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ABSTRACT
Clonal hematopoiesis of indeterminate potential (CHIP) is a novel clinical entity, in which
distinct somatic mutations occur at a variant allele fraction of at least 2% in the peripheral blood
of healthy individuals. While individuals with CHIP do not have overt hematologic disease, the
cells that harbor these mutations can undergo clonal expansion over time, acquire additional
mutations and ultimately transform to frank malignancy. In addition, population studies have
shown that these individuals have decreased overall survival due to an increased rate of
cardiovascular disease. The most commonly mutated genes in CHIP include DNMT3a, TET2,
ASXL1, PPM1D, and TP53. While individuals with CHIP are at a greater risk of developing
hematologic malignancies and cardiovascular disease, the precise molecular mechanisms of
CHIP that drive its associated disease states are largely unknown.
We hypothesize that genes implicated in CHIP are potential targets for small molecule
compounds to prevent clonal expansion. We modeled CHIP using Hoxb8 immortalized murine
bone marrow derived hematopoietic progenitors, together with CRISPR/Cas9 to generate
targeted loss of function mutations in Dnmt3a, Tet2, Ppm1d, and Tp53. With our model, we found
differential sensitivity of Tp53 loss of function mutant cells to immunomodulatory imide drugs
(IMiDs). Treatment with lenalidomide resulted in marked resistance and outgrowth of Tp53(-/-)
mutant clones. However, the Tp53(-/-) mutant population exhibited sensitivity to pomalidomide, and
a lesser degree of resistance compared to lenalidomide. These findings suggest a potential role
for pomalidomide towards slowing the progression of Tp53 mutant CHIP, as well as in treatment
of high risk TP53 mutant myeloid disease.
Understanding the molecular mechanisms that drive CHIP and its interactions with small
molecule drugs will offer new insight into targetable pathways, as well as the mechanisms that
drive myeloid malignancy.
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CHAPTER ONE

INTRODUCTION

1.1 Clonal Evolution, Pre-malignancy, and Malignancy
Clonal hematopoiesis is an age-related hematologic phenomenon, in which distinct
somatic DNA mutations in functional hematopoietic stem cells create a subpopulation of mutant
blood cells. As HSPCs divide with age, they have the potential to acquire somatic driver mutations
that confer advantages in self-renewal over non-mutated HSPCs, creating the clonal population
(1). Clonal hematopoiesis can also arise due to non-driver mutations as a result of neutral drift. In
neutral drift, the HSPCs all have equal proliferative capacity, but with stochastic death of cell
populations, the mutant population, without a proliferative advantage, may expand to replace the
lost population (2).
Clonality in human hematopoiesis was first demonstrated in studies of the Philadelphia
chromosome in chronic myelogenous leukemia (3). Through karyotypic analysis, it was shown
that CML is a clonal process derived from a single mutated clone. The existence of clonal
hematopoiesis in individuals without hematologic malignancy was first noted in the early 1990’s
in studies of X chromosome inactivation skewing in elderly women. Because one X chromosome
is randomly inactivated in each cell during female embryonic development, the chromosome that
gets inactivated will remain inactivated following future cell divisions. As such, evidence of nonrandom X inactivation would suggest a clonal process selecting for cells of a particular X
chromosome. Using the HUMARA assay on peripheral blood cells, clonal hematopoiesis was first
demonstrated in elderly women with skewed X chromosome inactivation that was associated with
mutations in TET2 (4) (5).
Evidence for clonal hematopoiesis driven by somatic mutations was shown in studies that
demonstrated the existence of pre-malignant clonal expansion in patients in remission following
treatment for acute myeloid leukemia (AML). Since leukemia, like most cancers, is a product of
sequential acquisition of clonal mutations in driver genes over time, it would be possible to identify
expanded clones that received the initiating mutation as a premalignant state. This was first
observed in a case of a patient with AML1/ETO translocated AML, in which the translocation was

observed in phenotypically normal HSCs and in mature hematopoietic progenitors of the patient’s
remission sample (6). This concept of premalignant AML was also demonstrated in DNA
sequencing of HSCs of patients in remission, which showed the presence of a single driver
mutation (7) (8) (9). While clonal hematopoiesis was shown to exist in disease states, clonal
hematopoiesis arising from acquired somatic mutations in the healthy general population was not
yet investigated.

1.2 Clonal Hematopoiesis in Population Studies
With the advent of next generation sequencing, clonal hematopoiesis was explored in the
general population in three studies that analyzed existing blood DNA exome sequencing data
sets from patients without known hematological disease to identify somatic variant alleles.
Xie et al. analyzed blood derived sequencing data from 2,728 individuals from The Cancer
Genome Atlas (TCGA) with 11 different non-hematologic cancers without prior chemotherapy or
radiation therapy and discovered 77 blood-specific mutations in cancer-associated genes. The
authors demonstrated that 83% of the identified mutations were from 19 hematologic malignancy
related genes (10).
Two other landmark studies analyzed patient groups who were unselected for hematologic
or solid malignancy. Genovese et al analyzed whole exome sequencing data of peripheral blood
DNA from 12,380 Swedish patients with schizophrenia, bipolar disorder, or no underlying
psychiatric conditions. The health outcomes of these patients from 2 to 7 years post DNA
sequencing were also profiled. They demonstrated that clonal expansion occurred in 10% of
individuals older than 65 years of age and most frequently involved mutations in DNMT3a, TET2,
and ASXL1 (11).
Jaiswal et al. analyzed 17,812 patients enrolled in the Jackson Heart Study or one of 22
different studies for type 2 diabetes mellitus (12). They also demonstrated clonal hematopoiesis
with somatic mutations in 5.6% of persons 60 to 69 years of age, 9.5% of patients 70-79 years of

age, 11.7% of patients 80-89 years of age, and 18.4% of patients 90-108 years of age. The study
identified that somatic mutations occurred in genes commonly mutated in AML and
myelodysplastic syndrome (MDS). The most common mutations found were also DNMT3a, TET2,
ASXL1, TP53, JAK2, and SF3B1. While patients with hematologic malignancies commonly
possess mutations in two or more candidate genes, this studied demonstrated that 693 of 746
patients with clonal hematopoiesis had a single detectable mutation in the set of candidate driver
genes examined.

1.3 Clonal hematopoiesis and the risk of hematologic malignancy
Among the 22 population based cohorts investigated in Jaiswal et al., the Jackson Heart
Study cohort and the Multiethnic Cohort had longitudinal follow-up data on patients who
developed cancer and had DNA collection (12). In the 95 month median follow up period, 16
hematologic malignancies were reported, of which 5 had a detectable candidate driver gene
mutation. Following age adjustment for age, sex, and type 2 diabetes status, the study
demonstrated patients harboring somatic mutations and clonal hematopoiesis have an 11.1 fold
increased risk of hematologic cancer. With a VAF of 0.10 or greater, the risk of hematologic cancer
increased by a factor of 49. Notably, despite the increased risk in those with a detectable mutation,
the absolute risk remained low as development of a hematologic cancer during the study period
was approximately 4% in those carrying somatic mutations. The risk of hematologic cancer is
approximately 0.5% per year and approximately 1% per year in those with a VAF greater than
0.10. Genovese et al., also demonstrated the association between clonal hematopoiesis and
increased risk for subsequent hematologic cancer (HR 12.9). In data available with a median
follow-up period of 96 months, harboring a somatic mutation was associated with increased allcause mortality with a hazard ratio 1.4. Notably, the increased death could not simply be explained
by hematologic malignancy as only 1 person with a somatic mutation died from a hematologic
malignancy.

