J, Lee WK, Jung DK, Choi JE, Park TI, Lee EB, et al. 
Polymorphisms in the FAS and FASL genes and survival of early stage 
non-small cell lung cancer. Clin Cancer Res 2009, 15, 1794–800.

40.	Zhang X, Miao X, Sun T, Tan W, Qu S, Xiong P, et al. Functional 
polymorphisms in cell death pathway genes FAS and FASL con-
tribute to risk of lung cancer. J Med Genet 2005, 42, 479–84. 
doi:10.1136/jmg.2004.030106.

41.	Zhang B, Sun T, Xue L, Han X, Zhang B, Lu N, et al. Functional 
polymorphisms in FAS and FASL contribute to increased apoptosis 
of tumor infiltration lymphocytes and risk of breast cancer. Carcin-
ogenesis 2007, 28, 1067–73. doi:10.1093/carcin/bgl250.

42.	Wang W, Zheng Z, Yu W, Lin H, Cui B, Cao F. Polymorphisms of 
the FAS and FASL genes and risk of breast cancer. Oncol Lett 2012, 
3, 625–8. doi:10.3892/ol.2011.541.

43.	Scalapino KJ, Daikh DI. CTLA-4: a key regulatory point in the 
control of autoimmune disease. Immunol Rev 2008, 223, 143–55. 
doi:10.1111/j.1600-065X.2008.00639.x.

44.	Tai X, Van Laethem F, Sharpe AH, Singer A. Induction of autoim-
mune disease in CTLA-4-/- mice depends on a specific CD28 motif 
that is required for in vivo costimulation. Proc Natl Acad Sci USA 
2007, 104, 13756–61. doi:10.1073/pnas.0706509104.

45.	Schubert D, Bode C, Kenefeck R, Hou TZ, Wing JB, Kennedy 
A, et al. Autosomal dominant immune dysregulation syndrome 
in humans with CTLA4 mutations. Nat Med 2014, 20, 1410–6. 
doi:10.1038/nm.3746.

46.	Schwab C, Gabrysch A, Olbrich P, Patiño V, Warnatz K, Wolff 
D, et al. Phenotype, penetrance, and treatment of 133 CTLA-4-
insufficient individuals. J Allergy Clin Immunol 2018, 142, 1932–
46. http://www.ncbi.nlm.nih.gov/pubmed/29729943 %0Ahttp://
linkinghub.elsevier.com/retrieve/pii/S0091674918306304

47.	Kuehn HS, Ouyang W, LO B, Deenick EK, Niemela JE, Avery DT, 
Schickel JN, et al. Immune dysregulation in human subjects with 
heterozygous germline mutations in CTLA4. Science 2014, 345, 
1623–7. doi:10.1126/science.1255904

48.	Lo B, Fritz JM, Su HC, Uzel G, Jordan MB, Lenardo MJ. CHAI and 
LATAIE: new genetic diseases of CTLA-4 checkpoint insufficiency. 
Blood 2016, 128, 1037–42.

49.	Gámez-Díaz L, Grimbacher B. Immune checkpoint deficiencies and 
autoimmune lymphoproliferative syndromes. Biomed J. 2021, 44, 
400–11.

50.	Egg D, Schwab C, Gabrysch A, Arkwright PD, Cheesman E, 
Giulino-Roth L, et al. Increased risk for malignancies in 131 af-
fected CTLA4 mutation carriers. Front Immunol. 2018;9(SEP), 
1–23. doi:10.3389/fimmu.2018.02012

51.	Hayakawa S, Okada S, Tsumura M, Sakata S. A Patient with 
CTLA-4 haploinsufficiency presenting gastric cancer. J Clin 
Immunol 2016, 36, 28–32. doi:10.1007/s10875-015-0221-x

52.	Alkhairy OK, Abolhassani H, Rezaei N, Fang M, Andersen KK, 
Chavoshzadeh Z, et al. Spectrum of phenotypes associated with 
mutations in LRBA. J Clin Immunol 2016, 36, 33–45.

