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Abstract

Purpose of review: Our understanding of the effects of aging on human hematopoiesis has
advanced significantly in recent years, yet the full implications of these findings are not yet fully
understood. This review summarizes these findings and discusses their implication as they relate to
malignant hematopoiesis.

Recent findings: With human aging there is an impaired immune response, loss of HSC
function, increase in clonal hematopoiesis and higher frequency of myeloid malignancies. While
murine models have implicated abnormalities in DNA damage repair, autophagy, metabolism and
epigenetics, studies in primary human specimens are more limited. The development of age-
related clonal hematopoiesis and the risk associated with this is one of the major findings in the
field of recent years. This is accompanied by changes in bone marrow stem and progenitor
composition, changes in the epigenetic program of stem cells and an inflammatory milieu in the
bone marrow. The precise consequences of these changes for the development of age-related
malignancies are still unclear.

Summary: Advances in the field have begun to reveal the mechanisms driving human HSC loss
of function with age. It will be critical to delineate between normal and malignant aging in order
to better prevent age-associated myeloid malignancies.
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Introduction

From childhood acute lymphoid leukemias to myeloid neoplasms in elderly individuals,
many leukemias have a strong association with age. Yet, diseases such as Myelodysplastic
Syndromes (MDS) and Acute Myeloid Leukemia (AML) remain relatively rare, with only
about 20 in 100,000 people getting these diseases (1). These differences in incidence raise
questions, such as why does aging predispose for specific forms of leukemia? Why don’t
age-related leukemias occur at higher frequency? And what are the differences between
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normal hematopoietic aging and malignant hematopoiesis? In this review we seek to review
how much progress the field of human hematopoiesis has made in understanding normal
aging and how this compares and predisposes for malignant disorders of the aged
hematopoietic system.

The Aged Hemopoietic System

Impaired Immunity with normal aging—Aging is defined as progressive decline
leading to an increased likelihood of death. In the hematopoietic system, aging is
accompanied by alterations in the various lineages of the hematopoietic compartment.
Among the functional consequences of this decline is an impaired immune response referred
to as immunosenescence. The adaptive immune response is impaired to a greater degree than
the innate response, due in part to altered production and function of lymphocytes with age.
Thus, older individuals do not respond as vigorously to immune challenges as their younger
counterparts. With age, there is an increase in the frequency of bacterial infections from
species such as Mycobacterium tuberculosis and Streptococcus pneumonia and an increase
in susceptibility to viral infections such as ferpes zoster and influenza (2-6). Furthermore,
the mortality rate for some of these infections is 2—3 times higher in the elderly compared to
younger individuals (2-6). Prevention of infection in older people is further complicated
because the elderly have a reduced response to vaccination (7).

Alteration of both the T- and B-cell lineages is observed with aging. In addition to normal
thymus involution, which in humans is completed by puberty, aged T cells present several
changes compared to their young counterpart. By measuring T-cell receptor beta (TCRB)
sequences, Qr et al. reported a 2-5-fold decrease in the naive T-cell repertoire with aging (8).
Furthermore, aging was accompanied by an oligoclonal expansion of the naive and memory
CD8+ populations (8-10). This reduced diversity within the T-cell pool may limit an aged
individual’s response to newly encountered viruses. Like CD8+ cells, B-cells also show an
increase in clonality with aging (11). B-cells isolated from human peripheral blood of aged
donors show reduced class-switch recombination compared to those from younger donors
(12). Additionally, antibodies produced by B-cells from elderly individuals have reduced
specificity and affinity for their target antigens (12,13). Taken together, impairments in
lymphocyte function contribute to loss of adaptive immunity with age. Finally, while
multiple murine studies have shown that immunosenescence is also evident in the
impairment of macrophage function, including impaired cytokine and chemokine
production, and reduced generation of oxidative radicals and reactive oxygen intermediates
comparable data in human macrophages is lacking (14-21).

Cytopenias and clonal hematopoiesis—With age, there is an increase in the rate of
isolated cytopenias. Specifically, aged individuals have increased rates of anemia. Guralnik
et al. analyzed data from 39,695 Americans and determined that 10% of men and 11% of
women over 65 years old are anemic, with the frequency increasing to greater than 20% in
people over 85 years old (22). Notably, while many of the incidences of anemia in the
elderly are due to nutritional deficiency, up to 33% of the cases have unknown causes
(22,23). Currently, cytopenias of unknown causes (such as anemia) that cannot be classified
as a hematological disorder or myelodysplastic syndrome (MDS) are categorized as
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idiopathic cytopenia of undetermined significance or ICUS (24). A recent prospective study
by Malcovati et al. profiled 154 patients with ICUS (median age=53) and found that 25%
went on to develop a myeloid neoplasm (25). Analysis of somatic mutations in these
individuals revealed that 36% of patients with isolated cytopenias carry one or more
mutations, and can therefore be better classified as having clonal cytopenia of undetermined
significance or CCUS (24,26). The epigenetic modifiers 7TE72, ASXL1, and DNMT3a were
some of the genes most frequently mutated in these individuals with CCUS (median
age=68), who tended to be older than those with ICUS alone (25).

A number of recent studies have shown that this phenotype of clonal hematopoiesis, in
which one progenitor gives rise to a disproportionately high number of mature cells, is quite
frequent with normal aging (27-31). Jaiswal et al., used whole exome sequencing on
peripheral blood DNA from 17,182 individuals ranging from 20-108 years old and found a
low incidence of mutations in people <40 years old, with an increase in the frequency of
mutations with age. Amongst individuals aged 70-79, 9.5% had a clonal mutation, with the
majority of variants occurring in DNMT3A, TETZ, and ASXL1 (28). These findings have
been recapitulated in a number of other studies, and the phenomena dubbed as age related
clonal hematopoiesis (ARCH) or clonal hematopoiesis of indeterminate potential (CHIP)
(27-32). It is postulated that the incidence of CHIP is even higher than initially reported due
to the moderate sequencing depths of the initial studies, and could be greater than 50% by
the age of 85 depending on both the sequencing platform and the analytical approach
applied (27,30,31,33). While individuals with CHIP do not have any diagnosable
hematological ailment, they have 11 times the risk of developing a hematological cancer,
although the rate of progression is low (0.5-1% per year) (28). However, people with CHIP
have twice the risk of developing coronary heart disease compared to those who do not have
CHIP (29). This may be attributable to increased inflammation and loss of immune effector
cell function, as CHIP mutations are found in mature granulocytes and lymphocytes (34).
Thus, while CHIP is fairly common with age, and does not pose an immediate hematologic
risk, it is still of clinical significance and it is recommended that these individuals be
monitored more closely.