1.4 Clonal hematopoiesis and risk of cardiovascular disease
The initial landmark study of clonal hematopoiesis in 2014 demonstrated that these
individuals have a <1% chance per year of developing leukemia. However, individuals with clonal
hematopoiesis have a 40% increase in all-cause mortality, which cannot be explained by the
modest risk of hematologic malignancy. A subsequent analysis was performed on 3353
individuals from the Jackson Heart Study cohort and the Multiethnic Cohort for those who had
available data on history of coronary heart disease and ischemic stroke. Notably, among those
carrying a somatic mutation, the hazard ratio for incident coronary heart disease was 2.0 (95%
CI, 1.2 to 3.5; P = 0.02) and for ischemic stroke was 2.6 (95% CI, 1.3 to 4.8; P = 0.003) (12). The
initial landmark study of clonal hematopoiesis on a population level was evident that the
hematopoietic system may be a contributing factor to non-hematologic, cardiometabolic disease.
Given the association of clonal hematopoiesis with increased incidence of coronary heart
disease and atherosclerosis without established risk factors, clonal hematopoiesis as a potential
risk factor was further investigated. A follow up study by Jaiswal et al. in 2017 further explored
the relationship between cardiovascular disease and clonal hematopoiesis. Whole exome
sequencing was performed or existing DNA sequencing data was analyzed from four case-control
studies that together enrolled 4726 participants (13). Notably, they demonstrated that patients
carrying clonal somatic mutations have a 1.9 fold greater risk for coronary artery disease and 4.0
fold greater likelihood of developing early onset myocardial infarction. Patients undergoing clonal
hematopoiesis also carried a larger atherosclerotic burden as indicated by coronary calcification
scores measured by cardiac computer tomography. Individuals carrying somatic mutations were
3.0 times as likely than noncarriers to have a coronary-artery calcification score reflecting high
risk for coronary events.

Atherosclerosis
To demonstrate a causative role between clonal hematopoiesis and cardiovascular
disease, hypocholesterolemia prone mice were transplanted with bone marrow acquired from
mice with a homozygous Tet2 knockout. The mice receiving Tet2 mutant cells developed a
atherosclerotic lesion in their aortic root that was 2.0 times as large after 5 weeks compared to
mice receiving control bone marrow (13). Haploinsufficiency of the TET2-associated clonal
hematopoiesis, which recapitulates the mutation in a single allele found in humans, also
demonstrated an aortic-root atherosclerotic lesion that was 1.4 times as large as that in control
mice after 13 weeks on the high-cholesterol diet.
Because monocytes penetrate the intima of vessels before differentiating into
macrophage foam cells found in atherosclerotic plaques, the authors hypothesized that Tet2
mutations would alter macrophage function, resulting in advanced atherosclerosis. With the
known role of Tet2 as an epigenetic modifier in gene transcription, the authors cultured bone
marrow–derived macrophages from Tet2 knockout or control mice with LDL and performed
subsequent mRNA sequencing. They demonstrated that pro-inflammatory cytokines, such as
Cxcl1, Cxcl2, Cxcl3, Pf4, Il-1β, and Il-6 were most highly upregulated in Tet2 knockout
macrophages. The human genetics data and murine model of clonal hematopoiesis provides
strong evidence that clonal hematopoiesis is causative of accelerated atherosclerosis, which
mechanistically may be secondary to enhanced expression of inflammatory cytokines. The proinflammatory concept in clonal hematopoiesis was also independently demonstrated with a Tet2
mutant murine model that showed increased expression of Il-1β and inflammasome activation
(14).

Heart failure
Clonal hematopoiesis has also been implicated in myocardial dysfunction and the
progression of heart failure. Dorsheimer et al. demonstrated an association between patients
carrying somatic candidate driver mutations and a poor prognosis in chronic ischemic heart
failure. In this study, deep targeted amplicon sequencing was performed on bone marrow-derived
mononuclear cells of 200 patients with chronic systolic heart failure (15). 47 mutations with a VAF
≥ 2% were identified in in 38 patients (18.5%). Patients who possessed either a DNMT3A or TET2
mutation were shown to have significantly worse long-term clinical outcomes compared to
patients without clonal hematopoiesis associated mutations. Carrying either the DNMT3A or TET2
mutation was associated with an increased risk of death or hospitalization for heart failure with an
HR 2.1.
The role of clonal hematopoiesis in worsening outcomes in heart failure was also
experimentally demonstrated in mouse models. Sano et al. investigated the effects of loss of
function Tet2 mutations in hematopoietic cells on models of heart failure due to chronic ischemia
(16). Clonal hematopoiesis was modeled by performing competitive bone marrow transplantation
of Tet2 inactivated hematopoietic stem cells. At 4 weeks following ligation of the left anterior
descending artery, the mice undergoing bone marrow transplantation of Tet2(-/-) inactivated
hematopoietic cells demonstrated a statistically significant increase in left ventricle (LV) systolic
volume and LV diastolic volume compared to control mice, suggesting increased systolic
dysfunction. While there was not a significant difference in size of infarct between Tet2(-/-)
transplanted mice compared to control mice, there was a statistically significant increase in
fibrosis of the marginal zone of the Tet2(-/-) mice as well as greater hypertrophy at the marginal
zone.
Post-MI hearts were analyzed for cytokine profiles, which did not reveal a statistically
significant difference in IL-6 or TNFα. However, confocal microscopy immunofluorescence
staining of cardiac cross sections from Tet2(-/-) bone marrow transplanted mice revealed

significantly greater IL-1β expression compared to control mice. Given the increased expression
of IL-1β, the investigators studied the functional significance of inhibiting NLRP3-mediated IL-1β
production in cardiac remodeling using the small molecule, MCC950. By 5 weeks post-MI,
MCC950 treatment demonstrated significant protection against cardiac remodeling in both Tet2
inactivated bone marrow transplant mice and wild type bone marrow transplanted mice. With
MCC950 treatment, the Tet2 inactivated bone marrow transplant mice and wild type bone marrow
transplanted mice no longer demonstrated echocardiographic differences in LV systolic volume,
LV diastolic volume, or ejection fraction. This study supports the causality of Tet2-mediated clonal
hematopoiesis and its role in inflammation mediated cardiac remodeling as well as the role of
targeting IL-1β as a cardioprotective method in heart failure (17).
Clonal hematopoiesis and its influence on outcomes in heart failure were also
experimentally investigated in mice with clonal hematopoiesis carrying JAK2V617F mutations (18).
JAK2V617F mutations are classically observed in myeloproliferative neoplasms (MPN), patients
carrying the JAK2V617F mutation in white blood cells without hyperproliferation of erythrocytes,
platelets, or leukocytes and features of MPNs have been observed. The JAK2V617F mutation in
leukocytes has been associated with clonal hematopoiesis and an increased incident of
cardiovascular disease (13).
Sano et al. investigated the mechanisms behind JAK2V617F clonal hematopoiesis and
cardiovascular disease by expressing JAK2V617F specifically in monocytes and neutrophils to best
model clonal hematopoiesis rather than create an MPN model. First, they characterized the effect
of JAK2V617F expression exclusively in myeloid cells, showing that this mutation resulted in
significant upregulation in transcription of inflammatory cytokines, such as Il-6, Il-1β, TNFα, and
CCL2. They subsequently performed bone marrow transplantation of the JAK2V617F-mediated
clonal hematopoiesis population into mice and performed LAD ligation to create myocardial
infarction. Two weeks later, mice with JAK2V617F-mediated clonal hematopoiesis demonstrated a
larger infarction area and greater fibrosis on histological analysis. In addition, echocardiographic

analysis revealed progressive dilation of the left ventricular chamber as well as a declining
ejection fraction. The infarction area was also analyzed for the inflammation by quantitative PCR,
which revealed significantly increased expression of IL-6 and IL-1β transcript compared mice
transplanted with wild type JAK2 myeloid cells. Flow cytometry of the infarction zone also showed
an increase in monocytes, neutrophils, and macrophages in the JAK2V617F group.
The role of JAK2V617F-mediated clonal hematopoiesis in non-ischemic cardiomyopathy
was also investigated by the TAC-mediated pressure overload mouse model of cardiac
hypertrophy. TAC-treated JAK2V617F group demonstrated an increase in cardiac mass, lung
weight indicating pulmonary congestion, cardiac myocyte hypertrophy on histology, and cardiac
fibrosis. These mice also demonstrated a greater expression of inflammatory cytokines and an
increased β:α-myosin heavy chain ratio. Both models therefore demonstrate a role of JAK2V617Fmediated clonal hematopoiesis towards generating a greater inflammatory response upon cardiac
injury resulting in cardiac remodeling and myocardial dysfunction.