53.	Tesch VK, Abolhassani H, Shadur B, Zobel J, Mareika Y, Sharapova 
S, et al. Long-term outcome of LRBA deficiency in 76 patients after 
various treatment modalities as evaluated by the immune deficiency 

and dysregulation activity (IDDA) score. J Allergy Clin Immunol 
2020, 145, 1452–63.

54.	Bratanič N, Kovač J, Pohar K, Trebušak Podkrajšek K, Ihan A, 
Battelino T, et al. Multifocal gastric adenocarcinoma in a patient 
with LRBA deficiency. Orphanet J Rare Dis 2017, 12, 1–8.

55.	Seif F, Khoshmirsafa M, Aazami H, Mohsenzadegan M, Sedighi 
G, Bahar M. The role of JAK-STAT signaling pathway and its 
regulators in the fate of T helper cells. Cell Commun Signal 2017, 
15, 1–13.

56.	Villarino AV, Kanno Y, Shea JJO. Mechanism of JAK/STAT 
signaling in immunity disease“. J Immunol 2016, 194, 21–7.

57.	Recio C, et al.; H.A.Tavío, M.G.Rodríguez, M.Garrido, 
P.M.Rodríguez BG and LFP. JAK, an Oncokinase in Hema-
tological Cancer. 2019, 13. doi: 10.5772/intechopen84177. 
2019;(tourism):13. Available from: https://www.intechopen.com/
books/advanced-biometric-technologies/liveness-detection-in-
biometrics

58.	Howell MD, Kuo FI, Smith PA. Targeting the Janus kinase family 
in autoimmune skin diseases. Front Immunol 2019, 10, 2342. 
doi:10.3389/fimmu.2019.02342

59.	P Macchi LDN et al. Mutations of Jak-3 gene in patients with 
autosomal severe combined immune deficiency (SCID). 1995. p. 
377:65-8.

60.	Notarangelo LD, Mella P, Jones A, De Basile G S, Savoldi G, Cran-
ston T, et al. Mutations in severe combined immune deficiency 
(SCID) due to JAK3 deficiency. Hum Mutat 2001, 18, 255–63.

61.	O’Shea JJ, Husa M, Li D, Hofmann SR, Watford W, Roberts JL, 
et al. Jak3 and the pathogenesis of severe combined immunodefi-
ciency. Mol Immunol 2004, 41, 727–37.

62.	Russell SM, Tayebi N, Nakajima H, Riedy MC, Roberts JL, Aman 
MJ, et al. Mutation of Jak3 in a patient with SCID: Essential role 
of Jak3 in lymphoid development. Science 1995, 270, 797–800.

63.	Witalisz-Siepracka A, Klein K, Prinz D, Leidenfrost N, Schabbauer 
G, Dohnal A, et al. Loss of JAK1 drives innate immune deficiency. 
Front Immunol 2019, 10, 1–9.

64.	Eletto D, Burns SO, Angulo I, Plagnol V, Gilmour KC, Henriquez F, 
et al. Biallelic JAK1 mutations in immunodeficient patient with my-
cobacterial infection. Nat Commun. 2016, 7, 1–12. doi:10.1038/
ncomms13992.

65.	Del Bel KL, Ragotte RJ, Saferali A, Lee S, Vercauteren SM, 
Mostafavi SA, et al. JAK1 gain-of-function causes an autosomal 
dominant immune dysregulatory and hypereosinophilic syndrome. 
J Allergy Clin Immunol. 2017;139(6):2016–2020.e5.

66.	Kreins AY, Ciancanelli MJ, Okada S, Kong XF, Ramírez-Alejo N, 
Kilic SS, et al. Human TYK2 deficiency: Mycobacterial and viral 
infections without hyper-IgE syndrome. J Exp Med 2015, 212, 
1641–62.

67.	Akada H, Akada S, Hutchison RE, Sakamoto K, Wagner KU, Mohi 
G. Critical role of Jak2 in the maintenance and function of adult 
hematopoietic stem cells. Stem Cells 2014, 32, 1878–89.

