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ABSTRACT

Multiple myeloma (MM) and Waldenstrom macroglobulinemia (WM) are B-cell malignancies with
emerging evidence of familial predisposition. While most cases are sporadic, recent genomic
studies have identified germline mutations and polygenic risk factors that contribute to familial
clustering. This review synthesizes current data on inherited susceptibility to MM and WM,
focusing on germline variants, polygenic risk scores, and familial patterns. We evaluate the
functional relevance of implicated genes and explore biological mechanisms including DNA
repair, telomere maintenance, and immune regulation. Germline variants in DNA repair genes (e.g.
BRCA1/2, TP53), immune regulators (e.g. TNFRSF13B, TREX1), and telomere-related pathways (e.g.
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POT1, TERT) have been associated with familial cases. Polygenic inheritance also plays a significant
role, with risk loci influencing plasma cell survival and transformation. These findings have direct
implications for risk assessment, early diagnosis, and surveillance in at-risk relatives.

Introduction

Multiple myeloma (MM) and Waldenstrom macroglob-
ulinemia (WM) are both B-cell-derived hematologic
malignancies with complex pathophysiologies and
incurable courses. While most cases are considered
sporadic, growing evidence suggests a familial compo-
nent in a subset of patients. Population-based studies
have consistently shown an increased risk of MM and
WM among first-degree relatives of affected individu-
als, indicating that inherited factors contribute signifi-
cantly to disease susceptibility.

The risk of MM in first-degree relatives has been
reported to be 2-4 times higher than in the general
population [1-3], with even stronger associations
observed in specific populations, such as African
Americans (OR = 5.52) as compared to European
Americans (OR = 1.26) [4]. WM, though rarer, demon-
strates one of the highest familial clustering rates
among hematologic malignancies, with up to a 20-fold
increased risk in relatives of affected individuals [5]. A
pooled analysis from the International Multiple Myeloma
Consortium confirmed that MM risk is elevated not

only in individuals with a first-degree relative with
MM, but also in those with a family history of any
lympho-hematopoietic malignancy, supporting the
role of shared genetic or immunologic susceptibility
across B-cell malignancies [6]. These familial aggrega-
tions are not explained solely by shared environmental
factors, and recent genetic studies support a heritable
basis involving both high-penetrance pathogenic variants
and common low-risk alleles.

The underlying mechanisms for this predisposition
are multiple and incompletely understood. Identified
germline mutations implicate pathways involved in
DNA repair (e.g. BRCA1/2, TP53, PMS2) [7-9], immune
regulation (e.g. TNFRSF13B) [10], and telomere mainte-
nance (e.g. POT1, TERT) [7,10]. Additional studies have
suggested a polygenic inheritance pattern [10-12], fur-
ther complicating risk prediction and surveillance
strategies.

Recognizing familial risk is of growing importance
in clinical hematology, particularly as genomic testing
becomes more accessible and targeted therapies
evolve. Early identification of at-risk individuals -
especially those with a family history of MM, WM, or
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precursor conditions like MGUS - may offer an oppor-
tunity for tailored surveillance and preemptive inter-
vention. In this review, we summarize the current
evidence on familial predisposition to MM and WM,
explore potential biological mechanisms, and discuss
the clinical implications of early diagnosis in at-risk
relatives.

Genetic and familial risk

Recent genetic studies have expanded our under-
standing of the inherited predisposition in MM.
Germline variants have been identified in a wide range
of genes involved in DNA repair, immune regulation,
and cancer susceptibility. Martins Rodrigues et al.
found pathogenic germline variants (PGVs) in 9.1% of
sporadic and 18% of familial MM cases, implicating
genes such as DIS3, EP300, KDM1A, USP45, BRCA1/2,
CHEK2, and TP53 [8].

Thibaud et al. identified PGVs in BRCAT and BRCA2
that were significantly enriched in patients with MM
compared to healthy controls, particularly among those
with a personal or family history of cancer. In a subset
of BRCA2 carriers, somatic loss of heterozygosity (LOH)
was observed, supporting the functional relevance of
these variants through a classic two-hit mechanism.
PGV carriers, especially those with high- or moderate-
penetrance autosomal dominant variants (classified as
PGV-A), were more likely to present at a younger age
and to report prior malignancies. Importantly, PGV-A
carriers demonstrated significantly improved progression-
free survival (PFS) following high-dose melphalan and
autologous stem cell transplantation (HDM-ASCT),
highlighting a potential predictive value for treatment
response. In contrast, carriers of autosomal recessive
(PGV-B) or low-penetrance founder variants (PGV-C)
also showed increased rates of cancer history but were
not associated with enrichment in MM or PFS benefit,
suggesting distinct clinical implications across PGV sub-
types [9].

