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ABSTRACT
Biological aging leads to a reduced capacity of hematopoietic stem/progenitor cells
(HSPCs) to efficiently produce blood and immune cells, which contributes to various age-related
pathologies. Further understanding of this aging process in HSPCs may provide insight into
novel strategies for diagnosis and pharmacological interventions aimed towards minimizing the
detrimental effects of aging, thereby promoting a longer and healthier lifespan. Past studies have
highlighted multiple changes in the characteristics of the HSPC compartment in both mice and
humans, as well as various mechanisms underlying these progressive deteriorations. However,
major knowledge gaps remain, which prevent a definitive conclusion to be drawn regarding the
age-dependent changes in human HSPCs (CD34+ cells).
This thesis is aimed towards investigating the potential age-dependent changes in the
proliferation, clonogenicity, cell cycle activity, and mitochondrial activity of human HSPCs. For
the first objective, HSPCs were enriched from human cord blood (young) and bone marrow
(aged; 50 – 90 years old), followed by in vitro functional characterizations. Aged HSPCs
produced fewer myeloid but not erythroid colonies in the colony-forming cell assay. Cell cycle
and proliferation analyses showed that aged HSPCs contained fewer proliferating cells (Ki67+),
albeit with more cells in S-G2-M phases, and display more asynchronous proliferation in vitro
compared to young HSPCs. Additionally, fluorescence microscopy indicated a significant
increase in active mitochondria (p < 0.0001) in aged HSPCs.
For the second objective, next-generation sequencing was employed to detect somatic
mutations that are associated with age-related clonal hematopoiesis (ARCH) in mature
hematopoietic cells (CD34-) collected from the same bone marrow donors. The mutational status
of each individual was correlated to the clonogenicity of their HSPCs. Mutations in the
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epigenetic modifiers DNMT3A and TET2 were observed in 28.6% of individuals above 50 years
old (VAF > 2%). HSPCs derived from individuals with these mutations produced more colonies
(p = 0.0137), with a bias for granulocytic-monocytic-immature erythroid lineages, compared to
those without mutations.
This study has further explored the age-dependent changes in human HSPCs and
provided preliminary evidence of a positive correlation between ARCH and the clonogenicity of
HSPCs in the elderly.

iii

STATEMENT OF CO-AUTHORSHIP
Isabelle Grenier-Pleau coordinated the collection of cord blood samples from Kingston
General Hospital. She also performed the flow experiments for the cord blood samples in section
3.3 (cell cycle analysis using Ki67/DAPI labeling) and 3.4 (cell proliferation using CFSE
labeling), as well as 3 of 7 MitoTracker Deep Red labeling experiments for fluorescence
imaging.
Jeffrey Mewburn performed fluorescence imaging of hematopoietic stem/progenitor cells
labeled with MitoTracker Deep Red and pre-processing of images; for each experiment, he also
performed DAPI labeling of the cells. For the co-localization analysis in section 3.5, he labeled
the cells (pre-labeled with MitoTracker Deep Red) with Tomm20 antibody.
Dr. Michael Rauh and Dr. Amy McNaughton performed the DNA sequencing
experiment for detection of CH mutations. Dr. McNaughton performed DNA isolation from
cryopreserved peripheral blood mononuclear cells or bone marrow-derived CD34- cells, library
construction, quality control, and sequencing. Dr. Michael Rauh performed data analyses,
including sequence alignment, filtering, and variant calling.
The figure 1 in chapter 1 of this thesis was reproduced based on a previous review article
by Doulatov et al.1 Permission to reproduce the figure was obtained from the publisher of the
article, Elsevier, and Copyright Clearance Center, in the form of a printable license. The figure
has received full citation in this thesis.

iv

ACKNOWLEDGEMENT
To all the incredible individuals, whose remarkable efforts have contributed to the
completion of this thesis, I would like to express my profound gratitude. My first and foremost
word of thank is to Dr. Sheela Abraham, for having warmly welcomed me into your lab. I cannot
thank you enough for dedicating your time to provide me guidance and support as I progressed
through my project, for teaching to me think more critically and be more refining when
absorbing new knowledge from the literatures, and for bringing us the delicious carrot cake and
donuts. To Dr. John Allingham and Dr. Neil Renwick, it has been one of my greatest honors to
have you as members of my research advisory committee, and I greatly appreciate all of your
extremely helpful suggestions with my research project. To Dr. Edmond Chan, thank you for
lending me the space in your liquid nitrogen tank for cell cryopreservation, and for sharing your
expertise as well as exciting literatures.
I would like to thank all other members of Dr. Abraham’s lab, for having been my
wonderful colleagues for the past year and a half. To Isabelle Grenier-Pleau, you have been such
a wonderful senior and friend for me to have. I am deeply grateful to you for your efforts in
teaching me the many techniques in the lab and in assisting me with my project, even until
midnight to acquire data for the flow experiments. I thoroughly enjoyed those good laughs we
shared while working together, and I would also like to thank you for lending me an ear during
those times when I was not in my best mood. To Stephanie Young, thank you for being a great
mother figure in the lab, for your tremendous helps with ordering and making the reagents for
my project, and for accompanying us on our trips to the Grad Club.
My next words of thanks are dedicated towards our many amazing collaborators, without
whom I could not have completed my research thesis. To Dr. John Rudan and his outstanding

v

team, as well as the staff members at both Kingston General Hospital and Hotel Dieu Hospital,
thank you very much for providing me with the opportunities to collect precious samples, which
have contributed significantly to advancing my research. To Jeffrey Mewburn from Dr. Stephen
Archer’s lab, I cannot begin to convey how grateful I am to you for taking those beautiful
micrographs, as well as showing me how to analyze them and making time to lend me your
computer for the analysis despite your busy schedule. To Dr. Michael Rauh and his technologist,
Amy McNaughton, a huge thank-you to you for performing the sequencing experiments and
providing valuable data for my thesis.
I would like to thank my dearest friends. To Shelby and Nico del Toro, thank you very
much for being such wonderful friends and former housemates, and for showing me around town
back when I was a total newbie in Kingston. I always cherish every moment whenever you guys
would have my back, listen to my problems, and give me mountains of encouragement. In
addition, thank you, Nico, as well as your brother, Sebastian, and your parents, for letting me
stay as a tenant at your place for three months when I was under housing crisis, and I am grateful
towards your family for inviting me to lunch and dinner from time to time. To Adam Taylor,
thank you for being my anime and gaming friend. While playing games with you could be
occasionally frustrating, I nonetheless thoroughly enjoyed the times we spent gaming and talking
about casual matters after a long day at work, and I am grateful for the pep talks that never failed
to lighten up my mood. To Orneala Bakos, thank you so much for always sharing your
knowledge with me, even when I would ask you about the most random things in the world. I
apologize for giving you PTSD with centrifuges, but you can rest assured, as I have learned to
operate an ultracentrifuge safely and efficiently by now. I cannot thank you enough for helping
me with the job-hunting process and with my resume.

vi

Last but not least, millions of thanks to my beloved parents – Minh Thắng Lê and Châu
Anh Đào, for your continuous support of my ambitious dreams, particularly during the past year
and a half, even though we are half the globe apart. Thank you very much for your hard works
that have helped me get to where I am now, for encouraging and inspiring me to live up to my
greatest potentials, for helping me recognize and overcoming my own limitations in my every
aspect of life, and for putting up with my delusional ideas that occasionally got out of hand. To
my adorable sister, Lê Minh Anh, thank you for always being there to give me emotional support
whenever I felt down, and to share with me all the tips and tricks in life. I know it is not at all
easy to have a socially inept science maniac for an older brother, so thank you very much for not
getting fed up and giving up on me. I love you all very, very much.

vii

TABLE OF CONTENT
Abstract………………………………………………………………………………………….III
Statement of Co-authorship………..…….………………………………………………………IV
Acknowledgement………………………………………………………………………………..V
Table of Content……………………………………………………………………………….VIII
List of Figures……………………………………………..……………………………………XII
List of Tables…………….…………………………………………………………………….XIV
List of Abbreviations……………..………………………………………………….………….XV

CHAPTER 1 – INTRODUCTION…………………………..………………………………….1
1.1.

Hematopoietic stem/progenitor cells and the hematopoietic system……………..1

1.2.

Hematopoiesis and the various fates of hematopoietic stem/progenitor cells…...3

1.3.

Hematopoietic stem/progenitor cells in the context of aging……………………..5
1.3.1.

Factors contributing to the aging phenotype of hematopoietic stem/progenitor
cells………………………………….....………...……………………………..6

1.3.2.

Proliferation as an important contributor to dysfunction in aging hematopoietic
stem/progenitor cells……...……….……………………………….…………..9

1.3.3.

Altered metabolic activity and mitochondrial functions in aging hematopoietic
stem/progenitor cells……………………………………..……………...……..9

1.4.

Age-related clonal hematopoiesis…..………………………………………..……11
1.4.1.

Clinical implications of age-related clonal hematopoiesis…………………....12

1.4.2.

The effects of mutations in DNTM3A, TET2, and ASXL1 on the functions of
hematopoietic stem/progenitor cells………...……….…..……………………13

viii

1.5.

Research objectives and hypothesis……………………………..………………...16

CHAPTER 2 – MATERIALS AND METHODS…………………………………………......16
2.1.

Cell line and culture media……..………………………...……………………….18

2.2.

Collection and processing of human cord blood and bone marrow………….....19

2.3.

Collection and processing of human peripheral blood mononuclear cells…..…21

2.4.

Cryopreservation and thawing of CD34+/CD34- cells and peripheral blood
mononuclear cells…………………………………………………………….…….22

2.5.

Colony-forming cell assay…………………………………...……………...……..22

2.6.

Flow cytometry analysis of hematopoietic stem/progenitor cells….……………23

2.7

2.6.1.

Analysis of cell cycle status based on Ki67 expression……………………....24

2.6.2.

Analysis of cellular proliferation using CFSE labeling……………………….24

2.6.3.

Flow Cytometry - Data acquisition and analyses……………………………..26

Analyses of mitochondrial characteristics using fluorescence microscopy…….28
2.7.1.

Labeling of hematopoietic stem/progenitor cells with MitoTracker Deep
Red..............…………………………………………………………………...28

2.8

2.7.2.

2D analysis of MitoTracker Deep Red fluorescence and mitochondrial area...29

2.7.3.

3D analysis of mitochondrial volume and morphology………………………30

Detection of mutations associated with age-related clonal hematopoiesis using
next-generation sequencing …………..…………………………...………………31

2.9

Statistical analysis………………….………………………………………………33

ix

CHAPTER 3 – AGED HEMATOPOIETIC STEM/PROGENITOR CELLS DISPLAYED
DECREASED CLONOGENICITY, ELEVATED CONTENT OF ACTIVE
MITOCHONDRIA, AND CELL CYCLE FEATURES THAT SUGGESTED INCREASED
PROGRESSION TOWARDS DIFFERENTIATION……………………………………….34

3.1.

The hematopoietic stem/progenitor population remained stable in individuals of
advanced age….…………………………………………………………………….34

3.2.

Aged hematopoietic stem/progenitor cells showed reduced clonogenicity, but the
total colony output increased with age…………………………………………....35

3.3.

Aged hematopoietic stem/progenitor cells contained fewer proliferating cells,
albeit with more cells being in S-G2-M phases...………………………………....38

3.4.

Aged hematopoietic stem/progenitor cells displayed more asynchronous
proliferation in vitro than their cord blood counterparts.…………………….....41

3.5.

Aged hematopoietic stem/progenitor cells possess higher content of active
mitochondria compared to cord blood counterparts………………………….…44

3.6.

Active mitochondria in aged hematopoietic stem/progenitor cells form large and
compact networks………………………………………………………………….49

CHAPTER 4 – HEMATOPOIETIC STEM/PROGENITOR CELLS IN AGED
INDIVIDUALS WITH CLONAL HEMATOPOIESIS-ASSOCIATED MUTATIONS
DISPLAYED INCREASED CLONOGENICITY AND LINEAGE–BIASED
DIFFERENTIATION IN VITRO….…………………………………………………….…….53

x

4.1.

Mutations associated with clonal hematopoiesis in individuals above 50 years of
age………………………………………….……………………………………..…53

4.2.

Increased Increased colony output of myeloid and immature erythroid colonies
in hematopoietic stem/progenitor cells derived from individuals with clonal
hematopoiesis-associated mutations……………………………….……..……….55

CHAPTER 5 – SUMMARY OF FINDINGS AND FUTURE DIRECTIONS……………...58

REFERENCES………………………………………………………………………………….62
SUPPLEMENTARY MATERIALS………………..…………………………………………69
A. Formula for Anticoagulant and DAMP solution……………………..………………….70
B. Optimization of Ki67/DAPI labeling in K-562 cells………………………………….…70
C. Supplementary data for machine learning-based 3D classification of mitochondria…....71
C1.

Classification method overview……………………………………………….....71

C2.

Accuracy of machine learning-based classification……………………...………72

xi

LIST OF FIGURES
Figure 1.

Current model of the human hematopoietic system……………………...……….2

Figure 2.

The various fates of hematopoietic stem cells……………………………….……5

Figure 3.

The aging of hematopoietic stem cells…………………………………………….8

Figure 4.

Age-related clonal hematopoiesis………………………………….……………15

Figure 5.

Gating strategy for data acquisition and analyses………………………………..26

Figure 6.

The frequency of hematopoietic stem/progenitor cells in human bone marrow did

not change significantly between 50 to 90 years of age.……………………………………..….35
Figure 7.

Hematopoietic stem/progenitor cells from bone marrow displayed lower colony

output compared to their cord blood counterparts, but the number of colonies increased with
age.……………………………………………………………………………………………….37
Figure 8.

Hematopoietic stem/progenitor cells from aged bone marrow were more

quiescent, but their proliferating fraction contained more cells in S-G2-M phases compared to
cord blood counterparts….………….……………………………………………………………40
Figure 9.

Aged hematopoietic stem/progenitor cells contained a greater fraction of

quiescent cells, while more cells in their proliferating fraction underwent six divisions in vitro
compared to their cord blood counterparts………………………………………………………43
Figure 10.

MitoTracker Deep Red labeled active mitochondria, which constituted a fraction

of total mitochondrial content in hematopoietic stem/progenitor cells…………….……………45
Figure 11.

Aged hematopoietic stem/progenitor cells upregulated their content of active

mitochondria.…………………………………………………………………………………….48
Figure 12.

An increase in rod-shaped and large/networked mitochondria was observed in

aged hematopoietic stem/progenitor cells.………………………………...……………………..51

xii

Figure 13.

Hematopoietic stem/progenitor cells in aged individuals with clonal

hematopoiesis-associated mutations produced more myeloid colonies………………………….57

Supplementary Figures
Figure S1.