68.	Alabdulaali MK. The role of JAK2 abnormalities in hematologic 
neoplasms. Hematol Rep 2009, 1, 10.

69.	Goldin LR, Björkholm M, Kristinsson SY, Samuelsson J, Landgren 
O. Germline and somatic JAK2 mutations and susceptibility to 
chronic myeloproliferative neoplasms. Genome Med 2009, 1, 3–5.

70.	Levine RL, Pardanani A, Tefferi A, Gilliland DG. Role of JAK2 in 
the pathogenesis and therapy of myeloproliferative disorders. Nat 
Rev Cancer 2007, 7, 673–83.

71.	Nielsen C, Birgens HS, Nordestgaard BG, Kjær L, Bojesen SE. The 
JAK2 V617F somatic mutation, mortality and cancer risk in the 
general population. Haematologica 2011, 96, 450–3.

72.	Hubbard SR. Mechanistic insights into regulation of JAK2 tyrosine 
kinase. Front Endocrinol (Lausanne). 2018, 8, 1–7.

73.	Shahmarvand N, Nagy A, Shahryari J, Ohgami RS. Mutations in 
the signal transducer and activator of transcription family of genes 
in cancer. Cancer Sci 2018, 109, 926–33.

74.	Kamran MZ, Patil P, Gude RP. Role of STAT3 in cancer metas-
tasis and translational advances. Biomed Res Int 2013, 2013, 1–15. 
doi:10.1155/2013/421821

https://doi.org/10.1182/blood-2011-04-347641
https://doi.org/10.1182/blood-2013-10-535393
https://doi.org/10.1182/blood.V120.21.2149.2149
https://doi.org/10.1182/blood.V120.21.2149.2149
https://doi.org/10.1093/jnci/djh187
https://doi.org/10.1093/jnci/djh187
https://doi.org/10.1136/jmg.2004.030106
https://doi.org/10.1093/carcin/bgl250
https://doi.org/10.3892/ol.2011.541
https://doi.org/10.1111/j.1600-065X.2008.00639.x
https://doi.org/10.1073/pnas.0706509104
https://doi.org/10.1038/nm.3746
http://www.ncbi.nlm.nih.gov/pubmed/29729943
https://doi.org/10.1126/science.1255904
https://doi.org/10.3389/fimmu.2018.02012
https://doi.org/10.1007/s10875-015-0221-x
https://doi.org/10.5772/intechopen84177
https://www.intechopen.com/books/advanced-biometric-technologies/liveness-detection-in-biometrics
https://www.intechopen.com/books/advanced-biometric-technologies/liveness-detection-in-biometrics
https://www.intechopen.com/books/advanced-biometric-technologies/liveness-detection-in-biometrics
https://doi.org/10.3389/fimmu.2019.02342
https://doi.org/10.1038/ncomms13992
https://doi.org/10.1038/ncomms13992
https://doi.org/10.1155/2013/421821


126 Matza Porges and Shamriz

75.	Halim CE, Deng S, Ong MS, Yap CT. Involvement of STAT5 in 
Oncogenesis. Biomedicines 2020; 8, 316.

76.	Shamriz O, Lev A, Simon AJ, Barel O, Javasky E, Matza-Porges S, 
et al. Chronic demodicosis in patients with immune dysregulation: 
an unexpected infectious manifestation of signal transducer and 
activator of transcription (STAT) 1 gain-of-function. Clin Exp 
Immunol 2021, 206, 56–67. doi:10.1111/cei.13636

77.	Giovannozzi S, Demeulemeester J, Schrijvers R, Gijsbers R. Tran-
scriptional profiling of STAT1 gain-of-function reveals common 
and mutation-specific fingerprints. Front Immunol. 2021;12(Feb-
ruary):1–14.

78.	Khodarev NN, Roizman B, Weichselbaum RR. Molecular 
pathways: interferon/Stat1 pathway: role in the tumor resistance to 
genotoxic stress and aggressive growth. Clin Cancer Res 2012, 18, 
3015–21.

79.	Liu S, Imani S, Deng Y, Pathak JL, Wen Q, Chen Y, et al. Targeting 
IFN/STAT1 pathway as a promising strategy to overcome 
radioresistance. Onco Targets Ther 2020, 13, 6037–50.

