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mir das Gefiihl der Sicherheit. Ich lebe das Beispiel, das Du mir damals vorlebtest, das Beispiel
von Respekt, GroBziigigkeit, Richtung und Geduld. Vor allem du zeigtest mir, dass es gute
Menschen in der Welt gibt. Es mag sein, daf3 ich nun sehr sensibel klinge, aber ich liebe dich. Ich
liebe dich mit meinem ganzen Herzen, und ich kann mir nun vorstellen, wie du dies mit einem
Léacheln und einer Handbewegung abschiittelst. Opa, du verdienst es geliebt und verehrt zu warden

von deiner ganzen Familie. Du arbeitest unermiidlich daran, uns zu unterstiitzen, und du
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unternimmst alles, um fiir uns da zu sein. Ich weil3, dass ich ohne dich nicht so wire wie ich es
heute bin. Also ich ohne Richtung war, geschweige denn ohne Lebenserfahrung, kamst Du und
Du gabst mir Hoffnung. Du zeigtest mir, was es bedeutet giitig zu sein, und du gabst mir etwas
wo nach ich leben konnte. Ich kann nicht alles vermitteln, was ich in diesem Brief sagen mdchte,
aber ich hoffe, dass Du aus diesem Brief erkennst, da3 es sonst niemand in diesem Leben gibt, den
ich mehr Achtung schenke als Dich.

Melanie, you are the better scientist. Unintentionally (or maybe intentionally), you show
me my limitations and help me exceed them. Somehow you always manage to break through my
stubbornness, and it is always to my benefit. I know that the scientist, husband, gardener I am
capable of being today is only possible because of you. I know it’s a cliché, but you complete me.
Rather, you make me the best version of myself and show me how to be better. You are patient
when [ am restive. You are calm when I am overwhelmed. You are my voice when I need an
advocate. You might point out these shortcomings, but it is while you’re simultaneously lift that
burden from me. You have given me so much love and support without batting an eye. You have
been here, reassuring me, since my first failed graduate school course, and you were the driving
force behind continuing my education in medical school. You cried with me and held me when
my dad and Opa died, and you never hesitate when my family needs a place to stay. You have
blessed my life, and you have made all of this possible today. Thank you for letting me grow
together with you. I know I don’t always make life easy. Sometimes (most times), I make the
worst decision we could have made, but you let me make that decision. You are my pillar, and I
know that we can accomplish anything together — I just might be a few years behind you.

I am always so inspired by my sisters, Sarah, Mary, Emelia, Natalya, and Hannah. They

bear burdens that to me are unimaginable, and they are still able to pour love into everything they
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do. Their love and patience is evident in the sweet innocent demeanor of my nephews and niece,
and it’s evident in the time they take to make spontaneous phone calls and their showing interest
in the things I like (even though I’m a giant nerd and like some of the most convoluted stuff
around). The thanks I owe to your love, care, and support is incalculable. You have encouraged
me from the beginning, and you have continued to support me throughout my time in college and
graduate school. Thank you so much for helping me realize a dream of mine that seemed so
uncertain. You were there in the beginning, and you have always been my biggest advocates. [
think most siblings would jump at the chance to pick on a nerdy one, but you have always
supported me, and your enthusiasm in what I pursue has never waned. I love you Sarah, Mary,
Emelia, Natalya, and Hannah! I think we have an awesome relationship, but I’m still so inspired
by you to be better — a better man, brother, and uncle.

Lastly, I would like to personally thank Dan for welcoming me into his lab so many years
ago (and putting up with me ever since). Dan you are, of course, an outstanding scientist, as you
have provided seminal work to the field of hematology. As well as being a world-class scientist,
you are an genuine mentor, advocate, friend, and cheesehead (I won’t fault you for that). In fact,
one of my favorite times to be in lab is during football season. It’s unfortunate that the Packers
and the Titans never made it to the Super Bowl during my time in lab, but it was great watching
them play during the regular season, knowing that you were probably cursing and celebrating the
Packers as much as I was the Titans. Besides football, I know you enjoy watching the St. Louis
Cardinals. Someone mentioned to me once that I should read “The Cardinals Way” by Howard
Megdal, and in this book, Howard Megdal describes how the Cardinals achieved monumental
success, culminating in the 2004 and 2006 World Series Championships. Their success came by

way of brilliant management, insightful analytics, and a cohesive team culture. They call it, the
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Cardinal way. I’'m not sure if you’ve read this book, but I do believe the Cardinals may have
modeled their success after you. It really has been a blessing to be mentored by you, learning how
to precisely conceptualize major questions and execute experiments carefully and consistently.
Coming into graduate school, I had basic lab skills, but I knew next-to-nothing about developing
hypotheses, conducting experiments, or interpreting data. You taught me the nuances of rigorous
scientific research by asking me to interpret data (data that were often counterintuitive and negative
— that only reinforced the learning). Dan you are absolutely brilliant. Thank you for letting me be
a part of the lab and well preparing me for the next stage of my career.

Finally, I am so thankful for the support and invaluable guidance of my committee
members, Tim Ley, Laura Schuettpelz, Gran Challen, and Hani Zaher. Without your support, I
would not be ready to step into the Medical Scientist Training Program, and I would not be well
equipped to navigate science and medicine. I am grateful to the many members of the Link lab
who have helped train me and prepared me to undertake this PhD thesis work. Lastly, I would like
to acknowledge the support I received from the graduate school of arts and sciences, the
Chancellor’s Graduate Fellowship Program, the Initiative for Maximizing Student Development,
and the National Cancer Institute of the National Institutes of Health F31 Ruth L. Kirschstein

Predoctoral Individual National Research Service Award for funding my PhD thesis project.

Joseph Ryan Krambs

Washington University in St. Louis

August 2022

XV



In Dedication
To those enduring the uncertain outcome of cancer treatment

Waiting
In anticipation
Like an oak exhausted
By the weight of morning dew
Weary under veil of night
Searching the sky for something new.

Emerge, a long-sought glimmer of hope.

Emotion within me stirring
My resolve not yet returning

From what I’ve seen of life and love,
This new light shines above
Failed flames I knew of

Still, in this moment I wonder,
Can my nature conjure
Strength enough to wander

To break the sky and get through
So, I might begin anew.
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ABSTRACT OF THE DISSERTATION
The Impact of Nucleolar Stress on Thymocyte Development and T Cell Acute Lymphoblastic
Leukemia Transformation
by
Joseph Ryan Krambs
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Genetics and Genomics
Washington University in St. Louis, 2022

Professor Daniel C. Link, Chair

Increased Notch signaling is thought to be central to T-ALL pathogenesis, with activating
mutations of NOTCH1 in more than 70% of cases, and Notch pathway activation due to mutations
in FBXW?7 in an additional 30% of cases. Increased Notch signaling results in markedly increased
ribosome biogenesis, inducing a negative feedback loop called the nucleolar stress pathway. This
is an evolutionarily conserved homeostatic pathway that is triggered by excessive ribosome
biogenesis that serves to limit rRNA synthesis, protein translation, and ultimately cell growth.
CDKN24, encoding both ARF and INK4A4, plays a key role in the nucleolar stress pathway.
Activation of ARF and INK4A inhibits ribosome biogenesis and induces a p53-dependent growth
arrest. Of note, biallelic deletions of CDKN2A are present in the majority (>80%) of T-ALL and
universally in cases of T-ALL with NOTCHI mutations. Also relevant are data showing that
deletions of CDKN24 are in the founding clone, while mutations in NOTCH|1 are often confined
to a subclone, suggesting that loss of CDKN24 is an early, potentially driver, event in leukemia

transformation, while NOTCH I mutations are a later event. Together, these observations suggest
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the hypothesis that increased Notch signaling induces nucleolar stress in T cells and
inactivation of the nucleolar stress pathway is essential to the molecular pathogenesis of T-
ALL. This hypothesis supports a model in which CDKN2A deletions are an early transformation
event that generates a permissive cellular environment for subsequent activating NOTCHI
mutations.

To test this hypothesis, we first developed a cell culture system to expand murine double
positive T cell progenitors. Progenitor T cells are derived from cytokine stimulated CD117+ fetal
liver cells grown in co-culture with OP9 cells expressing delta-like ligand 4. These cells
differentiate in culture, giving rise to CD4+ CD8a+ (DP) thymocytes. To test how T-ALL relevant
NOTCHI mutations alter DP thymocytes, we transduced these cells with retrovirus expressing
empty vector, wildtype NOTCH|1, or activating NOTCHI mutants (aNOTCH]) carrying hotspot
mutations L/594P or L1601P. Increased Notch signaling, as evidence by Heyl mRNA expression
was confirmed in cells expressing aNOTCH . Consistent with our model, expression of aNOTCH 1
induced nucleolar stress, as measured by induction of ARF expression, accumulation of 5” external
transcribed spacer (ETS) containing pre-rRNA, and NPM translocation from nucleoli to the
nucleoplasm. Induction of nucleolar stress in aNOTCH 1 expressing cells was associated with p53
activation, as measured by increased expression of p53 target genes p21"P!/"4FI and BAX. Overall,
expression of aNOTCHI had a negative impact on cellular proliferation with induction of
apoptosis.

We next explored the impact of aNOTCHI mutants in vivo, using a retroviral
transplantation model. In brief, CD117" cells were sorted from adult mice and subjected to two
rounds of retroviral transduction for NOTCH 1 variants. These cells were transplanted into lethally

irradiated mice and the contribution of NOTCH (GFP") expressing cells to hematopoiesis
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examined over time. The contribution of aNOTCH 1 variants to hematopoietic stem cells (HSCs),
common lymphoid progenitors (CLPs), and T cells was similar to input percentage and was stable
over time. In sharp contrast, there was a near complete loss of aNOTCH 1 expressing myeloid and
B cells. We next examined the impact of CDKN24 loss on HSC maintenance. In CDKN2A*" or
CDKN2A"" mice the numbers of phenotypic HSCs were similar to wildtype mice. This is expected
since the expression of CDKN24 is very low in HSCs under steady state conditions. In contrast,
in competitive transplantation assays, both CDKN2A*- and CDKN2A” HSCs consistently
outperformed wildtype competitors. We hypothesized that replication stress induced by
transplantation may activate CDKN2A expression in WT HSCs, suppressing their proliferation.
To test this, CDKN2A*"" or CDKN2A”" bone marrow chimeras were treated with 5-fluorouracil
(5-FU) following stable engraftment. Consistent with our model, treatment with 5-FU resulted in
significant (~5-fold) increase in CDKN2A™~ or CDKN2A”- hematopoietic output. Finally, we
modeled the impact of CDKN2A4 loss on aNOTCH-induced leukemogenesis by retrovirally
transducing NOTCH variants into CDKN2A*- or CDKN2A”- HSPCs. Compared with wildtype,
expression of aNOTCHI in CDKN2A™- or CDKN2A"~ HSCs resulted in a marked expansion of
HSCs (3.70 £ 0.22-fold) and CLPs (6.95 + 2.28-fold) but did not rescue the aNOTCH-induced
block in myeloid of B lymphoid differentiation. A tumor watch confirmed that CDKN2A loss
strongly cooperated with aNOTCH expression to induce T-ALL in mice (incidence of T-ALL at
200 days of 17/17 (100%) in NOTCHI LI1601P CDKN2A” cell recipients vs 3/12 (25%) in
NOTCHI L1601P CDKN2A™"* cell recipients, P<0.0001).

In summary, these data provide support for a novel model of T-ALL leukemogenesis in
which CDKN24 loss is an early event that provides a fitness advantage under conditions of

replication stress that leads to an expanded pool of CDKN2A*~ (or CDKN2A"") HSCs and CLPs.
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Loss of CDKN2A provides a permissive cellular environment for activating NOTCH mutations by
attenuating nucleolar stress. These data suggest that targeting the nucleolar stress pathway or

ribosome biogenesis may have therapeutic activity in T-ALL.
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Chapter 1:
Introduction to the Genetic Landscape and Molecular

Biology of T Cell Acute Lymphoblastic Leukemia

Preface

This chapter, as well as the summary chapter (Chapter 5) are dedicated to my PhD thesis work,
investigating the role of nucleolar stress in T cell acute lymphoblastic leukemia transformation
(Chapter 4). Chapters 2 and 3 are first-author works that have been previously peer-reviewed and

published and are unrelated to T-ALL or nucleolar stress.