Aortic stenosis
Clonal hematopoiesis has also been studied in the context of valvulopathies (19). In this
study, target amplicon sequencing identified 93 patients of 279 patients (33.3%) carrying
DNMT3A or TET2 somatic driver mutations with a VAF ≥ 2% who had with severe aortic stenosis
undergoing transcatheter aortic valve implantation (TAVI). After excluding mortality within the first
30 days to control for TAVI procedure-related confounding factors, they found that patients
carrying a DNMT3A or TET2 mutation showed a significantly reduced 8-months survival of 85%
while patients without CHIP mutations had a 96.1% survival at 8 months. The increase in mortality
is also shown after controlling for age and sex (HR 3.1, 95% CI 1.17–8.08, P = 0.022). The study
also demonstrated that the significant outcomes in patients carrying somatic mutations were not
due to concomitant atherosclerotic disease, atrial fibrillation, or increased New York Heart
Association (NYHA) heart failure class.

In addition, patients with clonal hematopoiesis did not have a significantly different
baseline of circulating inflammatory markers in C-reactive protein or IL-6, nor in their baseline
leukocyte count, hemoglobin, or platelet count. However, the study found that patients with
carrying a DNMT3A mutation possessed a significantly increased Th17/T-reg ratio, indicating a
pro-inflammatory T-cell polarization. In addition, patients harboring a TET2 mutation possessed
higher levels of CD14dimCD16++ non-classical monocytes, which secrete high levels of proinflammatory cytokines such as TNF-a, IL-1β, and IL-8. Overall, the study supports the hypothesis
that acquired somatic mutations in CHIP genes, DNMT3A and TET2, are significantly associated
with the development of degenerative aortic valve stenosis and a worse clinical medium-term allcause mortality following successful TAVI.

1.5 Clonal Hematopoiesis of Indeterminate Potential as a Clinical Entity
In 2015, diagnostic parameters were created in order to classify individuals found to have
evidence of clonal hematopoiesis, but did not have a history of hematologic malignancy. The
clinical phenomenon was described as “clonal hematopoiesis of indeterminate potential” or CHIP
(20). CHIP describes patients who have a detectable somatic clonal mutation in candidate driver
genes commonly mutated in hematologic disease at a VAF of at least 2%. Candidate drivers
genes include DNMT3A, TET2, JAK2, SF3B1, ASXL1, TP53, CBL, GNB1, BCOR, U2AF1,
CREBBP, CUX1, SRSF2, MLL2, SETD2, SETDB1, GNAS, PPM1D, and BCORL1. Patients with
normal blood counts as well as those with cytopenias who do not fulfill criteria for a diagnosis of
myelodysplastic syndrome (MDS) would be included in the category of CHIP. Patients who fulfill
diagnostic criteria for other clonal hematologic processes such as paroxysmal nocturnal
hemoglobinuria, monoclonal B-cell lymphocytosis (MBL), or monoclonal gammopathy of
undetermined significance (MGUS) are excluded from the diagnosis of CHIP.
Patients with CHIP mutations and cytopenias have more specific classifications. Clonal
cytopenia of undetermined significance (CCUS) has been proposed to describe CHIP carriers

who display one or more cytopenias (Hgb<11 g/dL, ANC<1500/μL, or Plt<100,000/μL) (21). An
additional category is age-related clonal hematopoiesis (ARCH), which describes patients with
clonal hematopoiesis due to any cause including a somatic mutation in the candidate driver genes
or clonal hematopoiesis that arises from copy number variants outside of candidate driver genes
or epigenetic drift (22, 23).
Currently, no interventions for CHIP exist and we do not have adequate evidenced based
guidelines to manage the associated cardiovascular risks. As a result, screening for CHIP is not
yet recommended. A greater understanding of the molecular mechanisms driving CHIP may offer
a platform for prevention of the transformation into overt malignancy and management of
associated cardiovascular disease. In this thesis, I show that CHIP can be modeled in vitro using
CRISPR-mediated gene editing in the Hoxb8 system in order to better understand the
mechanisms that drive clonality and screen for small molecule inhibitors of clonal progression.

CHAPTER TWO

MATERIALS AND METHODS

Cell culture
Hoxb8 cell lines were cultured with media consisting of RPMI 1640 medium, fetal bovine serum,
Penicillin-Streptomycin-Glutamine, recombinant Stem Cell Factor, and β-estradiol. Cells were
passaged every other day seeding 1 million cells per well in a six well plate. Differentiation media
consists of RPMI 1640 medium, fetal bovine serum, Penicillin-Streptomycin-Glutamine,
recombinant Stem Cell Factor, and M-CSF. HEK293T cells were grown in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum and 1% Penicillin-StreptomycinGlutamine. Cells were incubated at 37°C incubator at 5% carbon dioxide.

Drug sensitivity assays
5x103 cells were seeded per well in a Corning® BioCoat™ Poly-D-Lysine 96-well White Opaque
flat-bottom plate. Lenalidomide and pomalidomide were purchased from Selleck Chemicals in
powder form, dissolved in dimethyl sulfoxide (DMSO) at 100mM stock concentrations, and stored
at -80°C . Drugs were diluted in the appropriate cell culture medium so that DMSO concentrations
were 0.2% of lower and added in limiting dilutions to the wells using a HP® D300e Digital
Dispenser (HP Inc.) automated pipette. After 72 hours of drug exposure, cell viability was
assessed using CellTiter-Glo® luminescent assay (Promega, #G7572) using a FilterMax F5
(Molecular Devices) plate reader. Cell viabilities were calculated relative to DMSO controls.

CRISPR/Cas9-mediated gene knock out (KO)
Gene knock out of Dnmt3a, Tet2, Ppm1d, and Tp53 were performed by delivering sgRNA into
Hoxb8 lines via lentiviral vectors. Genome-editing was assessed by ultra-deep amplicon nextgeneration sequencing performed at the Massachusetts General Hospital Center for
Computational and Integrative Biology DNA core facility (MGH CCIB DNA core, Cambridge, MA).
Oligonucleotides using for CRISPR-sequencing are in the table below:

Oligonucleotides:

Sequence (5' to 3'):

mBactin.g0

F: ACCACCATGTACCCAGGCATT

Purpose:
Amplification of mBactin guide 0 cut site

R: TCAGGAGGAGCAATGATCTGAAG
mDnmt3a.g1

F: CCACACCACATCCAGTCAG

Amplification of mDnmt3a guide 1 cut site

R: GCAGGAACTCCAGGGAATAG
mPpmd1.g1

F: CAGGTCAAATGAAAGCTCAAGAA

Amplification of mPpm1d guide 1 cut site

R: GAGGATTTCCCATCTTCCTCTG
mTet2.g1

F: GAACACCAACAAAAGTCAGC

Amplification of mTet2 guide 1 cut site

R: TAGGGAACTTCGAGCTTTGC
mTrp53.g3

F: TAAGTCAGAAGCCGGGAGAT

Amplification of mTrp53 guide 3 cut site

R: GTGCCCTGTGCAGTTGT

Differentiation Assay
Hoxb8 cell lines were harvested and twice washed with PBS to remove residual exposure to
estrogen. 100,000 cells/mL were seeded in non-tissue culture treated plates with differentiation
media that includes M-CSF and does not include estradiol. Cells are then harvested using EDTA
to remove adherent cells and then analyzed on day 3 and day 6 for granulocyte and monocyte
differentiation by flow cytometry.

Flow Cytometry
Flow cytometry was performed on an LSRII or Canto II (BD).
Generation of Hoxb8 cell lines
cKIT+ bone marrow cells were isolated from CrbnI391V mouse with a Mx1-Cre conditional knock in
for Cas9-GFP. After FACS enrichment for GFP+ cells, an estrogen response Hoxb8 gene
construct was delivered using lentiviral vectors. Single cell cloning was performed by limiting
dilution. sgRNA tagged with RFP were then transfected into single cell clones using lentiviral
vectors. RFP+ selection was performed by FACS.

In vitro competition assays
Competitive growth with drug-resistance assays were performed by mixing cells on day 1 at a
10:90 ratio of experimental cells tagged with RFP to non-targeting guide control cells tagged with
BFP, respectively. The cell mixtures were then cultured with either DMSO or IC30, IC40, or IC50
concentrations of lenalidomide or pomalidomide for the indicated duration. At each day of
analysis, cells were harvested and analyzed by flow cytometry for the evolving ratio of BFP:RFP
cells.