80.	Hix LM, Karavitis J, Khan MW, Shi YH, Khazaie K, Zhang M. 
Tumor STAT1 transcription factor activity enhances breast tumor 
growth and immune suppression mediated by myeloid-derived sup-
pressor cells. J Biol Chem 2013, 288, 11676–88. doi:10.1074/jbc.
M112.441402.

81.	Chang TLY, Peng X, Fu XY. Interleukin-4 mediates cell growth 
inhibition through activation of Stat1. J Biol Chem 2000, 275, 
10212–7. doi:10.1074/jbc.275.14.10212.

82.	Toubiana J, Okada S, Hiller J, Oleastro M, Gomez ML, Becerra 
JCA, et al. Heterozygous STAT1 gain-of-function mutations un-
derlie an unexpectedly broad clinical phenotype. Blood 2016, 127, 
3154–64.

83.	Henrickson SE, Dolan JG, Forbes LR, Vargas-Hernandez A, 
Nishimura S, Okada S, et al. Gain-of-function STAT1 mutation 
with familial lymphadenopathy and Hodgkin lymphoma. Front 
Pediatr 2019, 7, 1–5.

84.	Flanagan SE, Haapaniemi E, Russell MA, Caswell R, Allen L, 
Franco ED, et al. Activating germline mutations in STAT3 cause 
early-onset multi- organ autoimmune disease. Nat Genet 2015, 46, 
812–4. 

85.	Fabre A, Marchal S, Barlogis V, Mari B, Barbry P, Rohrlich PS, et 
al. Clinical aspects of STAT3 gain-of-function germline mutations: 
a systematic review. J Allergy Clin Immunol Pract 2019, 7, 1958–
1969.e9.

86.	Faletti L, Ehl S, Heeg M. Germline STAT3 gain-of-function 
mutations in primary immunodeficiency: impact on the cellular 
and clinical phenotype. Biomed J 2021, 44, 412–21. doi:10.1016/j.
bj.2021.03.003.

87.	Milner JD, Vogel TP, Forbes L, Ma CA, Stray-Pedersen A, Niemela 
JE, et al. Early-onset lymphoproliferation and autoimmunity caused 
by germline STAT3 gain-of-function mutations. Blood 2015, 125, 
591–9.

88.	Teramo A, Barilà G, Calabretto G, Ercolin C, Lamy T, Moignet A, 
et al. STAT3 mutation impacts biological and clinical features of 
T-LGL leukemia. Oncotarget 2017, 8, 61876–89.

89.	Kollmann S, Grundschober E, Maurer B, Warsch W, Grausenburger 
R, Edlinger L, et al. Twins with different personalities: STAT5B—
but not STAT5A—has a key role in BCR/ABL-induced leukemia. 
Leukemia 2019, 33, 1583–97.

90.	Nosaka T, Kawashima T, Misawa K, Ikuta K, Mui ALF, Kitamura 
T. STAT5 as a molecular regulator of proliferation, differentiation 
and apoptosis in hematopoietic cells. EMBO J 1999, 18, 4754–65.

91.	 Kanai T, Jenks J, Nadeau KC. The STAT5b pathway defect and 
autoimmunity. Front Immunol 2012, 3, 1–8.

92.	 Rani A, Murphy JJ. STAT5 in Cancer and Immunity. J Interferon 
Cytokine Res. 2016, 36, 226–37. doi:10.1089/jir.2015.0054

93.	 Maurer B, Kollmann S, Pickem J, Hoelbl-Kovacic A, Sexl V. 
STAT5A and STAT5B—twins with different personalities in he-
matopoiesis and leukemia. Cancers (Basel) 2019, 11, 1–44. 
doi:10.3390/cancers11111726.

94.	 Klammt J, Neumann D, Gevers EF, Andrew SF, Schwartz ID, 
Rockstroh D, et al. Dominant-negative STAT5B mutations cause 
growth hormone insensitivity with short stature and mild immune 
dysregulation. Nat Commun 2018, 9, 1–10. doi: 10.1038/s41467-
018-04521-0

95.	 Pham HTT, Maurer B, Prchal-Murphy M, Grausenburger R, 
Grundschober E, Javaheri T, et al. STAT5B N642H is a driver mu-
tation for T cell neoplasia. J Clin Invest 2018, 128, 387–401.