Myeloid malignancies in aged individuals—Advanced age is associated with an
increased incidence of myeloid malignancies. Whereas more than 50% of acute lymphoid
leukemias are seen in children and young adults, acute myeloid leukemia (AML) is the most
common acute leukemia in adults, and the average age at diagnosis for AML patients is 68
years old (1,35). Cytogenetic abnormalities and mutations in NRAS, FLT3, TP53, and the
epigenetic modifiers DNMT3A, TET2, ASXL1, and IDH1/2are frequent in AML.
Chemotherapy is the standard treatment for AML, however older individuals have higher
rates of treatment-related mortality and a poorer prognosis compared to people diagnosed at
a younger age (36). Another age-related myeloid malignancy is myelodysplastic syndromes
(MDS). In the United States, the incidence of MDS in people under 40 years old is 1 case
per 100,000 individuals, but this rate increases to 20 in 100,000 in people aged 70-79 years
old (37). Ultimately, this disease progresses to bone marrow failure or AML. Mutations in
over 40 genes have been observed in MDS, with the spliceosome components SRSFZ,
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SF3B1, and U2AF1, and epigenetic modifiers DNMT3A, TETZ, ASXL1 being the most
often mutated (38).

Importantly, genes that are mutated with normal aging in individuals with CHIP are
frequently mutated in MDS and AML, and the overwhelming frequency of mutations in
DNMT3A and TET2 in CHIP are not compatible with a model of random mutations across
the genome with aging, a fact that is being studied in depth by multiple groups. Moreover,
the mutations themselves are not always those seen in myeloid malignancies, such as those
in DNMT3A for which the majority (83%) of mutations in CHIP do not occur at the R882
residue as most frequently seen in AML (28), indicating possibly a different potential for
malignant progression of the different CHIP mutations. Mutations associated with CHIP
likely provide a selective advantage for aged hematopoietic stem cells (HSC), aiding them in
surviving amongst the increased genotoxic stress and aged bone marrow milieu. Modeling of
the Dnmt3aand Tet? mutations in mice has shown that these mutations led to an expansion
of the stem cell pool and in the case of 7etZ, a block in differentiation (39-41). Yet given
that clonal hematopoiesis seems almost an inevitable feature of aging, it is clearly not the
sole age-associated factor contributing the development of myeloid malignancies.

Aged HSC and LSC

Loss of HSC function with age—Much of what is known about HSC aging has been
derived from murine studies, and while strain-to-strain variations have been observed, it is
clear that aged murine HSC have altered reconstitution and lineage potential (42). Even
though the frequency of HSC in the bone marrow increases with age (43,44), their function
declines. Aged HSC have decreased homing ability with increased self-renewal under
transplant conditions, impairing their ability to differentiate and reconstitute the marrow
long-term (43,45) (46-48). Notably, while the ability of lymphoid biased HSCs (Ly-HSCs)
or myeloid-based (My-HSCs) to generate their respective linages does not change with age,
the composition of the HSC pool does. With age, there is an increase in the frequency of
My-HSCs, and over a 50-fold increase in platelet biased HSCs, with a decrease in Ly-HSCs
and Bal-HSCs (49-51). However, total numbers of Ly-HSC may not be reduced with age
(52). Intriguingly, the more times that an HSC has divided, the less multipotent and more
skewed towards myeloid differentiation it becomes, and aged Ly-HSC have an increase in
myeloid gene expression, suggesting that epigenetic alterations may be at play in HSCs
becoming less potent with age (53,54).

Whether human HSCs have the same functional impairments with age is unclear. HSCs from
aged donors have reduced transplantation success in bone marrow transplants, suggesting
there is loss of function with age (55). Similar to what has been observed in mice, several
groups have shown that there is an increase in HSC frequency in human bone marrow with
age (56-58). However, xenotransplant studies of young and aged human HSC into NSG
immunocompromised mice and /n vitro experiments have generated conflicting results, that
are not always in concordance with the aged murine HSC phenotype. Analysis of bone
marrow from xenografts has shown both an age-associated increase in the myeloid/lymphoid
ratio from mice transplanted with HSC (Lin~, CD34", CD38~, CD90*, CD45RA") as well
as a decreased myeloid output from a less purified aged (CD34*, CD38") cell type.
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Similarly, contradictory findings using stromal co-culture experiments have been observed.
Using a very pure Lin~, CD34", CD38~, CD90*, CD45RA™ population with AC6.2.1
stromal cells, Pang et al. demonstrated a significant myeloid bias with age, while Nilsson et
al. found no significant difference when culturing highly purified hemopoietic Lin~, CD34*,
CD90*, CD45RA™,CD123/0W with MS5 stroma cells (56-58). Unexpectedly, no decrease in
HSC engraftment or donor chimerism was observed in transplanted aged human HSC
compared to young (56,57). Additionally, in contrast to murine HSC, no significant
difference has been observed in colony forming ability /7 vitro with human HSC aging (56).

Numerous intrinsic alterations contribute to murine HSC loss of function. These changes are
associated with altered metabolism, decreased activation of autophagy, impaired
proteostasis, accumulation of DNA damage, loss of polarity, and epigenetic remodeling. Due
to the technical limitation of working with human samples, it is unknown if many of these
phenotypes are maintained in human HSC. However, much has been learned about how
epigenetic alterations contribute to aged HSC loss of function, which will be later discussed.

Aged HSC versus LSC: Like their normal counterparts, Leukemic Stem Cells (LSC) are
highly quiescent cells capable of self-renewal and long-term engraftment in
immunodeficient mice (59,60). These malignant progenitors have been observed in both the
age-associated malignancies MDS and AML (59-63). Given the therapeutic challenges for
treatment of these diseases, it is beneficial to delineate between normal aged HSC and LSC
biology.