K-562 cells are largely proliferative……………………………………………..70

Figure S2.

3D classification of mitochondria using machine learning………………………71

xiii

LIST OF TABLES
Table 1.

Hematopoietic stem/progenitor cells from aged bone marrow produced fewer

myeloid colonies in vitro than their cord blood counterparts…………………………..………..37
Table 2.

Somatic mutations in TET2 and DNMT3A were found in aged individuals above

the age of 50………………………………………………………………………..…...………..54

Supplementary Tables
Table S1.

Formula for anticoagulant citrate – dextrose (ACD) used for routine collection of

cord blood, and DAMP solution used for thawing cryopreserved primary CD34+ cells………..69
Table S2.

Accuracy of classification by supervised machine learning……………………..72

Table S3.

Accuracy of classification by classes of mitochondria……………………….….72

Table S4.

Different types of misclassifications of mitochondria by supervised machine

learning……………………………………………..……………………………………………72

xiv

LIST OF ABBREVIATIONS
AA

Antibiotic – Antimycotic

ACD

Anticoagulant Citrate-Dextrose

AML

Acute Myeloid Leukemia

APC

Allophycocyanine

ARCH

Age-Related Clonal Hematopoiesis

BFU-E

Burst-Forming Unit – Erythroid

BM

Bone Marrow

CB

Cord Blood

CD

Candidate driver

CFSE

Carboxyfluorescein Succinimidyl Ester

CFU

Colony-Forming Unit

CFU-E

CFU-Erythroid

CFU-G

CFU-Granulocytic

CFU-GEMM CFU-Granulocytic/Erythroid/Monocytic/Megakaryocytic
CFU-GM

CFU-Granulocytic/Monocytic

CFU-M

CFU-Monocytic

CLP

Common Lymphoid Progenitor

CMP

Common Myeloid Progenitor

CMML

Chronic Myelomonocytic Leukemia

CTCF

Corrected Total Cell Fluorescence

DAPI

4’,6-diamino-2-phenylindole

DNA

Deoxyribose Nucleic Acid

xv

EDTA

Ethylenediaminetetraacetic Acid

ETP

Early Thymic Progenitor

FACS

Fluorescence-Activated Cell Sorting

FBS

Fetal Bovine Serum

FITC

Fluorescein Isothiocyanate

FL

Fetal Liver

FSC

Forward Scattering

GMP

Granulocytic/Monocytic Progenitor

HPC

Hematopoietic Progenitor Cell

HSA

Human Serum Albumin

HSC

Hematopoietic Stem Cell

HSPC

Hematopoietic Stem and Progenitor Cell

IGV

Integrative Genomic Viewer

IMDM

Iscove’s Modified Dulbecco Media

LAS X

Leica Application Suite X

LT-HSC

Long-Term Hematopoietic Stem Cell

MDP

Monocytic/Dendritic Progenitor

MDS

Myelodysplastic Syndrome

MEP

Myeloid-Erythroid Progenitor

MMP

Mitochondrial Membrane Potential

MPP

Multipotent Progenitor

MTDR

MitoTracker Deep Red

NGS

Next-Generation Sequencing

xvi

PB

Peripheral Blood

PBMC

Peripheral Blood Mononuclear Cell

PBS

Phosphate Buffered Saline

ROS

Reactive Oxygen Species

SCID

Severe Combined Immunodeficient

SEM

Standard Error of the Mean

SFM + 5GF Serum Free Media + 5 Growth Factors
SSC

Side Scattering

ST-HSC

Short-Term Hematopoietic Stem Cell

THA

Total Hip Arthroplasty

TKA

Total Knee Arthroplasty

UCSC

University of California, Santa Cruz

VAF

Variant Allele Frequency

WT

Wild Type

xvii

CHAPTER 1 – INTRODUCTION

1.1.

Hematopoietic stem/progenitor cells and the hematopoietic system
Hematopoiesis is the vital process by which blood and immune cells are produced

throughout the lifespan of an organism, with a daily output of 1011 - 1012 cells in adult humans.1 2
3

The process is initiated by hematopoietic stem cells (HSCs), which are stem cells that are

capable of (1) multipotent differentiation into all types of mature blood and immune cells, and
(2) long-term self-renewal to maintain their own population.4 Early studies functionally
characterized HSCs based on their ability to repopulate the bone marrow of severe combined
immunodeficient (SCID) mice upon transplantation, which lack B- and T-lymphocytes, hence
their initial naming of SCID-repopulating cells, or SRCs.5 The frequency of SRCs was found to
be 1 in 9.3 x 105 cells in cord blood (CB), 1 in 3.0 x 106 cells in bone marrow (BM), and 1 in 6.0
x 106 cells in mobilized peripheral blood (mobilized PB, which is derived from individuals
treated with granulocyte-colony stimulating factor) of normal human donors, and that SRCs are
capable of reconstituting hematopoietic cells of both lymphoid and myeloid lineages.5
Subsequent studies identified HSCs based on their immunophenotype, that is, their expression or
lack of specific surface markers. In humans, HSCs are found in the hematopoietic cell population
expressing CD34 and CD90, and lacking lineage markers (Lin-) and CD38.4 Multiple studies
have further refined the immunophenotype of primitive human HSCs to Lin- CD34+ CD38CD90+ CD45RA- CD49f+, the population of which resides at the apex of the hematopoietic
system.1 6 7 8 HSCs can undergo differentiation and produce multipotent progenitors (MPP; LinCD34+ CD38- CD90+ CD45RA- CD49f-), which are also endowed with multipotency but have
relatively limited long-term self-renewal capacity.4 These MPPs proceed to differentiate into
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oligopotent common myeloid and lymphoid progenitors (CMP/CLP), which in turn give rise to
mature blood (erythrocytes and megakaryocytes) and immune cells (granulocytes, macrophages,
lymphocytes, etc.) (Figure 1).1 6 8

Figure 1. Current model of the human hematopoietic system.1 4 8
Hematopoietic stem cell (HSC) resides at the apex of the hierarchy and are defined by the
immunophenotype CD34+ CD38- CD90+ CD45RA- CD49f+. Differentiation of HSC produces
multipotent progenitor (MPP), which in turn generates oligopotent common myeloid/lymphoid
progenitors (CMP/CLP). CML and CLP differentiate into unipotent progenitors (MEP: myeloiderythroid progenitor; GMP: granulocytic/monocytic progenitor; MDP: monocytic/dendritic
progenitor; ETP: early thymic progenitor). Figure was reproduced from Doulatov et al.1 with
permission from Elsevier (publisher).

It is worth mentioning that most of the previous attempts to characterize HSPC, which
include both HSCs and their downstream progenitors, as shown in figure 1, have mainly been
carried out using mice.3 In contrast to their human counterparts, HSCs in mice can be subdivided
into long-term (LT) and short-term (ST) HSCs, based on their capacity to reconstitute the
hematopoietic system for the entirety or for a limited period of the animal’s lifespan,
2

respectively. LT-HSCs, which are the most primitive HSC population in mice, are characterized
as Lin- Sca-1+ c-kit+ (LSK) CD48+CD150- and differ from human HSCs in that they lack or have
low levels of CD34 expression.1 6 9 Nevertheless, there exist sufficient similarities between
human murine HSPCs in terms of their functions in hematopoiesis, which have enabled the
continuous use of mice as valuable models in studying HSPC biology.1 6

1.2.

Hematopoiesis and the various fates of hematopoietic stem/progenitor cells
In adult mice and humans, it has been demonstrated that the majority (70 – 90%) of

HSCs in the bone marrow are quiescent at any given time.10 11 That is, they remain in a state of
dormancy where they display minimal metabolic and proliferative activities.3 11 12 13 This state of
quiescence has been shown to be crucial to maintaining the function of HSCs and preventing
their exhaustion. Due to this largely dormant nature of adult HSCs, steady-state hematopoiesis is
therefore primarily maintained by the relatively more active hematopoietic progenitor cells
(HPCs), including the MPP and the CMP/CLP populations, with infrequent but polyclonal input
from a small fraction (3 – 8%) of HSCs that enters the cell cycle per day.14 15 16
Upon facing significant hematopoietic challenges, such as infection, irradiation, or
cytotoxicity, HSCs can be activated en masse to replenish the entire hematopoietic system.3 It is
this capacity of HSCs that make them useful in bone marrow transplantation to repopulate the
bone marrow of patients undergoing myeloablative treatment for hematological malignancies,
such as myeloid leukemia.1 In addition, severely stressed HSCs may undergo apoptosis
(programmed cell death), in order to limit their numbers and eliminate excessively damaged
HSCs in the bone marrow compartment, thereby contributing to their homeostasis.17 18 Apoptosis
can be triggered when HSCs suffer from a blockade in DNA replication, irreparable DNA
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damage, elevated ROS production, or deprivation of growth factors.17 18 19 20 It is important to
note that the susceptibility of HSCs to DNA damage-induced apoptosis potentially differ
between human and mice.18 20 A balance between quiescence, activation, self-renewal, and
apoptosis is strictly required to maintain the functions of HSCs (Figure 2).3
In normal BM, HSCs are found in a complex network consisting of both mature
hematopoietic cells and non-hematopoietic cells, known as niche.2 Multiple cell types in the
niche, including mesenchymal stem cells (MSC), endothelial cells, adipocytes, osteoblasts, nerve
cells, and they collectively contribute to the maintenance of HSPCs and regulation of their
activity, via direct physical interactions and/or secreted factors. One important example is the
secretion of stem cell factor (SCF) by MSC and endothelial cells, which supports the
maintenance of the HSC population in BM.2 At any given time, 0.1 – 1% of HSCs can enter
peripheral circulation and migrate to distant organs and tissues. 2 21 22 Conversely, circulating
HSCs can return to occupy the available space in the BM, a process known as homing.2 21 22
Although the physiological significance of this migratory process needs to be studied more
extensively, HSC homing underlies the principle of bone marrow transplantation.21 22 Evidence
has also suggested that the circulation and migration of HSCs to distant sites provide the means
to replenish the tissue-resident leukocyte populations, thereby supporting constitutive
immunosurveillance (Figure 2).22 23 Mobilization of peripheral blood by granulocyte-colony
stimulating factor (G-CSF) can facilitate the migration of HSCs into peripheral circulation by
reducing the level of CXCL12, which promotes their retention in the BM microenvironment.2
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Figure 2. The various fates of hematopoietic stem cells. Steady-state homeostasis of HSCs is
ensured by a balance between quiescence and activation, self-renewal and differentiation, and
apoptosis in response to severe stresses. A small number of active HSCs (~ 1%) can exit the BM
and enter circulation in PB; conversely, circulating HSCs can return to occupy this 1%
unoccupied BM niches (homing).2 3 16 21 22 23

1.3.

Hematopoietic stem/progenitor cells in the context of aging
With age, HSCs show a gradual decline in their function, which in humans is associated

with increased incidence of anemia (abnormally low level of hemoglobin in red blood cells),24
increased susceptibility to infections, and hematological malignancies (malignant blood
disorders, including various types of leukemias).3 11 25 Evidence in both mice and human have
shown that aged HSCs display an overall reduction in their capacity to repopulate the
hematopoietic system.11 19 Furthermore, aged HSCs display a bias for myeloid production, while
losing their capacity to produce common lymphoid progenitors (CD34+ CD38+ CD90- CD45RA+
CD10+ CD7-), which in turn results in a reduction of T-cells, B-cells and Natural Killer (NK)
cells. This decline in lymphoid production contributes to alterations in the immune system
known as immunosenesence, and contributes to an age-dependent decline of adaptive immune
functions.11 19 25 Furthermore, the functional capacity of aging HSCs also become highly
heterogeneous, with some cells exhibiting greater self-renewal capacity and retaining more of
5

their lymphoid differentiation potential, thereby contributing to hematopoiesis more than the
others (Figure 3A).26 27 28 In addition, aged HSCs also display reduced homing capacity, which
results in HSCs being less efficient at repopulating the hematopoietic system when transplanted,
as previously shown in mouse models.25 29
With age, there is an overall decrease in the cellularity of the BM, which is defined as the
relative frequency of hematopoietic cells in BM tissues, and they are gradually replaced with
fatty marrow. In human, this has been shown to only become significant above 80 years of age.2
30

The total number of human HSPCs (CD34+ cells) has also been reported to either decrease or

remain relatively unchanged with age.11 31 Paradoxically, in both mice and human, there is an
age-dependent increase in the frequency of HSCs, although in mice this may be straindependent, as previously identified by several studies.3 11 26 32 Additionally, aged HSCs are less
quiescent and more actively cycling, which is likely a consequence of a pro-inflammatory bone
marrow microenvironment. Increased frequency and activation of HSCs are likely mechanisms
to compensate for their decreased repopulating capacity.3 26

1.3.1. Factors contributing to the aging phenotype of hematopoietic
stem/progenitor cells
Various cell-intrinsic mechanisms have been implicated in the aging process of HSCs.
HSCs derived from elderly individuals typically display increased genomic instability and
telomere attrition, upregulated oxidative metabolism, loss of cell polarity, altered proteolytic and
intracellular signaling activities, and aberrant epigenetic landscapes (Figure 3B).3 26 29 Scientific
evidence also suggests the potential contribution of cell-extrinsic mechanisms to driving the agedependent decline in HSC function, namely increasing levels of pro-inflammatory cytokines (IL-
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1ꞵ, IL-6, and tumor necrosis factor) and decreasing secretion of factors supporting HSC
maintenance and retention (SCF and CXCL12), which are largely consequences of impaired
functions of the various cell types in the aging BM microenvironment.3 25 26
It has been suggested that cell-intrinsic mechanisms play a more significant role, since
transplantation of aged murine HSCs into the bone marrow of younger mice failed to rescue their
aged cellular phenotype.26 33 In addition, the aging BM microenvironment does not appear to
contribute significantly to impaired lymphoid differentiation, at least for B cells. Nevertheless,
the contribution of the aged bone marrow microenvironment to HSC dysfunction cannot be
overlooked, as it has been shown that (1) transplantation of young murine HSCs into aged mice
impairs their engraftment efficiency,33 (2) pharmacological clearance of senescent bone marrow
cells was able to improve the function of aged HSCs,34 and (3) the hematopoietic activity of
HSPCs in the bone marrow can be strongly influenced by extracellular signaling.35 36
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Figure 3. The aging of hematopoietic stem cells.3 26 27 37
(A) Aging HSCs become more activated and display increased cellularity (their frequency in the
bone marrow) and functional heterogeneity, reduced regenerative and homing capacity, and
myeloid-biased production of blood and immune cells. (B) The complex interplay between
intrinsic and extrinsic mechanisms that are currently known to contribute to the aging
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phenotypes of HSCs, with replication stress being described by previous findings as a potent
driver of HSC dysfunction.