96.	 Redenbaugh V, Coulter T. Disorders related to PI3Kδ 
hyperactivation: characterizing the clinical and immunological 
features of activated PI3-kinase delta syndromes. Front Pediatr 
2021, 9, 1–7.

97.	 Coulter TI, Chandra A, Bacon CM, Babar J, Curtis J, Screaton N, 
et al. Clinical spectrum and features of activated phosphoinositide 
3-kinase δ syndrome: a large patient cohort study. J Allergy Clin 
Immunol. 2017;139(2):597–606.e4.

98.	 Preite S, Gomez-Rodriguez J, Cannons JL, Schwartzberg PL. T and 
B-cell signaling in activated PI3K delta syndrome: from immuno-
deficiency to autoimmunity. Immunol Rev 2019, 291, 154–73.

99.	 Hoshino A, Okada S, Yoshida K, Nishida N, Okuno Y, Ueno H, et 
al. Abnormal hematopoiesis and autoimmunity in human subjects 
with germline IKZF1 mutations. J Allergy Clin Immunol 2017, 
140, 223–31. doi:10.1016/j.jaci.2016.09.029.

100.	Chen Q, Shi Y, Chen Y, Ji T, Li Y, Yu L. Multiple functions of 
Ikaros in hematological malignancies, solid tumor and au-
toimmune diseases. Gene 2019, 684, 47–52. doi:10.1016/j.
gene.2018.10.045.

101.	Kuehn HS, Nunes-Santos CJ, Rosenzweig SD. Germline IKZF1 
mutations and their impact on immunity: IKAROS-associated 
diseases and pathophysiology. Expert Rev Clin Immunol 2021, 
17, 407–16. doi:10.1080/1744666X.2021.1901582.

102.	Cytlak U, Resteu A, Bogaert D, Kuehn HS, Altmann T, Gennery A, 
et al. Ikaros family zinc finger 1 regulates dendritic cell develop-
ment and function in humans. Nat Commun 2018, 9, 1–10.

103.	Chen L, Niu Q, Huang Z, Yang B, Wu Y, Zhang J. IKZF1 
polymorphisms are associated with susceptibility, cytokine levels, 
and clinical features in systemic lupus erythematosus. Medicine 
(Baltim) 2020, 99, e22607.

104.	Marke R, Van Leeuwen FN, Scheijen B. The many faces of IKZF1 
in B-cell precursor acute lymphoblastic leukemia. Haematologica 
2018, 103, 565–74.

105.	Payne KJ, Dovat S. Ikaros and tumor suppression in acute Lym-
phoblastic leukemia. Crit Rev Oncog 2011, 16, 3–12.

106.	Alexander TB, Mullighan CG. Molecular biology of childhood 
leukemia. Annu Rev Cancer Biol 2020, 5, 95–117.

107.	Ding Y, Zhang B, Payne JL, Song C, Ge Z, Gowda C, et al. Ikaros 
tumor suppressor function includes induction of active enhancers 
and super-enhancers along with pioneering activity. Leukemia 
2019, 33, 2720–31. doi:10.1038/s41375-019-0474-0.

108.	Churchman ML, Low J, Qu C, Paietta EM, Lawryn H, Chang 
Y, et al. Efficacy of retinoids in IKZF1-mutated BCR-ABL1 acute 
lymphoblastic leukemia. Cancer Cell 2016, 28, 343–56.

109.	Churchman ML, Qian M, te Kronnie G, Zhang R, Yang W, Zhang 
H, et al. Germline genetic IKZF1 variation and predisposition to 
childhood acute lymphoblastic leukemia. Cancer Cell 2018, 33, 
937–948.e8.

110.	Kuehn HS, Boisson B, Cunningham-Rundles C, Reichenbach J, 
Stray-Pedersen A, Gelfand EW, et al. Loss of B cells in patients 
with heterozygous mutations in IKAROS. N Engl J Med 2016, 
374, 1032–43.