1.1. An Overview of T Cell Acute Lymphoblastic L.eukemia

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematologic malignancy
characterized by the transformation and expansion of T cell progenitors. T-ALL comprises 10%
to 15% of pediatric and 20% to 25% of adult cases of acute lymphoblastic leukemia.!? A review
of Seer-17 data from 2001-2007 shows that there are approximately 2,500 patients in the United
States per year with T-cell lymphoblastic leukemia/lymphoma.’> Approximately 45% of these
patients are adults.

Patients typically present to the clinic with elevated white cell counts (as observed by
complete blood count (CBC)). These elevated white cell counts are accompanied by a decrease in

neutrophils numbers (neutropenia), platelet counts (thrombocytopenia), and red blood cell counts



(anemia). Upon further evaluation, it is often observed that T-ALL patients have mediastinal
thymic masses, and in approximately 5% to 15% of cases,* neoplastic cells have infiltrated the
central nervous system by the time of diagnosis. These clinical observations are similar, yet
counter, to T cell lymphoblastic lymphoma in which T cell blasts (tumors) are present as a thymic
mass but do not infiltrate the bone marrow to the same extent as T-ALL.

T-ALL is the culmination of acquired genetic aberrations that disrupt cell cycle gate
keepers (tumor suppressors), enhance oncogenes, and alter differentiation pathways to exploit
proliferation and survival signals that are responsible for thymocyte development. The reliance of
T-ALL transformation on T cell developmental pathways is illustrated by the oncogenic signals
found in T-ALL, namely the hyperactivation of NOTCHI1, a key T cell fate and development
signal, whose activating mutations are found in more than 70% of T-ALLs.>’ T-ALL tumors with
activating NOTCHI mutations universally harbor deletions of the cyclin-dependent kinase
inhibitor 2A (CDKN2A) locus, which encodes the tumor suppressors p16™&44 and p14ARF 811 Tn
addition, CDKN2A loss is the most common genetic lesion in T-ALL, and its deletion is observed
in approximately 80% of cases.’!! However, T-ALL genetic lesions are not limited to NOTCH1
mutations and CDKN2A deletion, T-ALL is a heterogenous malignancy with a diverse array of

genetic abnormalities.!!3

T-ALL genetic lesions are broadly represented by chromosomal
translocations with distinct gene-expression signatures and mutations and deletions that alter the
cellular environment (signaling cascades, protein translation, and cell cycling).

Oncogenes in T-ALL are frequently driven by T cell specific transcription factors and
regulatory elements through chromosomal rearrangements, with 50% of blasts from patients with

T-ALL harboring chromosomal translocations.!'* Often, these rearrangements involve oncogene

overexpression with juxtaposition to the T-cell receptor (TCR) locus, including the basic helix-



loop-helix (bHLH) factors: T cell acute lymphocytic leukemia 1 (TALI),'> TAL2,'® lymphoblastic
leukemia associated hematopoiesis regulator 1 (LYLI),'” and BHLHBI;'® LIM domain only
(LMO) genes LMO1 and LMO2;'-?! the homeobox genes: T cell leukemia homeobox 1 (TLX1),?
TLX3,2 NK2 homeobox 1 (NKX2-1),” NKX2-2,° and homeobox A (HOXA)** and the
myelocytomatosis  (MYC)*>* and myeloblastosis (MYB) oncogenes.'*? However,
rearrangements driving T-ALL are quite rare, representing 5% to 10% of cases of T-ALL.!%!?
More common, albeit still uncommon, are rearrangements involving the fusion of transcription
factor proteins, including PCIALM-MLLTI0, STIL-TALI1, TLX3-BCLI11B, and NUP214-ABLI,
which affects approximately 8%, 20%, 15%, and > 5% of patients, respectively.?

In addition to large structural genomic changes, T-ALLs present with a plethora of
heterogenous mutations and deletions. The TARGET group recently confirmed the heterogeneity
of lesions in T-ALL through extensive genomic analysis of 264 cases of T-ALL, including whole-
exome sequencing, copy number analysis, single-cell sequencing, and RNA sequencing. In the
TARGET study, more than 170 potential drivers of T-ALL were identified,” including mutations
of many known genes known to drive T-ALL leukemogenesis, such as NOTCH1, PHF6, FBXW7,
USP7, PTEN, DNM2, and BCLI1B. The most prominent novel driver mutations discovered in
this study include the genes CCND3, MYB, CTCF, MED12, SMARCA4, CREBBP, and USP9YX.
Although the tumors were genetically heterogenous, their alterations commonly targeted the
NOTCH, PI3K-AKT-mTOR, MAPK, and JAK/STAT signaling pathways.

Unfortunately, unlike genetic aberrations in B-ALL, the vast majority of T-ALL associated
genetic lesions are not useful in predicting outcome in T-ALL.*® Historically, patients with T-
ALL have had worse response rates and outcomes compared to B-ALL with early studies showing

response rates of 10% in T-ALL compared to 40% in B-ALL.3! This observation, along with early



clinical trials (the UKALL trials), led to intensified chemotherapy protocols for T-ALL treatment
and subsequent improvement in outcomes. Current treatment consists of intense chemotherapy
that is associated with acute and chronic life-threatening or debilitating toxicities.>? Although five-
year event-free survival is now 80% to 90% for children,®3-3¢ this rate deteriorates significantly
with age: <40 years = 52.8%, 40-59 years = 37.6%, 60-79 years = 21.7%, and > 80 years = 0%.3"-3

Despite a steadily increasing event-free survival in pediatric patients, approximately 20%

39,40

of pediatric and 40% of adult patients will relapse, and the prognosis after relapse is dismal

with three-year event-free survival of only 10% to 15%.!441-43

Additionally, the majority of
relapses occur in patients predicted to do well based on favorable MRD response. The only
treatment licensed for relapse or refractory T-ALL is an untargeted purine nucleoside analog,
nelarabine. The goal of nelarabine treatment is to reduce disease burden so patients may undergo
allogeneic hematopoietic cell transplantation (HCT). While HCT may be curative for relapsed T-
ALL, in the largest study performed to date overall survival was only 24% after a median follow
up of two years.** Although the underlying genetic makeup of T-ALL may not predict outcome,

understanding the molecular mechanisms underlying T-ALL transformation may help identify

novel targets for T-ALL therapy.

1.2. T-ALL Risk Assessment and Treatment Strategies

T-ALL treatment involves risk-assessed combination chemotherapy for two to three years.
Although slight differences exist between treatment strategies internationally, outcomes are
relatively similar with the most significant predictor of outcome being minimal residual disease
(MRD) at the end of consolidation with MRD directing treatment strategy. The Children’s

Oncology Group stratifies risk into three categories:
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e Standard risk — day 29 marrow with < 5% blasts; day 29 central flow cytometry-
based MRD < 0.01%; <5 WBC/uL and no blasts in the cerebrospinal fluid (CSF);
no testicular disease and no steroid pretreatment

e Intermediate risk — day 29 marrow with < 5% to 25% blasts; day 29 central flow
cytometry-based MRD > 0.01%; end-of-consolidation MRD < 0.1%; any CNS and
testicular disease status and any steroid pretreatment status

e Very high risk - day 29 marrow with > 25% blasts by morphology or end-of-

consolidation MRD > 0.1%

Given the dismal prognosis for refractory disease and after relapse, much attention has
been given to frontline strategies, including investigating new therapeutic agents, and optimizing

conventional agent use, e.g., corticosteroids (dexamethasone versus prednisone).

1.2.1. Dexamethasone Reduces Central Nervous System Relapse and

Enhances Event-Free Survival in T-ALL

Glucocorticoids (dexamethasone and prednisone) play an essential role in acute
lymphoblastic leukemia (ALL) treatment. Several recent clinical trials in B- and T-lineage ALL
have compared dexamethasone vs prednisone during the induction phase of treatment.3*#5-48 The
advantage to dexamethasone is its longer half-life and superior control of central nervous system
leukemia infiltrates relative to prednisone. However, dexamethasone treatment is accompanied
by higher rates of infectious toxicity.** Despite these higher rates of infection, several trials have

supported the use of dexamethasone in T-ALL.?33647



The recommended use of dexamethasone follows several clinical trials, demonstrating
efficacy against CNS leukemia relapse,’® reduced risk assessment (relative to prednisone),’! and
reduced rates of relapse.”! Additionally, five-year event-free survival in the UKALL 2003 trial,
where patients were given dexamethasone as the sole corticosteroid during therapy, was reported
as 81.2% with a 3.5% risk for CNS relapse.**3¢ Further support for dexamethasone was provided
in the AEIOP-BFM 2000 trial,>! where dexamethasone replaced prednisone during induction.
Dexamethasone treatment at induction corresponded with relapse rate reductions from 17% to 7%
and significant improvements in five-year event-free survival compared to prednisone —
dexamethasone five-year event free survival equaled 87.8% =+ 2.8% whereas prednisone five-year

event free survival equaling 79.2% + 3.4%.

1.2.2. Nelarabine Improves T-ALL Response Rates

Despite a steadily increasing event-free survival in pediatric patients, approximately 20%

of pediatric and 40% of adult patients will relapse,***

and the prognosis after relapse is dismal
with three-year event-free survival of only 10% to 15%.!44!¥%  Given the dismal event-free
survival and overall survival rates of relapse or refractory T-ALL, a large effort has been
undertaken to improve induction treatment strategies. Nelarabine is a purine nucleoside analog
which is cytotoxic to T-lymphoblasts and is also the only treatment licensed for relapse or
refractory T-ALL with a 55% response rate.>

In an effort to maximize induction treatment efficacy for high-risk T-ALL patients, clinical
trials were established to investigate nelarabine as a frontline therapy. The Children’s Oncology

Group study, AALL0434, enrolled 1,895 patients, ranging from one to thirty years of age. Patients

were randomly assigned to receive nelarabine in combination with a modified Berlin-Frankfurt-
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Miinster (BFM) regimen. During the safety phase, 94 patients were assigned to this arm of the
study with no increased risk of adverse effects.>> Published results demonstrate that adding
nelarabine to standard induction chemotherapy regimens improves survival for both pediatric and

young adult patients.>*

1.2.3. Limitations of Immunotherapy in T-ALL

Immunotherapy has revolutionized oncologic treatment over the last decade.’> Effective
immunotherapies — utilizing chimeric antigen receptor modified T cells (CAR-Ts), monoclonal
antibodies, and bispecific T-cell-engaging antibodies (BiTEs) — have developed to fight B cell
acute lymphoblastic leukemia (B-ALL), however immunotherapeutics have been ineffective
against T-ALL for a variety of reasons. One of the greatest challenges facing T-ALL targeting
immunotherapies is that lack of target antigens, distinguishing T-ALL from normal T
lymphocytes. Additionally, the infectious toxicity that accompanies T cell depletion is life-
threatening, as demonstrated by infectious toxicity accompanying dexamethasone treatment.* To
date, the only immunotherapy therapy studied in clinical trials was the monoclonal antibody
alemtuzumab, and this trial was shut down due to infectious toxicity.>® In addition to the challenge
of infectious toxicity, immunotherapies designed for T-ALL treatment undergo unintended
fratricide (self-killing), resulting in an inability to harvest sufficient numbers of T cells for therapy.
Cooper et al. presented the first clinically feasible adoptive T cell gene therapy for T cell
malignancies in a preclinical mouse model, developing a third generation CD7-CAR (UCART7)

that is resistant to fratricide.’® UCART?7 is currently under clinical investigation.