1.3.2. Proliferation as an important contributor to dysfunction in aging
hematopoietic stem/progenitor cells
While HSCs display longevity and multipotency, with early studies in mice showing that
a single HSC is capable of lifelong repopulation of the entire hematopoietic system,7 9 the notion
that HSCs have unlimited self-renewal capacity has been challenged in recent years, as new
findings have indicated that increased replicative stress, such as during transplantation, can
severely impair the repopulating ability of both young and old murine HSCs.13 19 38 In addition, a
study has found that murine HSCs can only self-renew 4 times throughout the lifespan of a
mouse before losing their repopulating capacity, which was consistent with an earlier finding that
HSCs failed to engraft mice after being serially transplanted 4 - 6 times.13 37 This study proposed
that HSCs possess some form of cellular memory that allows them to keep track of their
divisional history, in which the interval between cell-cycle events progressively lengthens with
each successive division; consequently, the more a cell has divided previously, the less likely it
is to undergo division.37 Further characterizations suggested disbalanced mitochondrial dynamics
and asymmetric segregation, as well as asynchronous cell cycle and biosynthesis following each
cellular division, as major contributors to cellular memory in HSCs and drivers of their
functional decline, although a direct linkage of these mechanisms to HSPC aging has not been
fully demonstrated, particularly in humans.39
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1.3.3. Altered metabolic activity and mitochondrial functions in aging
hematopoietic stem/progenitor cells
Metabolic deregulation and impaired mitochondrial function have been strongly
implicated in the aging of HSPCs, due to the roles of various metabolites as cofactors or cosubstrates of epigenetic modifying enzymes, as well as the production of reactive oxygen species
(ROS) that function as secondary signaling molecules, which in turn play crucial roles in the
proliferation and differentiation of HSCs.3 40 41 It has been demonstrated that HSCs in aged mice
exhibit impaired nutrient uptake and decreased glycolysis, while upregulating their oxidative
metabolism, as characterized by an increase in oxygen consumption, which is likely to meet the
cellular energy demands due to their increased activation.42 43 Nevertheless, studies have found
no age-dependent changes in the overall mitochondrial content of murine HSPCs.42 44 On the
other hand, mitochondrial activity has been demonstrated to be decreased in aged murine
HSPCs, which accompanied a reduction in intracellular ATP content, yet an increase in oxygen
consumption rate, as well as elevated production of intracellular superoxide and reactive oxygen
species (ROS). 40 42 44 45 These characteristics are suggested to be reflective of dysfunctional
mitochondria, which have in turn been associated with the aging phenotypes of HSCs, as HSCs
with low MMP were found to display the characteristic age-associated defect in self-renewal
capacity and myeloid-biased differentiation.42 44 In addition, increased ROS production have
been found to promote loss of quiescence, impaired differentiation, and exhaustion of the HSC
population, as well as the development of myeloproliferative-like diseases in mice.46 47
Conversely, the divisional activity of HSCs can also contribute to mitochondrial defects, in
which HSCs that have undergone more divisions accumulate swollen mitochondria that have low
MMP, dysregulated cristae, large mitochondrial structures that are more compacted, and
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weakened stress response. In essence, the mitochondrial morphology, function, and distribution
are permanently remodeled following cellular division of HSCs.39
The increased level of dysfunctional mitochondria in aged HSCs is suggested to be the
result of reduced autophagy, a process by which unnecessary and/or defective intracellular
components and macromolecules are sequestered into organelles known as autophagosomes,
which promotes their clearance from the cells via lysosomal degradation.3 42 43 Despite the
capacity of HSCs to activate autophagy is not lost with age, only a third of aged HSCs display
autophagic activity, as reflected by the presence of autophagosomes, which allows them to clear
active mitochondria and maintain a low metabolic state comparable to young HSCs, thus
preserving their functions.42 43 By contrast, neonatal HSCs exhibited minimal reliance on
autophagy.48 Whether these mechanisms are involved in the aging of HSPCs in human, however,
remains to be determined.

1.4.

Age-related clonal hematopoiesis
As they age, HSPCs inevitably accumulate somatic mutations, some of which may confer

a fitness advantage and promote the expansion of mutant clones, which in turn disproportionately
contribute to blood production, albeit without affecting normal blood counts and marrow
morphology in many instances. This phenomenon is known as Age-related Clonal
Hematopoiesis (ARCH).3 49 50 51 These mutations most commonly occur in the so-called
leukemia-driver genes, which are associated with hematological malignancies. Up to 90% of
known ARCH mutations are found in genes encoding the epigenetic modifiers DNMT3A, TET2,
and ASXL1, while the remaining 10% are found in TP53, JAK2, SF3B1, etc.3 49 51
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It has been demonstrated that these ARCH mutations are relatively common in healthy
elderly individuals. A study using error-corrected sequencing, which employed a unique singlemolecule tagging strategy to overcome the sensitivity limit of conventional next-generation
sequencing, has detected low levels of mutations in DNMT3A and TET2 in up to 95% of healthy
individuals above 50 years of age, at a variant allele frequency (VAF) of 0.03%. This study
demonstrated that the mutation, assumed to be heterozygous, was found in 0.03% of all alleles,
or 0.06% of cells, that were sequenced.52 53 However, the implications of this finding, as well as
that of other studies that have employed similar strategies for deep sequencing is unclear, due to
the notion that only mutant clones (cell populations that carry a certain mutation) that have
reached a sufficient size (traditionally defined by a VAF of 2%) would be considered clinically
significant.52

1.4.1. Clinical implications of age-related clonal hematopoiesis
The presence of these ARCH mutations is associated with an increased risk of developing
hematological malignancies, such as acute myeloid leukemia (AML), myelodysplastic syndrome
(MDS), chronic myelomonocytic leukemia (CMML), etc., which increases by 0.5 - 1%
annually.49 51 54 55 Studies in mice have suggested that the expansion of ARCH mutant clones
may require the support of a concurrently aging BM microenvironment, which exerts selective
pressure and thus provides these clones with a fitness advantage.3
Beyond hematological malignancies, ARCH mutations have also been implicated in
chronic inflammation, type 2 diabetes mellitus, development and accelerated progression of
cardiovascular diseases, poor prognosis in non-hematological cancers, and increased overall
mortality.3 49 51 56 Importantly, these effects are not strictly restricted to aged individuals, as the
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presence of ARCH mutations in individuals below the age of 50 can also confer similar risks,
and that transplantation of HSPCs harboring ARCH mutations into young mice also potentiated
the development of MDS and leukemia.49 57
Since ARCH mutational signatures can be detected years prior to the onset of
hematological malignancies and potentially of other age-related pathologies, the study of ARCH
is therefore gaining significant interest. A few studies have demonstrated the possibility of
predicting the risks of AML development by identifying mutations in peripheral blood cells,
which in turn may enable early therapeutic interventions to prevent the progression towards such
malignancies and improve overall health outcomes.3 58

1.4.2. The effects of mutations in DNTM3A, TET2, and ASXL1 on the functions of
hematopoietic stem/progenitor cells
Mutations in genes encoding epigenetic modifiers are speculated to reinforce epigenetic
drift – the accumulation of epigenetic modifications with successive cell divisions, which has in
turn been implicated in the aging of HSCs.3 59 DNMT3A encodes a methyltransferase that carries
out de novo DNA methylation at CpG islands.60 61 TET2 (ten-eleven translocation 2) encodes a
dioxygenase that catalyzes the hydroxylation of 5-methylcytosine and thus promotes DNA
demethylation.61 62 DNMT3A and TET2 are both involved in regulating the self-renewal and
differentiation of HSCs, where they share overlapping as well as opposing functions.61 63 Genetic
knockout of either DNMT3A or TET2 function has been shown to result in skewed differentiation
favoring erythroid or monocytic lineages, respectively.61 Nevertheless, the loss of either gene has
been shown to similarly promote robust self-renewal expansion of phenotypic HSCs in mice
while impairing their long-term differentiation potentials. In essence, while multilineage
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differentiation was maintained in DNMT3 or TET2-KO HSCs, the number of generated blood
and immune cells are not proportional to the expansion of the HSC population itself. Even then,
DNMT3A-KO and TET2-KO murine HSCs still contributed to a higher output of mature
hematopoietic cells when compared to their wild-type counterparts, both in vivo and in vitro. 60 61
62 63 64

On the other hand, ASXL1 (additional sex comb-like 1) encodes a protein that interacts

with the Polycomb complex PRC2 to mediate the deposition of H3K27me3, a repressive histone
mark.51 Evidence in mice showed that LOF mutations of ASXL1 lead to increased apoptosis and
mitosis of HSPCs, whilst impairing their repopulating capacity, with an output skewed towards
granulocytic/monocytic lineages. Unlike DNMT3A and TET2 mutants, loss of ASXL1 resulted
with a lower number of mature blood and immune cells generated in vitro, which was
nonetheless consistent with the disease phenotypes of MDS.65
Importantly, while these mutations clearly confer a growth/survival advantage, they
themselves apparently cannot drive leukemogenesis, but rather predisposes HSPCs to malignant
transformation upon the acquisition of a secondary or tertiary mutation.49 50 57 64 For example,
mice transplanted with HSCs that are DNMT3A-KO/FLT3-ITD (internal tandem duplication)
developed a spectrum of hematological disorders, including MDS and AML, and showed
markedly reduced survival compared to DNMT3A-KO mice.66 Similar observations were made
in TET2-deficient mice harboring FLT3-ITD, which succumbed more quickly to fully penetrant
AML.49 67 Importantly, TET2-deficient HSPCs displayed increased mutagenicity, which may
facilitate the acquisition of additional mutations that could drive the progression towards
hematological malignancies.49 68 On the other hand, haploinsufficiency of ASXL1 alone is
capable of triggering the development and progression of MDS and CMML-like diseases in both
young and aged mice, although the latter displayed greater severity.65
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Figure 4. Age-related clonal hematopoiesis.46 49 51
The phenomenon of ARCH is proposed to be driven by the acquisition of mutations in genes
encoding epigenetic modifiers DNMT3A, TET2, and ASXL1, which confer a survival fitness and
thus promote the expansion of mutant clones. This results in an increased risk of cardiovascular
diseases and type II diabetes (DNMT3A and TET2 mutants) or leads to Myelodysplastic
Syndrome – MDS (ASXL1 mutants). In addition, ARCH mutations are associated with a risk of
progression towards hematological malignancies, which increases by 0.5 – 1% annually since
their detection in mature blood and immune cells. Acquisition of secondary and/or tertiary
mutations (in TP53, JAK2, etc.) promotes the development of hematological malignancies such
as acute myeloid leukemia (AML) or chronic myelomonocytic leukemia (CMML).

Although significant progress has been made in characterizing ARCH and its clinical
implications, the phenomenon is still not fully understood. A major question is how such
mutations can accumulate in HSPCs and influence their aging process.26 While quiescent HSCs
are indeed vulnerable to accumulating DNA damages – particularly in quiescence, where they
rely on error-prone non-homologous end-joining (NHEJ) for DNA repair, yet they also rarely
divide.18 20 26 Upon entry into the cell cycle, DNA damages are rapidly repaired in both young
and old murine HSCs, which are equally competent for activation of DNA damage repair.12 19
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Alternatively, excessive DNA damage can trigger apoptosis, thereby preventing severely
dysfunctional HSCs from passing potentially harmful mutations to their progeny, although a
reduction in apoptotic priming has been observed for aged HSCs in mice.18 69 It has been
proposed that ARCH mutations are acquired in the downstream progenitors, which are more
actively cycling and also have lower DNA damage repair capacity, although this remains to be
experimentally demonstrated.26 Furthermore, the effects of ARCH mutations on the
functionalities of HSPCs have largely been performed using knock-out mice models, which may
not fully reflect ARCH in humans.

1.5.

Research objectives and hypothesis
Since the age-dependent changes in the functional of capacity of human HSPCs have

only been investigated by a limited number of studies, this study aimed to provide a more
detailed characterization of the potential differences between young and aged HSPC populations
in human. Based on the previous literature,8 70 71 72 73 74 75, the hypothesis states that: as human
HSC age, they will have a decrease in functions that will be reflected in their clonogenicity,
proliferation, and mitochondrial content, which may become more pronounced in the
presence of ARCH mutations. To evaluate this hypothesis, CD34+ cells (HSPCs) from CB
(representing young) or BM of individuals between 50 and 90 years old (aged) will be collected
and used to fulfill the following objectives: Objective 1: Assess the functional differences
between CB and BM HSPCs in terms of their clonogenicity, proliferation profile, cell cycle
status, as well as mitochondrial content and activity; Objective 2: Detect CH-associated
mutations in aged individuals using next-generation sequencing and determine the effects of
these mutations on the functional capacity of aged HSPCs. This study uses CB as a source of
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young HSPCs to circumvent the challenge of recruiting and obtaining BM samples from young
donors. It has also been shown that HSPCs from CB share significant similarities in terms of
their immunophenotype and repopulating capacity with BM counterparts, which would make CB
HSPCs qualified for use in this study.4 76
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CHAPTER 2 – MATERIALS AND METHODS

2.1

Cell line and culture media
Human erythroleukemia cell line K562 was thawed from cryopreservation and maintained

in complete IMDM at 37oC, 5% CO2, and sub-cultured every 2 - 3 days in fresh media. Complete
IMDM consisted of Iscove’s Modified Dulbecco’s Media (Gibco, cat. 12440-053) supplemented
with 10% v/v heat-inactivated FBS (Seradigm, cat. 97068-91) and 1% v/v AntibioticAntimycotic (AA) solution (Wisent Bioproducts, cat. 450-115-EL).
For experiments using primary cells or involved CFSE labeling, complete serum-free
media supplied with growth factors (SFM + 5GF) was used. Complete serum-free media (SFM)
contained 20% v/v B.I.T serum substitute (BSA/Insulin/Transferrin) (StemCell Technologies,
cat. 09500), 50 mM 2-mercaptoethanol (Sigma), 200 nM L-glutamine (Gibco, cat. 25030), 1%
v/v Penicillin/Streptomycin (Gibco, cat. 15140), 10 mg/ml Low Density Lipoprotein (Sigma, cat.
L4646), and 5 growth factors: 20 ng/ml Interleukin-3 (IL-3; PeproTech, cat. AF-200-03), 20
ng/ml Interleukin-6 (IL-6; PeproTech, cat. AF-200-06), 20 ng/ml granulocyte-colony stimulating
factor (G-CSF; PeproTech, cat. AF-250-05), 100 ng/ml stem cell factor (SCF; PeproTech, cat.
AF-300-07), and 100 ng/ml Flt3 (PeproTech, cat. AF-300-19). All culture media and solutions
used for tissue culture were sterile filtered through 0.2 µm polyethersulfone (PES) filter
(FroggaBio, cat. SF0.22PES), stored at 4oC, and warmed to 37oC prior to use with cells as
appropriate.
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2.2

