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Abstract

Fanconi anemia, telomeropathies and ribosomopathies are members of the inherited bone 

marrow failure syndromes (IBMFS), rare genetic disorders that lead to failure of hematopoiesis, 

developmental abnormalities, and cancer predisposition. While each disorder is caused by 

different genetic defects in seemingly disparate processes of DNA repair, telomere maintenance, 

or ribosome biogenesis, they appear to lead to a common pathway characterized by premature 

senescence of hematopoietic stem cells. Here we review the experimental data on senescence 

and inflammation underlying marrow failure and malignant transformation. We conclude with a 

critical assessment of current and future therapies targeting these pathways in IBMFS patients.

Introduction

The classical inherited bone marrow failure syndromes (IBMFS) comprise a group of rare 

disorders caused by germline mutations, resulting in hematopoietic stem cell failure and 

a predisposition to cancer. Although different gene pathways are affected, these disorders 

have many strikingly similar clinical manifestations: progressive BMF due to altered 

cell senescence and strong cancer predisposition, particularly myeloid neoplasms. In this 

review, we will examine factors underlying cell senescence and malignant transformation in 

classical IBMFS patients, emphasizing the commonality between the different IBMFS.
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Clinical Manifestations: BMF and cancer susceptibility

Fanconi anemia (FA) is the commonest IBMFS and is due to primarily biallelic (except for 

FANCB [X-linked] and FANCR [autosomal dominant]) germline defects in the DNA repair 

pathway;1 it may also present with limb abnormalities, café-au-lait spots, and short stature. 

Telomeropathies are due to monoallelic (TERT, TERC, TINF2), biallelic (RTEL1, CTC1), 

X-linked (DKC1), or even triallelic defects in telomere maintenance-related genes, and 

commonly involve other organs leading to liver cirrhosis and lung fibrosis.2,3 Dyskeratosis 

congenita (DC) is a severe form of telomere disease, usually presenting in the first decade of 

life, and marrow failure is accompanied by mucocutaneous abnormalities (oral leucoplakia, 

nail dystrophy, and skin changes). The ribosomopathies include Shwachman Diamond 

syndrome (SDS) and Diamond-Blackfan anemia (DBA).4 SDS is due to biallelic mutations 

in the SBDS gene and may present with isolated neutropenia, with a risk of progression 

to pancytopenia, and with pancreatic insufficiency and bony abnormalities. DBA is due to 

germline mutations in the ribosomal protein or RP genes and presents primarily as a pure red 

cell aplasia. However, some cases may eventually progress to pancytopenia, and DBA may 

associate with limb abnormalities and cardiac defects.

Marrow failure is the most typical clinical manifestation of all the IBMFS. In FA, the 

cumulative lifetime incidence of BMF is approximately 50%5. In DC, >94% of patients 

develop BMF by age 40 years, though this is less frequent in the milder phenotype adult-

onset telomere diseases6. In both SDS and DBA, marrow failure occurs early in life. In SDS, 

neutropenia is the first and commonest cytopenia, though normocytic anemia is present in up 

to 80%, and patients may progress to pancytopenia and severe marrow failure. In DBA, most 

patients develop severe anemia prior to two years of age.7,8 The only curative therapy for 

severe marrow failure is hematopoietic stem cell transplant (HSCT), though steroid therapy 

is used in DBA and androgen therapy in FA and telomeropathies as a way to mitigate 

cytopenias.

All the classical IBMFS have an increased risk of solid and hematologic malignancies.9 

Patients with FA incur the highest risk, followed by those with telomeropathies. In the 

National Cancer Institute long-term cohort, myelodysplastic syndrome (MDS) was the most 

common malignancy in both FA (50% CI by the age of 50) and telomeropathy (20% CI by 

the age of 50)10. In FA, 3% developed acute leukemia, and 12% developed solid cancers, 

with squamous cell carcinoma of the head, neck, or vulva and brain tumors predominating. 