Immunoblot analysis
Cells were first lysed in Pierce™ IP lysis buffer (ThermoFisher, #87787) freshly supplemented
with HaltTM Protease and Phosphatase Inhibitor Cocktail (ThermoFisher, #78440). Protein
concentration quantification was performed using the BCA Protein Assay Kit (ThermoFischer,
#23225). Equal amounts of protein were ran on a SDS polyacrylamide gel and then transferred
to a polyvinylidene difluoride (PVDF) membrane. Blots were blocked in either 5% non-fat dry milk
or 5% BSA in TBS-T 0.1% for 30 minutes. The membranes were then blotted against the following
antibodies: anti-CK1a (C-19, Santa Cruz Biotechnology), anti- Ikzf1 (H-100, Santa Cruz
Biotechnology), anti-IKZF3 (Imgenex LOT 08053338B)), and anti-Actin HRP (ab20272, abcam).
Secondary antibodies used include goat anti-rabbit horseradish peroxidase (HRP, Prometheus
Labs), and bovine anti-goat HRP (Jackson Immunolabs). Membranes were then developed using
SuperSignal™ West Dura Extended Duration Substrate (ThermoFisher, # 34075) for ECL based
visualization of the blot. Western blots that were re-visualized were first stripped of probe with
Restore Western Blot Stripping Buffer (Thermo Scientific), activated in methanol, and re-probed.

Lentiviral vector production
HEK293T cells were plated at 2.5-3x106 cells in 10mL in Iscove's Modified Dulbecco's Medium
(IMDM) with 10% fetal bovine serum. A transfection mix was prepared including sgRNA plasmid
constructs, VSV-G envelope plasmid, pSPAX2 transfer plasmid, sterile H2O, and Ca2+. The

transfection mix was slowly vortexed, then incubated for 15-20 minutes at room temperature. The
transfection mixture was added to HEK293T cells drop wise. The cells were then incubated,
received a media change on day 3, and supernatant were then harvested on day 4.

Statistics
Statistical analysis was performed using GraphPad Prism software (version 7.0a).

CHAPTER THREE

RESULTS

3.1 Generating an in vitro model of CHIP in Hoxb8 cell lines
To model clonal hematopoiesis in vitro, we first considered cell types that could be
genetically modified to recapitulate the somatic mutations found in clonal hematopoiesis. We first
considered using primary hematopoietic stem cells harvested from mice, but recognized the
limitation in the number of expansions these cells can undergo without losing the stemness
characteristic in long term culture. Furthermore, the quantity of cells need to perform genetic and
biochemical assays required repeated costly murine sacrifices and bone marrow extractions and
purifications. Second, cell lines were considered as an experimental model because of their cost
effectiveness to culture, ease in culturing, and the ability to provide an unlimited supply under the
right conditions. However, given the importance of proliferative kinetics and the distinct somatic
mutations in clonal hematopoiesis as a pre-malignant state, using a cell line derived from a
hematologic malignancy with multiple cancer-related gene mutations would result in multiple
variables that would interfere with findings.
As such, the well-characterized Hoxb8 cell line system was chosen as an experimental
model to recapitulate clonal hematopoiesis. The Hoxb8 cell line system, in principle, immortalizes
murine bone marrow derived hematopoietic progenitors from mice of wild type or transgenic
backgrounds. Immortalization of primary murine bone marrow is achieved by virally transducing
an estrogen responsive Hoxb8 gene (24). Hoxb8 has been experimentally shown to be a
transcription factor that can arrest myeloid differentiation and promote the indefinite expansion of
myeloid progenitors (25). By conditionally expressing Hoxb8 in the presence of estrogen, the bone
marrow progenitor cells are transiently immortalized and arrested in an immature granulocyte
macrophage progenitor (GMP) state. Upon estrogen withdrawal and in the presence of
macrophage colony-stimulating factor (M-CSF), the immortalized GMPs can terminally
differentiate into mature monocyte/macrophages and granulocytes in a rapid and reproducible
manner. Since the Hoxb8 system is reliant on a single transgene to promote their immortalization,

it is a method to study primary cells with a well-defined, genetically stable background. As such,
it serves as a controlled system to model the somatic mutations found in clonal hematopoiesis.
c-Kit+ bone marrow cells were harvested from mice and purified using a CD117 (c-KIT)
microbeads. With our intent to use CRISPR/Cas9 to generate mutations in clonal hematopoiesis
related genes, bone marrow was harvested from Mx-Cre Cas9-GFP mice following retroperitoneal
injection of polyinosinic:polycytidylic acid (pIpC), which cleaves the loxp-stop-loxp insertion to
allow expression of Cas9. In addition, we were also interested in characterizing
immunomodulatory drugs (IMiDs) and their interactions with CHIP genes. Thus, these mice also
carried the background genotype of human cereblon (CRBN), which differs from mouse Crbn by
a single I391V amino acid substitution. The humanized CRBN sequence is necessary because
thalidomide derivatives bind to CRBN, which alters the substrate specificity of the CRL4CRBN E3
ubiquitin ligase. When thalidomide derivatives bind to human CRBN, specific protein substrates
are recruited to the CRL4CRBN, and become ubiquitinated and targeted for degradation by the
proteasome. While thalidomide derivatives can still bind to murine Crbn, the isoleucine in position
391 of murine Crbn creates steric hindrance and prevents the recruitment of substrates for
degradation by the ubiquitin ligase system (26) (27) (28).
After enriching for c-KIT+ bone marrow derived cells, the cells were then transduced with
a vector expressing an estrogen-binding domain fused to the N terminus of Hoxb8, along with a
neomycin resistance cassette for selection of successfully infected cells. Subsequently, the
transduced cell population was cultured in RPMI medium containing stem cell factor (SCF), which
binds to the c-KIT receptor, and estrogen to promote the conditional expression of Hoxb8 (Figure
1a). To create a pure, genetically identical clonal Hoxb8 population, single cell cloning was
performed with limiting dilution. Single cell clones were then selected for proliferative fitness
(Figure 1b). Single cell clones 4 and 5 were selected for further experimentation as they displayed
similar proliferative kinetics compared to the original, validated Hoxb8 “parental” cell line derived
from bone marrow of a wild type mouse. To assess the ability of the Hoxb8 system to demonstrate

terminal myeloid differentiation, the immortalized cells were culture in media without estrogen,
which resulted in downregulation of Hoxb8 expression, and treated with M-CSF. Cells were then
stained for expression of Ly6G (marker of granulocytes), CD11b (marker of macrophages), and
CD115 (marker of monocytes) to assess for differentiation potential (Figure 1c). Single cell clones
demonstrating the ability to differentiate into granulocytes and monocytes were selected for
further experimentation. Lastly, the response of our Hoxb8-CrbnI391V single cell clone cell line to
IMiDs was tested using the CellTiter-Glo luminescent cell viability assay. After treatment with
increasing drug concentrations for 72 hours, the CellTiter-Glo assay determines the number of
live, viable cells in culture by quantifying the number of metabolically active cells using the amount
of ATP present as a proxy. The assay produces a bioluminescence signal through the luciferase
reaction, which utilizes ATPs from cells to convert the luciferin substrate to oxyluciferin. The multiwell approach of the CellTiter-Glo assay also allows for a high throughput method of examining
cell proliferation and drug cytotoxicity. As seen in the eight point drug response curves, the wild
type Hoxb8 line without the human Crbn knock in does not demonstrate sensitivity to
lenalidomide. However, both Hoxb8-CrbnI391V line 4 and line 5 demonstrate a sigmoidal curve in
response to treatment with lenalidomide, validating its activity to promote cell death in a murine
model. Furthermore, the degradation of transcription factor substrates mediated by Crbn upon
lenalidomide treatment was further analyzed by immunoblot. With lenalidomide treatment, both
Hoxb8-CrbnI391V lines are able to degrade endogenous CK1α and IKZF1 while their expression
remains unperturbed in the wild type control Hoxb8 line (Figure 1d).