1.2.4. Relapsed T-ALL Outcomes

Despite a steadily increasing event-free survival in pediatric patients, approximately 20%
of pediatric and 40% of adult patients will relapse.>**° Disease recurrence typically occurs within
two years of diagnosis, and survival rates remain less than 25%.°” The only curative therapy
remains allogeneic hematopoietic cell transplantation, and the challenge of successfully getting
patients into remission remains a prerequisite. Across studies, remission rates for relapsed or
refractory T-ALL are dismal at approximately 30%.°% In the PETHEMA study, the median
survival after relapse was between four and five months with overall one-year survival at 24%.
Second remission was achieved in 112 out of 248 patients (45%), following intensive second line
treatment. Despite achieving second remission, outcomes were dismal with a median disease-free
survival between five and seven months. In total, twenty-eight out of 113 relapsed patients who

achieved a second remission lived without further relapse after a median follow-up of six years.

1.2.5. Molecular Mechanisms Underlying T-ALL Resistance and

Relapse

Historically, patients with T-ALL have had worse response rates and outcomes compared
to B-ALL with early studies showing response rates of 10% in T-ALL compared to 40% in B-
ALL.2! The initial observed difference between T cell and B cell acute lymphoblastic leukemias
treatment responses’! is most likely reflective of the different molecular mechanisms and cellular
environments underlying T cell and B cell ALL disease progression. T-ALL, specifically, features
recurrent mutations and deletions of PTEN and activation of the AKT pathway, which has been

shown to induce glucocorticoid (dexamethasone and prednisone) resistance in T-ALL.Y
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Clinically, PTEN mutations have been associated with poor response to prednisone treatment.®
AKTI could lead to glucocorticoid resistance by directly phosphorylating the glucocorticoid
receptor, impairing glucocorticoid signaling.>

Genomic studies have started to uncover the genetic basis of leukemia relapse and have
indicated that clonal evolution and selection of genetic variants that drive chemotherapy resistance
are prominent mechanisms driving disease progression in T-ALL. The most prominent variants
among samples from relapse T-ALL represent disruption of chemotherapy responsive genes. For
example, one of the most common variants (observed in 20% of samples from relapse T-ALL) is
the gene NT5C2,%! encoding a nucleotidase that has been shown to inactivate drugs utilized in the

).6263 Tt goes without stating, that relapse T-

treatment of T-ALL (thiopurine nucleoside-analogues
ALL blasts harboring mutations of N75C2 acquire increased nucleotidase activity, and in vitro
assays have demonstrated that N75C2 mutations commonly found in T-ALL confer
chemoresistance when expressed in T-ALL lymphoblasts.®! Additionally, relapse T-ALL samples
harbor additional mutations which may confer resistance, including in signaling factors, such as

STAT5B and NRAS; the master regulator of apoptosis, 7P53, and epigenetic factors, including

SUZI12, WHSC1, and SMARCA4.51-64

1.2.6. Clonal Evolution of Relapse/Refractory T-ALL

Deep whole genome sequencing®>%® and single cell sequencing®’ of relapse T-ALL samples
are providing novel insights into the resistivity and sensitivities of the pool of heterogenous T-
ALL clones. Similar to T-ALL driver mutations, relapse clones harbor a plethora of mutations

that alter signaling pathways, epigenetic regulation, and cell cycle control. Distinct from T-ALL



initiating mutations, relapse clones also acquire mutations that confer resistance to conventional
cytotoxic chemotherapies, including NT5C2.%8-67

As is frequently the case in clonal evolution, the dominant clone at relapse is absent or
present as a minor clone at diagnosis, suggesting selective pressures of treatment may have
conferred a fitness advantage to pre-existing clones or provided the appropriate environment for
mutation acquisition.?®’%7! Tt has been well established that mutations in relapse T-ALL, once
acquired, are selected and driven by chemotherapy. This is exemplified by frequently recurring
mutations in KRAS, NRAS, and PTPN11 found in relapse clones.”! Given the dismal outcome of
relapse and refractory disease, it is vital to investigate individual treatment tailored to T-ALL
clones, e.g., RAS pathway’? and tyrosine kinase’ targets. Deep sequencing and data mining of T-
ALL relapse samples continues to generate hypotheses on the molecular mechanisms of T-ALL

chemoresistance, and sequencing continues to uncover potential clinical targets.

1.3. Classification of T-ALL Subgroups

In addition to the heterogeneity of genetic lesions found in T-ALL, T-ALL itself can be
divided into two separate clinically relevant disease subtypes — Early T lineage progenitor (ETP)
T-ALL and canonical T-ALL (henceforth referred to as T-ALL). Diagnosis of T-ALL or ETP T-
ALL is made based on a combination of surface marker immunophenotype and transcriptome
features. Each, T-ALL and ETP T-ALL, features unique gene expression patterns and distinct
immunophenotypes that correspond with the developmental stage at which leukemogenesis

occurs.?
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1.3.1. CD4~ CD8™ Early T-Lineage Progenitor (ETP) T-ALL

Early T-lineage progenitor (ETP) leukemias are similar in immunophenotype to cells at the
earliest stages of T cell development in the thymus (CD4~ CDS§™ cells), however ETP T-ALL gene
expression patterns are similar to less committed hematopoietic progenitors, specifically
hematopoietic stem cells and myeloid progenitors.”*”* In addition to the unique gene expression
pattern, relative to canonical T-ALL, ETP T-ALL also have a unique mutation spectrum with
lower prevalence of NOTCHI hyperactivation or loss of the CDKN2A4 gene locus (commonly
found in T-ALL). Instead, activation of other oncogenic transcription factors is commonly derived
from their rearrangement to T cell receptor loci. These include the basic helix-loop-helix
transcription factor genes TALI,"> TAL2,'® LYL1,"” and BHLHBI;'® as well as TLX1,** TLX3?*
NKX2-1,° NKX2-2,° and NKX2-5; the LIM-only domain genes LMOI and LMO2"-?! and the
HOXA homeobox genes.?*

Additionally, ETP T-ALL is characterized by mutations commonly seen in myeloid
leukemias, including signaling factors such as NRAS and fms related tyrosine kinase 3 (FL73))
and epigenetic regulators (e.g., isocitrate dehydrogenase 1 (/DHI), IDH2, and DNA
methyltransferase 3A (DNMT3A4).'%%% In addition to alterations in signaling factors and epigenetic
regulation, ETP T-ALL has also been shown to mutate transcription factors associated with
hematopoietic differentiation and T cell development, including runt related transcription factor 1
(RUNXI), GATA binding protein 3 (GATA3), and ETS variant 6 (ETV6)).!%% Although ETP T-
ALL accounts for approximately 10% of pediatric T-ALL cases,’* its incidence increases with age,

accounting for approximately 40-50% of adult T-ALLs.”
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1.3.1.1. ETP T-ALL Transcription Factor Tumor Suppressor Mutations

1.3.1.1.1. ETV6

A key regulator of hematopoietic stem cell development is the ETS family transcription
repressor ETV6.7%77 Mutations of the ETV6 tumor suppressor are present in approximately 25%
of cases of ETP T-ALL. ETP T-ALL associated mutations of E7V6 result in a truncated form of
the protein which has been shown to be dominant-negative, abrogating the transcriptional repressor

activity of wildtype ETV6.7

1.3.1.1.2. RUNX1

Another key tumor suppressor and regulator of hematopoietic differentiation and
development commonly mutated in ETP T-ALL is RUNX1.7%-8° RUNXI1 represents one subunit
of the core binding factor heterodimeric transcription factor involved in the development of normal
hematopoiesis and associated with several types of leukemia. Somatic mutations in RUNX/ are

68,81

found in approximately 5% of T-ALLs. However, these mutations are not observed in

canonical T-ALL.

1.3.1.1.3. GATA3

Specific to T cell differentiation, GATAS3, plays a crucial role in the development of early
T lineage progenitors (ETPs).8? GATA3 is recurrently mutated in the immature ETP T-ALL,%® and
mutations of GATA3 typically present as heterozygous point mutations in the zinc finger DNA-
binding protein domain, inhibiting GATA3’s transcriptional program. The hotspot mutation of
GATA3 is found at residue R276 which is needed for DNA binding.
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1.3.1.1.4. BLC11B

BCL11B is a Kruppel-like C2H2-type zinc finger transcription factor important for T cell
differentiation. BCLI1B is mutated in approximately 10% of T-ALLs.3*% Loss of BCLI1B has
been shown to arrest T cell differentiation at the DN2-DN3 stage of cortical thymocyte
development,®®87 and the tumor suppressor activity of BCL11B was first shown in mouse thymic

lymphomas under ionizing radiation.®

1.3.1.1.5. LEF1

Monoallelic or biallelic deletions of the LEFI locus are found in 10% to 15% of cases of
T-ALL.*> LEFI is a member of the lymphoid enhancer factor/T cell factor (LEF/TCF) family of
transcription factors.®® LEF1 binds to a functionally important site in the T cell receptor-alpha
enhancer and transcription of the WNT signaling pathway. T-ALL clones with LEFI mutations

arrest at the early cortical thymocyte stage and exhibit elevated MYC expression.®®

1.3.1.1.6. WT1

Deletions and mutations in the tumor suppressor W71 are present in approximately 10% of
T-ALLs.”® Mutations of WT1 in T-ALL typically present as heterozygous frameshift mutations
that result in a truncated product. T-ALL associated W7 mutations have been shown to enhance

90

oncogenic expression of the T7LX1, TLX3, and HOXA oncogenes.” WTI has been implicated in

hematopoietic stem cell quiescence.”’!

13



1.3.1.2. Alterations in Epigenetic Regulators are Prevalent in ETP T-ALL

A distinct feature of ETP T-ALL is its association with recurrent disruption of genes
involved epigenetic regulation,’ including
e DNA methylation genes
o DNMT3A4, DNMT3B, TETI, IDHI, IDH?2
e Histone methylation
o EZH2, SUZI2, MLLI, MLL2, DOTIL, SETD2, EED, JARID2, UTX,
JMJD3, NSD2
e Histone acetylation

o CREBBP, EP300, HDAC7, HDACS5, NCOA3

Significantly, current data suggest that epigenetic dysregulation may correlate with poor
prognosis. For instance, global DNA hypomethylation has been associated with increased risk of
refractory/relapse disease and poor outcome in T-ALL.%? In B-ALL, similar alterations in genetic
and genomic methylation have been shown to lead to chemoresistance, however preclinical models
suggest that these tumors may be sensitized to chemotherapy when treated in combination with

epigenetic agents.”” However, similar observations have yet to be made in relation to T-ALL.

1.3.1.2.1. PHF6

PHF6 is a nucleolar protein which has been shown to be important for ribosome biogenesis

and splicing.”*

However, PHF6 has also been implicated as an epigenetic modulator with
functions in chromatin remodeling through its interaction with the NurD nucleosome repositioning

and histone deacetylation complex.”**® PHF6 is frequently inactivated in T-ALL with mutations
14



and deletions of PHF6 found in approximately 16% of pediatric and 38% of adult cases of T-
ALLs.”” Interestingly, PHF6 is located on the X chromosome, and PHF6 mutations are almost

exclusively found in male patients with T-ALL.