In WM, although no single high-penetrance gene
has been consistently implicated, exome sequencing
of affected pedigrees has revealed likely pathogenic
variants in TREX1, SAMHD1, POT1, RECQL4, PMS2, and
TP53, all involved in DNA repair, telomere mainte-
nance, or immune regulation. Affected members in
each pedigree shared a median of 18 rare deleterious
variants, although overlap between families was min-
imal suggesting that WM susceptibility may reflect
complex and heterogeneous germline architectures
[71. Additional support for inherited predisposition in
WM comes from exome sequencing of affected fami-
lies, where recurrent germline variants in LAPTM5

(c403t) and HCLS1 (g496a) were enriched in familial
cases and shown to be functionally relevant to the
tumor clone, suggesting a potential causal role in
disease development [13]. McMaster reported fre-
quent coaggregation of WM with other B-cell lymph-
oproliferative disorders, autoimmune conditions (e.g.
Hashimoto's thyroiditis, rheumatoid arthritis), and par-
ticularly IgM MGUS, which may progress to WM at
higher rates in familial settings. Genetic investigations
revealed a high degree of heterogeneity, with evi-
dence for both high-penetrance rare variants and
common low-penetrance polymorphisms, as well as
diverse inheritance patterns. Moreover, family-based
observations provided early insights into potential
environmental contributions, underscoring a multifac-
torial model of disease predisposition involving gene-
environment interactions [14].

The polygenic component of MM susceptibility has
also gained recognition. Bodnar et al. synthesized data
from GWAS, familial clustering, and candidate gene
analyses, highlighting both rare high-penetrance ger-
mline variants (e.g. BRCA2, CDKN2A, DIS3, and KDM1A)
and common susceptibility loci that converge on criti-
cal pathways such as DNA repair, telomere mainte-
nance, cell cycle regulation, immune modulation, and
chromatin remodeling [15]. A large genome-wide asso-
ciation study (GWAS) by Went et al. identified 35 risk
loci for MM, 12 of which were novel. Through
Mendelian randomization and fine-mapping, they
demonstrated two key mechanisms underlying inher-
ited risk: longer telomere length and increased levels
of B-cell maturation antigen (BCMA) and interleukin-5
receptor alpha (IL5RA), both of which support B-cell
proliferation and plasma cell survival [10]. In a land-
mark study of 38 familial MM cases, Halvarsson et al.
provided the first direct evidence supporting a poly-
genic etiology in familial MM. Using SNP array geno-
typing and polygenic risk scoring based on 16
GWAS-identified susceptibility loci, they demonstrated
a significant enrichment of common MM risk alleles in
familial cases compared to both sporadic MM cases
and population controls. Mixture modeling estimated
that approximately one-third of familial MM cases
were attributable to this polygenic enrichment, with
the remainder likely resulting from rare high-penetrance
variants or shared environmental factors. Notably,
overrepresented loci included CCATT and ELL2, the lat-
ter is involved in plasma cell differentiation and immu-
noglobulin secretion. These findings support a model
in which inherited MM risk in a subset of families
arises from the additive effect of common, low-penetrance
variants, underscoring the relevance of polygenic risk
stratification in familial MM [11].



Altogether, these findings suggest that familial pre-
disposition to MM and WM arises from a combination
of rare, high-penetrance germline variants and more
common, lower-risk alleles. The growing identification
of these genetic risk factors highlights the potential of
genetic testing in families with clustering of plasma
cell dyscrasias and supports the development of indi-
vidualized surveillance strategies. Key germline genes
implicated in MM and WM are summarized in Table 1,
odds ratios and frequencies of each mutation are sum-
marized it Table 2.

Mechanistic insights

The biological mechanisms underlying inherited sus-
ceptibility to MM and WM are multifactorial and
involve dysfunction in key cellular processes such as
DNA repair, immune surveillance, telomere mainte-
nance, and plasma cell signaling. Many of the germline
variants identified in familial cases converge on these
pathways, providing a biologically plausible basis for
disease predisposition.