111.	A. P. Hsu LJ. McReynolds SMH. GATA2 deficiency. Curr Opin 
Allergy Clin Immunol 2015, 15, 104–9.

112.	Bresnick EH, Jung MM, Katsumura KR. Human GATA2 
mutations and hematologic disease: how many paths to patho-
genesis?. Blood Adv 2020, 4, 4584–92.

113.	Sweeney SM, Cerami E, Baras A, Pugh TJ, Schultz N, Stricker T, et 
al. AACR project genie: powering precision medicine through an 
international consortium. Cancer Discov 2017, 7, 818–31.

https://doi.org/10.1111/cei.13636
https://doi.org/10.1074/jbc.M112.441402
https://doi.org/10.1074/jbc.M112.441402
https://doi.org/10.1074/jbc.275.14.10212
https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1089/jir.2015.0054
https://doi.org/10.3390/cancers11111726
https://doi.org/10.1038/s41467-018-04521-0
https://doi.org/10.1038/s41467-018-04521-0
https://doi.org/10.1016/j.jaci.2016.09.029
https://doi.org/10.1016/j.gene.2018.10.045
https://doi.org/10.1016/j.gene.2018.10.045
https://doi.org/10.1080/1744666X.2021.1901582
https://doi.org/10.1038/s41375-019-0474-0


127Clinical and Experimental Immunology, 2022, Vol. 210, No. 2

114.	Spinner MA, Sanchez LA, Hsu AP, Shaw PA, Zerbe CS, Calvo 
KR, et al. GATA2 deficiency: a protean disorder of hematopoiesis, 
lymphatics, and immunity. Blood 2014, 123, 809–21.

115.	Nanaa A, Viswanatha D, Xie Z, Jevremovic D, Nguyen P, Salama 
ME, et al. Clinical and biological characteristics and prognostic 
impact of somatic GATA2 mutations in myeloid malignancies: a 
single institution experience. Blood Cancer J 2021, 11, 15–8.

116.	Courtois G, Gilmore TD. Mutations in the NF-κB signaling 
pathway: implications for human disease. Oncogene 2006, 25, 
6831–43.

117.	Karin M. Nuclear factor-κB in cancer development and progressio. 
Nature 2006, 441, 431–6.

118.	Weichert W, Boehm M, Gekeler V, Bahra M, Langrehr J, Neuhaus 
P, et al. High expression of RelA/p65 is associated with activa-
tion of nuclear factor-κB-dependent signaling in pancreatic cancer 
and marks a patient population with poor prognosis. Br J Cancer 
2007, 97, 523–30.

119.	Wu D, Wu P, Zhao L, Huang L, Zhang Z, Zhao S, et al. NF-
κB expression and outcomes in solid tumors: a systematic review 

and meta-analysis. Medicine (United States) 2015, 94, 1–12. 
doi:10.1097/MD.0000000000001687

120.	Bignell GR, Warren W, Seal S, Takahashi M, Rapley E, Barfoot 
R, et al. Identification of the familial cylindromatosis tumour-
suppressor gene. Nat Genet 2000, 25, 160–5.

121.	Sun S-C. CYLD: a tumor suppressor deubiquitinase regulating 
NF-κB activation and diverse biological processes. Cell Death 
Differ 2010, 17, 25–34.

122.	Zhou, Fan, Zhou and N. CYLD in hematological malignancies. 
Ann Case Reports. 2021, 6, 1–5. doi: 10.29011/2574-7754.100606

123.	Dubois A, Rajan N. CYLD cutaneous syndrome summary clinical 
characteristics genetic counseling. Genereviews. 2021, 1, 1–24.

124.	Karin M, Greten FR. NF-κB: Linking inflammation and immunity 
to cancer development and progression. Nat Rev Immunol 2005, 
5, 749–59.

125.	Swann JB, Smyth MJ. Immune surveillance of tumors. J Clin In-
vest 2007, 117, 1137–46.

126.	Kim R, Emi M, Tanabe K. Cancer immunoediting from immune 
surveillance to immune escape. Immunology 2007, 121, 1–14.

https://doi.org/10.1097/MD.0000000000001687
https://doi.org/10.29011/2574-7754.100606

