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Abstract

Fanconi anemia (FA) is an inherited disorder characterized by diverse congenital malformations, 

progressive pancytopenia, and predisposition to hematological malignancies and solid tumors. 

The role of the Fanconi anemia pathway in DNA repair mechanisms and genome instability 

is well studied. However, the consequences of inherited mutations in genes encoding the FA 

proteins and the acquired mutations due to impaired DNA repair complex in immune cells are far 

from understood. Patients with FA show bone marrow failure (BMF) and have a higher risk of 

developing myelodysplasia (MDS) or acute myeloid leukemia (AML) which are directly related 

to having chromosomal instability in hematopoietic stem cells and their subsequent progeny. 

However, immune dysregulation can also be seen in FA. As mature descendants of the common 

lymphoid progenitor line, NK cells taken from FA patients are dysfunctional in both NK cell-

mediated cytotoxicity and cytokine production. The molecular bases for these defects are yet to 

be determined. However, recent studies have provided directions to define the cause and effect 

of inherited and acquired mutations in FA patients. Here, we summarize the recent studies in the 

hematopoietic dysfunction, focusing on the impairment in the development and functions of NK 

cells in FA patients, and discuss the possible mechanisms and future directions.
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I. INTRODUCTION

Pediatrician Guido Fanconi first described Fanconi anemia (FA) in 19271,2 when he treated 

a family in which 3 children had pancytopenia and congenital malformations. The disease 

manifested between the ages of 5 and 7, and all 3 died of a severe condition that resembled 

pernicious anemia.2 Detailed observations by Fanconi provided the basis for its clinical 

presentation and its earliest disease diagnosis. FA is a rare disease with an estimated 1 

in 360,000 live births and a carrier frequency of approximately 1 in 181.3,4 FA can be 

challenging to diagnose due to a wide variety of symptoms presented by the patients.2 

FA is characterized by diverse congenital and developmental defects, including short 

stature, microcephaly, abnormal skin pigmentation, and genitourinary and gastrointestinal 

abnormalities.5–9

At least 21 FA genes have been identified to date, and they are: FANCA, FANCB, 

FANCC, BRCA2/FANCD1, FANCD2, FANCE, FANCF, FANCG, FANCI, BRIP1/FANCJ, 

FANCL, FANCM, PALB2/FANCN, RAD51C/FANCO, SLX4/FANCP, ERCC4/FANCQ, 

RAD51/FANCR, BRCA1/FANCS, UBE2T/FANCT, XRCC2/FANCU, and MAD2L2/

REV7/FANCV.10–13 FANCM, FANCO, FANCR, and FANCS are FA-like genes because 

they are not associated with bone marrow failure (BMF) in FA patients.14,15 FA has different 

complementation groups based on the mutated genes in FA patients.16,17 Approximately 

85% of all patients in the International Fanconi Anemia Registry (IFAR) with a known 

complementation group are defective in one of the three most common disease-causing 

genes FANCA, FANCC, FANCG.18

Most FA groups are inherited in an autosomal recessive manner, but complementation Group 

B is X-linked recessive.19 FANCR gene dominant-negative mutation has been reported 

in patients with FA.20 Hematologic abnormalities occur in almost all FA patients, most 

presenting with BMF in the first decades of life.21 The BM microenvironment of patients 

with FA is hyperinflammed, related to increased levels of tumor necrosis factor-α (TNF-α) 

and interferon-γ (IFN-γ). This may have a role in the apoptosis of hematopoietic stem cells 

(HSCs) and, as a consequence, a significant impairment in lymphocyte development.15,22 In 

addition to adverse effects of IFN-γ, TNF-α, and other pro-inflammatory cytokines in FA 

patients, BMF may be exaggerated by the toxic effect of endogenous aldehyde and DNA 

damage-induced p53 activation, both of which result in HSC ablasion.15,23 One important 

outcome of this germline predisposition to DNA damage is the impaired ability of NK cell 

development and function.24–26

FA patients are monitored for myelodysplastic syndrome (MDS) and acute myeloid 

leukemia (AML).27 Clonal evolution into MDS or AML occurs in 30% of FA patients 

by age 40, which frequently associates anomalies in a gain of 1q and 3q, deletion of 7q, 

and RUNX1 gene.28 The presence of aberration in chromosome 3 has been associated 

with hematopoietic malignancy. In these patients, the 3-year risk of MDS was 90%, and 

AML was 17%.15,29,30 FA patients also show a high predisposition to other types of 

cancers. The most common cancers in these patients are of the head and neck, breast, 

and gastrointestinal tract.11 This review will focus on the impairment in the hematopoietic 
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compartment, emphasizing the developmental and functional defects of NK cells in FA 

patients.