1.3.1.2.2. EZH2, EED, and SUZ12

One of the primary targets of T-ALL is the disruption of the polycomb repressive complex
2 (PRC2) which is shown to be disrupted in 25% of T-ALLs through mutations and deletions of
the genes EZH2 (enhancer of zeste 2), EED (embryonic ectoderm development), and SUZI2
(suppressor of zeste 12).%% The PRC2 complex plays a key role in epigenetic regulation through
its function as a writer of histone H3 lysine 27 trimethylation (H3K27me3), repressing
transcription activation at target sites.”” Mutations of PRC2 is commonly found in T-ALL clones
harboring activating mutations of NOTCH]I, suggesting that loss of the PRC2 complex may
augment NOTCHI1 hyperactivation, removing transcriptionally repressive marks from NOTCH1

target genes.”$100

1.3.1.2.3. KDM6A and KDM6B

In addition to targeting H3K27me3 through PCR2 complex member mutations and
deletions, T-ALL frequently features mutations in KDM6A and KDMG6B, which serve to
demethylate tri- and di-methylated lysine-27 of histone H3.!°! KDM6A mutations are found in
5% to 15% of T-ALLs.!%%19 Interestingly, KDM6A and KDM6B appear to have contrasting roles
in T-ALL transformation with KDMG6A serving as a tumor suppressor and KDM6B required for

NOTCH]1-induced leukemogenesis.!” KDM6 family members underscore the diverse function of
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epigenetic regulators, demonstrating the propensity for epigenetic regulators to serve as tumor

suppressor or oncogenes. %

1.3.1.3. ETP T-ALL Transcription Factor Oncogenes

1.3.1.3.1. Basic Helix-Loop-Helix Transcription Factor Overexpression

One of the most recurrent, T cell specific, gene patterns observed in T-ALL is the aberrant
expression of class II bHLH transcription factors (TALI, TAL2, LYLI, or BHLHBI) with a LIM-
only (LMO) protein (LMO1 or LMOQO2) — found in approximately 60% of cases of T-ALL.
Interestingly, overexpression of TALI is not driven by a single type of genetic aberration. 7ALI
overexpression can be driven by chromosomal rearrangements, typically placing TAL near T cell
receptor alpha (TCRA) and delta (TCRD) regulatory elements.!>193194  Additionally, TALI
overexpression has been caused by heterozygous somatic mutations in intergenic sequences
upstream of the gene locus in regulatory control elements.!%>1% These intergenic mutations create
MYB transcription factor binding sites, serving as a TAL enhancer.!%>1% Mouse models of TALI
overexpression demonstrate its significance in leukemogenesis by the development of T-ALL in
mice engineered to overexpress TALI specifically in developing thymocytes.!?71% Several studies
suggest that mediators of 74AL/ induced T-ALL transformation may include tribbles pseudokinase
2 (TRIB2),'"” NKX3-1,"1° and microRNA 223 (MIR223)."'! However, TALI has also been shown

to interact with GATA3 and RUNX1, reinforcing MYB expression.'?
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1.3.1.3.2. LIM-Only (LMO) Factor Overexpression in T-ALL

LIM-Only 1 (LMOI) and LMO? are another common overexpressed oncogene observed
in approximately 10% to 15% of cases of T-ALL.!%-2! 112113 The observation that T-ALL relies
on the interaction between basic helix-loop-helix transcription factors, MYB, and LMO proteins
is strengthened by T-ALL associated LMO lesions. LMO proteins rely on TALI to form
transcription complexes, indirectly facilitating LMO-DNA interactions,!!'* and LMO mutations
frequently co-occur with TAL1 in T-ALL,® suggesting that basic helix-loop-helix factors and LMO
oncogenes cooperate in T-ALL transformation. T-ALL associated LMO gene overexpression is
resultant of heterogenous lesions, including translocations t(11;14)(p15;q11) and
t(11;14)(p13;q11). Additionally, deletions near the LMOZ2 gene locus result in its overexpression

in an additional 5% of T-ALLs.

1.3.1.3.3. HOX Transcription Factor Oncogenes

HOX factors represent a diverse array of transcription factors capable of activating and
repressing hundreds of genes. HOX factors are vital for embryonic development and continued
hematopoietic differentiation throughout life.!!>!'6 Dysregulation of HOX transcription factors is
a staple of T-ALL transformation. Of the HOX oncogenic factors, the TLX genes are present in
up to 10% of pediatric® and 30% of adult'!” cases of T-ALL. The TLX gene, TLX1, dysregulation
is commonly a result of chromosomal rearrangements, driving 7LX/ overexpression in T-ALL by
placing it under control of't cell receptor loci regulatory elements.

TLX3 is also involved in the pathogenesis of T-ALL, in this case as a result of the
t(5;14)(q35;932) translocation?? present in 20-25% of pediatric T-ALLs and 5% of adult T-

ALLs.323U7-119 Ingtead of rearranging to the T cell receptor locus, T-ALL-associated TLX3 is
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often rearranged to regulatory elements controlling the BCL11B locus (a potent driver of T cell
differentiation).?

Two master epigenetic regulators of HOX gene expression are HOXAY9 and HOXAI0.
HOXA9 and HOXA10 have also been shown to play a key role in T-ALL leukemogenesis, although
they are the least prominent HOXA members dysregulated in T-ALL, representing approximately
3% of T-ALLs.?*!120 HOXA9 and HOXA10 dysregulation is common in clones with chromosomal
rearrangement that drive oncogenic fusion KMT2A-MLLTI (MLL-ENL),'*'"'?> PICALM-
MLLTI10°1?* and SET-NUP214.'%> Notably, these oncogenic fusions and HOXA9 overexpression

are prominent lesions more commonly observed in acute myeloid leukemias.

1.3.2. CD4" CD8" Cortical T-ALL (T-ALL)

The majority of T-ALL cases have an RNA expression profile and immunophenotype
similar to cortical CD4+ CD8+ thymocytes.!?¢ Mutations leading to increased Notch signaling are
thought to be central to the pathogenesis of T-ALL. Activating mutations of NOTCH1 are present
in approximately 60% of cases of T-ALL.>’ Moreover, mutations of FBXW7, which also lead to
Notch activation, are present in an additional 30% of T-ALL cases.!?”13 Hyperactivation of
oncogenic transcription factors appears to be a hallmark of T-ALL. In addition to NOTCH1
activating mutations, T-ALL routinely mutates other oncogenic transcription factors, including
MYC®2% and MYB?" T-ALL is an efficient silencer of tumor suppressors, providing the
appropriate cellular environment for oncogenic driver mutation acquisition and positive selection.

The most common genetic lesion of T-ALL is the deletion of the CDKN2A tumor
suppressor locus, found in more than 80% of cases of T-ALL.3!! The CDKN2A4 locus encodes for

two tumor suppressors, P16 (INK4A4) and P194%" (ARF). INK4A directly inhibits cyclin-D-
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dependent kinases (CDK4 and CDKG6), preventing phosphorylation of retinoblastoma protein (RB)
and progression to S phase.!*!"!3* Functional disruption of INK4A4 or overexpression of CDK4
occur in many cancer types, and the disruption of the RB pathway is thought to be a cornerstone
in transformation of cancer cells.!¥

ARF is the second classic tumor suppressor encoded by the CDKN24 locus, and ARF may
be the target of inactivation due to its role in nucleolar stress mediated cell cycle arrest and
apoptosis. ARF is the alternate reading frame (its namesake) of the P76™k# gene.!*3 The tumor
suppressor function of ARF involves its interaction with the transcription factor p53 and p53-
independent arrest of ribosome biogenesis. In addition to ARF, other nucleolar components such
as the ribosome large proteins (RpLS5, RpL11, and RpL22), 5S rRNA, and nucleostemin interact
with MDM2, preventing the degradation of p53.61:136-138 T ogs-of-function mutations of RPLS,
RPLI1, or RPL22 are present in up to 20% of cases of T-ALL.%!:136.139

Other notable deletions observed in T-ALL include genes encoding the cell cycle

regulators RB1!%140 and CDKN1B!*! which are found in approximately 15% and 12% of cases of

T-ALL, respectively.

1.3.2.1. Cell Cycle Deregulation

The cell cycle — growth, DNA replication, and cell division — are well regulated and
monitored for order and integrity. Unsurprisingly, the mechanisms governing cycle activation and
inhibition are exploited during leukemogenesis, and the loss of cell cycle control is a hallmark of
T-ALL pathogenesis. As mentioned previously, the tumor suppressor pl16™NK4A and pl14ARF
encoded by the CDKN2A4 locus are lost via chromosomal deletions in most (>80%) T-ALLs.%!!

The INK4A tumor suppressor inhibits G; to S phase cell cycle progression by two means, one)
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directly binding to and inactivating cyclin D-CDK4 and cyclinD-CDKN6 complexes,!#? and two)
preventing phosphorylation of retinoblastoma protein (RB).!** ARF, similarly, has multiple tumor
suppressor functions, both of which facilitate cell cycle arrest and apoptosis. ARF is stabilized in
response to cellular stress and activates p53-depenendent and -independent pathways.'#*

In addition to the loss of INK4A in the CDKN2A4 gene locus deletion of T-ALL, the
retinoblastoma gene (RBI) itself is deleted in approximately 15% of T-ALLs via chromosomal
deletions 13q14.2.1%140 Another cell cycle master regulator that is commonly lost in T-ALL is the
CDKNIB gene (deleted in approximately 12% of cases via 12p13.2 deletions). CDKNIB encodes
p27%P! an inhibitor of cyclin E-CDK2 and cyclin D-CDK4 complexes.!*! Cell cycle progression
has also been shown to be disrupted in T-ALL through aberrant overexpression of cyclin D2
(CCND2).

Cyclin D2 is a member of the D-type cyclins which are important in hematopoiesis and
leukemogenesis.'*> D-type cyclins bind to and activate cyclin-dependent kinases 4 and 6, forming
cyclin D-CDK complexes. These complexes promote cell cycle progression through
phosphorylation of the retinoblastoma protein'*® and are inhibited by the CDKN24 gene product
INK4A 142143 Although CCND2 expression is elevated in only approximately 3% of T-ALLs, !4
together mutations, deletions, and translocation of cell cycle regulators found in T-ALL underscore
the prominent role of cell cycle deregulation in T-ALL transformation.

More specifically, Cyclin D3 has been shown to be a key regulator of normal thymocyte
development and expansion. In T-ALL, Cyclin D3 is commonly overexpressed and has been

147

shown to be essential for disease initiation and progression.'*’ Preliminary data show that drugs

targeting cyclins D1, D2, and D3 are potent in preclinical models of T-ALL.!*
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1.3.2.2. T-ALL Transcription Factor Oncogenes

1.3.2.2.1. MYB

MYB encodes an oncogene with three HTH DNA-binding domains that functions as a
transcription regulator. MYB is an essential regulator of hematopoiesis, and its dysregulation is a
common feature of T-ALL, represented by a diverse array of genetic lesions. The MYB
transcription factor is activated in rare cases of T-ALL via translocation between chromosomes 6
and 7 — t(6;7)(q23;q34),%” typically observed in children under two years of age.?’” Although
translocations involving MYB are rare in T-ALL, 10% of cases of T-ALL (representing pediatric
and adult T-ALL) harbor duplications of the MYB locus, driving overexpression.!*®14° The most
common alteration leading to increased MYB expression is indirect and related to transcriptional
activation of TAL1.' MYB overexpression has also been shown to result from lesions involving
the TALI-miR-223-FBXW7 regulatory axis!'! and downregulation of MYB-targeting

microRNAs,130:151

1.3.2.2.5. MYC

MYC is a basic helix-loop-helix transcription factor that plays a vital role in cell cycle
progression and apoptosis that is implicated in tumorigenesis across multiple cancer types.!32153
In T cell development, the prominent pathways activating MYC are NOTCHI1 (vital for T cell fate
decision and differentiation) and signaling that primes the T cell receptor loci for rearrangement.!>*
Although the direct overexpression of MYC is rare in T-ALL, accounting for only 1% of T-