Like HSC, the majority of LSC express the CD34 antigen and lack CD38. Using flow
cytometry to define the stem cell compartment as Lin-, CD34+, CD38-, CD90*, CD45RA"™,
Pang et al. did not find any difference in HSC frequency in low-risk MDS compared to age-
matched controls. Moreover, by tracing the MDS monosomy 7 abnormality within the HSC
compartment to distinguish malignant from normal stem cells, they demonstrated that LSC
expand at expense to the normal HSC. In contrast to low-risk MDS, in high-risk MDS, Will
et al. demonstrated that there is an increased frequency of LSC compared to aged-matched
controls. In addition, altered frequencies of CMP, GMP, and MEP have also been observed,
contributing to the idea that other progenitors contribute to MDS pathogenesis (61,63).

Perhaps the most important time at which a distinction needs to be made between LSC and
normal aged HSC is after completion of therapy for malignant disorders, when a
determination of persistent disease vs. complete remission needs to be made. Since many of
the mutations in clonal hematopoiesis and those seen in myeloid malignancies are the same,
a distinction between minimal residual disease and reversal to clonal hematopoiesis is of the
utmost importance since it would signify the difference between requiring further treatment
or not. While prior knowledge of the existence of pre-leukemic clonal hematopoiesis would
be ideal in order to make this distinction, this is not always available. In the latter scenario,
the presence of mutations frequently seen in clonal hematopoiesis along with the absence of
overt leukemia should be evaluated as a possible return to clonal hematopoiesis and closely
monitored before a decision to move forward with additional therapy is made.
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Epigenetic changes with aging vs leukemia

HSC epigenetic changes with aging—Given that epigenetic modifiers are mutated
with aging and that aberrant modification of cytosine bases and histone tails is found in age-
related MDS and AML, a large focus of the field has been centered in understanding how
epigenetic regulation becomes impaired with aging. Earlier studies of DNA methylation
(mC) in aged human hematopoietic cells showed defined methylation changes in bulk
mononuclear cells (MNC) and hypomethylation of differentiation associated genes in
CD34+ cells (64,65). Recently, our group assessed mC in a more purified population of HSC
enriched (HSCe) CD34+, CD38-, Lineage- cells and found focal changes that develop with
aging at genes associated with WNT, cadherin, and cell-adhesion pathways. These changes
included both gains and losses of mC (66). Similarly, methylation changes have also been
observed in murine long-term HSC (LT-HSC) (67,68). Notably, Soraas et al., who measured
mC using a multi-tissue “epigenetic-clock” in patients following allogeneic HSC transplant
from donors of different ages, found that at least some of these epigenetic alterations may be
cell intrinsic (69).

In contrast to mC, more widespread histone modification alterations have been observed
with human HSC aging. Using single-cell mass spectrometry, Cheung et al demonstrated
that many chromatin marks increase with HSC aging, including H3K4me3, H3K36me3, and
H3K27me3 while there is reduced H3K27ac and H3K9ac with aging (70). Our group
studied the activating histone modifications H3K4mel, H3K4me3, and H3K27ac along with
the repressive mark H3K27me3, in human HSCe with aging using chromatin
immunoprecipitation with sequencing (ChlP-seq) and identified thousands of focal histone
modification alterations with HSCe aging. Prominent amongst these changes was a switch
from bivalency to repression at promoters associated with WNT signaling and
developmental genes. Additionally, a reduction of H3K27ac was observed at active
promoters and enhancers associated with immune and cancer related pathways supporting
the idea that age-associated immune impairment and increased risk of myeloid leukemias
may be epigenetically encoded at regulatory regions at the stem cell level. Importantly, aged
HSCe alterations are accompanied by transcriptional deregulation of hematopoietic
transcription factors such as KLF6, BCL6, RUNX3and HIF1A as well as epigenetic
modifiers, including KA77, SETDI1A, and KDMZA (66). Notably, work by Khokhar et al.
and Keenan et al. has shown that downregulation of the histone acetyltransferase Kat6b or
the histone methyltransferases Suv39h1 and Suv39h2, respectively, in mice, results in aging
phenotypes such as increased myeloid differentiation (71,72) Furthermore, one of the genes
most downregulated in both human and murine HSCe aging is the nuclear lamina associated
gene, LMNA, a gene involved in the nuclear organization of heterochromatin and which
when mutated results in a form of progeria (73)(66). However, whether age-related
downregulation of LMNA contributes to altered chromatin accessibility or wide scale
chromatin remodeling with age is unknown.

LSC epigenetic changes compared to aging—Given the technical limitations, the
epigenome of human LSC has not been characterized in depth. However, studies using bulk
populations of cells have shown that aberrant epigenetic modifications are recurrently
observed in MDS and AML. Leukemic blasts have vast alteration of DNA methylation
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compared to normal hematopoietic cells (74-77). Furthermore, clinically relevant subsets of
AML patients can be identified solely based on their methylation profile(76). Initial studies
of DNA methylation utilized promoter-based assays and found hypermethylation of
promoters, including those involved in WNT signaling (75-77). However, a recent study that
utilized a more genome-wide approach, found that gene neighborhood (region 2-50kb from
the TSS or TES) methylation predicted AML epigenetic subtype better than promoter
methylation, and that there is significant hypomethylation of enhancers (78). Thus, DNA
methylation abnormalities may lead to activation of enhancer elements and their target genes
in AML. In addition to the extensive methylation alterations seen in MDS, AML, and
CMML, mutations of DNMT3A, TET2, and IDH1/2, enzymes in the DNA methylation
pathways, are frequently found in patients with these diseases (79-86).

While less is known about how histone modifications are altered in primary myeloid
leukemias, enhancer deregulation is an emerging feature of myeloid neoplasms. For
example, in patients with inv(3)/t(3;3) AML, chromosomal rearrangement of the GATAZ2
enhancer causes an enhancer translocation and the abnormal expression of the proto-
oncogene £V/1, and downregulation of GATAZ (87,88). Additionally, enhancers and
chromatin accessibility can be used to identify subsets of AML (89,90).