Collection and processing of human cord blood and bone marrow
All primary human samples (CB, BM, and PB) were collected as medical byproducts

from Kingston General Hospital and Hotel Dieu Hospital, Kingston, Ontario, Canada. Samples
were collected with the approval of the Queen’s University Health Sciences and Affiliated
Teaching Hospitals Research Ethics Board (HSREB) in Kingston, Canada (TRAQ# 602464).
CB was collected from the cord of freshly extracted placenta within 5 minutes following
planned Caesarean sections. Blood was drawn using syringes mounted with 18G needles (BD,
cat. 305196), transferred to a clean 50-ml conical tube containing 1 ml ACD (anticoagulant
citrate-dextrose, made in-house; for formula, see Table S1) for every 5 ml of blood, and
transferred back to the lab for processing within 20 minutes of collection. At the lab, the blood
was diluted 1:1 with 1X PBS supplied with 0.1% Human Serum Albumin (HSA, 30% stock;
EMD Millipore, cat. 12667), and carefully layered on 15 - 20 ml Ficoll-Paque Plus (GE
Healthcare, cat. 17-5442-02) with a dropper pipette. The sample was then centrifuged at 400 x g,
30 min, 21oC and deceleration of 0. After the centrifugation, the plasma layer (yellow, top) was
aspirated with a 25-ml pipette.
BM aspirate was collected from the iliac crest or femur/tibia from 14 individuals between
the age of 50 - 90 years, who were undergoing total hip/knee arthroplasties (THA/TKA), as well
as from 2 individuals below the age of 50. No donors have active cancer, including leukemia, at
the time of sample collection. Aspirates of bone marrow were transferred to sterile 10-ml
Vacutainer Plus K2 EDTA tubes (BD, cat. 366643), mixed, and processed within 20 minutes of
collection. BM aspirate was diluted to a total volume of 50 ml with PBS, and centrifuged at 300
x g, 10 min, 21oC. The fat layer (yellowish, top) and the middle layer was aspirated. The pellet
was resuspended and washed twice in PBS/0.1% HSA at 300 x g, 7 min, 21oC, and resuspended
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in a volume of ~ 5 - 7 ml with PBS/0.1% HSA. The suspension was carefully layered on 6 ml
Ficoll-Paque Plus (GE Healthcare, cat. 17-5442-02) in a clean 15-ml conical tube, followed by
centrifugation at 400 x g, 30 min, 21oC, and deceleration of 0. After centrifugation, the top layer
(equivalent to plasma from cord blood) was removed.
For isolation of HSPCs from both CB and BM, following Ficoll-Paque density
centrifugation, the interface (white and cloudy; enriched in mononuclear cells, lymphocytes, and
platelets) was collected and transferred to a clean 50-ml (for cord blood) or 15-ml (for bone
marrow) conical tube. The collected interface was diluted 1:1 with PBS/0.1% HSA, and washed
once at ~ 400 x g, 10 min, 21oC to remove platelets. The cell pellet was washed twice in
PBS/0.1% HSA at ~ 300 x g, 10 min, 21oC; after the last wash, the pellet was resuspended in a
volume of ~ 200 µL. Cell number and viability were assessed using a hemocytometer and
Trypan Blue staining (final concentration 0.2%).
CD34+ cells were isolated from mononuclear cell suspension using the CD34 MicroBead
Kit, Human (Miltenyi Biotec, cat. 130-046-702), according to the manufacturer’s
recommendations. Briefly, the cell suspension was respectively added with ~ 100 µL of FcR
blocking reagent and ~ 100 µL of CD34 microbeads, for every 1.0 x 108 mononuclear cells,
according to the manufacturer’s recommendation. The sample was incubated at 4oC for 30 min,
after which a volume of 15 ml of ice-cold PBS/0.1% HSA was added, and the sample was
centrifuged at ~ 300 x g, 10 min, 4oC. The immunolabeled cells were resuspended in ~ 2 ml of
ice-cold PBS/0.1% HSA and allowed to pass through a MACS LS gravity-flow magnetic column
(Miltenyi Biotec, cat. 130-042-401) pre-equilibrated with ice-cold PBS/0.1% HSA and mounted
on the QuadroMACS Separator magnetic rack (Miltenyi Biotec, cat. 130-090-976). CD34+ cells
obtained using this isolation method routinely reached 80 – 90% purity, as confirmed with flow
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cytometry. CD34- cells were collected from the column into a 15-ml conical tube by the gradual
addition of ice-cold PBS/0.1% HSA, to a maximum volume of 15 ml. CD34+ cells were eluted
by removing the column from the magnetic rack, and the cells were collected into another 15-ml
conical tube by the addition of 10 - 15 ml of ice-cold PBS/0.1% HSA.
Both CD34+ and CD34- cell fractions were pelleted at 300 x g, 10 min, 4oC. CD34+ cells
were resuspended in ~ 0.2 - 0.5 ml ice-cold PBS/0.1% HSA, and CD34- were resuspended in ~ 5
- 10 ml of PBS/0.1% HSA, depending on the size of the pellet. An aliquot of each fraction was
taken for cell counting to determine the cell numbers and yield relative to the initial number of
mononuclear cells. CD34+ were either used immediately or incubated for 24 h in SFM + 5GF
prior to subsequent experiments.

2.3

Collection and processing of human peripheral blood mononuclear cells
Peripheral blood was drawn with informed consent from the same THA/TKA bone

marrow donors. The blood was transferred into sterile 10-ml Vacutainer Plus K2 EDTA tubes
(BD, cat. 366643) and transported back to the lab for processing within 20 minutes. At the lab,
the blood was centrifuged at 1,900 x g, 10 min, 21oC. The plasma layer (yellow, top) was
removed, and the buffy coat (white and cloudy layer immediately above the pellet) was
collected. The buffy coat was diluted with PBS/0.1% HSA, carefully layered onto 6 ml of FicollPaque Plus in a clean 15-ml conical tube, and centrifuged at ~ 400 x g, 10 min, 21oC, with
deceleration at 5. The interface containing mononuclear cells (white and cloudy) was carefully
collected with a dropper pipette and transferred to a clean 15-ml conical tube. Peripheral blood
mononuclear cells (PBMCs) were collected at 300 x g, 10 min, 21oC, following which the pellet
was resuspended in ~ 200 µL and maintained on ice.
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2.4

Cryopreservation and thawing of CD34+/CD34- cells and peripheral blood
mononuclear cells
Isolated CD34+/CD34- and PBMCs were cryopreserved for subsequent experiments.

Cells were centrifuged at 300 x g, 10 min, 4oC. The supernatant was removed, leaving a volume
of ~ 200 µL in which the pellet was resuspended. The cell suspension was maintained on ice, and
ice-cold freezing media (90% FBS, 10% DMSO) was added dropwise to a final concentration of
5 - 20 million cells/ml. The volume was equally distributed into sterile cryogenic vials, which
were then transferred into a freezing container (Nalgene) that was filled with 100% isopropyl
alcohol and pre-cooled to 4oC. The container was allowed to freeze at a rate of -1oC/min
overnight in a -80oC freezer, following which the cryogenic vials were transferred to liquid
nitrogen (-196oC) for long-term storage. To thaw cryopreserved CD34+ cells for experiments,
DAMP solution (for detailed formula, see Table S1), pre-warmed to room temperature or 37oC,
was added dropwise to the cryopreserved cells. The cells were washed twice in DAMP solution
at 300 x g, 10 min, 21oC, and resuspended in ~ 200 PBS/2% FBS. Cell number and viability
were determined using a hemocytometer and Trypan Blue staining (final concentration 0.2%).
The cells were adjusted to a maximum concentration of 1.0 x 106 cells/ml with SFM + 5GF, and
cultured overnight at 37oC, 5% CO2 in a T-25 flask.

2.5

Colony-forming cell assay
Methylcellulose media (MethoCultTM H4434 Classic; StemCell Technologies, cat. 04434;

contained recombinant human stem cell factor (SCF), recombinant human interleukin 3 (IL-3),
recombinant human erythropoietin (EPO), recombinant human granulocyte-macrophage colonystimulating factor (GM-CSF), and proprietary supplements) was distributed into 1.2 ml aliquots
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for storage at -20oC and allowed to thaw at room temperature immediately before the
experiment. To each aliquot, 1,000 freshly isolated CD34+ cells were added. The cell suspension
was vortexed vigorously for 10 seconds to mix, and allowed to settle at room temperature for ~
30 min. A sterile 3-ml syringe (LuerLok Tip; BD, cat. 309657) mounted with a 16G Monoject
blunt end needle (Covidien, cat. 202322) was used to transfer the cell suspension to a sterile 3.5
cm TC dish. Three technical replicates were performed for each sample collected, and the dishes
were placed inside a clean 10 cm TC dish. An open-lid 3.5 cm dish added with sterile PBS was
included to prevent evaporation of media. The dishes were incubated at 37oC, 5% CO2 for 10 11 days, after which the types and numbers of colonies were scored under a microscope at 40X
magnification (Leica) based on their morphology (size, colors, and cell density), as previously
described.74 For most samples, the number of colonies per sample was averaged between three
technical replicates; for two of the samples, two technical replicates were performed due to a
lower yield of CD34+ cells.

2.6

Flow cytometry analysis of hematopoietic stem/progenitor cells
For flow cytometry analyses, freshly isolated CD34+ cells were either used immediately

or following 24 - 48 h culture in SFM + 5GF at 37oC, 5% CO2. K-562 cells were used as a cell
line control. Cells were washed in ice-cold PBS/2% FBS at 300 x g, 10 min, 4oC, and the cell
concentration was adjusted to ~ 0.3 - 0.6 x 105 cells/ml in PBS/2% FBS. Cell viability was
assessed using Trypan Blue staining (final concentration 0.2%).
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2.6.1. Analysis of cell cycle status based on Ki67 expression
A 100 - 200 µL aliquot containing ~ 0.2 – 0.5 x 106 cells CD34+ cells was transferred to a
clean flow tube. The cells were fixed in 0.4% paraformaldehyde (made in PBS) and
permeabilized in 0.2% Triton X-100 (Sigma, cat. T8787; made in PBS); each step took place on
ice for 30 min. The fixed and permeabilized cells were then washed twice in ice-cold PBS/2%
FBS at 300 x g, 5 min, 4oC, and resuspended in ice cold PBS/2% FBS. Aliquots (~ 100 µL)
containing 30,000 - 60,000 cells were distributed into clean flow tubes. Cells were labeled either
with 5 µL APC-conjugated anti-Ki67 antibody (Biolegend, cat. 350513) or 0.5 µL APC isotype
control (Invitrogen, cat. 17-4714-81). Cells were incubated for 1 hour on ice and protected from
light, after which 2 ml of either ice-cold DAPI staining solution (Sigma D8417; 0.1 µg/ml in
PBS/2% FBS) or plain PBS/2% FBS was added to each appropriate condition. The cells were
centrifuged at 300 x g, 7 min, 4oC, and the supernatant was poured off. The pellet was
resuspended in ~ 200 µL of ice-cold PBS/2% FBS, and the samples were analyzed by flow
cytometry.

2.6.2. Analysis of cellular proliferation using CFSE labeling
To evaluate cellular proliferation, HSPCs were labeled with CFSE (Cayman, cat. 14456).
A minimum of 0.5 x 105 cells were resuspended in ~ 5 ml with room-temperature PBS/2% FBS,
and CFSE was added to the suspension to obtain a final labeling concentration of 1, 5, and 10
µM. The cells were incubated at 37oC for 10 min, after which the labeling reaction was quenched
with ~ 45 ml of ice-cold PBS/20% FBS, and the cells were centrifuged at 300 x g, 10 min, 4oC.
The supernatant was removed, and the pellet was resuspended in ice-cold PBS/2% FBS. Another
aliquot from the cell suspension was used as an unlabeled control.
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Aliquots containing a minimum of 30,000 cells, either unlabeled or labeled with CFSE,
were transferred to clean flow tubes. For analyses of live cells labeled with CFSE, cells were
labeled either with 7 µL APC-conjugated anti-CD34 (BD Pharmingen, cat. 555824) or 0.5 µL
APC isotype control (Invitrogen, cat. 17-4714-81) and 0.5 µL FITC isotype control (Biolegend,
cat. 406605). Cells were incubated for 1 hour on ice and protected from light, after which 2 ml of
either ice-cold DAPI staining solution (diluted 1:10,000 in PBS/2% FBS) or plain PBS/2% FBS
was added to each appropriate condition. The cells were centrifuged at 300 x g, 7 min, 4oC, and
the supernatant was poured off. The pellet was resuspended in ~ 200 µL of ice-cold PBS/2%
FBS, and the samples were analyzed by flow cytometry.
The remaining unlabeled and CFSE-labeled cells were each transferred to a separate well
in a 48-well microplate, added with SFM + 5GF media (pre-warmed to 37oC) to a total volume
of ~ 1 ml, and incubated at 37oC, 5% CO2 for 4 - 5 days. For a Colcemid control to correct for
the CFSE fluorescence of non-dividing cells, 100 µL of an intermediate solution containing 1
µg/ml Colcemid (Roche, cat. 10295892001) diluted in SFM + 5GF (pre-warmed to 37oC) was
added to the well containing cells to achieve a final concentration of 100 ng/ml Colcemid. Sterile
PBS was added to each empty well at the periphery of the microplate to prevent sample
evaporation. After 4 - 5 days in culture, the cells were transferred to clean flow tubes, added with
500 µL of room-temperature PBS/2% FBS and centrifuged at 300 x g, 10 min, 4oC. The
supernatant was discarded to remove the media. The cells were washed once in ice-cold PBS/2%
FBS, and the pellet was resuspended in ~ 200 µL ice-cold PBS/2% FBS. The number of cells
were determined using a hemocytometer, and the cells were transferred to clean flow tubes. Cells
were labeled with antibodies or isotype controls and DAPI as performed, incubated, washed, and
analyzed as performed on day 0.
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2.6.3. Flow Cytometry - Data acquisition and analyses
Samples were analyzed on the Cytoflex S instrument (Beckman Coulter) pre-calibrated
with QC Fluorosphere (Beckman Coulter, cat. B53230) according to the manufacturer’s
instructions. Data acquisition was performed using the associated CytExpert software. Control
and test samples were briefly run through the instrument, and a gate was drawn to identify the
cell population of interest (P1; Figure 5A). The acquisition settings were adjusted for
forward/side scattering (FSC/SSC), and the appropriate channels for fluorophores used in the
experiment such that the signal for each fluorophore in the cell-only control was below 103. Each
condition was analyzed on the flow cytometer until ~ 10,000 events in the R1 gate was acquired.