One of the most consistently implicated processes is
defective DNA repair. Germline variants in canonical
DNA damage response genes - including BRCAT,
BRCA2, TP53, ATM, CHEK2, and PMS2 - have been
identified in both MM and WM cohorts [7-9]. These
genes are crucial for maintaining genomic stability, and
loss-of-function mutations can lead to accumulation of
somatic mutations, clonal plasma cell expansion, and
ultimately malignant transformation. BRCA1 and BRCA2
are key regulators of homologous recombination, a
high-fidelity DNA repair pathway. Loss-of-function
mutations in these genes impair double-strand break
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repair, leading to genomic instability and increased sus-
ceptibility to malignant transformation. In MM, this dys-
function may be compounded by somatic loss of the
wild-type allele, particularly for BRCA2, and confers
enhanced sensitivity to DNA-damaging agents like mel-
phalan. TP53 is a master regulator of cell cycle and
apoptosis. Even heterozygous or mosaic TP53 muta-
tions may impair genomic surveillance and promote
survival of aberrant B cells. Somatic TP53 mutations are
associated with progression and poor prognosis in WM,
suggesting germline variants could predispose to early
transformation. PMS2 is part of the mismatch repair
(MMR) system. Deficiency causes microsatellite instabil-
ity and accumulation of mutations, potentially contrib-
uting to clonal evolution.

Another mechanism is telomere maintenance, which
appears particularly relevant in WM. Pemov et al.
reported rare deleterious germline variants in POT1, a
gene essential for telomere protection and length reg-
ulation, as well as in RECQL4, a RecQ helicase, partici-
pates in DNA replication and repair. Its dysfunction
leads to chromosomal instability and is implicated in
syndromes with elevated cancer risk [7]. Additionally, a
GWAS identified inherited long telomere length as a
causal risk factor for MM [10]. This suggests that
extended cellular lifespan due to impaired telomere
attrition may create a permissive environment for
plasma cell transformation.

Immune system dysregulation also plays a critical
role in both disorders. Variants in TNFRSF13B, which
encodes TACI (a key receptor in B-cell maturation and
immunoglobulin class switching), were shown to
increase MM risk via a gain-of-function mechanism
that promotes excessive B-cell proliferation [10]. Similarly,

Table 1. Overview of key germline genes implicated in multiple myeloma and Waldenstrém macroglobulinemia.

Disease

Gene(s) association Function/pathway Clinical implication

BRCA1, BRCA2 MM DNA repair, cancer susceptibility Enriched in MM, particularly in familial cases; associated
with younger age at diagnosis and improved
progression-free survival following HDM-ASCT

TP53 MM and WM Tumor suppressor; DNA damage response  Shared across MM and WM pedigrees; associated with
broader cancer susceptibility

CHEK2 MM Checkpoint kinase; DNA repair Enriched in familial MM

DIS3, EP300, KDM1A, MM RNA processing, chromatin remodeling Identified in familial MM cases

USP45

TREX1, SAMHD1, POT1, WM
RECQL4, PMS2 immune regulation

LAPTM5 (c.403T), HCLS1 WM
(9.496A)

IL5RA, TNFRSF13B (BCMA) MM

Multiple loci (e.g. TERC, MM
POT1, STN1)

DNA repair, telomere maintenance,

Immune signaling; B-cell activation
B-cell and plasma cell survival

Telomere maintenance; B-cell proliferation

Likely pathogenic variants identified in WM-affected
pedigrees; minimal overlap between families suggests
genetic heterogeneity

Recurrent variants enriched in familial WM; functionally
implicated in tumor biology

Elevated protein levels causally linked to MM risk via
Mendelian randomization; support B-cell proliferation

Genome-wide association studies identified 35 risk loci,
including 12 novel loci; support a polygenic risk model
for MM susceptibility

MM: multiple myeloma; WM: Waldenstrom macroglobulinemia; HDM-ASCT: high-dose melphalan and autologous stem cell transplantation.
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Table 2. Odds ratios, frequencies, and FDR values for recurrently mutated germline variants in familial multi-
ple myeloma and Waldenstrom macroglobulinemia.
Odds ratio (OR)