II. FANCONI ANEMIA PATHWAY AND DNA REPAIR MECHANISM

FA gene products are essential in repairing DNA interstrand crosslinks (ICLs) and regulating 

cellular responses to the genotoxic stress imposed by cell division. ICLs are covalent 

binding of 2 nucleotides in DNA strands caused by exogenous and endogenous factors 

that can impede DNA replication and transcription in cells.31 Due to these reasons, FA 

patients are susceptible to DNA damaging agents, and their DNA is sensitive to breakage 

when cultured with mitomycin C (MMC) or diepoxybutane (DEB), which results in G2/M 

arrest.32 The FA pathway is responsible for repairing ICLs and maintaining genome 

integrity. FANCM is a DNA-binding protein with helicase activity that recognizes the DNA 

lesions after phosphorylation by the ataxia-telangiectasia (ATM) and RAD3-related (ATR) 

checkpoint kinase.33 This protein senses the ICLs with the cooperation of other proteins, 

including FA-associated protein 24 (FAAP24) and the histone fold proteins MHF1 (also 

known as FAAP16 or CENPS) and MHF2 (also known as FAAP10 or CENPX) (Fig. 1).

FANCM recruits the FA core complex, which is comprised of 14 proteins (FANCA, 

FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM, FANCT, FAAP100, 

MHF1, MHF2, FAAP20, and FAAP24).34 In some studies, the FANCM gene is excluded 

from the bonafide FA genes because loss-of-function FANCM variants are more common 

than initially predicted.13 FA core complex functions as a ubiquitin ligase for two other 

FA proteins, FANCD2 and FANCI, by the RING-finger containing E3 ubiquitin ligase, 

FANCL. Activation of FANCD2–FANCI complex triggers the DNA damage response. The 

FA pathway promotes ICLs repair through the incision of the lesion by nucleases such 

as FANCP (SLX4) and ERCC4, and the resulting DNA incision is repaired as BRCA2 

promotes the formation of RAD-51-based nucleoprotein filaments on single-strand DNA 

for homologous recombination (Fig. 2). Deubiquitylation of the FANCD2-FANCI complex 

by USP1-UAF1 is required for the correct functioning of the FA pathway.35 Biallelic 

inactivation of any of the above key components of core complex results in FA.

III. FANCONI ANEMIA AND IMMUNE DEFECTS

FA genes are involved in the physiological response to DNA damage. A failure of the FA 

complex results in BMF. Many children with FA invariably experience pancytopenia during 

the first decade of life, associated with stem cell loss in the hematopoietic compartment.36–

40 BMF is the major cause of morbidity and mortality of FA.32,41 Patients with FA have 

a higher risk of developing MDS or AML. These indicate that mutations in FANC genes 

not only result in quantitative immune defects, but can also result in impaired immune cell 

development, differentiation, and functions.42

In order to better understand this DNA repair deficiency, murine models have been 

developed to analyze the impact of FA mutations on hematopoietic stem cells. However, 

these animal models have not faithfully replicated the clinical pathology seen in FA 

patients.43 FANC–/– mice did not present with any of the hematological impairments found 
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in FA patients.44,45 Sequential, nonlethal doses of MMC caused a progressive decrease 

in all peripheral blood parameters of FANC–/– mice. These agents specifically target the 

BM compartment, with no effect on other proliferative tissues.45 Other studies indicate 

that FA knockout mouse models such as FANCA, FANCC, FANCD2, or FANCG do not 

display all the major FA clinical manifestations, such as spontaneous hematological defects 

and leukemia development.46 A potential reason for the disease discrepancies between 

FA patients and murine models could be the lack of inflammatory stress in the murine 

models.47 These complications with animal models possess a significant limitation in 

obtaining clinically-relevant knowledge. However, recent advances with humanized-mice 

models and advanced technologies, including single-cell transcriptomic profiling, provide 

opportunities to define the molecular basis of FA.