3.2 CRISPR/Cas9 mediated editing of genes implicated in CHIP
Using the Hoxb8-CrbnI391V cell lines, we then utilized CRISPR-mediated gene editing to
create loss of function mutations in Dnmt3a, Tet2, Ppm1d, and Tp53. Single guide RNAs (sgRNA)
were designed to recognize the target DNA regions of Dnmt3a, Tet2, Ppm1d, and Tp53, which
would then direct the Cas9 nuclease to the DNA targets to create a double strand break.
Subsequently, the cell DNA repair machinery would correct the area of the DNA defect, and
potentially induce an insertion or deletion of base pairs that can result in a frameshift mutation.
The various sgRNAs were cloned into a plasmid and packaged into a lentiviral vector, which was
then delivered into the Hoxb8-CrbnI391V cell lines. The sgRNA construct was tagged downstream
with RFP for enrichment of populations expressing the sgRNA. A non-targeting control guide RNA
and a sgRNA against β-actin was also designed as controls. After infection with the lentiviral vectors
carrying the sgRNAs, fluorescence activated cell sorting (FACS) was performed to enrich for the RFP+
population that integrated the sgRNA and can undergo Cas9 mediated double strand DNA breaks
(Figure 2).
Following enrichment for the RFP+ population, the CRISPR-edited Hoxb8 lines were
validated for efficiency in targeting the genomic regions by the sgRNA. Deep sequencing of PCR
amplified CRISPR-targeted genomic regions was performed to identify CRIPSR/Cas9-induced
mutations in Dnmt3a, Tet2, Ppm1d, or Tp53 (Figure 2). Over time, the polyclonal mix was allowed
to pursue competition among different mutated clones in order to enrich for the one with the most
competitive advantage. Periodic amplicon deep sequencing was performed to verify the genomic
identity of each Hoxb8 cell line.

3.3 Tp53 mutants demonstrate resistance to lenalidomide and sensitivity to pomalidomide
With verified Hoxb8 cell lines carrying loss of function mutations in Dnmt3a, Tet2, Ppm1d,
and Tp53, we sought to understand the mechanisms by which each somatic mutation contributes
to clonal hematopoiesis. Because how thalidomide-derived IMiD compounds affect the proteome
is understood, we can leverage the molecular mechanisms of these small molecule compounds
towards understanding how each somatic mutation promotes clonal hematopoiesis. For example,
by degrading known transcription factors substrates through an IMiD’s effect on the ubiquitin
ligase system, we can gain insight on the molecular pathways that become dysregulated when a
somatic mutation is acquired to promote clonal hematopoiesis. In addition, hematologic
malignancies, such as myelodysplastic syndromes (MDS) associated with a deletion 5q
abnormality, that are treated with thalidomide-derivatives share many acquired gene mutations
found in clonal hematopoiesis (29) (26). As such, the observed therapeutic benefit of thalidomidederived IMiDs on MDS with 5q deletion may have potential role in selectively inhibiting the
proliferation of CHIP clones, which share similar gene mutations found in MDS.
We investigated the sensitivity of Hoxb8 CHIP cells lines to lenalidomide and
pomalidomide using the CellTiter-Glo luminescent cell viability assay. Increasing drug doses were
tested on each CHIP line to form eight point dose-response curves. These curves were then
analyzed to assess the activity of lenalidomide on each mutant cell line. The logarithm IC50 value
of the non-targeting guide control is 3.168 nM. At this drug dose, the Tp53(-/-) mutant Hoxb8 line
continued to have 95.53% cell viability, demonstrating resistance to lenalidomide (Figure 3a; left).
Dnmt3a(-/-), Tet2(-/-), Ppm1d(-/-), along with the β-actin(-/-) and the untransduced control shared 50%
cell viabilities at approximately similar doses to each other and to the non-targeting guide and did
not demonstrate a statistically significant difference from one another. The CellTiter-Glo cell
viability assay was repeated, which demonstrated a logarithm IC50 value of the non-targeting
guide control at 3.387 nM. At this drug concentration, the Tp53(-/-) mutant Hoxb8 CHIP line

remained 94.09% viable, confirming the resistance of Tp53 loss of function mutations against
lenalidomide (Figure 3a; right).
The assay was also performed to determine the activity of pomalidomide against the
mutant Hoxb8 CHIP lines. While pomalidomide is an FDA approved therapy for multiple myeloma,
its activity in myeloid disease is currently being investigated (30). Pomalidomide, like
lenalidomide, is also a derivative of thalidomide, but contains the structural modification of the
additional amino group on the fourth carbon of the phthaloyl ring. In addition to the phthaloyl ring
backbone shared with lenalidomide, pomalidomide possess an additional carbonyl group in the
phthaloyl ring, which may alter its interaction with Crbn and ubiquitinate different transcription
factor substrates for degradation. As such, pomalidomide has the potential to modulate molecular
pathways that are different from those affected by lenalidomide and may cause cell death through
different mechanisms.
Eight point dose-response curves were performed with Hoxb8 CHIP lines to determine
their sensitivity to pomalidomide. The logarithmic IC50 value of the non-targeting guide control is
3.250 nM, which caused 23.56% cell death and left 76.44% viable. At the same relative IC50
concentration of the non-targeting guide control, pomalidomide caused 29.49% cell death of the
Tp53(-/-) mutant Hoxb8 CHIP line leaving 70.51% viable (Figure 3b; left). The sensitivities of the
non-targeting guide control and Tp53(-/-) mutant Hoxb8 CHIP line appear congruent and were not
statistically significantly different from each other, suggesting a lack of resistance. The CellTiterGlo cell viability assay was repeated to confirm the sensitivity of pomalidomide against the Tp53(/-)

mutant Hoxb8 CHIP line. The relative logarithmic IC50 value of the non-targeting guide control

is 3.054 nM, which caused 25.58% cell death and left 74.42% cells viable. At the same relative
logarithmic IC50 concentration, pomalidomide caused 34.26% cell death in the Tp53(-/-) mutant
Hoxb8 CHIP line, leaving 65.74% of the Tp53(-/-) mutant viable (Figure 3b; right). The repeat
experiment confirmed that the dose response curves of the non-targeting guide and Tp53 mutant
are not statistically significant from one another. This suggests that pomalidomide has less

resistance and may have sensitivity against Tp53 mutants to a similar degree as observed with
non-mutated populations.
To further explore the differential sensitivities of lenalidomide and pomalidomide against
Tp53 mutant CHIP, an in vitro hematopoietic competition assay was designed. The in vitro
competition assay not only provides insight onto sensitivity and resistance patterns of the Tp53
mutant, but also reflects a model for potential clonal selection when exposed to certain
thalidomide derivatives (Figure 3c). First, a control Hoxb8-CrbnI391V line expressing a nontargeting guide RNA tagged with BFP (NTG-BFP) was generated. NTG-BFP Hoxb8 cells were
co-cultured with β-actin-RFP at a 90:10 ratio to serve as a control condition since the nontargeting guide and β-actin knockout are in principle equivalent controls. The experimental mixing
condition consists of NTG-BFP Hoxb8 cells co-cultured with Tp53(-/-) knockout Hoxb8 cells at a
90:10 ratio. The mixes were then exposed to either lenalidomide at IC30 or IC50 concentrations
or pomalidomide at IC30, IC40, or IC50 concentrations. This assay provided insight on whether
the Tp53 mutation causes resistance or sensitivity to lenalidomide or pomalidomide relative to the
non-targeting guide control. Flow cytometry was performed every three days to determine how
exposure to these IMiDs causes shifting of the relative proportion of BFP:RFP cells, indicating a
clonal selection for one genotype in the presence of drug (Figure 3c).
At day 15, the DMSO treated condition saw the β-actin-RFP clone expand from 10% to
26.87%. At day 15, treatment with lenalidomide at 1000 nM and 2500 nM saw the β-actin-RFP
clone expand from 10% to 28.33% and 30.73%, respectively. In the pomalidomide treated
conditions, the β-actin-RFP clone expand from 10% to 23.60%, 22.83%, and 25.23% at
pomalidomide doses of 1000 nM, 2500 nM and 10,000 nM, respectively. When compared to the
expansion of β-actin-RFP in the presence of DMSO, exposed to either lenalidomide or
pomalidomide does not cause a significantly different expansion and clonal selection for the
control β-actin-RFP (Figure 3d).