Patients with telomeropathy had a similar risk of leukemia as compared to FA patients but 

a lower risk of solid malignancy at 7%. Increased cancer risk has also been described in 

the ribosomopathies, DBA and SDS. DBA patients have an increased risk of MDS/AML, 

colon cancer, and osteogenic sarcoma, whereas SDS patients appear to be at increased risk 

of MDS/AML but not solid malignancy.11

Cell senescence and bone marrow failure

Cell senescence underlies clinical bone marrow failure in these disorders. The classical 

IBMFS are caused by defects in gene products involved in seemingly disparate molecular 

housekeeping processes such as DNA repair, chromosome integrity, telomere maintenance, 
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and ribosome biogenesis. Telomeropathy and FA are associated with molecular DNA 

damage and premature aging, whereas ribosomopathy disorders such as DBA and 

SDS primarily arise from defects in ribosome biogenesis. Despite these apparent 

differences, these syndromes bear biological and clinical similarities that suggest a 

common pathophysiologic mechanism involving cellular senescence. In line with this idea, 

cells from FA12, telomeropathy13, or ribosomopathy14 disorders may exhibit senescence 

features. These hallmarks15,16are generally recognized to include (1) enlarged and flattened 

cell morphology; (2) increased expression of cyclin-dependent kinase (CDK) inhibitors 

including p16 and p21; (3) increased senescence-associated β-galactosidase activity; (4) 

presence of DNA segments with chromatin alterations reinforcing senescence or DNA 

SCARS, including foci of the variant histone γ-H2AX; (5) persistent DNA damage with the 

arrest of proliferation; (6) senescence-associated secretory phenotype or SASP.

Experimental data from one of us are shown in Figure 1. By multicolor flow cytometry 

analysis, we found increased levels of senescence-associated β-galactosidase, γ-H2AX, and 

p16 in early-progenitor bone marrow cells isolated from SDS patients (JML, unpublished 

data).

Cell senescence: definition and association with the DNA Damage 

Response (DDR)

Telomeres are nucleoprotein structures protecting the ends of chromosomes by ensuring 

they are not treated as damaged DNA. Due to DNA polymerase’s inability to fully 

replicate the 3’ ends of chromosomes (the “end-replication problem”), telomeres shorten 

with each cell division. Replicative senescence was first defined as a state of total cell 

cycle arrest after non-transformed human fibroblasts undergoing successive cell divisions 

and telomere attrition reached the limit to their proliferative capacity17. In consequence, 

senescence has historically been confused with cell cycle arrest, growth inhibition, or aging, 

whereas we now understand that it encompasses a broad-ranging program triggered by 

multiple stressors. For the purposes of this critical review, we define senescence as a non-

proliferative state in sub-lethally damaged cells, characterized by nearly irreversible arrest 

but metabolically active and paradoxically associated with the proliferation-like activity 

of mTORC1 (mechanistic target of rapamycin complex 1). The growth supporting and 

senescence-associated secretory phenotypes may promote inflammation and tumorigenesis.

Many types of senescence are now recognized: replicative senescence (RS), stress-induced 

senescence (SIS), and oncogene-induced senescence (OIS)14–16. All three major types may 

lead to persistent activation of the DNA damage response (DDR), which is a pathway 

that detects DNA lesions, signals their presence, and promotes their repair15,16. The 

DDR is characterized by increased deposition of the variant histone H2AX, γ-H2AX, 

phosphorylated at serine-139. Key DDR-signaling components include the protein kinases 

ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3 related), 

which are recruited to and activated by DNA double-stranded breaks (DSBs) and single-

stranded DNA, respectively. ATM/ATR along with DNA-dependent protein kinase (DNA-

PK) lead to phosphorylation of ser139 of γ-H2AX, on chromatin bordering DSB sites. The 
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end result of ATM/ATR signaling is to reduce CDK activity by various mechanisms and, 

together with the checkpoint kinases CHK1 and CHK2, activate the p53/p21 axis and halt 

cell proliferation.