ALLs, !5 activating mutations of NOTCH]I are thought to induce leukemic transformation, in

part, by activating MYC.!5515% Additionally, MYC is targeted for degradation in the same manner
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as NOTCHI1, via FBXW?7 mediated proteasomal degradation,'>*!%’ and mutations of FBXW7 are
present in approximately 30% of cases of T-ALL, leading to increased levels of both NOTCH1

and MYC.161.162

1.3.2.3. Oncogenic Signaling Pathways in T-ALL

1.3.2.3.1. A Subset of T-ALL is Driven by PI3K-AKT-mTOR Activation

One recurrently dysregulated signaling pathway in T-ALL is the aberrant activation of the
PI3K-AKT-mTOR signaling axis, representing 10% to 15% of T-ALLs.!%*19 This is typically a
result of the loss of the tumor suppressor PTEN through deletions or inactivating mutations, which
stabilizes AKT expression.!®® Additionally, although PTEN loss is the most prominent activator
of PI3K-AKT-mTOR signaling in T-ALL, PI3K-AKT-mTOR is also recurrently activated as a
result of mutations in PI3KCA, PI3KR1, IL7R, and AKT1.'%7

The tumor suppressor role of PTEN, specifically in the T cell compartment, has been well
established in transgenic mouse models. For example, heterozygous loss of Pten results in a
diverse tumor spectrum that includes solid tumors and T-ALLs. Interestingly, tumors that develop

from these mice exhibit loss of heterozygosity upon tumorigenesis.!'®®

Additionally, ectopic
expression of AKT in developing thymocytes results in increased PI3K signaling, similar to
observations made with patient samples, suggesting AKT may drive leukemogenesis in the context
of PTEN loss.'®

A number of strategies have been devised in the preclinical and clinical setting to target

the PI3K pathway in leukemia.!®>!7%:17! These studies have utilized small molecule inhibitors of

the mTOR protein, such as sirolimus and its rapalogs, demonstrating the efficacy of mTOR
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172,173

inhibitors and their synergy with conventional frontline therapy. Like most signaling

pathway disruptions, mTOR inhibitors induced compensatory signaling pathways that restored

167 Given the promising response of T-

PI3K-AKT-mTOR signaling, reducing long-term efficacy.
ALL to PI3K inhibition, multiple additional drugs targeting the PI3K-AKT-mTOR signaling
pathway were developed, including dual inhibitors for mTOR1 and mTOR2,!”* and inhibitors
specific to PI3K or AKT.!”

Lastly, there are a few instances of PTEN degradation in T-ALL as an indirect result of

other dysregulated signaling pathways, including JAK-STAT, MAPK, and NOTCH.'¢’

1.3.2.3.2. Hyperactivation of NOTCHI1 Drives the Majority of Cases of T-ALL

Increased NOTCH signaling is thought to be central to the pathogenesis of T-ALL, with
activating mutations of NOTCH1 present in approximately 60% to 70% of cases of T-ALL>”7 and
NOTCH activation due to mutations in FBXW7 in an additional 15% to 30% of cases.!6!:162
NOTCHI is a class I transmembrane receptor whose intracellular domain functions as a ligand-
activated transcription factor.?®!’® In the context of hematopoiesis and T cell development,
NOTCHI is the key regulator for early T cell fate specification in the bone marrow, and NOTCH1
stimulation in the thymus ensures thymocyte development.!”’

Interestingly, NOTCHI1 hyperactivating mutations in T-ALL were first described in a
relatively rare T-ALL subset, involving chromosomal translocation t(7;9)(q34;q34.3), which
produced a truncated constitutively active NOTCH1 peptide.!”® This translocation is observed in
less than 1% of cases of T-ALL, and the vast majority of NOTCH1 hyperactivation observed in

T-ALL result from mutations in the HD and PEST domains of NOTCHI1, leading to ligand-free
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NOTCHI signaling.!” Moreover, mutations of FBXW?7, which also lead to Notch activation, are
present in an additional 30% of T-ALL cases,!27-130.161.162

Initial studies'®” investigating the oncogenic role of NOTCHI1 hyperactivation overstated
its ability to drive leukemogenesis. The initial model of T-ALL relied on high levels of NOTCH1
stimulation not observed in patients with T-ALL.!8! Specifically, the model relied on expression
of a truncated NOTCHI1, reducing expression to its intracellular domain (ICN). Although, the ICN
shows potent stimulation of NOTCHI1 targets, this mutation, and level of NOTCH1 stimulation,
have yet to be described in patients with T-ALL. While the NOTCH1 ICN stimulates
leukemogenesis in mice, the majority of single NOTCH1 mutations associated with human T-ALL
are unable to replicate this finding or initiate T-ALL development.'®! Furthermore, the NOTCHI1
activating mutations associated with T-ALL show weak stimulation of hematopoiesis and rely on
cooperating oncogenic factors to drive transformation. Lastly, recent genomic analyses of T-ALL
have revealed that mutations in NOTCH1 are often confined to subclones of T-ALL, suggesting
NOTCH mutations are a late event.?*¢7

Despite the prevalence of NOTCHI1 mutations in T-ALL and the extensive analyses of
patient derived mutations, the molecular mechanisms by which NOTCH1 promotes leukemic
transformation are still unclear. What appear to be relevant to NOTCHI mediated T-ALL
transformation are its growth-promoting effects!6-182183 and association with transcriptional
upregulation of ribosome biogenesis and protein translation.!>®!3” In addition to the pro-growth
effects of increased MYC expression associated with NOTCH activation, HES1 (a target of
NOTCHI1) has been shown to play a vital role in leukemia survival!8* by activating PI3K and NF-

kB pathways'®® and negatively regulating glucocorticoid receptor expression.'¥¢187 Additionally,

NOTCHI activation stimulation of HES1 has been shown to inhibit BBC3 expression, suppressing

24



apoptosis.'® Lastly, NOTCHI1 expression in T-ALL has been shown to enhance expression of the
long non-coding RNA LUNARI which is associated with enhanced /GFIR expression and

consequent IGF1 signaling.'®’

1.3.2.4. The CDKN2A Locus Tumor Suppressors

The CDKN2A locus encodes for two tumor suppressors, P16k (INK4A4) and P19RF
(ARF). INK4A and ARF share exons two and three of the CDKN2A gene locus, but they have

independent alpha and beta first exons.!3!:190-192

These transcripts encode for wholly unique
polypeptides via their different reading frames. INK4A directly inhibits cyclin-D-dependent
kinases (CDK4 and CDKG®6), preventing phosphorylation of retinoblastoma protein (RB) and
progression to S phase.!*!"13% Functional disruption of INK44 or overexpression of CDK4 occur
in many cancer types, and the disruption of the RB pathway is thought to be a cornerstone in
transformation of cancer cells.!?® It has been reported that CDK4 directly phosphorylates upstream
binding factor (UBF), leading to the initiation of ribosome biogenesis,!*>!* however the
implications of CDK4 induced ribosome biogenesis in the context of CDKN2A biallelic loss have
not been examined.

ARF is the second classic tumor suppressor encoded by the CDKN24 locus, and ARF may
be the target of inactivation due to its role in nucleolar stress mediated cell cycle arrest and
apoptosis. ARF is the alternate reading frame (its namesake) of the P716™%# gene.!*3 The tumor
suppressor function of ARF involves its interaction with the transcription factor p53 and p53-
independent arrest of ribosome biogenesis. ARF stabilizes and activates p53,'** initiating a

transcriptional program that arrests the cell cycle or leads to apoptosis through genes such as BAX,

CDY95-FAS, DR5, NOXA, P53DINPI, PUMA, RGC, and CDKN1.'9292 The transcription factor
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p53 also initiates transcription of its negative feedback regulator — MDM?2.2% The stabilization of
p53 by ARF involves a complex mechanism induced under nucleolar stress. Under baseline
conditions, ARF — a nucleolar protein — cannot interact with p53 which is localized to the
nucleus.?42% The nucleolus is an organelle formed within, but kept separate from, the nucleus
for the purpose of generating ribosomes. Disruptions in ribosome biogenesis disrupt nucleolar
structure and cause the release of nucleolar components into the nucleus.?’’ Once in the nucleus,
AREF interacts with MDM2, inhibiting its activity and stabilizing p53.!%* In addition to ARF, other
nucleolar components such as the ribosome large proteins (RpL5, RpL11, and RpL22), 5S rRNA,
and nucleostemin interact with MDM2, preventing the degradation of p53.61:13¢-138 Mutations of

RPL5, RPLI1, or RPL22 are present in up to 20% of cases of T-ALL.6!:136.139

1.3.2.4.1. Regulating the Arf locus

Under basal conditions ARF is kept sequestered in the nucleolus by nucleophosmin and its
transcription is minimized by epigenetic modification via the polycomb repressive complexes 1
and 2 (PRC1 and PRC2)?%2% and protein blocks to ARF regulatory elements.>!°

PRC2 blocks ARF transcription in tandem with PRC1 by first adding tri- and di-methyl
groups to nearby histones, utilizing the EZH2 complex member to methylate lysine-27 on histone
H3 (H3K27me?).2!'! H3K27me? marks are then recognized by PRCI to stabilize the repressive
mark.2%® Another polycomb gene important for silencing the CDKN24 locus is BMI-1.212214 The
direct relationship between BMI-1 and CDKN2A gene expression was demonstrated in Bmi-/-null
murine embryonic fibroblasts (MEFs). BMI-1 loss resulted in marked upregulation of both ARF

and INK4A, leading to slowed growth and increased apoptosis relative to wildtype MEFs.?!
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Independent of BMI-1, CBX7 and CBX8, members of the polycomb repressive group, have been
shown to silence the CDKN2A gene locus.?!®

An additional layer of regulatory control, via transcription repression, is provided by E2F-
repressive complexes. Depletion of E2F-repressive complexes in MEFs was shown to increase
the expression levels of ARF.2!7 E2F3b is primarily responsible for ARF repression with loss of

E2F3b sufficient to induce ARF expression and ARF mediated expression of p53 and p21.21°

O Other transcriptional

Specifically, E2F3b binds the Arf promoter, blocking transcription.?!
repressors of ARF include Pokemon, Tbx2, and Tbx3.2!8-220 However, it is unclear how these

transcriptional repressors specifically block ARF expression.

1.3.2.4.2. Arf Transcription and Translation

Oncogenic signals are necessary hallmarks of cancer whose activating mutations are
selected due to their enhancement of cell growth and proliferation. Balance out the proliferation
signals of oncogenes are the tumor suppressors, acting to extinguish any unorderly or insatiable
oncogenic signals. In the context of lymphopoiesis, whereby rampant proliferation is necessary to
keep up with immunologic demand, the tumor suppressor ARF is a key to maintaining normal
proliferation. Although ARF is unmeasurable in most hematopoietic cells, including the most
primitive and mature populations, ARF is readily transcribed in the context of thymocyte
development and responsive to c-Myc, Ras, E2F-1, E1A, and v-Abl.22!-223

Interestingly, Ras-induced ARF-mediated cell cycle arrest is not immediate. Wild-type

V12

MEFs transduced with oncogenic Ras"'“ accumulate ARF protein over time and do not succumb

to ARF-mediated cell cycle arrest for approximately 5 days.??* While increases in both ARF

V12

transcription and translation can be quickly detected upon Ras¥'“ overexpression in wildtype

27



MEFs, this data suggests that a threshold level of ARF protein must accumulate before cell cycle
arrest,!33223:224 this makes sense as it allows the cell to achieve growth and proliferation before
immediately blocking it with cell cycle arrest. While proliferation is necessary, ARF can

accumulate over a prolonged growth cycle to prevent unchecked cellular growth.

1.3.2.4.3. Arf structure, cellular localization, and stabilization

The structure of ARF is important to understanding the protein’s localization, stabilization,
and binding partners. ARF is in a class of proteins known as intrinsically disordered proteins.
ARF is between 132 (human) and 169 (mouse) amino acids with 20% of its residues consisting of
arginine — a highly basic amino acid. This high alkalinity is consistent with nucleoli affinity and
the composition of other nucleolar proteins.??