The in vitro competition assay was also performed to assess the degree of expansion and
clonal selection of the Tp53 mutant when exposed to lenalidomide or pomalidomide. At day 15,
the DMSO treated condition saw the Tp53(-/-)-RFP clone expand from 10% to 17.06%. With
lenalidomide treatment at 1000 nM and 2500 nM, flow cytometry analysis at day 15 revealed the
Tp53(-/-)-RFP clone expands from 10% to 61.7% and 84.97%. When compared to the expansion
of Tp53(-/-)-RFP clones in the presence of DMSO, the expansion of Tp53(-/-)-RFP clones with
increasing lenalidomide doses results in clonal selection of the Tp53 mutant, demonstrating
resistance to lenalidomide. In the pomalidomide treated conditions, the Tp53(-/-)-RFP clone
expands from 10% to 24.77%, 26.80%, and 37.87% at pomalidomide doses of 1000 nM, 2500
nM and 10,000 nM, respectively (Figure 3d). Exposure to all three doses of pomalidomide does
not result in a statistically significant difference in expansion at day 15 of Tp53 mutants compared
to exposure to the DMSO control. While pomalidomide did not display the equivalent statistically
significant degree of Tp53(-/-) resistance seen with lenalidomide treatment, increasing doses of
pomalidomide began to select for Tp53(-/-) mutants at low levels. While 10,000 nM of
pomalidomide at day 15 did not demonstrate a statistically significant difference in Tp53(-/-)
frequency, the relative proportion of Tp53(-/-) mutants continues to positively trend suggesting
possible clonal selection at even higher doses.

3.4 Differential Substrate Degradation by Pomalidomide vs. Lenalidomide
To explore mechanisms behind Tp53(-/-) mediated resistance to lenalidomide, analysis of
substrates that get degraded by lenalidomide was performed. In del(5q) MDS, Ck1! is coded on
the common deleted region of chromosome 5 on the q arm. Because Ck1! is expressed in a
haploinsufficient manner in del(5q) MDS, these tumor cells are sensitive to lenalidomide, which
degrades the remaining, already insufficiently expressed CK1! protein (26). Since lenalidomide
guides the E3 ubiquitin ligase to mark CK1! for degradation as a mechanism for eradicating
del(5q) MDS tumor cells, the role of CK1! was further explored as a mediator in the differential
Tp53(-/-) sensitivity patterns to thalidomide derivatives. As previously shown in mechanistic studies
of thalidomide compounds, immunoblot for CK1! following lenalidomide treatment reveals
degradation of CK1!. In addition, loss of function mutations in Tp53 does not alter the degradation
of CK1! by lenalidomide and pomalidomide. When CK1! is degraded in non-mutated Hoxb8
cells, they demonstrate sensitivity and undergo cell death. However, in Hoxb8 cells carrying a
Tp53(-/-) mutation, CK1! still gets degraded, but this is insufficient to induce cell death.
Mechanistically, the resistance of Tp53(-/-) Hoxb8 cells even when CK1! gets degraded suggests
that CK1! collaborates with an intact Tp53 axis to induce cell death. Notably, pomalidomide
treatment does not cause degradation of CK1! (Figure 4a). The sensitivity of pomalidomide even
in the presence of Tp53(-/-) mutations thus does not rely on CK1! degradation. Since myeloid cells
express low levels of IKZF1 and IKZF3, which are key substrates that drive lymphoid
malignancies and get degraded by pomalidomide, pomalidomide may be degrading novel
substrates that enact a Tp53 independent mechanism of cell death (31).
The importance of CK1! and IKZF3 degradation in lenalidomide and pomalidomide
sensitivity was further demonstrated through overexpression rescue experiments. Ck1! and Ikzf3
were individually overexpressed in Hoxb8-CrbnI391V cell lines as confirmed by immunoblot (Figure
4b). Upon lenalidomide treatment, the Hoxb8-CrbnI391V cell line with CK1! overexpression

continues to display high levels of CK1! protein expression, overcoming the lenalidomidemediated CK1! degradation by the E3 ubiquitin ligase system. (Figure 4c). In addition,
pomalidomide treatment does not perturb expression of CK1! in the CK1! overexpressed line.
Of note, CK1! does not get degraded with pomalidomide treatment in the vector control sample,
consistent with previous findings (Figure 4a). Since pomalidomide does not degrade native or
exogenous CK1!, cell lines overexpressing CK1! express a higher total CK1! level when treated
with pomalidomide compared to treatment with lenalidomide.
Eight point drug response curves were generated using the CellTiter-Glo viability assay to
determine how sustaining the protein levels of CK1! and IKZF3 regulates sensitivity of
hematopoietic cells to lenalidomide and pomalidomide. Consistent with previous findings, 5.20
nM of lenalidomide, the highest logarithmic dose in the eight point drug response curve, caused
97.60% death of empty vector control Hoxb8-CrbnI391V cell lines. Of note, lenalidomide at this
dose caused 23.87% death of the CK1! overexpressing Hoxb8 line. IKZF3 overexpressing Hoxb8
line, however, displays 94.78% cell death, which does not significantly differ from lenalidomide’s
effect on the empty vector control (Figure 4d). CK1! overexpression thus causes resistance in
non-mutated Hoxb8-CrbnI391V cell lines to lenalidomide.
With pomalidomide, the highest logarithmic dose in the eight point drug response curve at
4.90 nM caused 51.70% death of the empty vector control. At the same dose, pomalidomide
caused 17.29% death of the Hoxb8 cell line overexpressing CK1!. Lenalidomide treatment of the
IKZF3 overexpressing Hoxb8 line resulted in 51.11% cell death. The curve of the empty vector
control treated with pomalidomide compared to the curve of the CK1! overexpressing Hoxb8 line
treated with pomalidomide are not statistically significantly different (Figure 4d). However, while
not statistically significant, the CK1! overexpressing Hoxb8 line demonstrates a weaker degree
of sensitivity to pomalidomide at the highest dose, which is likely due to the total CK1! expression
being higher when treated with pomalidomide. This is possible because even though CK1! is

being exogenously overexpressed, the total level of CK1! expression differs following
lenalidomide and pomalidomide treatment since lenalidomide degrades CK1! and pomalidomide
does not. This suggests that even in a wild type Hoxb8 hematopoietic cell line with intact Tp53
signaling, CK1! overexpression can potentially cause mild resistance to cell death with
pomalidomide treatment.

CHAPTER FOUR

DISCUSSION AND CONCLUSION

DISCUSSION and CONCLUSION
Acquired somatic mutations in hematopoietic cells result in clonal hematopoiesis through
various different mechanisms. How each somatic mutation promotes clonal expansion, however,
has not yet been clearly elucidated. Notably, CHIP has been shown to originate from
hematopoietic stem cells (HSC), as shown by driver mutations found across the hematopoietic
lineages, rather than from short lived, more differentiated hematopoietic progenitors (32). Since
CHIP arises from long lived HSCs, their myeloid and lymphoid progeny can migrate throughout
the body to affect distant organs with their immune and inflammatory characteristics. The
pleiotropic effect on human health by CHIP necessitates continued further investigation.
Understanding the genetic mechanisms underlying CHIP may provide insight on how to create
therapeutic strategies towards eliminating the clone.
Using CRISPR-mediated gene editing in the Hoxb8 system, we were able to generate an
in vitro model of clonal hematopoiesis. Furthermore, using primary bone marrow derived
hematopoietic cells with human CrbnI391V allowed us to create a model of clonal hematopoiesis
that is responsive to immunomodulatory drugs. Because we understand the E3 ubiquitin ligase
mechanism of substrate degradation by IMiD compounds, we were able to interrogate how certain
CHIP mutations interact with signaling pathways that are modulated by IMiDs. In addition, since
the somatic mutations of CHIP overlap with hematologic malignancies treated by IMiDs, we were
able to initiate a study on the role of IMiDs in potentially eliminating clonal hematopoiesis. Future
studies will require in vivo models of CHIP and human myeloid disease in order to minimize the
fundamental differences between human and mouse disease biology (33).
The results from the CellTiter-Glo assay illustrate the significant resistance of Tp53(-/-)
mutants to lenalidomide. This was further confirmed by the in vitro competition assay, in which
the Tp53(-/-) mutant gained a clonal advantage once exposed to lenalidomide. Interestingly,
pomalidomide, which is not indicated for the treatment of myeloid malignancies, demonstrated
sensitivity to the Tp53(-/-) Hoxb8 mutant. In the in vitro competition assay, Tp53(-/-) mutants treated