The immune system in FA patients can be defective in different ways. Increased apoptosis 

could be due to a higher level of the death receptor Fas (CD95) in CD34+ stem cells from 

patients with FA.47 Conversely, overexpression of the FANCC protein suppresses apoptosis 

in CD34+ stem cells from FANCC patients.48 Several studies have investigated lymphocyte 

function and development in FA patients.24,49–52 Myers et al. reported quantitative and 

functional evaluation of immune function in 10 children with FA. Total numbers of B and 

NK cells were decreased compared to controls, while the T cell numbers were within the 

expected range in these patients.53 Another study from the same group indicates a lower 

number of CD4+ T cells in a larger FA cohort who have not undergone bone marrow 

transplantation. In this study, they assessed immune cell numbers and function in 29 FA 

patients. B cells, memory B cells, and the serum levels of IgM were decreased in these 

patients, while CD8+ T cell and absolute T cell numbers were comparable to that of healthy 

controls. Cytotoxic T cells and antigen-specific proliferation response to tetanus and candida 

were also diminished in these patients.54 However, there has not been consensus across 

studies; for example, another study states that CD8+ T cells were lower in FA patients 

compared to healthy controls, leading to an increased ratio of CD4:CD8 T cells.55

In addition to lymphocytes, monocytes and macrophages also show impaired functions 

in the murine models of FA.56 Liu et al. examined FANCC−/− mice for macrophage 

functions. Their study indicates impaired cytoskeletal rearrangements in FANCC−/− 

macrophages and altered monocyte/macrophage trafficking in vivo. FANCC−/− peritoneal 

macrophages displayed impaired adhesion to fibronectin or endothelial cells, reduced 

chemoattractant-mediated migration, and decreased phagocytosis. Moreover, dysregulated 

F-actin rearrangement was detected in FANCC−/− macrophages after adhesion to 

fibronectin.56 FA patients show dysregulation of immune factors like cytokines and 

chemokines. The elevated level of TNF-α in FA patients led to the accumulation of 

inflammatory reactive oxygen species (ROS) and deregulated stress kinase (p38 and JNK) 

activation in FA bone marrow cells.42 ROS accumulation and kinase activation initiate 

apoptosis of bone marrow cells and clonal proliferation, leading to BMF, MDS, or AML 

in FA patients. The increased secretion of TNF-α and altered production of other growth 

factors and cytokines, including reduced expression of interleukin-6 (IL-6) and granulocyte-

macrophage colony-stimulating factor (GM-CSF), may change the BM microenvironment 

by leading to factor deprivation or constant exposure to mitogenic inhibitors.57 These studies 
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indicate that the dysfunction of immune cells in FA patients; however, the molecular basis of 

this immune dysfunction is yet to be fully understood.

IV. IMPAIRED NK CELLS DEVELOPMENT AND FUNCTION IN FANCONI 

ANEMIA

FA patients have been reported to have reduced absolute numbers and the percentages of 

NK cells.25,26,37 Immunological assessment in a large FA cohort of 49 patients who have 

not undergone hematopoietic stem cell transplantation or developed malignancies showed 

the number of NK cells reduced significantly compared to healthy individuals.54 However, 

in another study evaluating 42 FA patients, there was no difference noted in the total number 

of NK cells, while the proportions of CD56bright and CD56dim NK subsets were changed.55 

This study found an increase in the CD56bright NK subset in FA patients compared to 

healthy controls. Additionally, CD56dim NK cells showed decreased CD16 expression, 

which is an important marker for cytotoxicity. Reduction in NK cell numbers and decreased 

cytotoxic potentials have a causal relationship with increased susceptibility to infections, 

including flaviviruses, viral hepatitis, influenza, and HIV.58 Thus, acute or chronic viral 

infections seen in FA patients could be due to not only a reduced NK cell number but also 

their effector functions.