Disease
Gene Frequency False discovery rate (FDR) association Reference
BRCA2 7.0 (2.8-15.3) <0.001 MM Thibaud et al. [9]
~3-4% 0.023 Martins Rodrigues et al. [8]
1.57 (95%Cl: 1.3-1.9) Went et al. [10]
BRCA1 3.9 (4.6-8.3) <0.01 MM Thibaud et al. [9]
CHEK2 ~1.5-2% 0.045 MM Martins Rodrigues et al. [8]
KDM1A ~1.2% 0.045 MM Martins Rodrigues et al. [8]
ATM ~1.5% 0.069 MM Martins Rodrigues et al. [8]
POT1 Rare, 1 carrier 0.069 MM Martins Rodrigues et al. [8]
1.10 1.1-1.2 Went et al. [10]
TP53 34 Not significant MM Thibaud et al. [9]
Rare 0.116 MM Martins Rodrigues et al. [8]
PALB2 2.5 (0.5-9.9) Not significant MM Thibaud et al. [9]
LAPTM5 Familial: 8%; sporadic: 0.5% Not reported WM Roccaro et al. [13]
HCLS1 Familial: 8%; sporadic: 0.5% Not reported WM Roccaro et al. [13]
TNFRSF13B 1.3 (95%Cl: 1.2-1.4) MM Went et al. [10]
TREX1, Identified in pedigrees No significant gene-level WM Pemov et al. [7]
SAMHD1 FDR

MM: multiple myeloma; WM: Waldenstrom macroglobulinemia.

FDR thresholds: <0.05 = statistically significant, 0.05-0.15 = suggestive, and >0.15 = not significant enrichment.

in WM pedigrees, variants in TREX1 and SAMHD1 -
both of which regulate the innate immune response
to endogenous nucleic acids — were associated with
disease clustering, supporting the role of aberrant
immune signaling in predisposition. TREX1 encodes a
3'-5" exonuclease that degrades cytoplasmic DNA to
prevent chronic immune activation. Its dysfunction
leads to accumulation of DNA fragments that trigger
type | interferon responses. SAMHD1 hydrolyzes deoxy-
nucleoside triphosphates (dNTPs) and plays a dual
role: regulating DNA replication and repair, and sup-
pressing interferon signaling by controlling cytosolic
DNA burden. These genes intersect with the STING
and NF-kB pathways - both of which are linked to
MYDB88 signaling, a central oncogenic driver in WM
[7,13]. LAPTM5 may contribute to WM via NF-kB acti-
vation [13].

Furthermore, polygenic and network analyses have
revealed broader pathways of relevance. In a study
focused on rare non-coding germline variants, Niazi
et al. conducted a comprehensive analysis of rare
non-coding germline variants in familial MM and iden-
tified a significant enrichment of variants affecting
genes involved in the MAPK signaling pathway. These
included upstream, 5 UTR, and 3’ UTR regulatory
regions of key genes such as ERBB3, ERBB4, FGFRI,
PIK3R1, CAMK2D, and PSMC6, many of which are impli-
cated in plasma cell proliferation, survival, and resis-
tance to proteasome inhibitors. The findings reinforce
the role of MAPK signaling as a critical mechanism
in MM pathogenesis and suggest that inherited
non-coding variation in this pathway may contribute
to familial disease susceptibility [12].

In summary, current mechanistic insights under-
score that inherited susceptibility to MM and WM
involves multiple cellular processes - especially those
maintaining genomic integrity, regulating B-cell homeo-
stasis, and fine-tuning immune responses. As new tech-
nologies enable deeper genetic interrogation, it is
likely that even more interconnected mechanisms will
be revealed.

A diagram of the mechanisms of genetic predispo-
sition in MM and WM is shown in Figure 1.

Clinical implications and early diagnosis

A key clinical question raised by emerging genetic
data is whether screening should be initiated in
selected populations to detect familial MM or WM at a
premalignant stage. While no formal guidelines from
major societies currently recommend routine surveil-
lance of asymptomatic individuals, growing evidence
supports the implementation of risk-adapted screening
strategies, particularly in first-degree relatives of
affected patients.

The identification of familial clustering and germ-
line predisposition in MM and WM has important
clinical consequences, particularly in the areas of risk
assessment, early diagnosis, and personalized patient
management.