Figure 5. Gating strategy for data acquisition and analyses. (A) Example of gating on
CytExpert to identify the cell population (R1; green) based on their size (FSC) and granularity
(SSC). Approximately 10,000 events in this population were acquired for each condition in a
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flow experiment. (B) For data analysis on FlowJo, initial gating of each sample identified the
population of cells (monocytes), again, based on their size and granularity (FSC/SCC), followed
by exclusion of doublets based on the height (H) and area (A) of their FSC profile. (C) For each
cellular marker being labeled, an isotype control was used to set the gate for positive/negative
populations. An example of gating being shown for labeling with APC-Ki67 antibody, in which
a gate was set based on the isotype control (mouse, IgG1, kappa; APC-conjugated) to distinguish
between cells that labeled positive and negative for APC-Ki67 antibody. A gate was also
established to gate for cells that were positive for DAPI, which labels their DNA. The same gate
was applied to all other controls and sample in the same experiment.

Post-acquisition data analysis was performed using FlowJo (version 10.7.1). Initial gating
was the same for all flow experiments: cells were first gated to select for monocytes (FSC-Area,
SSC-Area) and single cells (FSC-Height, FSC-Area), respectively (Figure 5B). For Ki67/DAPI
labeling, cells were gated for CD34 expression (FIT-C channel) against DAPI (PB450 channel),
followed by gating of Ki67 expression (APC channel) against DAPI (linear axis), which allowed
the distinction HSPC populations in stage G0, G1, and S-G2-M of the cell cycle. The isotype
(mouse, IgG1, kappa; APC-conjugated) was used to control for non-specific binding and was
used to set the gate to distinguish between cells that labeled positive and negative for the Ki67
(Figure 5C). For CFSE labeling, the discrete peaks on day 4 - 5 represented the number of
divisions undergone by HSPCs, and they were determined based on their geometric means,
which decreased by half for each consecutive peak (division). The data on day 0 and day 5 were
then overlaid to show the proliferation of HSPCs. Back-gating was performed for each flow
experiment to verify the gating strategies.
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2.7.

Analyses of mitochondrial characteristics using fluorescence microscopy

2.7.1. Labeling of hematopoietic stem/progenitor cells with MitoTracker Deep Red
An 8-well immunofluorescence plate (Ibidi, cat. 80827) was coated with the CellTak
solution (Corning, cat. 354240) one day prior to the experiment. Briefly, 41 µL of CellTak was
mixed with 2.63 ml of 0.1 M NaHCO3 (Sigma 36486), and 190 µL of this solution was added
into each well of the 8-well plate. The plate was incubated with the lid on in a sterile
environment for 1 h, after which it was washed twice with double-distilled water (ddH2O). To
wash the plate, ddH2O was added to each well using a dropper pipette, and the plate was inverted
over a waste beaker to extrude the liquid. The plate was then allowed to air-dry under a sterile
laminar flow overnight.
To assess mitochondrial activity, HSPCs were labeled with the fluorescence dye
MitoTracker Deep Red (MTDR; Life Technology, cat. M22426).10 From a total of 0.5 x 106
cells, an aliquot containing 30,000 cells was added to each well in a 96-well microplate, and the
cells were labeled with a final concentration of 150 nM MTDR (diluted in SFM + 5GF media
pre-warmed to 37oC); the total volume was adjusted to 100 µL with pre-warmed SFM + 5GF
media. For the controls, the cells were topped up with SFM + 5GF to a total volume of 100 µL
without the addition of MTDR. The microplate was incubated for 30 min at 37oC, 5% CO2 and
protected from light. Following labeling, the cells from each well were then transferred to a clean
1.5-ml Eppendorf tube, added with 500 µL of room-temperature PBS/2% FBS, and centrifuged
at 300 x g, 10 min, at room temperature. The pellet was resuspended in a volume of ~ 20 - 30
µL, which was spotted onto each well of the 8-well immunofluorescence plate pre-coated with
CellTak. The cells were allowed to adhere for 1.5 h at room temperature inside a humid
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chamber, after which a clean kimwipe was used to soak up the media from each well. To each
well, 300 µL of 4% paraformaldehyde was then added to fix the cells for 15 min at 37oC. The
fixative was then soaked up with a clean kimwipe, and 300 µL of clean PBS was added to each
well. The plate was stored in a damp chamber, sealed with parafilm, at 4oC and protected from
light until further experiments, which was usually within 24 - 72 h.
For cells that were co-labeled with Tomm20 antibody, the fixed cells were incubated with
1:1000 rabbit anti-Tomm20 polyclonal antibody (Abcam, ab78547) for 1 hour at 37oC. The wells
were washed gently, followed by incubation with 1:400 goat anti-rabbit Oregon Green 488conjugated polyclonal antibody (Life Technology O11038). For all samples, whether co-labeled
with Tomm20 antibody or not, the wells were washed and 1 drop of Nucblue fixed cell reagent
(DAPI, Invitrogen R37606) was added to each well. The cells were imaged on Leica TCS SP8X
confocal microscope using a 63X objective (Leica Microsystems, Wetzlar, Germany). Cells were
imaged at 3X zoom and Z-stacks taken at 0.3 µm steps through each cell; the number of slices
per Z-stack varied between 12 - 36, depending on the sample. Fluorophore excitation was
achieved with a 405 nm laser diode and white light laser (WLL) tuned to 491 nm and 647 nm.
DAPI signal was collected on a standard PMT, with the Oregon Green and MitoTracker Deep
Red collected on HyD detectors in the light path.

2.7.2. 2D analysis of MitoTracker Deep Red fluorescence and mitochondrial area
For 2D analysis, image stacks were converted into Z-projections with maximum intensity
in Fiji, ImageJ version 1.53c. For each image, the background was determined as the averaged
fluorescence intensity of five randomly selected regions with no visible fluorescence. To
determine the fluorescence intensity of each cell, individual cells that are stained for DAPI
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(which represented true cells) were manually selected; the integrated density and area occupied
by each cell were measured and used to calculate the corrected total cell fluorescence (CTCF)
using the formula: CTCF = Integrated Density - (Area of selected cell x Average
background). To determine the area in each cell that is occupied by mitochondria, a threshold to
distinguish fluorescence signals from background was manually determined, followed by area
calculations using the Analyze Particle function.

2.7.3. 3D analysis of mitochondrial volume and morphology
3D analyses were performed on Leica Application Suite (LAS) X, version 10, using the
3D Visualization module. To analyze mitochondrial characteristics of MTDR-labeled cells,
individual cells that stained for DAPI (which represented true cells) were selected, projected into
3-dimensional view, and a threshold was manually applied (1,500 - 4,096) to distinguish signals
from background autofluorescence. The volume of individual mitochondrial objects was then
automatically measured. Concurrently, morphometric quantification of mitochondrial objects
was performed, which determined their diameter and ellipsoid dimensions; this data was used for
supervised machine learning-based classification. A total number of 1,377 mitochondrial objects
from both cord blood and bone marrow samples were manually classified based on their
morphometric measurements; 260 objects were then used to train the algorithm, and the
remaining 1,117 objects (not used for training) were used to validate the classification.
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2.8.

Detection of mutations associated with age-related clonal hematopoiesis using nextgeneration sequencing
Sequencing for the detection of ARCH mutations was performed based on previous

methods described by Cook et al.77 78 PBMCs or BM-derived CD34- cells, collected from a total
of 16 individuals (14 individuals between 50 to 90 years of age, and 2 individuals below 50 years
old) were thawed from cryopreservation, and DNA was extracted from the cells using the
DNEasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s standard protocol. In
addition, CD34- cells collected from two cord blood samples were also used for sequencing as a
negative control.
All of the following steps were performed in accordance with the protocols provided by
the respective manufacture. Extracted DNA was quantified and assessed for purity by means of
real time PCR (qPCR) using the StepOnePlusTM Real-Time PCR system (Applied Biosystems,
Thermo Scientific; cat. 4376598), with genomic copies of human RNAse P in the samples being
quantified using the TaqMan RNAse P Detection Kit (Applied Biosystems, Thermo Scientific;
cat. 4316831) as an internal reference. Construction of barcoded DNA libraries was performed
using ~ 20 ng of high-quality DNA that using the Ion AmpliSeq Library Plus Kit (Ion TorrentTM,
Thermo Scientific), Ion Xpress Barcode Adapters 1 – 16 Kit (Ion TorrentTM, Thermo Scientific;
cat. 4471250), and Ion Xpress Barcode Adapters 17 – 32 Kit (Ion TorrentTM, Thermo Scientific;
cat. 4474009). Libraries preparation took place on the SimpliAmpTM Thermal Cycler system
(Applied Biosystems, Thermo Scientific; cat. A24811). The barcoded DNA library were then
purified using the Beckman AMPure XP beads (Beckman Coulter). Purified DNA libraries were
quantified using the StepOnePlusTM Real-Time PCR system (Applied Biosystems, Thermo
Scientific; cat. 4376598).
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The constructed DNA libraries consisted of 1,552 amplicons, which covered a panel of
48 genes commonly mutated in myeloid leukemia; the complete list of the gene panel could be
found in Supplemental Table 1 of the study by Cook et al.77 The libraries were divided into two
pools: Pool 1 contained 780 amplicons (corresponding to 1560 primers) and Pool 2 contained
772 amplicons (corresponding to 1544 primers). For templating and enrichment of DNA
libraries, 50 pM of DNA was used. Templating, enrichment, as well as chip loading were
performed using Ion 540TM Kit – Chef (Ion TorrentTM, Thermo Scientific; cat. A30011) on the
Ion ChefTM Instrument (Ion TorrentTM, Thermo Scientific; cat. 4484177). Ion 540TM Chips (Ion
TorrentTM, Thermo Scientific) were used for sequencing on the Ion S5TM XL System (Ion
TorrentTM, Thermo Scientific; cat. A27214) at Queen’s Genomics Lab at Ongwanada (Kingston,
Ontario, Canada). The mean read length was 119 bp. The mean depth of sequencing was 1,200X
(94.0% uniformity, 97.6% on-target). The sequencing run, data alignment with the human
genome reference hg19 with t-map, and variant calling were performed using the Torrent Suite
Software (Ion TorrentTM, Thermo Scientific).
Variant annotation and filtering were performed using the Ion Reporter software (Ion
TorrentTM, Thermo Scientific). Single nucleotide variants (SNVs) and indels were filtered based
on exon location, non-synonymous substitution, p-value < 0.01, coverage > 50, VAF between
0.02 and 0.43. Variants present in UCSC Common SNP Database, minor allele frequency (MAF)
> 0.02, Global/European/American MAF > 0.02 were excluded. False positives were removed
by means of visual inspection in the Integrative Genomics Viewer (IGV, Broad Institute), with
concurrent assessment of variants that were marginal of the exclusion criteria. Variants were
further filtered and called based on whether they met the criteria for candidate driver (CD)
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mutations, as described elsewhere. CD mutations refer to mutations in genes that are commonly
associated with hematological malignancies.50

2.9.

Statistical Analysis
Statistical analysis of datasets was computed using GraphPad (version 9.1.0). F-test was

used to determine the statistical significance of linear regressions. For all other data, statistical
significance was determined using the unpaired Welch’s T-test.
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CHAPTER 3 – AGED HEMATOPOIETIC STEM/PROGENITOR CELLS DISPLAYED
DECREASED CLONOGENICITY, ELEVATED CONTENT OF ACTIVE
MITOCHONDRIA, AND CELL CYCLE FEATURES THAT SUGGESTED INCREASED
PROGRESSION TOWARDS DIFFERENTIATION

3.1.

The hematopoietic stem/progenitor population remained stable in individuals of
advanced age.
To investigate whether the frequency of BM HSPCs (CD34+ cells) changes with age, the

number of CD34+ cells from each BM sample of individuals 50 – 90 years old was determined
by manual counting and normalized to the volume of bone marrow collected, or as percentage of
total mononuclear cells (MNC) in BM. Overall, lower number of HSPCs were obtained from
knee samples compared to hip samples.
The total number of HSPCs (CD34+ cells) per ml of BM showed no significant change
with age for THA/TKA patients between 50 and 90 years old (p = 0.6712; F-test) (Figure 6A).
For a subset of the same samples (n = 7), the percentage of CD34+ cells in the total BM
mononuclear cells (MNC) were determined. Similarly, there was no statistically significant
change in the fraction of CD34+ cells in the MNC population between the age of 60 to 90
(Figure 6B) (p = 0.4970; F-test). In humans, it has been found previously that although the
number of phenotypic HSCs in BM increases with age, the overall population of HSPCs either
decreases or remains unchanged.11 30 31 The yield of HSPCs per ml of BM was highly variable,
as the aspiration method did not guarantee consistent collection from the regions in the BM
where the HSPC population localizes. In addition, HSPCs were also enumerated by manual
counting in this study, which may have resulted in a lower accuracy compared to population
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analysis by flow cytometry.11 The broad distribution of the HSPCs number was largely
attributable to these two factors. Removal of extremely high (> 100,000 cells/ml BM) and low
values (< 10,000 cells/ml BM) nonetheless did not result in statistical significance, as determined
using the F-test. Based on these results, it is suggested that the frequency of HSPCs in human
BM and in BM MNC population remains relatively unchanged in individuals of advanced age.

Figure 6. The frequency of hematopoietic stem/progenitor cells in human bone marrow did
not change significantly between 50 to 90 years of age.
HSPCs derived from 20 individuals between 50 to 90 years of age were manually enumerated.
(A) The frequency of aged HSPCs was expressed as the number of CD34+ cells normalized to
the volume of BM. (B) For a subset of 7 individuals between 60 to 90 years of age, CD34+ cell
count was normalized to the number of MNC from the corresponding sample BM sample. Data
is expressed as % CD34+ cells of total MNC count. Statistical significance of the linear
regression was calculated using the F-test; ns denotes not statistically significant.

3.2.