Pathways to p53-mediated growth arrest and connection to nucleolar stress 

and ribosome biogenesis

As we have seen, senescent cell growth is arrested by activation of the p53/p21 and p16 

axes, with both leading to hypophosphorylation of the retinoblastoma tumor suppressor 

Rb and exit from the cell cycle15. Concurrent with this growth arrest and genotoxic 

damage, senescent cells undergo global translation repression and inhibition of ribosomal 

RNA (rRNA) processing and ribosome biogenesis14. In the nucleolus, hundreds of trans-

acting factors are normally involved in the complex and energy-intensive process of 

ribosome biogenesis14. The eukaryotic 80S ribosome is composed of the 40S small subunit 

(containing 18S rRNA and 33 RPS proteins) and 60S large subunit (containing the 28S, 

5.8S, 5S rRNAs along with 47 RPL proteins).

Recently, proteomic studies have identified nucleolar proteins that function in both the 

DDR and in ribosome biogenesis18, suggesting that the nucleolus acts as a sensor of 

cellular stress and point of convergence between DNA damage and translational control/

ribosome biogenesis. In normal cells, basal p53 activity is suppressed by the E3 ubiquitin 

ligase HDM2, which ubiquitinates and targets p53 for proteasomal degradation. When cells 

become senescent, they exhibit nucleolar stress14, with dysregulation of ribosome biogenesis 

leading to the release of free 5S ribonucleoprotein RNP particles that bind and inhibit 

HDM2, thus stabilizing and activating p53. This mechanism of p53 activation has been 

termed the impaired ribosome biogenesis checkpoint (IRBC).19

Cell senescence in FA, telomeropathies, and ribosomopathies can now be related 

on a molecular level to p53-mediated growth arrest by this convergence between 

the DDR and IRBC. Presumably, FA and telomeropathy defects activate the DDR, 

whereas ribosomopathies trigger the IRBC, but there may be significant overlaps in the 

pathophysiology (Figure 2).

The central paradox of senescence: growth arrest versus pro-survival 

pathways dependent upon mTORC1

Senescence is characterized by a highly stable state of cell cycle arrest, triggered by different 

stresses that converge on p53 and lead to global translation repression. Paradoxically, 

however, senescent cells also enlarge in size and maintain an active metabolic state with 

selective increases in the translation of specific proteins such as inflammatory proteins, as 

part of the so-called senescence-associated secretory phenotype or SASP20.

Driving cell metabolism and growth are the two mechanistic target of rapamycin (mTOR) 

complexes (mTOR complex-1 or mTORC1 and complex-2 or mTORC2)14. mTORC1 

promotes protein synthesis by phosphorylation of p70S6 kinase 1 (S6K1) and the eIF4E-

binding protein 4E-BP, both increasing translation initiation by promoting the formation 
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of the pre-initiation complex and cap-dependent translation. A major consequence of 

this senescent translation program is the SASP20, which leads to secretion of cytokines 

(including IL-1a, IL-6, IL-8), chemokines (such as CCL2), and metalloproteinases 

(such as MMP-1 and MMP-3). Recent research has even suggested that activating the 

mTORC1 pathway may favor senescence over apoptosis in zebrafish undergoing telomere 

shortening21.

Mouse model of telomerase deficiency: the importance of mTOR for 

survival and implications

Genetically engineered mice deficient in telomerase (Terc−/−) may mimic aspects of the 

human telomeropathy disorders.

Abnormal metabolism is characteristic of telomeropathy. Although liver cirrhosis is 

commonly diagnosed in patients with telomere diseases, non-alcoholic steatohepatitis 

(NASH) also is observed in telomeropathy patients.22 In Terc and Tert “knockout” murine 

models fed with high-fat diet, hepatocytes display abnormalities in the tricarboxylic acid 

cycle and accumulate fat, indicating a dysfunctional metabolism upon dietary stress.23 These 

metabolic changes along with inflammation appear to contribute to liver dysfunction in 

telomeropathy.

Second-generation Terc−/− mice demonstrated accelerated telomere shortening and died 

young from premature aging pathologies such as intestinal atrophy.24 These mutant mice 

with short telomeres exhibited marked upregulation of the mTOR pathway and increased 

levels of phosphorylated ribosomal S6 protein in tissues. Inhibition of mTORC1 by 

rapamycin or deletion of the S6K1 downstream target of mTORC1 both decreased the 

survival of the mutant mice, demonstrating the importance of mTOR for survival in the 

context of critically short telomeres. mTORC1 hyperactivation, which appears to be critical 

for the survival of cells undergoing premature senescence (as in Terc−/− mice), may also 

explain cancer development later in the senescence program.