One of the most pressing implications is the need
for tailored surveillance strategies in families with mul-
tiple affected individuals. While current guidelines for
screening asymptomatic first-degree relatives are lack-
ing, evidence suggests that a significant subset of rela-
tives harbor premalignant conditions such as MGUS [4].
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Figure 1. Mechanisms of genetic predisposition in multiple myeloma and Waldenstrdém macroglobulinemia.

Given the well-characterized progression from MGUS
to MM, particularly in familial cases, early detection in
these individuals could enable risk stratification and
closer monitoring, potentially preventing progression
to overt disease. Population-based data from Langseth
et al. however, suggest that the increased familial risk
for MM is largely confined to first-degree relatives;
second-degree relatives did not exhibit a significant
increase in MM incidence, and no evidence of genetic
anticipation was observed in affected parent-offspring
pairs. These findings underscore the importance of
directing screening and genetic counseling efforts pri-
marily toward first-degree relatives in affected fami-
lies [16].

Moreover, the presence of PGVs can guide clinical
decision-making beyond screening. For example,
Thibaud et al. demonstrated that MM patients with
BRCA1/2 PGVs had better outcomes following
high-dose melphalan and autologous stem cell trans-
plant (ASCT), suggesting that knowledge of germline
status could inform treatment planning [9]. Similarly,
identifying mutations in DNA repair genes may

support consideration of PARP inhibitors or other tar-
geted approaches in future trials.

In WM, the very high familial risk suggests that
genetic counseling and longitudinal monitoring should
be more routinely considered, especially in families
with multiple affected members or early-onset disease
[7]. Although no specific guidelines exist for WM sur-
veillance, early identification of IgM-MGUS, lymphop-
lasmacytic infiltration, or clonal B-cells in at-risk
individuals could allow for earlier therapeutic interven-
tion and clinical trial enrollment. Familial studies have
also been instrumental in delineating the phenotypic
spectrum of WM, including the establishment of
IgM-MGUS as a precursor condition and the justifica-
tion for broader population-based investigations of
WM heritability [17].

Interestingly, recent large-scale cohort data suggest
that a family history of plasma cell disorders may con-
fer a survival advantage in patients with MGUS, MM,
and systemic AL amyloidosis. In a study of over 25,000
patients, Visram et al. found that familial cases had sig-
nificantly improved overall survival across all three
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conditions, even after adjusting for baseline variables
[18]. This unexpected finding may reflect earlier diag-
nosis or more frequent monitoring in individuals with
family awareness, but it also reinforces the importance
of taking a detailed family history during routine
hematologic evaluation.

There are also implications for family planning and
genetic counseling. As next-generation sequencing
becomes more widely available in oncology clinics,
incidental findings of germline mutations in MM/
WM-related genes are likely to increase. This empha-
sizes the importance of pretest counseling, particularly
in patients with strong family histories, to address the
psychological, ethical, and clinical impact of such find-
ings [7,8].

Importantly, many of these insights are not yet inte-
grated into routine clinical care. The field lacks formal
guidelines for genetic screening, counseling, and early
diagnosis in relatives of MM and WM patients.
Nevertheless, the accumulating evidence provides a
strong rationale to move toward proactive surveillance
and precision prevention in high-risk families. The
promise  study  (https://www.enroll.promisestudy.org/
about) is currently enrolling individuals with a first-degree
relative with MM or other hematologic malignancy with
a goal of screening 30,000 individual volunteers in an
effort to identify 3000 patients with monoclonal gam-
mopathies for long-term monitoring. First-degree rela-
tives of patients with MGUS, smoldering myeloma or
macroglobulinemia are all eligible. The iStopMM study
includes a specific focus on the role of family history
in MM and related diseases. To date over 75,000 blood
samples have been collected. The study is investigat-
ing whether family history is associated with an
increased risk of MGUS, and its progression to active
myeloma. The research also explores whether a family
history of MM is linked to an increased risk of other
hematologic malignancies (https://istopmm.com).

Proposed evaluation strategies for relatives at
increased genetic risk of MM and WM are listed in
Table 3.

Future directions

As the understanding of familial predisposition to MM
and WM continues to evolve, several critical opportu-
nities for advancing research and clinical care have
emerged.

First, there is a growing need for standardized
guidelines for genetic screening and surveillance in
individuals with a family history of MM or WM. Current
practice varies widely, and many at-risk individuals
remain undiagnosed until disease onset. Future efforts

Table 3. Proposed evaluation strategies for relatives at
increased genetic risk of multiple myeloma and Waldenstrom
macroglobulinemia.