Aged hematopoietic stem/progenitor cells showed reduced clonogenicity, but the
total colony output increased with age.
To determine whether the clonogenicity of HSPCs changes with age, their capacity to

differentiate into myeloid colonies was assessed in vitro using the CFC assay. CD34+ cells
isolated from CB and BM were plated in methylcellulose media and incubated for 10 – 11 days,
after which the number of myeloid colonies were enumerated to reflect their myeloid
differentiation potential.11 74 HSPCs derived from CB was found to produce significantly more
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colonies (~ 1.7-fold; p < 0.0001; unpaired Welch’s T-test) compared to those derived from aged
BM. Furthermore, BM HSPCs displayed a marked decrease in the number of multipotent
colonies (CFU-GEMM: ~ 9.7-fold, p < 0.0001; CFU-GM: 4.5-fold, p < 0.0001; unpaired
Welch’s T-test) and of unipotent granulocyte-monocyte colonies (CFU-G: 2.4-fold, p = 0.0007;
CFU-M: 1.4-fold, p = 0.0042; unpaired Welch’s T-test). In addition, BM HSPCs showed
presence of mature erythroid colonies, which were virtually absent in CB (CFU-E: p < 0.0001;
unpaired Welch’s T-test). No statistical difference in the number of primitive erythroid colonies
(BFU-E) were observed between CB and BM HSPCs (p = 0.3266; unpaired Welch’s T-test)
(Figure 7A).74 These observations are overall consistent with previous findings.74 The observed
number of CFU-GEMM colonies produced by CB HSPCs was higher compared to the
literatures, comprising ~ 8% of total colonies, compared to 3 – 4% as previously reported.74
Similarly, the number of CFU-E colonies produced by BM-derived CD34+ cells comprised ~
24% of total colonies in some samples, compared to ~ 4 - 6% in the literature. These differences
were attributable to the inevitable counting bias between different research groups.74 While the
CFC was useful to quantify the more lineage-restricted progenitors, it may not fully reflect the
clonogenicity of the more primitive HSC populations.74
The number of colonies produced by BM HSPCs displayed a slight but significant
increase (p = 0.0015; F-test) with age for the evaluated samples (from individuals between 50 to
90 years old) (Figure 7B). This appeared to contradict the findings previously discussed in
section 3.1, in which the number of HSPCs decreases with age, as well as those reported by Pang
et al., which demonstrated a relatively unchanged colony output between young and aged
HSPCs.11 However, the observed significance of this trend was largely due to the majority of the
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samples being derived from individuals between 60 to 80 years old. More samples from
individuals below 60 and above 80 years of age are required to provide a more accurate trend.

Colonies

CFU-

CFU-

GEMM

GM

Cord Blood

28 ± 1

Bone

3±0

Sample

CFU-G

CFU-M

BFU-E

CFU-E

Total

87 ± 3

94 ± 11

83 ± 6

56 ± 13

N/D

349 ± 13

19 ± 1

40 ± 4

60 ± 4

51 ± 4

37 ± 3

207 ± 13

Marrow
Table 1. Hematopoietic stem/progenitor cells from aged bone marrow produced fewer
myeloid colonies in vitro than their cord blood counterparts. The average number of colonies
and the standard error of the mean for CB (n = 3) and BM (n = 13). All values are rounded to the
nearest whole number.

Figure 7. Hematopoietic stem/progenitor cells from bone marrow displayed lower colony
output compared to their cord blood counterparts, but the number of colonies increased
with age.
CFC assay was performed on HSPCs derived from CB (n = 3) or BM of aged individuals (50 –
90 years; n = 13); two or three technical replicates were performed per biological sample.
Colonies generated from 1,000 CD34+ cells (HSPCs) in methylcellulose media were scored after
10 – 11 days based on colony morphology (colors, size, and cell density).74 (A) Comparison of
myeloid colonies of different lineages generated by CB and BM HSPCs. Data is averaged from
individual replicates for CB or BM. Statistical significance was calculated using the unpaired
Welch’s T-test; **p < 0.005; ***p < 0.001; ****p < 0.0001. (B) The total number of colonies
generated by BM HSPCs was plotted against the age of the corresponding BM donor. Data is
expressed as the total number of colonies/103 CD34+ cells, and individual replicates were
plotted. Statistical significance of the linear regression was calculated using the F-test; **p <
0.005.
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Taken together, these results indicated that the BM HSPCs in individuals of advanced
ages exhibited inferior clonogenicity compared to CB counterparts, and their colony output
increased between 50 and 90 years of age.

3.3.

Aged hematopoietic stem/progenitor cells contained fewer proliferating cells, albeit
with more cells being in S-G2-M phases.
The cell cycle activity of CB and aged BM HSPCs was evaluated by means of flow

cytometry, based on their expression of the proliferation marker Ki67 and content of DNA, both
of which vary as the cells progress through the cell cycle and thus can be used to indicate the
fraction of cells in G1 and S-G2-M phases. In addition, Ki67 is not expressed by quiescent cells,
thus it can be used to further identify cells in the G0 phase.79
Ki67 labeling efficiency was first optimized using the erythroleukemia cell line K-562.
Up to 98.1% of cells were positive for Ki67 expression (APC channel), and 98.2% of cells
incorporated DAPI under the described experimental conditions. A gate was applied to the cell
population that showed high intensity of DAPI to separate the fractions of cells based on their
Ki67 fluorescence, which showed 0.14% cells in G0 phase (quiescence), 63.0% cells in G1 phase,
and 36.1% in S-G2-M phases (Figure S1). This reflected the highly proliferative nature of K-562
cells, and thus was consistent with previous literature.80
For CB and BM HSPCs, the DAPI+ population accounted for ~ 88 – 89% of gated single
cells. CB HSPCs showed 15.2% cells in G0 phase, indicating a low degree of quiescence. The
majority of the cells were found in G1 phase (70.7%). In addition, only a small fraction of CB
HSPCs was found in the S-G2-M phases (2.5%). This demonstrated that CB HSPCs were highly
proliferative, which was in agreement with previous studies,8 70 71 81 82 but not with the results
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obtained by Laurenti et al., which showed a higher degree of quiescence of CB HSPCs (> 90%
for HSCs and > 60% for progenitors).83 The discrepancies between these studies could be due to
the different methods used to differentiate G0 and G1 populations, which were based on
quantification of either Ki67 expression or intracellular RNA content.
In contrast, BM HSPCs showed up to 42.2% cells in G0 phase, which reflected a greater
degree of quiescence that was consistent with the cell cycle characteristics of adult HSPCs.72 73 84
85

The fraction of BM HSPCs in G1 was 39.4%, and, while 11.8% cells were in S-G2-M phases

(Figure 8). Past studies have also demonstrated that despite a larger population of quiescent
cells, the proliferating fraction of both young and aged BM HSPCs contained more cells in S-G2M phases compared to CB counterparts. 8 11 82 86 87 HSPCs in S-G2-M phases have been found to
display minimal repopulating capacity, which suggested that these cells were progressing
towards terminal differentiation.88 89 Thus, the cell cycle data presented herein likely indicated
physiological differences between the cell cycle features of CB and BM HSPCs, rather than
cellular stresses that were consequences of aging. Nevertheless, there was also a possibility that
the large number of BM HSPCs in S-G2-M phases was a result of cell cycle arrest, due to the
presence of DNA damage and mitochondrial stress, both of which have been described as a
features of aging HSPCs.3 26 Of note, culture of HSPCs for 24 hours in the presence of growth
factors could have increased the number of proliferating cells, as previously reported.82 90 91 It is
therefore important to analyze the cell cycle activity of freshly isolated HSPCs that have not
been exposed to growth factors.
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Figure 8. Hematopoietic stem/progenitor cells from aged bone marrow were more
quiescent, but their proliferating fraction contained more cells in S-G2-M phases compared
to cord blood counterparts.
Cell cycle analysis using Ki67 and DAPI labeling of CB (n = 1; thawed from cryopreservation)
and BM HSPCs (n = 1; age = 57 years; freshly isolated). Data is expressed as % of DAPI+ cells.

This observation of cell cycle status of CB and BM HSPCs could explain the CFC results
in section 3.2. Since the HSPC population in CB (which included primitive HSCs) was largely
proliferative,71 84 there was likely a more significant contribution from the multipotent HSC
population to colony output. However, there was concurrently a smaller number of CB HSPCs in
S-G2-M phases, which suggested that fewer cells were progressing towards terminal
differentiation. Together, these two factors contributed to a greater number of multipotent
colonies (CFU-GEMM and CFU-GM) by CB HSPCs. Meanwhile, the majority of HSCs with
multipotent repopulating capacity in BM were quiescent. Their proliferating fraction therefore
contained mostly progenitor cells and only a small number of actively cycling HSCs, which were
progressing towards or have reached terminal differentiation.89 As a result, BM HSPCs showed a
reduced production of multipotent colonies and instead were restricted to producing mostly
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unipotent colonies of granulocytic (CFU-G), monocytic (CFU-M), or mature erythroid (CFU-E)
lineages.74 Overall, these results suggested that although BM HSPCs contained a larger
population of quiescent cells compared to CB counterparts, their proliferating fraction also
contained a greater number of cells in S-G2-M phases, which likely reflected a more significant
skew towards terminal differentiation compared to CB HSPCs.

3.4.

Aged hematopoietic stem/progenitor cells displayed more asynchronous
proliferation in vitro than their cord blood counterparts.
To track the division of CB and BM HSPCs in vitro, the cells were labeled with

Carboxyfluorescein diacetate – succinymidyl ester (CFDA-SE). The dye readily diffuses into
cells, where it is converted into CFSE inside cells by intracellular esterase enzymes, which
cleave its diacetate groups and thus reduces its membrane permeability.92 CFSE then reacts with
amine groups from intracellular proteins and other amine sources, further promoting its stable
retention in the cells.92 The labeled cells were cultured in SFM + 5GF for 5 days, followed by
analysis using flow cytometry. The fluorescence intensity of CFSE decreases by 50% per cellular
division due to equal segregation of the dye to both daughter cells. As a result, for cell types that
divide asynchronously (i.e., not dividing at the same rate), such as HSPCs, successive cellular
divisions can be observed as discrete peaks on a flow histogram, with the geometric mean of
each peak being approximately half the value of the preceding peak (Figure 9A).71 92 93
After 5 days in SFM + 5GF, CFSE analysis indicated that CB and BM HSPCs (CD34+)
displayed very similar proliferation, with both populations having undergone a total of six
divisions. Of note, the inclusion of a Colcemid control (100 ng/ml) allowed for correction of
CFSE fluorescence in non-dividing cells (D0 peak) on day 5, which resulted from the continuous
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loss of CFSE to efflux of unbound dyes and turnover of CFSE-labeled proteins71 92 94 95 96. In
both CB and BM, the majority of HSPCs has undergone 4 cellular divisions during the
incubation period. However, despite the similar number of divisions in both cell populations, BM
HSPCs displayed slightly more asynchronous proliferation compared to CB counterparts.
Specifically, a greater number of BM HSPCs (2.40% of CD34+ cells) remained in D0 peak on
day 5, which indicated that they have not undergone any division and thus represented quiescent
cells.72 By contrast, verify few CB HSPCs (0.66% of CD34+ cells) remained in the D0 peak on
day 5, which reflected a near complete exit from quiescence. This observation supported the cell
cycle data in section 3.3, as well as being consistent with the literature.71 72
In addition, BM HSPCs also showed a greater fraction of cells (10.30%) that underwent 6
divisions in vitro over 5 days, compared to CB HSPCs (2.90%) (Figure 9B). In agreement with
their CFSE profiles, the BM sample showed a decrease in the relative frequency of CD34+ cells
(84.9% on day 0 to 17.7% on day 5), which was more significant than that of CB counterparts
(77.7% on day 0 to 30.1% on day 5). The decrease in the frequency of CD34+ cells after 5 days
in culture was due to differentiation of HSPCs to produce mature hematopoietic cells, which
lacked CD34 expression, hence a dilution of CD34+ cells relative to the overall cell population.71
Extensive proliferation and differentiation are known to result in a loss of hematopoietic
repopulating capacity, which may be associated with the stressed phenotypes of aging HSPCs.19
91

However, it is important to mention that in vitro culture of HSPCs for 5 days in serum-free

media has also been shown to inhibit their re-entry into quiescence and loss of repopulating
capacity that would otherwise not be observed in vivo.88
Taken together, these results indicated that a fraction of BM HSPCs remained in
quiescence after 5 days in serum-free culture, while their proliferating population contained a
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greater number of cells that underwent six divisions in vitro compared to CB HSPCs. This
suggested that BM HSPCs displayed more asynchronous proliferation in vitro compared to CB
counterparts.

Figure 9. Aged hematopoietic stem/progenitor cells contained a greater fraction of
quiescent cells, while more cells in their proliferating fraction underwent six divisions in
vitro compared to their cord blood counterparts.
Cell proliferation analysis of HSPCs from CB (n = 1) and BM (n = 1; age = 77 years) that were
labeled with 5 µM CFDA-SE (converted to CFSE inside cells) and cultured in SFM + 5GF for 5
days. The D0 population (cells that have not undergone any division) on day 5 was determined
based on a control treated with 100 ng/ml Colcemid. Individual peaks representing divisions
were gated based on their geometric mean. (A) Gating of CFSE fluorescence (FITC channel)
showing the divisions of CB and BM HSPCs. (B) Percentage distribution of CB and BM HSPCs
that have undergone between 0 and 6 divisions.
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3.5.

Aged hematopoietic stem/progenitor cells possess higher content of active
mitochondria compared to cord blood counterparts.
MTDR is a fixable lipophilic dye that accumulates in mitochondria in an MMP-dependent

manner. As a result, the dye is readily sequestered by active mitochondria in live cells, which can
then be fixed for analysis using fluorescence imaging.10 97 98 To verify the specificity of MTDR
labeling towards mitochondria, HSPCs from one representative BM sample were co-labeled with
MTDR and Oregon Green-conjugated Tomm20 antibody and imaged using fluorescence
microscopy. Tomm20 is an outer membrane mitochondrial protein, which is expressed on
mitochondria regardless of MMP, and thus could be used to reflect the overall mitochondrial
content of a cell.39
Visual inspection indicated that most BM HSPCs (10 of 13 cells) displayed colocalization of Tomm20 (green) and MTDR (red).99 A small number of cells (3 of 13 cells),
however, showed minimal to no MTDR fluorescence despite having high Tomm20 fluorescence
(Figure 10A). Aside from the possibility of uneven accumulation of the dye or that a small
fraction of cells had undetectable level of active mitochondria, cells that exhibited low or lacked
MTDR fluorescence could have been HSCs, which differentially express high levels of ABC
transporters and thus are capable of extruding a broad range of xenobiotic compounds.100 101 102
103 104

Recent evidence strongly suggested that both CB and BM HSPCs express ABC

transporters, and that their activity can affect MTDR labeling.10 101 105
Analysis of co-localization using JaCOP (Fiji, ImageJ) yielded an average Pearson’s
correlation coefficient of 0.7 for all 13 cells from the 5 z-stacks (Figure 10B), which directly
reflected the correlation between the fluorescence intensity between MTDR and Tomm20.
Fractions of fluorescence overlap, calculated using the Mander’s method, indicated that ~ 92.2%
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MTDR fluorescence overlapped with that of Tomm20, indicating that MTDR labeling was
largely specific to mitochondria, with minimal non-specific labeling at the concentration used
(150 nM).99 Conversely, ~ 38.0% of Tomm20 fluorescence overlapped with that of MTDR,
which reflected that MTDR only labeled a subset of mitochondria that is metabolically active
(Figure 10B).10 97