with pomalidomide and did not demonstrate the same degree of lenalidomide resistance and
selection of mutant clones.
Interrogating potential mechanisms behind CHIP revealed the importance of CK1! in the
balance between cell survival and cell death mediated by IMiDs. With lenalidomide treatment, we
demonstrate that its method of inducing cell death is due to the degradation of CK1!. This was
confirmed by the rescue experiments overexpressing CK1!, which prevented lenalidomide from
inducing cell death. However, Tp53(-/-) mutants are unable to undergo cell death when treated with
lenalidomide, even with confirmed degradation of CK1!. This suggest that CK1! utilizes the p53
DNA damage response pathway in order to mediate cell death or cell survival. Previous studies
have demonstrated potential mechanisms onto this axis. CK1! interacts with murine double
minute clone 2 (MDM2), a ubiquitin ligase which then ubiquitinates and degrades p53. Inhibition
of CK1! by small molecules or degradation by lenalidomide, thus stabilizes p53 protein levels
and can induce cell death in the proper context (34) (35). As such, a small molecule compound
that can circumvent the Tp53 pathway is warranted to overcome resistance mediated by loss of
function mutations in Tp53. The lack of resistance of pomalidomide in Tp53(-/-) mutants, as well
as its inability to degrade CK1!, suggests a Tp53-independent method of inducing cell death.
Recent studies have demonstrate novel substrates degraded by pomalidomide, such as ZFP91,
that are of significant interest for further investigation as potential mediators of cell death that are
independent from Tp53 (36) (37) (38). Outside of CK1! related pathways, mutant Tp53 has been
shown to enhance EZH2-mediated deposition of H3K27me3 epigenetic marks on known HSC
regulators, resulting in enhanced self-renewal and impaired differentiation (39). With novel
selective EZH2 inhibitors EPZ011989 and EPZ6438 undergoing pre-clinical and Phase I studies,
preventing Tp53 mediated CHIP and its cardiovascular sequelae may potentially be accomplished
by targeting EZH2 (40).

Clinically, the presence of background CHIP clones while treating primary hematologic
malignancies should be considered. Loss of function of Tp53 allows cells to enter the cell cycle
even in the presence of DNA damage due to an impaired DNA damage response pathway.
Treatment of a primary malignancy may result in a iatrogenic selection for Tp53 mutant CHIP and
consequently, promote the progression of clonality leading to secondary malignancies. For
example, therapy-related myeloid neoplasms (t-MN) are clonal hematopoietic disorders that
develop within 5 years within chemotherapy or radiation therapy for a primary malignancy (41).
Historically, t-MNs have been thought to be caused by cytotoxic chemotherapy directly inducing
DNA damage that results in a secondary malignancy. Recently, however, four cases of t-MNs
were demonstrate to have low frequencies (0.003–0.7%) of TP53 mutations present in peripheral
blood or bone marrow 3-6 years prior to the development of the t-MN, and even 2 cases where
the TP53 mutation could be detected before any exposure to chemotherapy (42). Furthermore, in
patients undergoing autologous stem cell transplantation (ASCT) for Hodgkin lymphoma or nonHodgkin lymphoma, the presence of CHIP pre-ASCT was associated with an increased rate of tMNs and increased risk of death (43). While direct treatment of CHIP is not yet indicated, the
association of TP53 mutant CHIP and secondary t-MNs upon cytotoxic chemotherapy exposure
may call for careful selection of chemotherapeutic agents that can minimize the risk of supporting
underlying clonal expansion (44) (45).
Our findings also demonstrate the significance of determining Tp53 mutation status before
initiating lenalidomide therapy for certain primary hematologic malignancies. From these results,
a personalized approach to treating primary malignancies can be performed where genotypes
dictate drug choice. For example, lenalidomide has demonstrated clinical efficacy in del(5q) MDS
towards reducing red blood cell transfusion dependency, achieving complete cytogenetic
response, reducing leukemic progression, and even improving overall survival (46). However,
approximately 50% of patients acquire resistance and relapse in 2 to 3 years following treatment.
In addition, TP53 mutations in del(5q) MDS predict disease progression and were shown to have

a lower likelihood of achieving cytogenetic response to lenalidomide, which is consistent with our
in vitro data (47). In other hematologic malignancies, such as AML and MDS, TP53 mutations
have also been shown to correlate with poor outcomes (48). In the context of ASCT, patients with
underlying TP53 mutated-MDS have been shown to have poor overall survival (49). As such,
determining which drugs are sensitive to TP53 mutants versus drugs that promote TP53 mutant
clonal expansion may help guide treatment. Our experimental findings demonstrate a causal role
between Tp53 mutations and lenalidomide resistance, and how clonality can be selected for by
lenalidomide exposure. In addition, while TP53 mutations may be driving the resistance to
lenalidomide, our results demonstrate that pomalidomide may have the ability to overcome the
resistance. In multiple myeloma refractory to lenalidomide, pomalidomide has been shown to
improve progression free survival, and pre-clinical data revealed potent anti-proliferative and proapoptotic activity mediated by pomalidomide in lenalidomide-resistant multiple myeloma cell lines
(50) (51) (52).
Mechanisms of CHIP contributing to cardiovascular disease have been experimentally
explored for Dnmt3a, Tet2, and Jak2 mutations. However, the role of Tp53 mutant CHIP on
cardiovascular disease has not yet been described. In the development of atherosclerosis,
monocytes differentiate into macrophages that engulf lipids before penetrating the intima to reside
in the arterial walls. As such, a possible mechanism of Tp53 related cardiovascular disease may
be due to proliferation of monocytes and macrophages that also permanently reside in arterial
walls due to impaired apoptosis. The mechanism of Tp53 mutant CHIP on cardiovascular disease
may not be due to qualitative monocyte differences as seen by the hyperinflammatory response
of Tet2 mutant CHIP. A targeted approach to eliminating Tp53 mutant CHIP clone may prevent
the accumulation of foam cells in the atherosclerotic lesion and slow plaque propagation.
As we grow our understanding of CHIP and its mechanisms of clonality, we may develop
therapies geared towards eliminating mutant clones and restoring polyclonal hematopoiesis. The
increased rate of mortality from oncologic and cardiovascular disease associated with CHIP

makes it a notable age related risk factor that can potentially be therapeutically intervened upon.
Currently, cytoreduction in attempt to clear a dominant clone is not without significant risk. First,
cytotoxic approaches to eliminating dominant clones may inadvertently promoting additional
clones to expand. This also can result in bone marrow failure as non-CHIP hematopoietic stem
and progenitor cells may not be able to recover and recapitulate native hematopoiesis, particularly
in elderly patients with a limited hematopoietic supply. Treatment of CHIP is not currently
warranted, but the short term cardiovascular effects and t-MNs driven by CHIP are actively
clinically relevant. In the future, as our understanding of CHIP mutations continues to grow, we
may develop a panel of small molecule drugs designed to target the molecular pathways of CHIP,
preventing clonal progression and the associated hematologic and cardiovascular disease.