Clinically, patients with FA, telomeropathies, or ribosomopathies all present with bone 

marrow failure and developmental abnormalities, which mirror the consequences of p53-

mediated growth arrest, nucleolar stress, and global translation repression. However, all 

these disorders also predispose to cancers, both solid and hematologic. Possibly, this cancer 

proneness reflects anabolic consequences of prolonged mTORC1 activity. In this context, 

mTORC1 has been reported to be constitutively active in certain AML types and may 

increase the synthesis of oncogenic proteins through phosphorylation of 4E-BP1, activation 

of eIF4E, and stimulation of cap-dependent translation.25

Cancer predisposition in the general population due to variants in DNA 

repair, telomere, and ribosomal protein genes

The FA pathway is thought to play a key role in carcinogenesis, though underlying 

pathophysiologic mechanisms remain uncertain. Along with the high cancer rates seen 

in FA patients, germline monoallelic variants in FANC genes, most commonly BRCA1 
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and BRCA2, have been shown to increase cancer susceptibility in the general population. 

Germline POT1 (gene in the shelterin complex) variants have also been described in familial 

CLL, myeloproliferative neoplasms, and other solid cancers.26,27

In addition to the described germline variants, the role of somatic variants and alterations 

in FANC, and telomere genes, as well as ribosomal proteins in cancer is also emerging 

via various mechanisms. Somatic mutations, as well as epigenetic silencing, upregulation, 

and overexpression of FANC genes have been described in several cancer types including 

AML, pancreatic cancer, head and neck squamous cell cancer, melanoma, and colorectal 

cancer28–32. When looking at cancer genome data from the Cancer Genome Atlas, FANC 
gene mutations and copy number variations can be seen in a number of cancer types 

in patients without a diagnosis of FA33. In addition, somatic mutations in the TERT 
promoter and in ribosomal proteins have been found in many solid and hematologic 

malignancies.34–36

Telomere length as a risk for cancer predisposition

Abnormal telomere length – either long or short – may also predispose to cancer. In large 

population studies, polymorphisms associated with long telomere length were correlated 

with increased cancer risk, in particular melanoma, lung cancer, and glioma37. In addition, 

long telomeres have also been seen in patients with hematologic malignancies such as 

chronic lymphocytic leukemia and B-cell lymphomas38,39. Short telomeres have been 

described in both MDS and AML, and in aplastic anemia as a risk factor for clonal evolution 

to myeloid malignancy.40

Impaired DNA damage response: pathophysiology underlying malignant 

transformation

As discussed, DDR pathways exist to repair DNA; dysregulation of DNA sensing and 

repair can lead to errors causing genomic instability and potentially drive malignant clones. 

The FA pathway plays an important role in DNA interstrand crosslink (ICL) repair. ICLs 

are toxic DNA lesions that inhibit DNA strand separation and thus prevent transcription 

and replication. FANC proteins, in combination with Fanconi anemia associated proteins 

(FAAP) act as a primary cell mechanism of recognizing and repairing ICLs41. This occurs 

in combination with other DNA repair pathways including the nucleotide excision repair 

pathway, translation synthesis, and homologous recombination.

Ongoing DNA damage chronically activates safety pathways to halt the proliferation of 

damaged cells and leads to an increase in cell apoptosis and senescence. Due to a depleted 

stem cell pool and consequent increased replicative stress, a selective advantage for mutant 

clones may occur. Failure of the G2 DNA damage checkpoint arrest during cell division, 

termed “attenuation” has been associated with lower expression of CHK1 and p53, resulting 

in protection from cell death, and a milder marrow failure phenotype but persistent risk 

of progression to MDS or AML42. As discussed, ribosome defects may result in increased 

ribosome proteins 5 and 11, which induce p53 activity by sequestering HDM2, a regulator of 

p5343.