Figure 10. MitoTracker Deep Red labeled active mitochondria, which constituted a
fraction of total mitochondrial content in hematopoietic stem/progenitor cells.
A total of 5 z-stacks of BM HSPCs (n = 13) co-labeled with Tomm20 antibody (green) and
MTDR (red) were imaged by fluorescence microscopy to confirm the labeling specificity of
MTDR towards mitochondria. Co-localization of Tomm20 and MTDR in nucleated (DAPI+)
cells was analyzed using JaCOP (Fiji, ImageJ). (A) Representative Z-projected images (A1 and
A2) of HSPCs co-labeled with Tomm20 (green) and MTDR (red) fluorescence. Yellow arrow in
image A2 indicates a cell that exhibited high Tomm20 fluorescence but low MTDR
fluorescence. Scale bar = 14 µm. (B) Pearson’s coefficients of all z-stacks indicated the
correlation between the fluorescence of Tomm20 and MTDR. Mander’s coefficients were
calculated for overlap in fluorescence of Tomm20 with MTDR, and MTDR with Tomm20. Error
bars indicated SEM.
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From CB (n = 3) or aged BM (n = 4) samples, 68 nucleated cells (DAPI+) were used for
quantification of MTDR fluorescence and mitochondrial area to compare their content of active
mitochondria (Figure 11A & B). Measurements of corrected total cell fluorescence (CTCF) and
area occupied by mitochondria in 2D revealed that BM HSPCs exhibited significantly higher
fluorescence intensity of MTDR (1.97-fold; p < 0.0001; unpaired Welch’s T-test) (Figure 11C)
as well as significantly greater area per cell that was occupied by mitochondria (2.00-fold; p <
0.0001; Welch’s T-test) (Figure 11D), compared to their CB counterparts. For CB HSPCs, up to
50 of the 68 cells measured (73.5%) exhibited low MTDR fluorescence (defined as the lowest
33% of the range of measured CTCF values). This suggested that many CB HSPCs contained
relatively, but not completely, inactive mitochondria. On the other hand, only 26 of 68 BM
HSPCs (38.2%) had low MTDR fluorescence, indicating that the majority of the cells had active
mitochondria. Since HSPCs with low MTDR fluorescence intensity were present in both CB and
BM samples, and the lowest CTCF values measured were still 1.5 to 2-fold greater than
background signals, it was suggested that low MTDR fluorescence was not due to a low
sensitivity of detection. Furthermore, in contrast to BM counterparts, the mitochondrial activity
in CB HSPCs has not been well characterized, thus it was not possible to validate the results of
mitochondrial analysis in this study.
Previous studies, using similar MMP-dependent fluorescence dyes, have indicated that
mitochondrial biogenesis and activity was increased as HSPCs exit from quiescence and undergo
differentiation.3 10 101 Therefore, CB HSPCs that displayed low MTDR fluorescence likely
represented the more primitive HSCs, whereas cells with higher MTDR fluorescence represented
downstream progenitors. However, it was not possible to directly confirm the identity of the cells
with low MTDR, as fixation and permeabilization did not permit effective labeling of surface
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markers (CD34, CD38, CD90, etc.). In addition, the observed increase in the content of active
mitochondria potentially reflected that BM HSPCs had upregulated oxidative metabolism
compared to CB HSPCs, due to the positive correlation of mitochondrial mass and activity
(represented by MMP) with intracellular ATP level.44 45 106 This would be consistent with their
cell cycle data, in which a larger number of BM HSPCs were found in S-G2-M phases, which
reflected a larger number of differentiating cells that would display increased mitochondrial
activity. On the other hand, the low level of active mitochondria in CB HSPCs may be indicative
of their reliance on glycolysis as the main source of cellular energy. This would be consistent
with the observation that the majority of CB HSPCs were found in the G1 phase of the cell cycle,
meaning that they potentially had lower energy requirement and thus depended less on
mitochondrial activation. However, this would require further investigations of glycolytic
activity of CB and BM HSPCs, which can be assessed by measuring the rate of extracellular
acidification.42
Importantly, the use of MTDR alone cannot differentiate between mitochondria with high
and low MMP, and therefore cannot fully reflect mitochondrial activity in HSPCs. As a result,
MTDR labeling must be complemented by the use of other potentiometric dyes such as JC-1 to
fully elucidate potential changes in MMP and thus activity of mitochondria.44 Another limitation
was that fluorescence imaging only permitted mitochondrial analysis in a small number of cells,
which may have been selectively imaged because they displayed high fluorescence intensity. It is
therefore imperative to analyze MTDR-labeled HSPCs using flow cytometry, in order to provide
more objective quantification of mitochondrial activity in the overall HSPC populations from CB
and BM.
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Figure 11. Aged hematopoietic stem/progenitor cells harbored a greater content of active
mitochondria than cord blood counterparts.
HSPCs freshly isolated from 3 CB samples (n = 68 cells) and 4 BM samples (n = 68 cells) were
labeled with MTDR and DAPI, imaged using fluorescence microscopy, and analysis using
ImageJ. (A) Representative wide-field z-projections (max intensity) with green arrows indicating
cells with low MTDR fluorescence. Non-nucleated cells that were DAPI- were not selected for
quantification, as indicated by yellow arrow. Scale bar = 14 µm. *Scale bars appear different due
to the different zooming for each image. (B) Z-projections (max intensity) of single nucleated
cells (DAPI+) with threshold. The same threshold was used for all images. Cells with signals that
below threshold or reported as “undetectable” were excluded from the data. Scale bar = 5 µm. (C
& D) Comparison of MTDR fluorescence and mitochondrial area per cell between CB and BM
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HSPCs, respectively. Error bars indicated SEM. Statistical significance was calculated using the
unpaired Welch’s T-test; ****p < 0.0001.

3.6.

Active mitochondria in aged hematopoietic stem/progenitor cells form large and
compact networks.
To overcome the potential limitations and expand on the results of 2D analyses of

mitochondria,40 the same cells were analyzed in 3D, using LAS X 3D Visualization module
(Leica). Similar to the 2D analyses, a threshold was established to separate background signals
and MTDR fluorescence, followed by volumetric and morphological measurements of the
detected mitochondria in each cell. A total of 58 CB and 63 BM HSPCs had detectable
mitochondria at the manually set threshold, for which volumetric quantification indicated a 2.07fold increase (p < 0.0001; unpaired Welch’s T-test) in the total volume of active mitochondria
per cell (Figure 12A & B), which was consistent with the observed fold differences in MTDR
fluorescence and mitochondrial area, further supporting the notion that the increase in MTDR
fluorescence was due to an increase in the content of active mitochondria.
As 3D projections of mitochondria indicated visible morphological differences between
CB and BM HSPCs (Figure 12A), morphometric quantification of mitochondria was performed
on LAS X. Machine learning-based classification was employed to facilitate this process by
categorizing detected mitochondria into four bins, (1) punctate, (2) rod-shaped, (3)
large/networked, and (4) junk (background fluorescence signals), using a simplified strategy
adapted from Leonard et al (Table S3).107 From a total of 1,377 mitochondrial objects, 260 were
used to train the classifier, and the remaining objects 1,177 (not used for training) served to test
its performance by manual verification. After two rounds of manual training and revision, the
classifier failed to exclude 90 junk objects; these objects were therefore manually removed from
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the final test data. For the remaining 1,027 objects, the classifier attained an accuracy of 88.3%
(907 objects correctly identified by their classes) relative to manual classification. Within each
class (excluding junk objects), the accuracies were 96% for large/networked, 79% for punctate,
and 88% for rod-shaped. The classifier most frequently misclassified rod-shaped mitochondria as
punctate (45% of all errors), likely due to its inability to accurately distinguish them when the
ellipsoid major/minor ratio was close to the cut-off value of 3. Other misclassifications
constituted between 2 to 18% of all errors (Table S2 – S4). Although this strategy was
oversimplified and was applied to 3D analyses, it offered comparable accuracy to the cited
literature that used machine learning for classification of mitochondria in 2D.107

Figure 12. An increase in rod-shaped and large/networked mitochondria was observed in
aged hematopoietic stem/progenitor cells.
A total of 58 CB and 63 BM HSPCs with detectable mitochondria (after applying signal
threshold) were subjected to volumetric and morphometric quantifications using LAS X.
Supervised machine learning-based classifier categorized mitochondria into four categories
based on their diameter and ellipsoid dimensions. (A) 3D view of mitochondria in CB and aged
BM HSPCs. Scale bar = 2 µm. (B) Comparison of total mitochondrial volume between CB and
BM HSPCs. (C) Comparison of mitochondrial volume for each category of mitochondria. Error
bars indicated SEM. Statistical significance was calculated using the unpaired Welch’s T-test; ns
denotes not statistically significant; **p < 0.005; ***p < 0.001; ****p < 0.0001.
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Machine learning-based classification demonstrated that BM HSPCs exhibited a
significant increase in the volume of rod-shaped (2.17-fold; p = 0.0043; unpaired Welch’s T-test)
and large/networked mitochondria (2.06-fold; p = 0.0001; unpaired Welch’s T-test). On the other
hand, no significant difference was observed for mitochondria in the punctate class (p = 0.1260;
unpaired Welch’s T-test) (Figure 12C). These differences would likely remain significant even
when the inherent inaccuracy of the classifier was accounted for. These results of 3D analyses
provided further evidence indicating that BM HSPCs upregulated their mitochondrial activation,
most likely to support their proliferation and differentiation, compared to CB HSPCs. Whether
mitochondrial biogenesis was also upregulated could not be determined, as MTDR labeling did
not permit the assessment of the overall mitochondrial mass in the cells.
Additionally, the increased volumes of large/networked mitochondria also potentially
reflected an increase in mitochondrial swelling – a consequence of oxidative stress, as well as
mitochondrial fusion to both maximize the efficiency of oxidative metabolism and partially
rescue damaged and dysfunctional mitochondria.108 109 Thus, the observed elevation in active
mitochondrial volumes were strongly indicative of increasing oxidative stress that resulted in
damages to mitochondria. Interestingly, since mitochondrial activity functions as a cell cycle
checkpoint in HSPCs, increased mitochondrial stresses in aged HSPCs may render them
susceptible to cell cycle arrest, as previously proposed in section 3.3.110 Specifically, exit of
HSPCs from quiescence results in elevated production of reactive oxygen species (ROS); this in
turn has been shown to induce DNA damage, which can delay the progression of HSPCs past the
S phase of the cell cycle.110 111 Likewise, failure to clear active mitochondria in proliferating
HSPCs via autophagy can prevent them from exiting the cell cycle and returning to quiescence.3
42

Both of these factors may therefore explain the large number of cells in S-G2-M phases that
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was observed for BM HSPCs (section 3.4). However, to confirm an increase in oxidative
metabolism and hence elevated oxidative stress in BM HSPCs, further investigations involving
direct quantification of mitochondrial metabolism, such as measurement of intracellular ATP
level, production of ROS, and/or oxygen consumption under normal and stressed conditions, are
necessary to verify the possible connections between the mitochondrial content and activity, their
metabolism, and the functional capacity of CB and BM HSPCs.42 106
Taken together, these data indicated that aged BM HSPCs contained elevated levels of
active mitochondria compared to CB counterparts, which was potentially associated with a
stressed phenotype due to their increasing reliance on oxidative metabolism.
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CHAPTER 4 – HEMATOPOIETIC STEM/PROGENITOR CELLS IN AGED
INDIVIDUALS WITH CLONAL HEMATOPOIESIS-ASSOCIATED MUTATIONS
DISPLAYED INCREASED CLONOGENICITY AND LINEAGE–BIASED
DIFFERENTIATION IN VITRO

4.1.

Mutations associated with clonal hematopoiesis in individuals above 50 years of age.
From a total of 16 individuals, two of which were below the age of 50 and the rest were

between 50 to 90 years old, PBMCs and/or BM CD34- cells were collected and subjected to
next-generation sequencing to detect mutations associated with CH. For controls, CD34- cells
derived from cord blood (n = 2) were sequenced using the same protocol.
No mutational signature was detected in the two individuals below the age of 50 or the
two cord blood samples, as expected. Meanwhile, analyses revealed that 4 of the 14 individuals
between the age of 50 to 90 years (28.6%) harbored mutations that were predominantly found in
DNMT3A (2/4; VAF = 5.0 – 11.2%) and TET2 (3/4; VAF = 4.4 – 34.7%). One of these
individuals showed mutations in both DNMT3A (VAF = 5.0%) and TET2 (VAF = 4.4%), and
additionally in NF1 (VAF = 4.7%). For all aged individuals with mutations in DNMT3A and
TET2, the VAF was greater than 2%, which strongly suggested that these individuals had clonal
hematopoiesis. Sequencing detected no mutation of ASXL1 in any of the 14 individuals,
potentially due to an insufficient sample size. Among these mutations (a total of 6 detected), 4/6
(66.7%) were single nucleotide substitutions that translate to amino acid substitutions (missense
mutations), and 2/6 (33.3%) were frameshifts (Table 2).112 Of note, all detected mutations affect
the coding regions of the mutated genes and thus alter the functions of the encoded proteins,
based on assessment using IGV (Broad Institute).
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Sample

Sample type

Age

Mutations

VAF (%)

#

(PBMC/CD34-)

012

PBMC

80

TET2 – Missense

34.7

023

CD34-

79

DNMT3A – Missense

5.0 (DNMT3A)

TET2 – Frameshift

4.4 (TET2)

NF1 – Missense

4.7 (NF1)

034

CD34-

67

TET2 – Frameshift

20.4

036

CD34-

77

DNMT3A – Missense

11.2

Table 2. Somatic mutations in TET2 and DNMT3A were found in aged individuals above
the age of 50. Mutations were missense (single amino acid substitution), or frameshift mutations.
A missense mutation in NF1 was observed in a single individual that also had mutations in
DNMT3A and TET2.

The detection of NF1 mutation in one of the aged individuals (#023) was particularly
interesting. NF1 encodes the protein neurofibromin 1, which participates in the RAS-MAPK
signaling pathways to regulate cell growth and proliferation.112 Acquisition of mutations in NF1
are often secondary to the mutations in DNMT3A and TET2 (and ASXL1), and have been found
to be recurrent in both juvenile and adult myeloid leukemias, including AML.112 113 114 It was not
possible to reliably confirm the order in which the mutations were acquired in this single
individual based on the VAF alone.113
The sequencing data therefore confirmed the frequent acquisition of mutations in
DNMT3A and TET2 in elderly individuals above 50 years old.53 There was no definitive trend
indicating a correlation between variant allele frequency (VAF), and thus the burden of clonal
hematopoiesis, with age. This was expected, due to the relatively random probability of
acquiring these early mutations, as well as the various factors that potentially influence the
expansion of their mutant clones by presenting selective pressure, such as chronic inflammation.3
51 115

The presence of mutations in DNMT3A and TET2 (and ASXL1), on the other hand, may
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facilitate the acquisition of further mutations by increasing the self-renewal of the mutant clones
and directly contributing to genomic instability.51 60 68

4.2.