As epigenetic abnormalities are observed in both normal aging and age-dependent
leukemias, identifying the epigenetic features that may predispose or contribute to
malignancy will be of therapeutic potential. Using unsupervised clustering, regions with
altered mC in both aged HSCe and AML blasts compared to young HSCe were identified.
These sites were annotated to transcription factors such as HOXC4/6, KLF6, and RUNXI.
Similarly, 4,582 enhancers have reduced H3K27ac in both aged HSCe and AML blasts.
These enhancers were associated with cell adhesion, immune cell activation, and myeloid
differentiation and included genes such as ME/S1, HESIand RXRA (66). However,
determining which of these many age-associated events actually predispose to leukemia, and
how they may do so, has yet to been experimentally demonstrated.

Future Directions

While a lot of progress has been made in the last decade into better understanding functional
and molecular changes that occur in the human hematopoietic system with aging, limitations
in the experimental approaches have meant that the field has lagged behind progress made in
model organisms. However, technical advances in recent years now allow for proteomic,
metabolomic and genomic studies in highly purified populations and even at the single cell
level. Likewise, advances in genome-editing technologies now allow for gene and
epigenome editing of primary human hematopoietic cells. It is expected that these advances,
paired with appropriate murine and xenograft models, will allow us to address many of the
unanswered questions about aging human hematopoiesis. Questions about the role of
metabolism changes in the aging phenotype, clonal competition and selection in the context
of CHIP, or how the aging bone marrow microenvironment influences this process will all be
at the forefront of research in upcoming years. Finally, the ultimate goal of the field is to
translate these observations into potential interventions that can slow functional decline with
aging and even prevent the development of malignant transformation.

Curr Opin Hematol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adelman and Figueroa

Page 8

Acknowledgements:

The authors apologize to those whose work could not be discussed owing to space limitations.

Financial support and sponsorship:

MEF is supported by a Scholar Award from the Leukemia and Lymphoma Society. ERA is supported by a T32
postdoctoral training grant in cancer epigenetics from NCI NIH (T32CA217835).

References:

* Of special interest

** Of outstanding interest

1.

Institute NC. SEER Cancer Stat Facts: Acute Myeloid Leukemia <http://seer.cancer.gov/statfacts/
html/amyl.htmlI>.

. Yoshikawa TT, Schmader K. Herpes Zoster in Older Adults. Clinical Infectious Diseases

2001;32(10):1481-6 doi 10.1086/320169. [PubMed: 11317250]

. Louria DB, Sen P, Sherer CB, Farrer WE. Infections in older patients: a systematic clinical

approach. Geriatrics 1993;48(1):28-34.

. Armstrong GL, Conn LA, Pinner RW. Trends in infectious disease mortality in the united states

during the 20th century. Jama 1999;281(1):61-6 doi 10.1001/jama.281.1.61. [PubMed: 9892452]

. Parsons HK, Dockrell DH. The burden of invasive pneumococcal disease and the potential for

reduction by immunisation. International journal of antimicrobial agents 2002;19(2):85-93.
[PubMed: 11850160]

. Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N, Anderson LJ, et al. Mortality

associated with influenza and respiratory syncytial virus in the United States. Jama
2003;289(2):179-86. [PubMed: 12517228]

. Chen WH, Kozlovsky BF, Effros RB, Grubeck-Loebenstein B, Edelman R, Sztein MB. Vaccination

in the elderly: an immunological perspective. Trends in immunology 2009;30(7):351-9 doi
10.1016/j.it.2009.05.002. [PubMed: 19540808]

. Qi Q, LiuY, Cheng Y, Glanville J, Zhang D, Lee JY, et al. Diversity and clonal selection in the

human T-cell repertoire. Proc Natl Acad Sci U S A 2014;111(36):13139-44 doi 10.1073/
pnas.1409155111. [PubMed: 25157137]

. Batliwalla F, Monteiro J, Serrano D, Gregersen PK. Oligoclonality of CD8+ T cells in health and

disease: aging, infection, or immune regulation? Human immunology 1996;48(1-2):68-76.
[PubMed: 8824575]

10. Henson SM, Riddell NE, Akbar AN. Properties of end-stage human T cells defined by CD45RA

re-expression. Current opinion in immunology 2012;24(4):476-81 doi 10.1016/j.c0i.2012.04.001.
[PubMed: 22554789]

11. Wang C, Liu Y, Xu LT, Jackson KJ, Roskin KM, Pham TD, et al. Effects of aging, cytomegalovirus

infection, and EBV infection on human B cell repertoires. Journal of immunology (Baltimore,
Md : 1950) 2014;192(2):603-11 doi 10.4049/jimmunol.1301384.

12. Frasca D, Landin AM, Lechner SC, Ryan JG, Schwartz R, Riley RL, et al. Aging down-regulates

the transcription factor E2A, activation-induced cytidine deaminase, and Ig class switch in human
B cells. Journal of immunology (Baltimore, Md : 1950) 2008;180(8):5283-90.

13. Gibson KL, Wu YC, Barnett Y, Duggan O, Vaughan R, Kondeatis E, et al. B-cell diversity

decreases in old age and is correlated with poor health status. Aging cell 2009;8(1):18-25 doi
10.1111/j.1474-9726.2008.00443.x. [PubMed: 18986373]

14. Boehmer ED, Goral J, Faunce DE, Kovacs EJ. Age-dependent decrease in Toll-like receptor 4-

mediated proinflammatory cytokine production and mitogen-activated protein kinase expression.
Journal of leukocyte biology 2004;75(2):342-9 doi 10.1189/j1b.0803389. [PubMed: 14634059]

Curr Opin Hematol. Author manuscript; available in PMC 2022 January 01.


http://seer.cancer.gov/statfacts/html/amyl.html
http://seer.cancer.gov/statfacts/html/amyl.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adelman and Figueroa

15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 9

. Swift ME, Burns AL, Gray KL, DiPietro LA. Age-related alterations in the inflammatory response
to dermal injury. The Journal of investigative dermatology 2001;117(5):1027-35 doi 10.1046/
j.0022-202x.2001.01539.x. [PubMed: 11710909]

Corsini E, Battaini F, Lucchi L, Marinovich M, Racchi M, Govoni S, et al. A defective protein
kinase C anchoring system underlying age-associated impairment in TNF-alpha production in rat
macrophages. Journal of immunology (Baltimore, Md : 1950) 1999;163(6):3468-73.