Groarke et al. Page 6

Semin Hematol. Author manuscript; available in PMC 2023 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Short telomeres lead to genomic instability

Telomeres are doubled-stranded repeat “caps” that ensure the ends of chromosomes do not 

activate the DDR due to being mistaken as DNA damage. The DDR is directly suppressed 

by shelterin, a complex of proteins that bind to and protect telomeres from DNA repair 

mechanisms. This occurs by preventing the activation of ATM and ATR, and the non-

homologous end joining pathway (NHEJ), the primary repair mechanism for double-strand 

breaks in DNA. If cell senescence signaling induced by short telomeres is overridden and 

cell proliferation continues, telomeres may become excessively short and dysfunctional 

(termed “telomere crisis”) and may be recognized as DNA breaks and activate the DDR. 

Although most cells will undergo apoptosis in this scenario, end-to-end chromosome 

fusions may occur, resulting in aneuploidy, loss of heterozygosity, and chromosomal 

translocations;44 those that survive may then propagate and drive genomic instability 

and malignant transformation.45–47 Telomeropathy patients who develop MDS/AML have 

short telomeres and display hematopoietic clones bearing myeloid neoplasia-associated 

mutations.48 Even a single chromosomal dysfunctional telomere in an otherwise stable 

genome has been shown to fuse with multiple genomic loci, a risk that increases in the 

absence of adequate p53 checkpoint control49.

The marrow environment contributes to carcinogenesis

Inflammation in the marrow environment may also play an important role in the 

development of cancer in IBMFS patients. In FA, the cytokines TNF-alpha and interferon-

gamma have been shown to play a role in inducing apoptosis50,51. In a murine model of FA, 

while exposure of TNF-alpha initially inhibited stem cell growth, prolonged exposure led 

to abnormal cytogenetic clones and ultimately AML52. The clinical association of IBMFS 

with MDS, which in the absence of a genetic syndrome, would more commonly be seen in 

the elderly, has given rise to the idea that telomeropathies, FA, and ribosomopathies may be 

progeroid disorders. Currently, it is not clear how well these disorders mimic the process of 

normal aging.

Reactive oxygen species are the byproduct of normal cell metabolism and are known to 

damage DNA, RNA, intracellular proteins, and cellular structures. The FA pathway regulates 

oxidative response, and FA deficient cells demonstrate high levels of DNA oxidative 

damage and chromosome breakage53,54. Oxidative stress has been shown to cause telomere 

shortening and dysfunction in FA cells without provoking a p53 repair response, suggesting 

a potential mechanism for malignant transformation55. Ribosomal proteins are also involved 

in oxidative stress response, and mutations in these proteins may result in increased reactive 

oxygen species that have been demonstrated in ribosomopathies56. Reactive aldehydes 

are present both as byproducts of metabolism and in the external environment. Mouse 

model data and ex vivo experiments have shown that DNA damage due to aldehydes 

may contribute to cancer predisposition, especially in FA deficient cells57. Deficiency of 

aldehyde dehydrogenase 2 (ALDH2), an enzyme involved in aldehyde metabolism, has been 

associated with a more severe FA phenotype58.
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Somatic genetic rescue may have differing effects on cancer risk

Somatic genetic rescue (SGR), the process whereby a somatic event occurs and offsets 

the pathogenic germline defect, is a well described phenomenon in IBMFS, particularly 

Fanconi anemia, where it occurs in up to 30% of patients.59 The prevalence of mosaicism 

in IBMFS suggests that development of clones that evade cell senescence and apoptosis 

(and thus evade early marrow failure) likely confers a selective advantage to the mutated 

cells. In general, SGR appears to be a positive phenomenon, and FA patients with SGR 

have reported superior long-term outcomes due to milder BMF phenotype and consequently 

a longer overall survival compared to non-mosaic FA patients60. In telomeropathies, SGR 

is less frequent among patients with marrow failure, but more common in older patients 

with pulmonary fibrosis, suggesting that SGR alleviates marrow failure.61 Somatic variants 

in telomere genes also were associated with reduced risk of MDS/AML62. However, 

not all SGR is positive. In SDS, somatic mutations in EIF6 and TP53 are commonly 

present; EIF6 is a clonal marker of SDS that compensates for the germline SBDS defect 

and ameliorates cell fitness whereas TP53 is linked to increased predisposition to clonal 

evolution. Interestingly monoallelic TP53 clones were stable for many years and cancer 

developed when the clones became biallelic, suggesting TP53 also acts as a compensation 

mechanism until a second hit develops that drives malignant evolution63.