Increased colony output of myeloid and immature erythroid colonies in
hematopoietic stem/progenitor cells derived from individuals with clonal
hematopoiesis-associated mutations.
To determine whether the clonogenicity of aged HSPCs was influenced by the presence

of these mutations, the mutational status of 13 out of 14 individuals between 50 to 90 years of
age (CH or no CH) was correlated to their CFC data. No CFC was performed for sample #012,
thus this sample was not included. HSPCs from individuals with CH mutations showed a
significant increase (~ 1.5-fold; p = 0.0137; unpaired Welch’s T-test) in the total colony output
compared to those without mutations (Figure 13A). Analysis of colony composition indicated
that the presence of CH-associated mutations accompanied an increase in the number of
unipotent granulocytic (~ 1.8-fold; p = 0.0059; unpaired Welch’s T-test), monocytic (~ 1.6-fold;
p = 0.0007; unpaired Welch’s T-test), and immature erythroid colonies (~ 1.4-fold; p = 0.0467;
unpaired Welch’s T-test), but not for colonies of mixed (CFU-GEMM: p = 0.2166; GM: p =
0.2426; unpaired Welch’s T-test) or mature erythroid lineages (p = 0.2941; unpaired Welch’s Ttest) (Figure 13B).
Previous studies have demonstrated that HSCs derived from mice that were deficient for
Dnmt3a or Tet2, or both, displayed enhanced self-renewal but also impaired differentiation
compared to their wild-type (WT) counterparts. As a result, Dnmt3a and Tet2-deficient HSCs
produced more mature hematopoietic cells than WT HSCs when transplanted into recipient mice,
due to a larger number of mutant HSCs contributing to hematopoiesis.60 63 64 66 As a result, since
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the mutations observed for DNMT3A and TET2 in this study likely resulted in a loss of activity in
the encoded enzymes, this provided an explanation for the greater number of myeloid colonies
produced by HSPCs derived from individuals with CH mutations. Furthermore, the increase in
the number of granulocytic-monocytic colonies in individuals with CH-associated mutations was
in concordance with past studies, which indicated elevated proliferation of granulocyticmonocytic progenitors in Tet2-deficient mice.61 115 Conversely, the observed expansion favoring
erythroid lineages was likely associated with Dnmt3a deficiency.61 Additionally, in both human
and mice, loss of NF1 function has been shown to increase the sensitivity of HSPCs to growth
stimulation by GM-CSF (a component of methylcellulose media), hence a greater production of
colonies of granulocytic-monocytic lineages (CFU-G and CFU-M).116 117 118 HSPCs derived
from this individual also had the highest colony count among the three in the CH group,
potentially reflecting an additive effect on clonogenicity when multiple mutations are present,
which has been observed by Zhang et al.,63 although further validation would be necessary.
It is worth noting that for 3 out of 10 individuals without detected mutations (no CH),
their HSPCs showed an anomalously high colony output, which was comparable to those from
individuals with mutations.3 51 It was possible that these individuals actually had CH, even
though they did not have detectable mutations in any of the 48 genes that were sequenced.
Indeed, a previous study has indicated that CH is very common in the elderlies, most of whom
do not carry any known CD mutation, and there may be numerous mutations that have not fully
described.50 51 119 In addition, clonal expansion of HSPCs in these individuals may be due to an
increase in epigenetic suppression of Dnmt3a and Tet2 expression, thereby resulting in a
deficiency of these enzymes and their activity.120 Furthermore, it would also be interesting to test
the possibility that some of these mutations may potentiate HSPC to rapidly expand when
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stimulated ex vivo, whereas they would not have attained clonal dominance in the native BM
microenvironment and thus contributed to an undetectable VAF in mature hematopoietic cells.
From a technical standpoint, it was unlikely that the sequencing and variant filtering strategies
used in this study would erroneously exclude CH-associated mutations.77

Figure 13. Hematopoietic stem/progenitor cells in aged individuals with clonal
hematopoiesis-associated mutations produced more myeloid colonies.
Sequencing data was used to separate 13 individuals between 50 to 90 years of age into two
groups: CH (with detected mutations) and No CH (without detected mutations) and correlated
with their CFC data. (A) The total number of colonies generated by BM HSPCs were compared
between aged individuals with (n = 3) and without CH-associated mutations (n = 10). Each data
point represents one biological sample, which are averaged from two or three technical
replicates. (B) The lineage composition of the same colonies shown in (A). Results are expressed
as average of all technical replicates in each group. Error bars indicated SEM. Statistical
significance was calculated using the unpaired Welch’s T-test; * p < 0.05; **p < 0.005; ***p <
0.001. Abbreviations: CFU, colony-forming units; G, granulocyte; E, erythrocytes; M,
monocyte; GEMM, granulocyte-erythrocyte-monocyte-megakaryocyte; BFU, burst-forming
units.
Overall, it was demonstrated that HSPCs in aged individuals with CH-associated
mutations exhibit greater myeloid production in vitro, with an observable bias for colonies of
granulocytic (CFU-G), monocytic (CFU-M), and mature erythroid (CFU-E) lineages, compared
to those without mutations. These results additionally reaffirmed that the CFC assay served as a
simple and rapid method to directly determine the effects of CH on the functional capacity of
human HSPCs, specifically their clonogenicity, hence a viable alternative to in vivo models.61
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CHAPTER 5 – SUMMARY OF FINDINGS AND FUTURE DIRECTIONS
This study demonstrated that BM HSPCs displayed reduced clonogenicity compared to
CB counterparts. In addition, BM HSPCs displayed more asynchronous cell cycle and
proliferation in vitro, in which they contained a fraction of cells that were quiescent, whereas a
larger number of cells in their proliferating fractions underwent six divisions in vitro, compared
to CB HSPCs. These observations were partially consistent with previous findings regarding the
age-dependent decline in the functional capacity of HSPCs in both human and mice.11 29
However, it was found in this study that CB HSPCs showed cellular features that were different
from what have been previously described for young BM HSPCs.8 11 70 71
Mitochondrial analyses indicated that BM HSPCs upregulated their content of active
mitochondria to support an increased requirement for oxidative metabolism, although this
potentially came at the cost of increasing mitochondrial damage, which in turn contributed to
their aging phenotypes. This observation was different from the previous findings, which
reported that aged BM HSPCs have decreased mitochondrial activity compared to their younger
counterparts, thereby suggesting potentially significant differences in mitochondrial function
between CB and young BM HSPCs.42 44 To fully elucidate the potential age-dependent changes
in the mitochondrial content and activity in human HSPCs, future studies should consider colabeling of young and aged BM HSPCs with Tomm20 and MTDR to simultaneously assess
mitochondrial mass and activity. Since ABC transporters are expressed in the HSPC population,
it would be prudent to treat HSPCs with inhibitors of ABC transporters, such as Verapamil, to
directly confirm whether their activity can influence the labeling of mitochondria by MTDR,
prior to further characterizations.44 101
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Since our data suggested that aged BM HSPCs exhibit elevated oxidative metabolism and
thus increased metabolic stress, the oxygen consumption rate (OCR) of young and aged BM
HSPCs can be measured using the Agilent Seahorse Bioanalyzer to determine mitochondrial
respiration under normal and stressed conditions.42 In addition, the production of reactive oxygen
species (ROS) in young and aged BM HSPCs can be quantified to further reflect oxidative stress
in mitochondria.42 44 Of note, it would also be interesting to concurrently assess the potential
differences in glycolytic activity between young and aged HSPCs, based on the quantification of
the extracellular acidification rate using the same Bioanalyzer platform.42 43 These experiments
will largely complement previous studies in mice.42 43 44 Moreover, these observations alluded to
the potential role of autophagy in maintaining low mitochondrial activity in CB HSPCs. As a
result, autophagic activity in CB, as well as young and aged BM HSPCs, can be assessed by
means fluorescence labeling of autophagosome with Cyto-ID dye to determine the level of
autophagy, as well as Western Blot to quantify the expression of LC-3 protein to reflect
autophagic flux.42 48 121
It is important to note that, in order to fully comprehend the aging process of the
hematopoietic system, it is essential to assess the age-dependent changes in the primitive HSC
population, which was not possible in this study due to technical limitations.1 26d Future studies
can include additional markers (e.g., CD38, CD90, etc.) to enable the analysis and purification of
phenotypic HSCs using fluorescence-activated cell sorting (FACS). Acquisition of a highly
purified HSC population by means of sorting can be particularly useful for cell cycle analysis
using Ki67/DNA labeling and fluorescence imaging, as both require cell fixation and
permeabilization, which in turn prevents the labeling of surface markers.79 FACS can
additionally provide purified HSCs for use in the CFC assay.11 Functional characterization of
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HSCs in terms of their clonogenicity, cell cycle activity, and mitochondrial characteristics can
provide greater insight into the mechanisms contributing to the aging of the hematopoietic
system.
Last but not least, this study confirmed the presence of recurrent mutations associated
with CH (primarily DNMT3A and TET2) in aged individuals above 50 years old. HSPCs derived
from individuals carrying these mutations also exhibited increased clonogenicity and lineage
bias, which can in turn predispose these individuals to develop cardiovascular diseases and
hematological malignancies.49 51 These observations were consistent with previous studies.61 115
117

However, HSPCs derived from a small number of individuals without detected mutations also

exhibited abnormally high clonogenicity, which suggested that these individuals potentially
harbored uncharacterized mutations, or that alternative age-dependent mechanisms may
contribute to functional changes mirroring the loss of DNMT3A and/or TET2 activity in the
HSPC populations.3 51 119 To verify these possibilities, a combined strategy of RNA sequencing,
genotyping to detect CH-associated mutations, and CFC assay, will be employed. By comparing
the gene expression profiles of HSPCs that display high and biased clonogenicity, yet do not
harbor CH-associated mutations, it will provide insight into potentially novel age-dependent
mechanisms that can contribute to CH.60
In conclusion, this study has partially characterized the age-dependent changes in human
HSPCs, and provided valuable evidence suggesting that recurrent mutations associated with CH
may contribute to such changes in humans, which greatly expand on previous studies in mice.
Future research can further elucidate mechanisms that can drive the age-dependent decline in the
function of HSPCs. By expanding our knowledge about the biological aging of the human
hematopoietic system, insight into potential pharmacological strategies to prevent the
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development of various age-related pathologies could be provided, including cardiovascular
diseases and hematological malignancies.
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SUPPLEMENTARY MATERIALS

A – Formula for Anticoagulant and DAMP solution
Reagents
ACD (Anticoagulant Citrate – Dextrose)

DAMP Solution

Formula
•

Sodium Citrate, Monobasic: 45 mM

•

Citric Acid, Anhydrous: 25 mM

•

Dextrose (D-(+)-Glucose): 82 mM

•

Topped up with distilled water to 200 ml

•

DNAse I (RNAse-free): 10 U/ml

•

Magnesium Chloride: 2.5 mM

•

Trisodium Citrate: 16.4 mM

•

Human Serum Albumin: 1% v/v

•

Topped up with Dulbecco’s PBS to 125 ml

Table S1. Formula for anticoagulant citrate – dextrose (ACD) used for routine collection of
cord blood, and DAMP solution used for thawing cryopreserved primary CD34+ cells.
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B – Optimization of Ki67/DAPI labeling in K-562 cells

Figure S1. K-562 cells are largely proliferative. K-562 cells were labeled with APCconjugated Ki67 antibody and DAPI (n = 1). (A) Gating showed that 98.2% of cells were DAPI+,
thus reflected efficient fixation and permeabilization. Up to 98.1% of cells were also Ki67+, thus
reflecting their highly proliferative nature. (B) Gating of DAPI+ cells divided into Ki67- (0.1%),
which represents cells in G0 phase (quiescent cells), and Ki67+ (99.1%), which represent
proliferating cells; gating was based on an isotype control. The Ki67+ cells were further divided
into G1 phase (63.0%) and S-G2-M phases (36.1%) based on DAPI fluorescence.
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C – Supplementary data for machine learning-based 3D classification of mitochondria

C1.

Classification method overview

Figure S2. 3D classification of mitochondria using machine learning.
(A) Decision tree showing the morphometric criteria to classify detected mitochondria. In this
study, the size of a single mitochondrion was defined to be between 0.3 and 1 µm, which was
based on commonly reported values across multiple cell types (0.5 – 1 µm).107 109 122 123 124
Singular mitochondrion (< 1 µm) are either round-shaped and fragmented (punctate), or
elongated (rod-shaped), and was defined by their ellipsoid major/ellipsoid minor ratio.40 107
Mitochondria larger than 1 µm in diameter were defined as large/networked. (B) LAS X
software determined the diameter, ellipsoid major, and ellipsoid minor of detected mitochondria
(n = 1,377) from the input Z-stacks. The diameter and ellipsoid major/minor ratio from a subset
of mitochondria (n = 260) were used to train the classifier. The trained classifier then categorized
the remaining 1,117 mitochondria into four classes: (1) junk, (2) punctate, (3) rod-shaped, and
(4) large/networked. The classification output was manually verified based on the same
classification criteria listed in (A).
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C2.

Accuracy of machine learning-based classification
Total mitochondria

1,027 (100%)

(excluding “junk”)
Accurate classification

907 (88.3%)

Misclassification

120 (11.7%)

Table S2. Accuracy of classification by supervised machine learning.
A total of 1,177 mitochondria were used to test the classifier (test data, not used for training). All
mitochondria identified as “junk” (90 of 1,177 mitochondria) were manually excluded.
Percentage accuracy and error were calculated for the remaining 1,027 mitochondria.

Classes

Total

Accurate

Misclassification

classification
Punctate

164 (100%)

129 (78.7%)

35 (21.3%)

Rod-shaped

632 (100%)

557 (88.1%)

75 (11.9%)

Large/Networked

231 (100%)

221 (95.7%)

10 (4.3%)

Table S3. Accuracy of classification by classes of mitochondria. Percentage accuracy and
error were calculated for each class of the 1,027 classified mitochondria.

Type of misclassification

Rate of misclassification

Total

120 (100%)

Punctate > Rod-shaped

21 (17.5%)

Punctate > Large/Networked

16 (13.3%)

Rod-shaped > Punctate

54 (45.0%)

Rod-shaped > Large/Networked

17 (14.2%)

Large/Networked > Punctate

7 (5.8%)

Large/Networked > Rod-shaped

2 (1.7%)

Table S4. Different types of misclassifications of mitochondria by supervised machine
learning. The table shows the six types of misclassifications, in which mitochondria from one
class was mistaken by the classifier as one from another class. A total of 120 misclassifications
were identified. Misclassification of rod-shaped mitochondria as punctate was the most common
(45.0%), while misclassification of large/networked mitochondria as rod-shaped was the least
common (1.7%).
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