Population Recommended Evaluation Frequency
First-degree SPEP, immunofixation, FLC Baseline + every
relatives of assay 2-3 years
MM patients
First-degree Serum IgM testing; Baseline + annually if

relatives of consider bone marrow IgM elevation
WM patients biopsy if IgM-MGUS or

lymphadenopathy

present

Relatives of PGV
carriers (e.g.
BRCA1/2, TP53)

Families with >2
affected
members

Genetic counseling and
targeted germline
testing

Consider whole exome or Case-by-case; consider
genome sequencing in registry enrollment
a research setting

Once, with follow-up as
needed

MM: multiple myeloma; WM: Waldenstrdom macroglobulinemia; SPEP:
serum protein electrophoresis; FLC: free light chain; CBC: complete blood
count; PGV: pathogenic germline variant; IgM: immunoglobulin M; MGUS:
monoclonal gammopathy of undetermined significance.

should focus on the development of evidence-based
algorithms that incorporate family history, germline
findings, and precursor conditions [4,7]. Bodnar et al.
further emphasize the importance of establishing uni-
form family history tools and risk assessment frame-
works to support consistent clinical decision-making [15].

Second, the use of whole genome and exome
sequencing in research of high-risk families has the
potential to uncover novel pathogenic variants and
polygenic patterns of inheritance. Longitudinal studies
incorporating sequencing, immune profiling, and
clonal evolution tracking could significantly enhance
our ability to predict progression from MGUS or
IgM-MGUS to overt disease [8,10].

Third, the integration of polygenic risk scores
(PRSs) into clinical risk models may offer a path for-
ward in stratifying asymptomatic relatives. PRS aggre-
gates the cumulative effect of multiple low-penetrance
susceptibility variants. In a recent study, Canzian
et al. developed and validated a PRS based on 23
genome-wide significant loci associated with MM
risk. Individuals in the highest PRS quintile had a
3.44-fold increased risk of MM compared to those in
the lowest quintile. Although the current discrimina-
tory power of the PRS is modest (AUC ~0.64), it may
hold greater predictive value in enriched populations,
such as first-degree relatives of MM patients or indi-
viduals with MGUS. The authors suggest that future
integration of PRS with clinical and environmental
risk factors could enable individualized risk stratifica-
tion and guide surveillance intensity. As additional
susceptibility loci are discovered, the utility of
PRS-based approaches in familial MM and related dis-
orders is likely to grow, supporting their potential
role in future screening paradigms [19].
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Figure 2. Future directions in familial multiple myeloma and Waldenstrém macroglobulinemia.

From a therapeutic perspective, future clinical trials
should consider stratifying patients based on germline
mutation status. As seen with BRCA1/2 mutations in
other cancers, patients with DNA repair deficiencies
may respond differently to alkylating agents, immuno-
therapies, or PARP inhibitors [9]. Trial designs that
account for these inherited differences will be essential
for optimizing personalized treatment.

Finally, enhanced collaboration across registries and
international consortia is crucial. Given the rarity of
familial MM and WM, large datasets are needed to
power statistically robust discoveries. Initiatives that
link genomic, clinical, and environmental data will be
key to understanding the full spectrum of predisposi-
tion and translating this knowledge into practice.

In summary, future research should prioritize
multi-dimensional risk modeling, prospective cohort
studies, and the development of family-centered care
pathways. These efforts will enable a shift from reac-
tive to proactive management in individuals at risk for
MM and WM. Future directions in familial MM and WM
are summarized in Figure 2.

Conclusions

Familial predisposition to MM and WM represents a
clinically relevant, genetically diverse spectrum of risk
that encompasses both rare pathogenic variants and
polygenic contributions. Advancements in germline
testing and genomic profiling have illuminated the
biological mechanisms underlying this susceptibility,

particularly in DNA repair, immune regulation, and
telomere biology. These insights have begun to
reshape our approach to risk assessment and early
detection in at-risk relatives, although formal screening
guidelines remain lacking. As prospective studies such
as PROMISE and iStopMM mature, they are expected
to inform evidence-based strategies for surveillance
and precision prevention. Moving forward, integrating
genetic counseling, PRSs, and longitudinal monitoring
into routine hematologic care may help mitigate dis-
ease burden through earlier diagnosis and tailored
interventions.
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