How disease mechanisms may guide novel therapies

In general, cumulative DNA damage and critical telomere erosion drive hematopoietic stem 

cell (HSC) senescence and apoptosis, explaining marrow failure in FA and telomeropathies. 

However, as discussed above, the cellular and molecular mechanisms underlying these 

specific genetic aberrations are complex, involving inflammation, changes in the marrow 

microenvironment, and intrinsic HSC changes, preventing adequate cell cycle transit and 

proper hematopoietic differentiation, along with selection of HSC clones accumulating 

somatic mutations that may impact cell proliferation and malignant evolution. The dissection 

of these molecular pathways may help to develop novel therapeutic strategies to treat 

patients with marrow failure.

Three major approaches may be undertaken when developing novel strategies to treat 

inherited marrow failures: replacement with novel “healthy” hematopoiesis (allogeneic 

HSC transplant, HSCT), correction of the genetic defect (gene therapy, gene editing), and 

modulation of cellular pathways that compensate for the impaired cell proliferation and 

differentiation.

Androgens

That a minority of patients with aplastic anemia respond to treatment with androgens 

was observed in the early 1950’s64. Laboratory and clinical work demonstrated that 

these responders were likely to be patients with IBMFS. Approximately 90% of aplastic 

anemia patients with either FA or telomeropathy respond to androgens. At least two 

mechanisms may explain why androgens ameliorate hematopoiesis in inherited marrow 

failure syndromes65. First, steroids with androgenic effect increase the number of red 

Groarke et al. Page 8

Semin Hematol. Author manuscript; available in PMC 2023 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



blood cells by directly inducing erythroid progenitors either by increasing erythropoietin 

(EPO) production in the kidneys or by directly activating the EPO receptor on progenitor 

cells. Alternatively, The TERT gene promoter contains estrogen-response elements and 

high estrogen concentrations increase TERT transcription. Telomerase enzymatic activity 

of human hematopoietic cells is increased by treatment with androgens or estrogens but 

is abrogated by aromatase inhibitors (that blocks androgen to estrogen conversion) or 

tamoxifen (an estrogen antagonist)65. In agreement with these laboratory findings, murine 

models also display telomere elongation in leukocytes when animals are systemically treated 

with androgens, but elongation associated with androgen treatment does not occur in Tert 
“knockout” mice, indicating that the mechanism of elongation is directly mediated by 

telomerase.

These findings prompted a prospective clinical trial with telomere disease patients 

using danazol, an oral androgen. The use of danazol elongated telomeres of peripheral 

blood leukocytes, which correlated with hematologic improvement.66 These findings have 

been confirmed in independent studies.67 Of note, androgen therapy had an impact on 

hematopoietic clones bearing somatic mutations in the TERT promoter (TERTp). In one 

study, the TERTp clone diminished during androgen therapy, suggesting that the androgens 

have a direct impact on the HSC dynamics and mobilization.61 However, the androgen effect 

on clonal dynamics in FA is not known.

The effects of androgens on other organs, however, are less clear. In the pivotal study using 

danazol, lung function and liver fibrosis appeared to be stable during the study, although 

these were not study endpoints.66 In a clinical trial conducted by one of us, lung function 

was assessed by the diffusion capacity of carbon monoxide (DLCO) and also appeared to be 

stable in those patients with lung involvement (RTC, unpublished data).

Small molecules

There is a large ongoing effort to identify molecules that can modulate DNA repair and 

telomere elongation and thus be applied in the clinic. The non-canonical poly(A) polymerase 

PAPD5 recognizes and targets nascent TERC, the RNA component of telomerase. PAPD5 

inhibition increases TERC expression and elongates telomere length in vitro.68 High-

throughput screening identified the BCH001 small molecule as a PAPD5 inhibitor. Using an 

induced pluripotent stem cell model for human telomeropathies, BCH001 was able to restore 

telomerase activity and elongate telomeres in patient-specific derived cells, suggesting this 

molecule as a potential application in the clinic21.