NK cells mediate their cytotoxic functions against transformed or infected cells, 

primarily utilizing the perforin/granzyme pathway.59 Recent studies have described a 

defective degranulation mechanism as the cause of impaired NK-cell cytotoxicity in FA 

patients.25,26,37 Flow cytometry-based analyses found that while the intracellular perforin 

was of expected levels, the degranulation of cytotoxic vesicles based on the cell surface 

expression of CD107a was significantly reduced.26 These findings indicate that a defect 

in the DNA repair complex could have resulted in acquired mutations in one of the 

essential proteins involved in the sorting and trafficking of the cytotoxic granule-containing 

vesicles or the Fanconi proteins themselves involved in this exocytosis pathway. Recent 

studies have shown that FA proteins are involved in cellular functions apart from non-DNA 

repair, including immune response.60–62 The residual NK cell activity in FA patients could 

ironically also harm their hematopoietic cells while protecting them from chronic infections. 

NKG2D provides sufficient stimulus to activate cytolysis and cytokine production by 

interacting with their ligands, including MIC-A, MIC-B, and ULBPs.63,64 Earlier work 

showed that mouse and human NKG2D ligands are upregulated in non-tumor cell lines 

by exposure to genotoxic stress and drugs that stall DNA replication, such as MMC, 

hydroxyurea, and 5-fluorouracil.65 Following exposure to these pharmacological agents, 

major DNA damage checkpoint pathways, initiated by mutated ATM and ATR (ATM- 

and Rad3-related) protein kinases are activated.65 This ligand upregulation within the 

hematopoietic compartment can make these cells targets of NK cell-mediated cytotoxicity. 

Thus, genotoxicity resulting from DNA damage can mount an immune response from NK 

cells leading to the loss of hematopoietic cells. A cautious analysis is required to determine 

whether autologous NK cells commit this fraternal killing.
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How an impairment in the DNA repair pathway leads to developmental and functional 

defects in NK cells in FA patients is not understood. Controlled DNA breakage is an 

essential mechanism for normal differentiation and maturation of T and B cells during their 

ontogeny. A defect in this process at an early age in individuals could result in impaired 

adaptive immunity with pathological consequences. In contrast to cytotoxic T cells, NK 

cells neither utilize clonotypic receptors nor require prior antigen exposure to mediate their 

anti-tumor effects.66,67 RAG1 and RAG2 genes are involved in immunoglobulin V-D-J in 

B cell receptor and T cell receptor recombinations. Defects in RAG1 and RAD2 genes 

cause several diseases.68 A recent study indicated that RAG1 and RAG2 might play essential 

roles in NK cells.66,69 NK cells that lacked RAG expression have a decreased expression 

in essential components of the DNA damage response, including DNA-PKcs (PRKDC), 

Ku80 (XRCC5), Chk2 (CHEK2), and ATM (ATM) and inefficient DNA repair in mature 

cells. Similar issues in repairing DNA damage and an increased inflammatory response 

were found in the inherited disease Ataxia-Telangiectasia syndrome, a cancer predisposition 

syndrome.70 Thus, using these examples, impairment in the DNA damage pathway could 

have an impact on the development and functionality of NK cells.

Acquired mutations can occur in transcription factors or functional genes of NK cells in 

FA patients. Defects in transcription factors can lead to progressive loss of NK progenitors 

and thereby a reduced number of mature NK cells. If genes that encode functional proteins 

such as perforin and granzymes acquire mutations, this could lead to impaired effector 

functions. Deleterious mutations in genes encoding perforin or granzyme-b can result 

in impaired NK cell-mediated cytotoxicity. However, earlier studies have not reported 

such acquired mutations due to the defective DNA repair complex in FA patients. The 

proposed non-canonical functions of FA proteins hold the promise to explain the wide range 

of heterogeneous clinical manifestations seen in these patients. Therefore, novel cellular 

functions ascribed to FA proteins may provide mechanistic explanations.

Earlier studies have shown that the core DNA complex comprised of FANCA, FANCC, 

FANCD2, FANCF, and FANCG may interact with non-FA proteins such as the Sorting 

Nexin protein (SNX5), Brahma-Related Gene 1 protein (BRG1), IκB Kinase-2 (IKK2), 

Breast Cancer 1 (BRCA1) and is involved in various cellular functions.71–74 Murine 

FANCD2 localizes within mitochondrion and associates with the nucleoid complex 

components ATAD3 and TUFM.74 Interaction between FANCA and SNX5 may provide 

a direct molecular mechanism for defective vesicle trafficking, thereby impairing NK cell-

mediated cytotoxicity.75 Heterogeneous clinical pathology makes it challenging to identify a 

common molecular basis for the defects seen in all FA patients. However, detailed analyses 

at the transcriptome level may provide pertinent molecular mechanisms in a subset of FA 

patients.