In addition to the chemistry dictating ARF’s localization, ARF contains a nucleolar
localization signal.??¢ The intrinsically disordered nature of ARF also makes it a promiscuous
binding partner with a high affinity for acidic domains, such as the central acidic domain of the
p53 inhibitor, MDM2. In the nucleolus, ARF can be found bound in high molecular weight

6

complexes.??®  Additionally, ARF carries out its functions in complex with other oppositely

charged proteins, binding nucleophosmin, nucleostemin, 5.8S rRNA, and MDM2, inhibiting their

function or sequestering these proteins in the nucleolus, !31-227:228

1.3.2.5. Ribosomal Protein Mutations

There is an essential fundamental relationship that exists between cell growth and ribosome

biogenesis. In order to keep up with demand for protein synthesis, cancer cells must ramp up
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ribosome production. Indeed, many oncogenes and tumor suppressors directly regulate ribosome
biogenesis.!?3194229.230 T particular, NOTCHI1, MYC, and PI3K-AKT pathway are positive
regulators of ribosome biogenesis and translation, recurrently mutated in T-ALL.!5%231.232 MYC,
which is activated in most cases of T-ALL through increased Notch signaling, stimulates

¢ However, increased

ribosomal RNA synthesis and the production of ribosomal proteins.!'
ribosome biogenesis induces a negative feedback loop known as the nucleolar stress pathway that
inhibits ribosome production and cell growth. Two major components of the nucleolar stress
pathway are ARF and specific ribosome proteins.?*3

Nucleolar stress induces increased ARF expression, which in turn, inhibits ribosome

207.233  Nucleolar stress also results in the

expression, in part, by binding to nucleophosmin.
translocation of RpL5, RpL11, and RpL22 to the nucleoplasm, where they bind and inactivate
MDM2.61:136-138 MIDM2 is an E3 ubiquitin ligase that binds and targets p53 for ubiquitination and
protein degradation. Thus, nucleolar stress, by inhibiting MDM2 function, results in a p53-
dependent growth suppression.

Since the discover of RpLS5 and RpL11’s role in MDM2 inactivation, many other RPs,
including RpL3, RpL6, RpL23, RpL26, RpL37, RpS7, RpS14, RpS15, RpS19, RpS20, RpS25,
RpS26, and RpS27, have been shown to bind to MDM2, thus stabilizing p53 after induction of
ribosomal stress.?** Loss-of-function mutations are common in T-ALL; sequencing data confirm

10% to 15% of cases of T-ALL harbor ribosomal protein mutations.®!-136:139

1.4. Ribosome Biogenesis

Ribosomes are ribonucleoproteins, comprised of catalytically active RNA species in

complex with proteins. Mature, fully assembly, ribosomes are located in the cytoplasm where,
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either free or membrane bound, are engaged in protein synthesis. In a single ribosome, there are
four classes of rRNA molecules and approximately 80 different ribosomal proteins. Ribosome
biogenesis occurs in the nucleolus, a subnuclear organelle, where ribosomal genes are transcribed
by Pol I to generate the 47S immature rRNA precursor. 47S rRNA molecules undergo site-specific
methylation, pseudo uridylation, and processing to give rise to the mature 18S, 5.8S, and 28S
rRNAs (three of the four rRNA species).?>>>3% The fourth type of rRNA, the 5S rRNA, is
synthesized in the nucleoplasm by RNA polymerase I1I (Pol III) and then imported in the nucleolus
together with the ribosomal protein (RPs), whose mRNA is transcribed by RNA polymerase II
(Pol II). The large 60S subunit is comprised of 28S, 5.8S, and 5S RNA molecules, together with
47 “large” ribosomal proteins (RpLs). The small 40S subunit contains only one 18S RNA
molecule and 33 “small” ribosomal proteins (RpSs).23%-240

The transcription of immature 47S pre-rRNA involves factors that are recurrently
dysregulated in T-ALL transformation. These factors include the transcription initiation factor I
(TIF-I) A, selectivity factor 1 (SL1), and upstream binding factor (UBF).2*! Additionally, the
transcription factors responsible for 5S rRNA expression are also dysregulated in T-ALL,
specifically the transcription factors TFIIIC and TFIIIB.242-244

In proliferating cells, the rate of ribosome biogenesis is enhanced in order to assure an
adequate ribosome complement upon cell division and inhibition of ribosome biogenesis arrests
cell cycle progression.>* Furthermore, the rate of ribosome biogenesis influences the length of
the cell cycle: higher the level of ribosome biogenesis, more rapid the cell cycle progression.?* In
hematologic malignancies, such as T-ALL, oncogenic cooperation between the MYC oncogene

(perhaps through stimulation by NOTCH1 activating mutations) and the phosphatidyl-inositol-3-
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kinase (PI3K) signaling pathways,**’ synergistically interact to stimulate rRNA synthesis and

ribosome biogenesis.?*8

1.4.1. The Nucleolus: A Multifunctional Organelle and its Role in

Cellular Stress

Since my birth, over 4,500 nucleolar proteins have been identified through massive
advancements in proteomics.?*® Surprisingly, only 30% of known nucleolar proteins have a clear
role in ribosome biogenesis. Perhaps more intriguing is the discovery that nucleolar proteins, and
the nucleolus, is a key mediator of cellular assaults and stresses, responding to a diverse array of

events, including cell cycle regulation, DNA replication and repair, telomere maintenance, aging,

telomerase activity, viral infection response, and hyperproliferation.?>%2>!

In an effort to define these newfound nucleolar proteins, many researchers noticed that
nucleolus-associated proteins frequently shuttled between the nucleolus and nucleoplasm.

Nucleoplasmic translocation of nucleolar proteins is often context dependent, occurring under

252-258

stress conditions. Stress induced nucleolar translocations were first described using

254,260

actinomycin D %*° but has since been described in cells exposed to cytotoxic agents, viral

1 263,264

proteins,?®! ultraviolet radiation,?>>262 heat shock,?®® and agents inducing DNA damage,

265-267

apoptosis, or senescence. The links between the nucleolus and cellular stress were eventually

canonized with the finding that the nucleolus plays a key role in regulating the abundance of

p5 3 252,268-273
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1.4.2. The Rate of Ribosome Biogenesis of the Cell

While stabilizing p53 is known to drive cell cycle arrest and apoptosis, p53 stabilization
does not automatically induce programmed cell death.?’427® Recent studies have indicated that
apoptosis induced by inhibiting ribosome biogenesis is not binary, and it greatly depends on the
degree of p53 stabilization. Interestingly, there is a direct correlation between the rate of ribosome
biogenesis and degree of p53 stabilization, suggesting more aggressive forms of T-ALL may have
increased sensitivity to p53-induction by ribosome biogenesis inhibitors.?”® Scala er al.
demonstrated that higher proportions of cells underwent apoptosis as rates of ribosomal RNA
synthesis increased, whereas low rates of rRNA synthesis result in cell cycle arrest. These findings
were a direct result of secondary functions of ribosomal proteins, binding MDM2 to stabilize p53.
Higher rates of rRNA synthesis result in more free ribosomal proteins upon nucleolar stress
induction and greater stabilization of p53.2’¢ These data demonstrate that ribosome biogenesis

inhibitors may be effective in T-ALL, where 7P53 lesions are rare.

1.4.3. Ribosome Biogenesis and Nucleolar Stress

The nucleolus is a subnuclear compartment, which is primarily known for its role in
ribosome biogenesis. Nucleoli encompass ribosomal RNA (rDNA) genes, transcribing ribosomal
RNA (rRNA) precursors akin to mRNA transcription in the nucleus. rRNA maturation proceeds
stepwise through several cleavage steps, resulting in mature 18S, 5.8S, and 28S transcripts before
ribosomal proteins are incorporated and ribosomal subunits assembled. It has become apparent
over the last two decades that the nucleolus function is multifaceted and serves as a key mediator

of oncogenic assault and cell stress responses.
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1.4.4. Nucleolar Stress

Although nucleolar stress was first described nearly thirty years ago,?’” the criteria used to
define nucleolar stress is not held within one “gold-standard” assay. The variability in approaches
is highly context dependent; however, central to all aspects of nucleolar stress is dysregulation of
ribosome biogenesis.?”’?80 Nucleolar stress may manifest as alterations in nucleoli morphology
and number,?®! atypical translocation of ribosome biogenesis related proteins,?®? expression of the
CDKN2A gene products,??® and/or p53 stabilization.?®3

Rubbi and Milner were the first to propose that impaired nucleolar function may contribute
to p53 stabilization.?? Their comparative meta-analysis of p53 stimuli revealed that each p53
stabilizing event results in disrupted nucleolar architecture, and subsequent studies have
demonstrated that the various assaults which stabilize p53 also induce nucleolar stress.28428

Additionally, Rubbi and Milner demonstrated, a now well study phenomenon in nucleolar stress,

that nucleophosmin translocates from nucleoli to the nucleoplasm and cytoplasm.

1.4.4.1. Hallmarks of Nucleolar Stress

1.4.4.1.1. Nucleoplasmic Translocation of Nucleolar Proteins

Unlike membrane-limited organelles, there is no structural barrier between the nucleolus
and the surrounding nucleoplasm. Nucleoli integrity is thought to be maintained by the phase
separation induced by intrinsically disordered proteins comprising nucleoli. The nucleolar
microenvironment provides the best setting for ribosome biogenesis. Nucleolar disruption during

cellular stress events causes the translocation of nucleolar proteins into the nucleoplasm, resulting
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in secondary functions. Due to the propensity for nucleolar proteins to be greatly positively
charged and contain intrinsic domains, nucleolar proteins “stick” to nuclear proteins, inhibiting

their function.

1.4.4.1.2. Ribosomal Proteins

Under nucleolar stress, several ribosomal proteins are known to bind MDM2, stabilizing
p53.137:138 These include RpS3,28¢ RpS7,287:288 RpL5,289-2°! RpL11,2°2-2% and RpL23.2°® Since the
discover of RpL5 and RpL11, many other RPs, including RpL3, RpL6, RpL23, RpL26, RpL37,
RpS7, RpS14, RpS15, RpS19, RpS20, RpS25, RpS26, and RpS27, have been shown to bind to
MDM2.23* Like ARF, these ribosomal proteins bind the acidic central domain of MDM?2 due to
the chemical interaction between the negatively charged acidic domain and basic ribosomal

proteins.

1.4.4.1.3. Nucleoplasmic Translocation of Nucleophosmin (NPM1)

297,298

Nucleophosmin (NPM1) is the most abundant protein in the nucleolus, residing in the

nucleolus under basal conditions,??%%%°

stabilizing nucleoli by preventing “sticky” protein
aggregation.’?%-3! NPMI is also the principal nuclear chaperone, shuttling between the nucleolus
and nucleoplasm and cytoplasm.’>3% Being the primary nucleolar and nuclear chaperone, NPM1

300.306-308 - yyith roles in TRNA maturation’® and

is partly responsible for ribosome biogenesis
ribosome assembly.°! NPM1 translocation during nucleolar stress has been well established, and
is perhaps the most well characterized nucleolar stress mediated event.206302310-313 NPM] is

integral to the overall health of the cell, as demonstrated by its interaction with tumor suppressors

(e.g., RB and CDKN2A)*!'* and apoptotic factors (e.g., BAX).3!> The amount of NPM1 is directly
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related to the rRNA transcription rate of the cell*'® and correlates with the number and morphology

of nucleoli as well as cell proliferation.3!’