Alvarez E, Machado A, Sobrino F, Santa Maria C. Nitric oxide and superoxide anion production
decrease with age in resident and activated rat peritoneal macrophages. Cellular immunology
1996;169(1):152-5 doi 10.1006/cimm.1996.0103. [PubMed: 8612288]

Wallace PK, Eisenstein TK, Meissler JJ Jr., Morahan PS. Decreases in macrophage mediated
antitumor activity with aging. Mechanisms of ageing and development 1995;77(3):169-84 doi
10.1016/0047-6374(94)01524-p. [PubMed: 7739265]

Alvarez E, Conde M, Machado A, Sobrino F, Santa Maria C. Decrease in free-radical production
with age in rat peritoneal macrophages. The Biochemical journal 1995;312 (Pt 2)(Pt 2):555-60 doi
10.1042/bj3120555. [PubMed: 8526870]

Ding A, Hwang S, Schwab R. Effect of aging on murine macrophages. Diminished response to
IFN-gamma for enhanced oxidative metabolism. Journal of immunology (Baltimore, Md : 1950)
1994;153(5):2146-52.

Alvarez E, Santa Maria C, Machado A. Respiratory burst reaction changes with age in rat
peritoneal macrophages. Biochimica et biophysica acta 1993;1179(3):247-52 doi
10.1016/0167-4889(93)90079-5. [PubMed: 8218368]

Guralnik JM, Eisenstaedt RS, Ferrucci L, Klein HG, Woodman RC. Prevalence of anemia in
persons 65 years and older in the United States: evidence for a high rate of unexplained anemia.
Blood 2004;104(8):2263-8 doi 10.1182/blood-2004-05-1812. [PubMed: 15238427]

Nilsson-Ehle H, Jagenburg R, Landahl S, Svanborg A, Westin J. Haematological abnormalities and
reference intervals in the elderly. A cross-sectional comparative study of three urban Swedish
population samples aged 70, 75 and 81 years. Acta medica Scandinavica 1988;224(6):595-604.
[PubMed: 3264660]

Valent P, Horny HP, Bennett JM, Fonatsch C, Germing U, Greenberg P, et al. Definitions and
standards in the diagnosis and treatment of the myelodysplastic syndromes: Consensus statements
and report from a working conference. Leuk Res 2007;31(6):727-36 doi 10.1016/
j.leukres.2006.11.009. [PubMed: 17257673]

Malcovati L, Galli A, Travaglino E, Ambaglio I, Rizzo E, Molteni E, et al. Clinical significance of
somatic mutation in unexplained blood cytopenia. Blood 2017;129(25):3371-8 doi 10.1182/
blood-2017-01-763425. [PubMed: 28424163]

Cargo CA, Rowbotham N, Evans PA, Barrans SL, Bowen DT, Crouch S, et al. Targeted sequencing
identifies patients with preclinical MDS at high risk of disease progression. Blood
2015;126(21):2362-5 doi 10.1182/blood-2015-08-663237. [PubMed: 26392596]

Genovese G, Kahler AK, Handsaker RE, Lindberg J, Rose SA, Bakhoum SF, et al. Clonal
Hematopoiesis and Blood-Cancer Risk Inferred from Blood DNA Sequence. New England Journal
of Medicine 2014;371(26):2477-87 doi:10.1056/NEJM0a1409405.** This work documents the
finding of clonal hematopoieis with aging.

Jaiswal S, Fontanillas P, Flannick J, Manning A, Grauman PV, Mar BG, et al. Age-Related Clonal
Hematopoiesis Associated with Adverse Outcomes. New England Journal of Medicine
2014;371(26):2488-98 doi:10.1056/NEJM0a1408617.** This work also identifies clonal
hematopoiesis as a feature of aging.

Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E, et al. Clonal Hematopoiesis and
Risk of Atherosclerotic Cardiovascular Disease. The New England journal of medicine
2017;377(2):111-21 doi 10.1056/NEJM0al701719. [PubMed: 28636844]

Busque L, Patel JP, Figueroa ME, Vasanthakumar A, Provost S, Hamilou Z, et al. Recurrent
somatic TET2 mutations in normal elderly individuals with clonal hematopoiesis. Nat Genet
2012;44(11):1179-81 doi 10.1038/ng.2413. [PubMed: 23001125]

Curr Opin Hematol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adelman and Figueroa

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 10

Xie M, Lu C, Wang J, McLellan MD, Johnson KJ, Wendl MC, et al. Age-related mutations
associated with clonal hematopoietic expansion and malignancies. Nat Med 2014;20(12):1472-8
doi 10.1038/nm.3733. [PubMed: 25326804]

Shlush LI. Age-related clonal hematopoiesis. Blood 2018;131(5):496-504 doi 10.1182/
blood-2017-07-746453. [PubMed: 29141946]

Zink F, Stacey SN, Norddahl GL, Frigge ML, Magnusson OT, Jonsdottir I, et al. Clonal
hematopoiesis, with and without candidate driver mutations, is common in the elderly. Blood
2017;130(6):742-52 doi 10.1182/blood-2017-02-769869. [PubMed: 28483762]

Jaiswal S Clonal hematopoiesis and nonhematologic disorders. Blood 2020;136(14):1606—-14 doi
10.1182/blood.2019000989. [PubMed: 32736379]

Yamamoto JF, Goodman MT. Patterns of leukemia incidence in the United States by subtype and
demographic characteristics, 1997-2002. Cancer causes & control : CCC 2008;19(4):379-90 doi
10.1007/s10552-007-9097-2. [PubMed: 18064533]

Dohner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Buchner T, et al. Diagnosis and
management of AML in adults: 2017 ELN recommendations from an international expert panel.
Blood 2017;129(4):424-47 doi 10.1182/blood-2016-08-733196. [PubMed: 27895058]