NK cells also generate significant quantities of pro-inflammatory cytokines and 

chemokines.59,76 NK cells produce inflammatory cytokines in response to activation 

receptor stimulation (NKG2D, NCR1, NCR2, NCR3, CD244, and KIRs) and cytokine-

induced activation (IL-12, IL-18, IL-23, IL-27, and IL-35) signaling.77,78 In contrast to 

a defect in the cellular cytotoxicity, FA patients present an inflammatory pathology.71,72 

Earlier studies describe a significant increase in IFN-γ, IL-6, IL-10, IL-7 GM-CSF, 
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MCP-1, MIP-1α, MIP-1β, and IP10/CXCL10 levels in FA patients compared to healthy 

controls, which provides the basis for an augmented inflammatory phenotype.26 The 

hyperinflammatory pathology in FA patients could be due to the presence of excess 

nucleic acid loads in cellular compartments that permit recognition by proteins designed 

to recognize pathogen-associated molecular patterns, including toll-like receptors (TLR).79 

Indeed, loss of the FANCP or FANCD2 genes resulted in the accumulation of cytoplasmic 

DNA, leading to the stimulation of the cGAS-STING pathway and type-1 interferon 

production.79 Human and murine NK cells express several TLRs.80–85 Thus, initiation 

of NK cell activation via either cell surface or intracellular innate DNA sensors could 

potentially result in the hyperproduction of pro-inflammatory cytokines. Detailed molecular 

analyses are needed to precisely identify the signaling pathways and transcriptional 

regulation of this immune pathology in FA patients.

V. SUMMARY AND FUTURE DIRECTIONS

DNA damage initiates cell cycle arrest, DNA repair, and apoptosis, but its role in immune 

functionality is unknown. FA is an inherited disease with a deficiency in DNA damage 

response leading to BMF. FA patients undergo progressive BMF during childhood, which 

requires allogeneic hematopoietic stem cell transplantation. The genome instability in FA 

patients results in the accumulation of newer mutations that affect the maintenance and 

differentiation of hematopoietic stem cells and their progeny. The total number, subset ratio, 

and functional capabilities of NK cells are significantly reduced in FA patients compared 

to healthy individuals. The cytotoxic potentials of NK cells are diminished in FA patients, 

while their inflammatory responses are augmented. While the role of FA gene products for 

the regulation of DNA repair mechanisms has been well-established, there remains little 

insight to explain how NK cell impairment is linked to this defect. Does an impairment 

in the DNA repair pathway initiate the NK cell impairment in these patients? Or has the 

acquisition of secondary mutations led this to immune cell dysfunction, including defects 

seen in NK cells? Do the FANC proteins mediate non-DNA repair-related functions essential 

for NK cell development, survival, and effector functions? Answers to these essential 

questions will provide a mechanistic explanation for NK cell impairment and the overall 

immune dysfunctions in FA patients.
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ABBREVIATIONS:

AML acute myeloid leukemia

BMF bone marrow failure

FA Fanconi anemia
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HSC hematopoietic stem cells

ICLs interstrand crosslinks

IFAR International Fanconi Anemia Registry

IFN-γ interferon-gamma

IL interleukin

MDS myeloid dysplasia

NK natural killer cells
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FIG. 1: 
Fanconi anemia pathway and DNA repair. ICLs are covalent binding of two nucleotides 

in DNA strands caused by exogenous and endogenous factors that can impede DNA 

replication and transcription in cells. The illustration depicts the pathway and the core 

complex associated with the Fanconi anemia repair pathway.
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FIG. 2: 
Potential mechanisms associated with impaired NK cell development and function in 

Fanconi anemia patients. Fanconi anemia subtype-G mutation as a model to illustrate the 

primary mutation in Fanconi anemia genes and the acquired second-hit mutations in NK 

cells. The second-hit mutations can lead to developmental and functional defects.
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