Eltrombopag has been successful in the treatment of acquired immune aplastic anemia, but 

information on its effects on IBMFS is scarce. In a clinical trial setting, one older patient 

with DBA and pancytopenia was treated with eltrombopag with significant improvement.69 

For FA or telomeropathies, there are anedoctal cases only on the use of eltrombopag and in 

combination with other drugs. Thus, these results are too preliminary to support its use for 

IBMFS outside of a clinical trial.
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Hematopoietic stem cell transplant strategies

Early reports on HSCT for dyskeratosis congenita identified a prohibitive number of lung 

and liver complications post-transplant70. We now know that liver and lungs are affected 

in telomeropathies.2 In addition, murine models also suggested that excessive telomere 

attrition modify the marrow microenvironment and may limit hematopoietic engraftment,71 

but larger transplant reports did not observe obvious increased graft failure in human 

patients.72 However, the high incidence of non-hematopoietic complications as causes of 

post-transplant mortality limits the use of conventional allogenic HSCT for telomeropathy 

patients to patients with severe marrow failure and no evidence of other organ involvement. 

These observations have also prompted novel reduced intensity conditioning regimen 

strategies aimed at mitigating transplant-related toxicity.

Gene therapy and gene editing

Various somatic mutations occur in patients with IBMFS partially or completely rescuing 

hematopoiesis, suggesting that gene correction in the HSC may restore hematopoietic 

function. Gene therapy has been successfully applied in some monogenic hematologic 

disorders, especially in hemoglobinopathies, rescuing erythropoiesis.73 These are genetic 

monogenic disorders in which a single gene is involved and, in sickle cell disease, a 

specific gene variant. For IBMFS, although monogenic for each patient, a myriad of 

genes are affected in FA, telomeropathies, or ribosomopathies, and multiple gene lesions 

are observed (point mutations, frameshifts, deletions, splicing variants), complicating gene 

therapy strategies. Additionally, the expression of genes affected in IBMFS is tightly 

regulated and overexpression may be associated with cancer development, as mentioned 

above. Thus, potential gene therapy strategies should be tailored to each case, requiring 

intricate strategies.

In FA, mutations in the FANCA gene correspond to >60% of cases, facilitating gene therapy 

design. A pioneer clinical trial used lentiviral-based gene therapy to correct the FANCA 
gene in non-conditioned patients with FA and marrow failure, demonstrated feasibility.74 

Corrected cells had a repopulation advantage, and marrow failure was ameliorated in 

patients with high gene marking. These results show that gene therapy as a potential therapy 

for IBMFS patients in the future.

Future directions

Understanding molecular and cellular mechanisms causing HSC failure is essential for 

the development of novel therapeutic strategies for IBMFS patients. Specific targeting 

of senescence and inflammation pathways may improve hematopoiesis, prevent cancer 

development, or modulate involvement of other organs. Gene editing is a powerful and 

specific new therapeutic strategy for patients with IBMFS that has great potential but also 

comes with unknown long-term risks. Future strategies will focus on the early recognition 

of undesired clones with potential malignant transformation and methods for its suppression. 

Gene therapy also may be a tool to modulate malignant clonal evolution, although current 
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knowledge from gene therapy for hemoglobinopathies has shown that unbalanced clonal 

dynamics may arise.
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Figure 1. 
By multicolor flow cytometry analysis, we found increased levels of γ-H2AX (panel A), 

p16 (panel B), and senescence-associated β-galactosidase (panel C) in early-progenitor 

bone marrow cells isolated from an SDS patient. Progenitor cells were labeled as lineage-

negative, CD34 positive (Lin-CD34+) or multipotent progenitors + hematopoietic stem cells 

(MPP + HSC).
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Figure 2. 
Cell senescence in FA, telomeropathies, and ribosomopathies are related on a molecular 

level to p53-mediated growth arrest with convergence between the DNA damage response 

and the impaired ribosome biogenesis checkpoint. Ongoing DNA damage chronically 

activates safety pathways to halt the proliferation of damaged cells and leads to an increase 

in cell apoptosis and senescence. Due to a depleted stem cell pool and consequent increased 

replicative stress, a selective advantage for mutant clones may occur.
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