Rollison DE, Howlader N, Smith MT, Strom SS, Merritt WD, Ries LA, et al. Epidemiology of
myelodysplastic syndromes and chronic myeloproliferative disorders in the United States, 2001—
2004, using data from the NAACCR and SEER programs. Blood 2008;112(1):45-52 doi 10.1182/
blood-2008-01-134858. [PubMed: 18443215]

Papaemmanuil E, Gerstung M, Malcovati L, Tauro S, Gundem G, Van Loo P, et al. Clinical and
biological implications of driver mutations in myelodysplastic syndromes. Blood
2013;122(22):3616-27 doi 10.1182/blood-2013-08-518886. [PubMed: 24030381]

Challen GA, Sun D, Mayle A, Jeong M, Luo M, Rodriguez B, et al. Dnmt3a and Dnmt3b have
overlapping and distinct functions in hematopoietic stem cells. Cell Stem Cell 2014;15(3):350-64
doi 10.1016/j.stem.2014.06.018. [PubMed: 25130491]

Moran-Crusio K, Reavie L, Shih A, Abdel-Wahab O, Ndiaye-Lobry D, Lobry C, et al. Tet2 loss
leads to increased hematopoietic stem cell self-renewal and myeloid transformation. Cancer Cell
2011;20(1):11-24 doi 10.1016/j.ccr.2011.06.001. [PubMed: 21723200]

Quivoron C, Couronné L, Della Valle V, Lopez CK, Plo I, Wagner-Ballon O, et al. TET2
inactivation results in pleiotropic hematopoietic abnormalities in mouse and is a recurrent event
during human lymphomagenesis. Cancer Cell 2011;20(1):25-38 doi 10.1016/j.ccr.2011.06.003.
[PubMed: 21723201]

Waterstrat A, Van Zant G. Effects of aging on hematopoietic stem and progenitor cells. Current
opinion in immunology 2009;21(4):408-13 doi 10.1016/j.c0i.2009.05.002. [PubMed: 19500962]
Morrison SJ, Wandycz AM, Akashi K, Globerson A, Weissman IL. The aging of hematopoietic
stem cells. Nat Med 1996;2(9):1011-6. [PubMed: 8782459]

Ertl RP, Chen J, Astle CM, Duffy TM, Harrison DE. Effects of dietary restriction on hematopoietic
stem-cell aging are genetically regulated. 2008 1709-16 p.

Liang Y, Van Zant G, Szilvassy SJ. Effects of aging on the homing and engraftment of murine
hematopoietic stem and progenitor cells. Blood 2005;106(4):1479-87 doi 10.1182/
blood-2004-11-4282. [PubMed: 15827136]

Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R, Wagers AJ, et al. Cell intrinsic alterations
underlie hematopoietic stem cell aging. Proc Natl Acad Sci U S A 2005;102(26):9194-9 doi
10.1073/pnas.0503280102. [PubMed: 15967997]

Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower LA, Goodell MA. Aging hematopoietic
stem cells decline in function and exhibit epigenetic dysregulation. PLoS biology 2007;5(8):e201
doi 10.1371/journal.pbio.0050201. [PubMed: 17676974]

Sudo K, Ema H, Morita Y, Nakauchi H. Age-associated characteristics of murine hematopoietic
stem cells. The Journal of experimental medicine 2000;192(9):1273-80. [PubMed: 11067876]
Challen GA, Boles NC, Chambers SM, Goodell MA. Distinct hematopoietic stem cell subtypes are
differentially regulated by TGF-betal. Cell Stem Cell 2010;6(3):265-78 doi 10.1016/
j.5tem.2010.02.002. [PubMed: 20207229]

Curr Opin Hematol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adelman and Figueroa

50

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 11

. Beerman |, Bhattacharya D, Zandi S, Sigvardsson M, Weissman IL, Bryder D, et al. Functionally
distinct hematopoietic stem cells modulate hematopoietic lineage potential during aging by a
mechanism of clonal expansion. Proc Natl Acad Sci U S A 2010;107(12):5465-70 doi 10.1073/
pnas.1000834107. [PubMed: 20304793]

Pinho S, Marchand T, Yang E, Wei Q, Nerlov C, Frenette PS. Lineage-Biased Hematopoietic Stem
Cells Are Regulated by Distinct Niches. Developmental cell 2018 doi 10.1016/
j.devcel.2018.01.016.

Séwen P, Eldeeb M, Erlandsson E, Kristiansen TA, Laterza C, Kokaia Z, et al. Murine HSCs
contribute actively to native hematopoiesis but with reduced differentiation capacity upon aging.
eLife 2018;7 doi 10.7554/eL ife.41258.

Bernitz JM, Kim HS, MacArthur B, Sieburg H, Moore K. Hematopoietic Stem Cells Count and
Remember Self-Renewal Divisions. Cell 2016;167(5):1296-309.e10 doi 10.1016/
j.cell.2016.10.022. [PubMed: 27839867]

Sawen P, Eldeeb M, Erlandsson E, Kristiansen TA, Laterza C, Kokaia Z, et al. Murine HSCs
contribute actively to native hematopoiesis but with reduced differentiation capacity upon aging.
eLife 2018;7 doi 10.7554/eL ife.41258.

Kollman C, Howe CW, Anasetti C, Antin JH, Davies SM, Filipovich AH, et al. Donor
characteristics as risk factors in recipients after transplantation of bone marrow from unrelated
donors: the effect of donor age. Blood 2001;98(7):2043-51. [PubMed: 11567988]

Pang WW, Price EA, Sahoo D, Beerman I, Maloney WJ, Rossi DJ, et al. Human bone marrow
hematopoietic stem cells are increased in frequency and myeloid-biased with age. Proc Natl Acad
Sci U S A 2011;108(50):20012—-7 doi 10.1073/pnas.1116110108. [PubMed: 22123971]

Kuranda K, Vargaftig J, de la Rochere P, Dosquet C, Charron D, Bardin F, et al. Age-related
changes in human hematopoietic stem/progenitor cells. Aging cell 2011;10(3):542—6 doi 10.1111/
j.1474-9726.2011.00675.x. [PubMed: 21418508]

Rundberg Nilsson A, Soneji S, Adolfsson S, Bryder D, Pronk CJ. Human and Murine
Hematopoietic Stem Cell Aging Is Associated with Functional Impairments and Intrinsic
Megakaryocytic/Erythroid Bias. PLOS ONE 2016;11(7):¢0158369 doi 10.1371/
journal.pone.0158369. [PubMed: 27368054] * This work indentifies that aged human HSC have a
loss of function with age, some features of which are concurrent with murine HSC aging.

Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, Caceres-Cortes J, et al. A cell initiating
human acute myeloid leukaemia after transplantation into SCID mice. Nature
1994;367(6464):645-8 doi 10.1038/367645a0. [PubMed: 7509044]

Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy that originates from
a primitive hematopoietic cell. Nat Med 1997;3(7):730-7. [PubMed: 9212098]

Pang WW, Pluvinage JV, Price EA, Sridhar K, Arber DA, Greenberg PL, et al. Hematopoietic stem
cell and progenitor cell mechanisms in myelodysplastic syndromes. Proc Natl Acad Sci U S A
2013;110(8):3011-6 doi 10.1073/pnas.1222861110. [PubMed: 23388639]

Tehranchi R, Woll PS, Anderson K, Buza-Vidas N, Mizukami T, Mead AJ, et al. Persistent
malignant stem cells in del(5q) myelodysplasia in remission. The New England journal of
medicine 2010;363(11):1025-37 doi 10.1056/NEJM0a0912228. [PubMed: 20825315]

Will B, Zhou L, Vogler TO, Ben-Neriah S, Schinke C, Tamari R, et al. Stem and progenitor cells in
myelodysplastic syndromes show aberrant stage-specific expansion and harbor genetic and
epigenetic alterations. Blood 2012;120(10):2076-86 doi 10.1182/blood-2011-12-399683.
[PubMed: 22753872]

Bocker MT, Hellwig I, Breiling A, Eckstein V, Ho AD, Lyko F. Genome-wide promoter DNA
methylation dynamics of human hematopoietic progenitor cells during differentiation and aging.
Blood 2011;117(19):e182-9 doi 10.1182/blood-2011-01-331926. [PubMed: 21427290]

Bacalini MG, Boattini A, Gentilini D, Giampieri E, Pirazzini C, Giuliani C, et al. A meta-analysis
on age-associated changes in blood DNA methylation: results from an original analysis pipeline
for Infinium 450k data. Aging 2015;7(2):97-109. [PubMed: 25701668]

Adelman ER, Huang H-T, Roisman A, Olsson A, Colaprico A, Qin T, et al. Aging Human
Hematopoietic Stem Cells Manifest Profound Epigenetic Reprogramming of Enhancers That May
Predispose to Leukemia. Cancer discovery 2019:CD-18-1474 doi

Curr Opin Hematol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adelman and Figueroa

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 12

10.1158/2159-8290.CD-18-1474.* This work found that epigenetic reprogramming is a feature of
human HSC aging.

Beerman I, Bock C, Garrison Brian S, Smith Zachary D, Gu H, Meissner A, et al. Proliferation-
Dependent Alterations of the DNA Methylation Landscape Underlie Hematopoietic Stem Cell
Aging. Cell Stem Cell 2013;12(4):413-25 doi 10.1016/j.stem.2013.01.017. [PubMed: 23415915]

Sun D, Luo M, Jeong M, Rodriguez B, Xia Z, Hannah R, et al. Epigenomic Profiling of Young and
Aged HSCs Reveals Concerted Changes during Aging that Reinforce Self-Renewal. Cell Stem
Cell 2014;14(5):673-88 doi 10.1016/j.stem.2014.03.002. [PubMed: 24792119]

Soraas A, Matsuyama M, de Lima M, Wald D, Buechner J, Gedde-Dahl T, et al. Epigenetic age is a
cell-intrinsic property in transplanted human hematopoietic cells. Aging cell 2019:e12897 doi
10.1111/acel.12897. [PubMed: 30712319] * This manuscript demonstrates that epigenetic
reprogramming may rejuvante aged HSC.

Cheung P, Vallania F, Warsinske HC, Donato M, Schaffert S, Chang SE, et al. Single-Cell
Chromatin Modification Profiling Reveals Increased Epigenetic Variations with Aging. Cell
2018;173(6):1385-97.e14 doi 10.1016/j.cell.2018.03.079. [PubMed: 29706550]

Khokhar ES, Borikar S, Eudy E, Stearns T, Young K, Trowbridge JJ. Aging-associated decrease in
the histone acetyltransferase KAT6B is linked to altered hematopoietic stem cell differentiation.
Experimental hematology 2020;82:43-52 e4 doi 10.1016/j.exphem.2020.01.014. [PubMed:
32014431]

Keenan CR, lannarella N, Naselli G, Bediaga NG, Johanson TM, Harrison LC, et al. Extreme
disruption of heterochromatin is required for accelerated haematopoietic aging. Blood 2020 doi
10.1182/blood.2019002990.

De Sandre-Giovannoli A, Bernard R, Cau P, Navarro C, Amiel J, Boccaccio I, et al. Lamin A
Truncation in Hutchinson-Gilford Progeria. Science 2003;300(5628):2055- doi 10.1126/
science.1084125. [PubMed: 12702809]

Akalin A, Garrett-Bakelman FE, Kormaksson M, Busuttil J, Zhang L, Khrebtukova I, et al. Base-
pair resolution DNA methylation sequencing reveals profoundly divergent epigenetic landscapes in
acute myeloid leukemia. PL0oS Genet 2012;8(6):€1002781 doi 10.1371/journal.pgen.1002781.
[PubMed: 22737091]

Figueroa ME, Abdel-Wahab O, Lu C, Ward PS, Patel J, Shih A, et al. Leukemic IDH1 and IDH2
mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair
hematopoietic differentiation. Cancer Cell 2010;18(6):553-67 doi 10.1016/j.ccr.2010.11.015.
[PubMed: 21130701]