1.4.4.1.4. Impaired rRNA Transcription and Processing

Ribosome biogenesis occurs in the nucleolus, a subnuclear organelle, where ribosomal
genes are transcribed by Pol I to generate the 47S immature rRNA precursor which are then
cleaved to generate 45S, 418, 36S, and 32S rRNA intermediate precursors and finally matured
18S, 5.8S, and 28S rRNA.?!® TInhibition of rRNA processing can occur at early or late stages of
processing,!#27031% depending on the trigger (for example, processing arrests vary based on
reactive oxygen species or nucleoli disruption). If a late stage is impaired, as in the case of excess
AREF, there is an accumulation of immature 5° external transcribed spacer (ETS) containing rRNA

relative to mature 18S rRNA.270319-321

1.4.5. Role of Ribosomal Proteins in pS3-Independent Nucleolar

Stress

1.4.5.1. RpL11

Beyond RpL11’s well-studied interaction with MDM2, RpL11 inhibits ribosome
biogenesis by binding c-Myc (a master transcription regulator of all three mammalian RNA
polymerases)?*!322 and c-Myc’s mRNA.*?* These observations were made in the context of
wildtype p53 and pS53-null cells, demonstrating RpL11’s propensity to arrest cell growth

independent of p53.
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1.4.5.2. RpL3

RpL3 is a second ribosomal protein shown to exhibit p53-independent cell cycle arrest.
RpL3 positively regulates p21 expression, inducing cell cycle arrest at the G1/S transition by
inhibiting cyclin dependent kinases.*** Similar to the RpL11 study, RpL3 was overexpressed to
simulate nucleolar stress. These in vitro experiments were carried out in p53-null cells and resulted

in dose-dependent increases in p21 expression.3*

1.4.6. T-ALL Treatments that Mimic Nucleolar Stress

The vast majority of T-ALLs retain wildtype p53 and can theoretically mount p53-
mediated apoptotic responses to nucleolar stress. However, exogenous input to induce ribosome
biogenesis inhibition are needed, as T-ALL efficiently destroys the cell’s innate nucleolar stress
pathway. Inhibitors with potential efficacy can be categorized into two groups — those targeting
p53 stabilization and activation to induce apoptosis or drugs that mimic ARF mediated disrupt of
ribosome biogenesis, starving T-ALL blasts.

Nucleolar stress can be induced at multiple steps within the nucleolus, from Pol I
transcription initiation and elongation to early and late pre-rRNA processing (ribosome assembly),
through to ribosome maturation and eventual release from the granular component of the nucleolus
(GC). Small molecule inhibitors of ribosome biogenesis may disrupt cancer proliferation and
indirectly cause disruptions in nucleolar integrity, resulting in the release of nucleolar and

ribosomal proteins to the nucleoplasm where they can bind and inhibit MDM2.2%¢  Evidence of
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nucleolar disruption with drugs designed to inhibit RNA polymerase 1 (Pol I) has been well
document.?82323
Additionally, several drugs are currently available that have been shown to disrupt

ribosome biogenesis and nucleolar integrity,?$?-*%

including intercalating agents (actinomycin
D,*?¢ mitomycin C, mitoxantrone, and doxorubicin)®®?>3% and pre-rRNA processing
(camptothecin, flavopiridol, and roscovitin). In response to treatment with these inhibitors,
nucleoli fragment, shown using fibrillarin immunostaining.?®? New drugs currently in Phase I and
IT clinical trials include ellipticine which blocks Pol I transcription initiation,*?” CX-3543 which
blocks Pol I elongation by disrupting nucleolin interactions with rDNA,*® and CX-5461 which
blocks Selectivity Factor-1 (SL-1) from binding rDNA promoters, preventing pre-initiation

complex assembly.*

37



Chapter 2: Canonical signaling by TGF family
members in mesenchymal stromal cells is dispensable
for hematopoietic niche maintenance under basal and

stress conditions

2.1. Preface

The bone marrow contains a complex population of stromal and hematopoietic cells that
together generate a unique microenvironment, or nice, to support hematopoiesis. There is evidence
that adaptive changes in bone marrow stromal cells contributes to recovery from myelosuppressive
therapy and the development of certain hematopoietic malignancies. However, the signals that
contribute to the development, maintenance, and stress response of bone marrow mesenchymal
stromal cells are poorly understood.

The TGF-B superfamily consists of approximately 45 members divided into four
subgroups: bone morphogenetic proteins (BMPs)/growth differentiation factors (GDFs), TGF-fs,
activins/inhibins, and other distant TGF-§ members. BMPs play a critical role in development
and have been strongly implicated in osteogenesis. TGF-f§ subgroup members have complex
stage-specific effects on mesenchymal bone marrow stromal cells. TGF-Bs stimulate
osteoprogenitor proliferation and induce MSC migration, while inhibiting terminal osteoblast
differentiation. Additionally, our group identified TGF-f signaling as a crucial player in lineage

specification of mesenchymal stem and progenitor cells (MSPCs) in fetal bone marrow. Here, I
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test the hypothesis that the cytokines of the transforming growth factor superfamily provide signals
to mesenchymal stromal cells that contribute to basal and stress hematopoiesis responses.

To test this hypothesis, I abrogated canonical TGF family signaling in mesenchymal
stem/progenitor cells by generating a Smad4-null protein using a doxycycline-repressible Osterix-
Cre transgene (Osx-Cre), which targets all mesenchymal stromal cells in the bone marrow. We
first performed lineage-tracing studies, using Osx-Cre Smad4™" Ai9 mice to show that activation
of Osx-Cre at birth (by removal of doxycycline) results in the efficient targeting of bone marrow
mesenchymal stromal cells. Moreover, we show that Smad4 mRNA expression is essentially
undetectable in sorted mesenchymal stromal cells sorted from the bone marrow of these mice.
Basal hematopoiesis and bone marrow stromal cells were analyzed in 6—8-week-old Osx-Cre
Smad4"" mice. No alterations in the number or spatial organization of CAR cells, osteoblast, or
adipocytes were observed, and expression of key niche factors, including Scf, Cxclil2, and Sppl
was normal. Basal hematopoiesis, including the number of phenotypic HSCs in bone marrow and
spleen also was normal.

Recent studies have shown that inhibition of activin signaling by treating with an activin
receptor 2 alpha (ACVR2a) ligand trap stimulates erythropoiesis. Although ACVR2a signaling in
erythroid progenitors contributes to this effect, two groups have shown that inhibition of activin
signaling in bone marrow stromal cells also stimulates erythropoiesis. Thus, we next characterized
basal and stress erythropoiesis in Osx-Cre Smad4"" mice. The frequency of phenotypic erythroid
progenitors in bone marrow and spleen was similar to control mice. The stress erythropoiesis
response was assessed after induction of acute hemolytic anemia by phenylhydrazine treatment.

Both the magnitude of anemia and kinetics of erythroid recovery were similar to control mice.

39



Myelosuppressive therapy induces marked alterations in the bone marrow
microenvironment that includes an expansion of osteolineage cells and adipocytes, which have
been linked to hematopoietic recovery. Thus, we next characterized stress hematopoiesis in Osx-
Cre Smad4"" mice in response to 5-fluorouracil (5-FU) treatment. Compared to control mice, the
magnitude and duration of neutropenia following 5-FU were similar. Moreover, mouse survival
after repeated weekly doses of 5-FU was comparable to control mice.

HSPC mobilization by G-CSF is due, in large part, by downregulation of Cxcl12 expression
in bone marrow mesenchymal stromal cells. A prior study suggested that Smad signaling
negatively regulates Cxcll2 expression in stromal cells. Consistent with this finding, we show that
treatment of cultured bone marrow derived MSCs with TGF-B1 for 48 hours results in a significant
(3.3-fold, P < 0.0001) decrease in Cxcli2 expression in stromal cells. Thus, in the final
experiments, we characterized G-CSF induced HSPC mobilization in Osx-Cre Smad4"" or Osx-
Cre Tgfbr2" mice. HSPC mobilization, as quantified by CFU-C and lineage™ Scal™ cKit" (LSK)
cell number in blood or spleen after 5 days of G-CSF treatment was comparable to control mice.

Through careful experimentation and thorough characterization of transgenic mouse
models, it was revealed that canonical TGF family signaling is dispensable for bone marrow
hematopoietic niche maintenance and hematopoietic stress response. These findings came after I
developed a novel mouse model, using an inducible tetracycline-off transgene to drive expression
of a bone marrow mesenchymal lineage specific Cre-recombinase to ablate canonical TGF family
signaling. This mouse model enabled us to study the developing bone marrow niche and the effects
of signal loss in adult mice. I helped develop the research strategy, and I conducted all
experiments, including bone histology, in vitro differentiation assays, and phenotypic

characterization of basal hematopoiesis and hematopoietic responses to stressors including,
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granulocyte colony stimulating factor, 5-fluorouracil, irradiation, and phenylhydrazine. In
addition, I wrote and revised the manuscript. The findings of this project helped me earn an
outstanding abstract achievement award from the American Society of Hematology at the 61%

annual meeting and exposition.

2.2. Introduction

The bone marrow contains a complex dynamic population of stromal and hematopoietic
cells that together generate a unique microenvironment, or niche, to support hematopoiesis.
Mesenchymal stromal cells (MSCs) are an important component of the bone marrow
hematopoietic niche and include CXCL12-abundant reticular (CAR) cells, adipocytes,
osteolineage cells, arteriolar pericytes, and mesenchymal stem cells, all of which have been
implicated in hematopoietic stem/progenitor cell (HSPC) maintenance. [1-7] The signals that
regulate MSCs and their impact on hematopoiesis are not well characterized.

There is evidence that TGF-3 signaling regulates MSCs in the bone marrow. TGF-f has
complex stage-specific effects on bone marrow MSCs. It stimulates osteoprogenitor proliferation
and induces mesenchymal stem cell migration, while inhibiting terminal osteoblast
differentiation.[8] In vitro modeling of the interaction between TGF-f and bone marrow MSCs
reveal its potential to negatively regulate adipocyte and osteoblast differentiation while promoting
osteoblast progenitor proliferation.[9-11] In addition, genetic abrogation of TGF-f signaling in
mesenchymal progenitor cells during development results in impaired osteoblast differentiation
and a marked expansion of CAR cells and bone marrow adiposity.[12,13] These stromal

alterations are associated with a shift in hematopoiesis from lymphopoiesis to myelopoiesis.[12]
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In contrast, abrogation of TGF-B signaling in mesenchymal progenitor cells at birth (using a
doxycycline-inducible Osx-Cre transgene) resulted in no discernable alterations in the niche or
basal hematopoiesis. Thus, TGF-f signaling in mesenchymal cells during development is required
for the establishment of a normal hematopoietic niche but is dispensable for niche maintenance in
adults under steady-state conditions.

There also is evidence that other members of the TGF family of cytokines may contribute
to the development, maintenance, and/or function of MSCs in the bone marrow. The TGF
superfamily consists of approximately 45 ligands divided into four subgroups: TGF-fs,
decapentaplegic-Vg-related (DVR), activins/inhibins, and other distant TGF members.[14,15]
The DVR subgroup consists of bone morphogenetic proteins (BMPs) and growth differentiation
factors (GDFs) which play a critical role in skeletal patterning and soft and hard tissue
development.[8,16-20] Deletion of Bmprila (Alk3) in hematopoietic and stromal cells using Mx!-
Cre, which targets osteoblast lineage cells, is associated with an increase in N-cadherin positive
osteoblasts and a modest increase in HSCs, suggesting that BMP signaling in stromal cells may
negatively regulate the stem cell niche.[21] Multiple groups have also shown that inhibition of
activin signaling by treating with an activin receptor 2 alpha (ACVR2a) ligand trap stimulates
erythropoiesis in vivo.[22-25] Indeed, clinical trials have demonstrated improvements in anemia
in patients with myelodysplastic syndrome treated with sotatercept, a ACVR2a antagonist.[23,26]
Although ACVR2a signaling in erythroid progenitors contributes to this effect,[22,24] two groups
showed that inhibition of ACVR2a signaling in bone marrow stromal cells also stimulates
erythropoiesis.[23,27]

Myelosuppressive therapy induces marked alterations in the bone marrow

microenvironment that includes an expansion of osteolineage cells and adipocytes, which have
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been linked to hematopoietic recovery.[28,29] Relevant to this study, myelosuppressive
chemotherapy activates TGF-f in the bone marrow, and inhibition of TGF-f signaling enhances
recovery from chemotherapy.[30] Whether TGF- or other TGF family member signaling in
mesenchymal cells contributes to stromal and hematopoietic responses to myeloablative therapy
or other stressors is an open and clinically relevant question. Of note, recent single cell RNA
sequencing of bone marrow stromal cells shows that Tgfbri, Tfgbr2, Tgfbr3, and Smad4 are
expressed in osteolineage cells and perivascular stromal cells.[31]

TGF family ligands bind to their cognate type I and type II serine/threonine kinase
receptors to phosphorylate and active pathway-restricted SMADs (R-SMADs), which in turn
complex with SMAD4 to active target genes. Thus, SMAD4 is required for all canonical TGF
family signaling. Here, we show that deletion of Smad4 in bone marrow MSCs at birth results in
no discernible alteration in the bone marrow hematopoietic niche. Indeed, basal and stress
hematopoiesis are normal. These data suggest that canonical TGF-f family signaling is not

required for hematopoietic niche maintenance or niche response to certain hematopoietic stressors.