CHAPTER FIVE

SUMMARY

SUMMARY
Clonal hematopoiesis of indeterminate potential is an age related phenomenon in which clinically
significant somatic mutations in blood drive the expansion of detectable mutant hematopoietic
clones. The somatic mutations are found in the blood of healthy individuals and most commonly
occur in DNMT3A, TET2, ASXL1, and TP53, which are genes commonly mutated in hematologic
malignancy. Individuals with CHIP have been shown to have an increased risk for developing
hematologic malignancies as well as cardiovascular disease. Using CRISPR-Cas9 gene editing
in the Hoxb8 system of transiently immortalized hematopoietic progenitor cells, we generated
individual cell lines carrying the somatic mutations most commonly found in CHIP. With our CHIP
lines, we were able to study the proliferation kinetics of CHIP as well as how each CHIP mutant
responds to small molecule drugs. CellTiter-Glo viability assays and in vitro competition assays
demonstrate the resistance of Tp53(-/-) mutant CHIP to lenalidomide. However, Tp53(-/-) mutant
CHIP lines were sensitive to pomalidomide. Our results provide insights onto Tp53-mediated
CHIP biology and therapeutic strategies that can be used to possibly eradicate clones. In addition,
the resistance of lenalidomide to isolated Tp53(-/-) mutants demonstrates the importance of therapy
choice towards overcoming Tp53(-/-) mutations when treating hematologic malignancies and
avoiding selection of underlying CHIP clones. As we continue to understand the mechanisms that
drive CHIP, we may develop treatments to directly suppress the mutant clone or mitigate the
associated cardiovascular disease.
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Figure 1. Generating an in vitro model of CHIP in Hoxb8 cell lines
(A) Creating the Hoxb8 immortalized myeloid progenitor cell line by conditionally
overexpressing Hoxb8 in c-Kit+ bone marrow cells derived from CrbnI391V/I391V mice. After
infection with ER-Hoxb8 constructs, single cell cloning was performed to obtain a
homogenous, immortalized population.
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Figure 1. Generating an in vitro model of CHIP in Hoxb8 cell lines (continued)
(B) Four populations were derived from single cell cloning and their proliferation kinetics
were compared to a proven Hoxb8 immortalize cell line that was derived from wild type
mice. Hoxb8 clones with the proliferative potential similar to that of the wild type Hoxb8
line were selected for further experimentation.
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Figure 1. Generating an in vitro model of CHIP in Hoxb8 cell lines (continued)
(C) To assess their ability to differentiate into myeloid lineages, estrogen was removed to
downregulate Hoxb8 expression. Using flow cytometry, granulocyte production was
assessed by Ly6G expression and monocyte/macrophages by CD11b and CD115
expression.
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Figure 1. Generating an in vitro model of CHIP in Hoxb8 cell lines (continued).
(D) Top: The responsiveness of the Hoxb8-CrbnI391V/I391V line to lenalidomide, by the
Hoxb8 line derived from CrbnI391V/I391V mice was performed using the CellTiter-Glo
Luminescent Cell Viability Assay. Dose response curves reveal sensitivity to lenalidomide
in Hoxb8 line 4 and line 6, and a lack of sensitivity from the Hoxb8 line derived from a wild
type mouse. Bottom: The degradation of CK1! and IKZF1 as substrates of lenalidomide
was demonstrated by immunoblot, validating the responsiveness of the Hoxb8CrbnI391V/I391V line.
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Figure 2. CRISPR/Cas9 mediated editing of genes implicated in CHIP.
The Hoxb8 cell lines were derived from mice with a CrbnI391V/I391V background generated
using homologous recombination. The mice also express Cas9 tagged by GFP, allowing
for the use of CRISPR-mediated gene editing. Single guide RNAs (sgRNA) targeting
Dnmt3a, Tet2, Ppm1d, and Tp53, the most common genes implicated in clonal
hematopoiesis, were delivered into separate Hoxb8 lines via lentiviral infection. sgRNAs
against β-actin and a non-targeting guide RNA were also delivered into a Hoxb8 to serve as
control lines. CRIPSR/Cas9-induced mutations were identified via deep sequencing of PCR
amplified CRISPR-targeted genomic regions.
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Figure 3. Tp53(-/-) mutants demonstrate resistance to lenalidomide and sensitivity
to pomalidomide
(A) To determine the activity of lenalidomide, the CellTiter-Glo Luminescent cell Viability
Assay was performed. Cells were treated with increasing doses of lenalidomide for 72
hours and subsequently analyzed for viability. Top: Tp53(-/-) mutants demonstrate
resistance to lenalidomide (replicates, n = 3, symbols represent averages of experimental
replicates; error bars indicate SEM; ****P<0.0001, 2way ANOVA). Bottom: Isolated view
of the Tp53(-/-) mutant resistance pattern compared to a non-targeting guide control.

B.

Figure 3. Tp53(-/-) mutants demonstrate resistance to lenalidomide and sensitivity
to pomalidomide
(B) The CellTiter-Glo Luminescent cell Viability Assay was also performed to determine
sensitivity to pomalidomide. Cells were treated with increasing doses of pomalidomide for
72 hours and subsequently analyzed for viability. Top: Compared to the resistance of
lenalidomide, pomalidomide appears to have sensitivity against Tp53(-/-) that was
insignificantly different compared to the sensitivity against the non-targeting guide control
(replicates, n = 3, symbols represent averages of experimental replicates; error bars
indicate SEM; P=0.9955, 2way ANOVA; ns, not significant). Bottom: Isolated view of the
Tp53(-/-) mutant demonstrating less resistance and sensitivity to pomalidomide compared
to a non-targeting guide control.
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Figure 3. Tp53(-/-) mutants demonstrate resistance to lenalidomide and sensitivity
to pomalidomide
(C) Experimental workflow of the hematopoietic in vitro competition assay to assess the
degree of resistance to lenalidomide and degree of sensitivity to pomalidomide. Hoxb8
cell line expressing a non-targeting guide tagged with BFP and a Tp53(-/-) Hoxb8 cell line
expressing RFP were plated at a 9:1 ratio mixture. The mixtures were then treated with
the IC30, IC40, or IC50 concentrations of lenalidomide or pomalidomide. The proportion
of BFP+:RFP+ cells were assessed by flow cytometry every three days.
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Figure 3. Tp53(-/-) mutants demonstrate resistance to lenalidomide and sensitivity
to pomalidomide
(D) Left: The percentage of β-actin-RFP to non-targeting guide-BFP Hoxb8 cells cultured in
the presence of lenalidomide or pomalidomide (IC30, IC40, or IC50 dose) does not
significantly increase in comparison to the DMSO control (experimental replicates, n = 3,
symbols represent averages of RFP% across replicates; error bars represent SEM; ns, not
significant, unpaired two-tailed Student’s t test). Right: Evolution of ratio of Tp53(-/-)-RFP cells
to non-targeting guide-BFP control cells with treatment by lenalidomide or pomalidomide
(IC30, IC40, or IC50 dose) reveals significant difference in lenalidomide treated conditions
compared to DMSO control condition (experimental replicates, n = 3, symbols represent
averages of RFP% across replicates; error bars represent SEM; *P<0.05, unpaired two-tailed
Student’s t test).
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Figure 4: Differential substrate degradation between lenalidomide and
pomalidomide.
(A) Wild type, CrbnI391V-non-targeting guide control, CrbnI391V-β-actin control, and
CrbnI391V-Tp53(-/-) Hoxb8 cells were treated with lenalidomide and pomalidomide for 24
hours. Immunoblot of lysates demonstrate degradation CK1! with lenalidomide
treatment, but not with pomalidomide. !-Actin was used as a control.
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Figure 4: Differential substrate degradation between lenalidomide and
pomalidomide. (cont)
(B) The role of CK1! and IKZF3 degradation in inducing cell death was further explored
with rescue experiments. Overexpression of CK1! and IKZF3 were confirmed by
immunoblot. !-Actin was used as a control.
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Figure 4: Differential substrate degradation between lenalidomide and
pomalidomide. (cont)
(C) CK1! overexpression adequately rescues and prevents its lenalidomide-mediated
degradation. !-Actin was used as a control.
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Figure 4: Differential substrate degradation between lenalidomide and
pomalidomide. (cont)
(D) Left: Hoxb8-CrbnI391V line overexpressing CK1! impairs lenalidomide mediated cell
death. Overexpression of IKZF3 does not rescue Hoxb8-CrbnI391V lines from lenalidomide
mediated cell death (replicates, n = 3; symbols represent averages of experimental
replicates; error bars indicate SEM; *P < 0.05, two-tailed Student’s t test). Right: Hoxb8CrbnI391V lines overexpressing CK1! mildly rescues the pomalidomide mediated cell
death. Overexpression of IKZF3 does not rescue Hoxb8-CrbnI391V lines from
pomalidomide mediated cell death (replicates, n = 3; symbols represent averages of
experimental replicates; error bars indicate SEM; P > 0.05, two-tailed Student’s t test; ns,
not significant).