Figueroa ME, Lugthart S, Li Y, Erpelinck-Verschueren C, Deng X, Christos PJ, et al. DNA
Methylation Signatures Identify Biologically Distinct Subtypes in Acute Myeloid Leukemia.
Cancer cell 2010;17(1):13-27 doi 10.1016/j.ccr.2009.11.020. [PubMed: 20060365]

Figueroa ME, Skrabanek L, Li Y, Jiemjit A, Fandy TE, Paietta E, et al. MDS and secondary AML
display unique patterns and abundance of aberrant DNA methylation. Blood 2009;114(16):3448—
58 doi 10.1182/blood-2009-01-200519. [PubMed: 19652201]

Glass JL, Hassane D, Wouters BJ, Kunimoto H, Avellino R, Garrett-Bakelman FE, et al. Epigenetic
Identity in AML Depends on Disruption of Nonpromoter Regulatory Elements and Is Affected by
Antagonistic Effects of Mutations in Epigenetic Modifiers. Cancer discovery 2017;7(8):868-83
doi 10.1158/2159-8290.Cd-16-1032. [PubMed: 28408400]

Walter MJ, Ding L, Shen D, Shao J, Grillot M, McLellan M, et al. Recurrent DNMT3A mutations
in patients with myelodysplastic syndromes. Leukemia 2011;25(7):1153-8 doi 10.1038/
leu.2011.44. [PubMed: 21415852]

Patel JP, Gonen M, Figueroa ME, Fernandez H, Sun Z, Racevskis J, et al. Prognostic relevance of
integrated genetic profiling in acute myeloid leukemia. The New England journal of medicine
2012;366(12):1079-89 doi 10.1056/NEJMo0al112304. [PubMed: 22417203]

Ley TJ, Ding L, Walter MJ, McLellan MD, Lamprecht T, Larson DE, et al. DNMT3A mutations in
acute myeloid leukemia. The New England journal of medicine 2010;363(25):2424-33 doi
10.1056/NEJM0a1005143. [PubMed: 21067377]

Curr Opin Hematol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adelman and Figueroa

82

83.

84.

85.

86.

87.

88.

89.

90.

Page 13

. Liu W-J, Tan X-H, Luo X-P, Guo B-P, Wei Z-J, Ke Q, et al. Prognostic significance of Tet
methylcytosine dioxygenase 2 (TET2) gene mutations in adult patients with acute myeloid
leukemia: a meta-analysis. Leukemia & lymphoma 2014;55(12):2691-8. [PubMed: 24524305]
Weissmann S, Alpermann T, Grossmann V, Kowarsch A, Nadarajah N, Eder C, et al. Landscape of
TET2 mutations in acute myeloid leukemia. Leukemia 2012;26(5):934-42 doi 10.1038/
leu.2011.326. [PubMed: 22116554]

Marcucci G, Maharry K, Wu YZ, Radmacher MD, Mrozek K, Margeson D, et al. IDH1 and IDH2
gene mutations identify novel molecular subsets within de novo cytogenetically normal acute
myeloid leukemia: a Cancer and Leukemia Group B study. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology 2010;28(14):2348-55 doi 10.1200/
j€0.2009.27.3730. [PubMed: 20368543]

Mardis ER, Ding L, Dooling DJ, Larson DE, McLellan MD, Chen K, et al. Recurring mutations
found by sequencing an acute myeloid leukemia genome. The New England journal of medicine
2009;361(11):1058-66 doi 10.1056/NEJM0a0903840. [PubMed: 19657110]

Paschka P, Schlenk RF, Gaidzik VI, Habdank M, Kronke J, Bullinger L, et al. IDH1 and IDH2
mutations are frequent genetic alterations in acute myeloid leukemia and confer adverse prognosis
in cytogenetically normal acute myeloid leukemia with NPM1 mutation without FLT3 internal
tandem duplication. Journal of clinical oncology : official journal of the American Society of
Clinical Oncology 2010;28(22):3636—43 doi 10.1200/jc0.2010.28.3762. [PubMed: 20567020]
Groschel S, Sanders MA, Hoogenboezem R, de Wit E, Bouwman BA, Erpelinck C, et al. A single
oncogenic enhancer rearrangement causes concomitant EV11 and GATA2 deregulation in
leukemia. Cell 2014;157(2):369-81 doi 10.1016/j.cell.2014.02.019. [PubMed: 24703711]
Yamazaki H, Suzuki M, Otsuki A, Shimizu R, Bresnick EH, Engel JD, et al. A remote GATA2
hematopoietic enhancer drives leukemogenesis in inv(3)(g21;926) by activating EV11 expression.
Cancer Cell 2014;25(4):415-27 doi 10.1016/j.ccr.2014.02.008. [PubMed: 24703906]

McKeown MR, Corces MR, Eaton ML, Fiore C, Lee E, Lopez JT, et al. Superenhancer Analysis
Defines Novel Epigenomic Subtypes of Non-APL AML, Including an RARalpha Dependency
Targetable by SY-1425, a Potent and Selective RARalpha Agonist. Cancer discovery
2017;7(10):1136-53 doi 10.1158/2159-8290.cd-17-0399. [PubMed: 28729405] * This work
demonstrates that enhancer deregulation can contribute to AML pathogeneisis using primary AML
specimens.

Yi G, Wierenga ATJ, Petraglia F, Narang P, Janssen-Megens EM, Mandoli A, et al. Chromatin-
Based Classification of Genetically Heterogeneous AMLs into Two Distinct Subtypes with
Diverse Stemness Phenotypes. Cell reports 2019;26(4):1059-69 e6 doi 10.1016/
j.celrep.2018.12.098. [PubMed: 30673601] * This study profiled multiple chromatin modifications
in primary AML samples, finding that subtypes of AML can be identified by their chromatin
profiles.

Curr Opin Hematol. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adelman and Figueroa

Page 14

Key points:

. Normal aging results in HSC dysfunction, impaired immunity, isolated
cytopenias, increased risk of hematopoietic malignancies.

. Clonal hematopoiesis and altered epigenetic programming increase in
frequency with normal aging and may predispose to malignant
transformation.

. Normal aged HSC and LSC share many features and distinguishing between
the two has important clinical implications for follow-up of patients with
malignancies.
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