2.3. Material and Methods

2.3.1. Mice and animal housing

OsxI1-GFP::Cre[57], Ai9[58], Smad4 "1 [59], and Tgfbr2"" [60] mice were obtained from
The Jackson Laboratory (Bar Harbor, ME). Mice were crossed to generate Osx-Cre
Tefbr2", Osx-Cre Ai9 Tgfbr2', Osx-Cre Smad4"", and Osx-Cre Ai9 Smad4"" mice on a
C57Bl1/6 background. To suppress the Osx-Cre transgene throughout embryonic development,
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mice were maintained on doxycycline chow (200 mg/serving) until post-natal day 0. All
experiments were done using 6-8-week-old mice. An equal number of male and female mice were
used. Mice were maintained under standard pathogen-free conditions, and all of the procedures
performed in this study were approved by the Washington University Animal Studies Committee
(approval number 20180018). Mice were anesthetized using isoflurane for all procedures, and

they were euthanized using CO> asphyxiation followed by cervical dislocation.

2.3.2. Flow cytometry

Peripheral blood, bone marrow, and spleen mononuclear cell (MNC) preparations were
suspended in Tris-buffered ammonium chloride (pH 7.2) buffer for 15 minutes at room
temperature (RT) to lyse red blood cells. MNCs were then incubated with target antibodies at 4°C
for 30 minutes in phosphate buffered saline (PBS) containing 1mM ethylenediaminetetraacetic
acid (EDTA) and 0.2% (weight/volume) bovine serum albumin (BSA). The HSPC panel included
Pe-Cy7-conjugated CD117 (2B8); BV711-conjugated Ly-6A/E; BV605-conjugated CD150
(TC15-12F12.2) BV421-conjugated CD48 (HM48-1); APC-conjugated CD16/32 (2.4G2); FITC-
conjugated CD34 (RAM34); and PE-conjugated CD135 (A2F10.1) and the following APC-Cy7-
conjugated antibodies recognizing lineage markers: CD3e (145-2C11), B220 (RA3-6B2), Grl
(RB6-8C5), Terl19 (TER-119), and CD11b (M1/70). The mesenchymal cell panel included
PerCP-CyS5.5-conjugated Ly-6A/E (D7), BV421-conjugated CD31 (390), biotin-conjugated
PDGFRp (APBS), PE-conjugated streptavidin, APC-Cy7-conjugated CD45 (30-F11) and Ter119
(TER-119) antibodies. The lineage cell panel included PE-conjugated CD115 (CSF-1R), FITC-
conjugated Ly-6G/Ly-6C (RB6-8C5), BV421-conjugated CD45R/B220 (RA3-6B2), and APC-

Cy7-conjugated CD3¢ (145-2C11). The erythroid panel included FITC-conjugated Ter119 (TER-
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119), PE-conjugated CD44 (IM7) and the following APC-Cy7-conjugated antibodies: Ly-6G/Ly-
6C (RB6-8C5), CD45R/B220 (RA3-6B2), and CD3¢ (145-2C11). All antibodies were obtained
from BioLegend (San Diego, CA), unless otherwise indicated. Data were acquired using a FACS
Aria III flow cytometer (BD biosciences, San Jose, CA) and analyzed using FlowJoTM v10.6.1

software (BD biosciences).

2.3.3. Cell sorting

Mouse femurs, tibias, and pelvises were homogenized in PBS using a mortar and pestle.
The cell suspension was then incubated in PBS containing 1.7 mg/ml collagenase type 1
(#17100017, ThermoFisher), 1.7 mg/ml collagenase type 2 (#L.S004 174, Worthington, Lakewood,
NJ), and 1.7 mg/ml collagenase type 4 (#LS004188, Worthington) at 37°C while shaking for 15
minutes. The resulting cell suspension was filtered through CellTrics 50um filters (Sysmex,
Goerlitz, Germany) to remove debris, creating a single-cell suspension. The samples were then
incubated at 4°C for 30 minutes in PBS containing ImM EDTA and 0.2% BSA with the following
panel of BV421-conjugated lineage antibodies: CD45, Gr1, CD11b, and B220. Ai9+ lineage- cells

were sorted using a Sony iCyt Synergy SY3200 (Synergy) cell sorter (Sony, San Jose, CA).

2.3.4. Immunostaining of bone sections

Mouse femurs were fixed in PBS containing 4% paraformaldehyde, pH 7.4, for 24 hours
at 4°C. Bones were then decalcified in PBS containing 14% EDTA, pH 7.4, for 14 days at 4°C,
changing buffer every 24 hours. Following incubation in PBS containing 30% sucrose for 1 hour

at room temperature, bones were embedded in optimal cutting temperature compound (OCT)
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(Sakura Finetek, Torrance, CA). The tissue blocks were cut into 12um sections using a Leica
Cryo-Jane system (Leica Biosystems, Wetzlar, Germany). For immunostaining, the slides were
first incubated in 0.1M Tris-Cl pH 7.5, 150mM NaCl, and 0.1% Tween 20 (TNT) buffer containing
10% donkey serum for 1 hour at room temperature. Sections were then incubated for 15 minutes
at room temperature using the Avidin/Biotin Blocking Kit (SP-2001; Vector Laboratories,
Burlingame, CA). Sections were incubated with the primary antibody overnight at 4°C and, where
applicable, then incubated with the secondary antibody at a 1 to 100 dilution for 1 hour at room
temperature. The following antibodies were used: rabbit anti-osteocalcin (FL-95) ata 1:50 dilution
(Santa Cruz Biotechnology Dallas, TX) and goat anti-VE-cadherin (AF1002) at a 1:25 dilution
(R&D Systems Minneapolis, MN). Finally, slides were mounted with ProLong Gold antifade
reagent with DAPI (Life Technologies, Inc., Grand Island, NY). Images were acquired using an
LSM 700 confocal microscope (Carl Zeiss Microscopy, Peabody, MA) and processed using
Volocity® v6.5.1 software (PerkinElmer, Waltham, MA). Oil red staining was performed using
the Sigma Oil Red O kit per manufacturer’s recommendations (Millipore Sigma Darmstadt,
Germany). Sections were mounted with Organo/Limonene Mount™ (Millipore Sigma), and
images were acquired using a Hamamatsu Nanozoomer (Hamamatsu Photonics, Hamamatsu City,

Japan).

2.3.5. Quantitative reverse-transcription PCR

Total bone marrow RNA was obtained by flushing femurs with 1 ml of Trizol (Invitrogen).
RNA was prepared according to the manufacturer’s specification. One-step quantitative reverse-
transcription PCR was performed using 50 ng of total RNA and the iTaqTM Universal Probes

One-Step Kit (Bio Rad, Hercules, CA) with no template and no reverse transcriptase controls.
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mRNA expression is normalized to f-actin mRNA expression. Data was collected on a
StepOnePlusTM Real-Time PCR System (Thermo Fisher). The following quantitative PCR

primer/probe sets were used:

TagMan® Assays and Arrays:

Actb, Mus_musculus VIC—spanning exons 1-2 Mm04394036 gl

Kit ligand, Mus_musculus FAM—spanning exons 2—3 Mm00442972 m1

Cxcl12, Mus_musculus FAM—spanning exons 2—3 Mm00445553 ml

Sppl, Mus_musculus FAM—spanning exons 3—4 Mm00436767 ml

IDT PrimeTime Std® qPCR Assay:

Smad4, Mus_musculus FAM—spanning exons 8-9 Mm.PT.58.31543505

2.3.6. Mesenchymal stromal cell culture

C57BL/6 mice were sacrificed at 3-to-4-weeks-old, and hindlimb bones were harvested
and mechanically disrupted in complete Dulbecco’s modified eagle medium (DMEM) containing
20% fetal bovine serum (FBS) and penicillin-streptomycin using a mortar and pestle. The resulting
cell suspension was cultured overnight at 37°C with 5% CO2, and the following day non-adherent
cells removed by gentle aspiration. Adherent cells were cultured until reaching approximately
40% confluence (generally, 5-6 days). 100,000-200,000 cells were plated in 6 well plates 24
hours prior to treatment. TGFB1 (14-8342-80, Life Technologies) was added every 24 hours for

72 hours at a dose of 10ng/mL.
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2.3.7. Colony-forming unit assay

25uL of peripheral blood, or 50,000 bone marrow MNC:s, or 50,000 spleen MNCs were suspended
in DMEM containing 2% FBS and 1% penicillin-streptomycin. The cell suspensions were mixed
with 2 mL of methocult (M3434, Stemcell Technologies, Vancouver, Canada) prior to plating 1.1
mL of the methocult-cell mix in one 35 mm dish, repeating with the remaining mix for two
technical replicates. The dishes were placed in a 100 mm petri dish with a third 35 mm dish
containing 3 mL of sterile water. The samples were incubated at 37°C, 5% CO2 in air and > 95%

humidity for 7-10 days prior to colony counting.

2.3.8. Phenylhydrazine, 5-FU, and G-CSF treatments

Phenylhydrazine (30 mg/kg, Sigma) was given daily for 2 days by intraperitoneal injection. A
single injection of 5-FU (150 mg/kg, F6627-5G, Sigma) was given by intraperitoneal injection.
For the HSC exhaustion experiments, mice were treated with weekly 150mg/kg doses of 5-FU.
Human G-CSF (125 mg/kg, Amgen, Thousand Oaks, CA) was given twice daily for 7 days via
intraperitoneal injection. Complete blood counts were obtained using the HV950 hemavet (Drew

Scientific, Miami Lakes, FL).

2.3.9. Quantification and statistical analysis

Significance was determined using Prism v8.1.2 (GraphPad, San Diego, CA, USA). For single
parameter analysis, unpaired t-test were used to assess statistical significance. For multiple

parameter data, statistical significance was calculated using one-way or two-way analysis of
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variance (ANOVA). P values less than 0.05 were considered significant. Expression data are log

transformed prior to statistical analysis.

2.4. Results

2.4.1. Post-Natal Loss of Smad4 in MSCs Does Not Alter the Bone Marrow
Stromal Microenvironment

To investigate the role of canonical TGF family member signaling in bone marrow MSCs
to hematopoietic niche maintenance, we deleted Smad4 in mesenchymal cells using a doxycycline-
repressible Sp7 (osterix)-Cre transgene (Osx-Cre). Prior studies have shown that Osx-Cre targets
the majority of MSCs in the bone marrow, including osteoblasts, adipocytes, pericytes, and
CXCL12-abundant reticular (CAR) cells, but not endothelial cells or hematopoietic cells.[5,32,33]
We previously reported that constitutive activation of Osx-Cre, by maintaining Osx-Cre, Smad4™"
mice off of doxycycline throughout embryonic development, results in a loss of osteoblasts, a
marked increase in adiposity, and severe runting.[12] Thus, in this study, we activated the Osx-
Cre transgene post-natally by removing doxycycline 1-2 days after birth. To confirm targeting,
we performed lineage mapping studies on 6-to-8-week-old Osx-Cre, ROSA264* (4i9), Smad4""
mice, in which tdTomato expression is induced in cells that have undergone Cre-mediated
recombination. As expected, in control Osx-Cre, Ai9 mice tdTomato+ perivascular CAR cells and
osteocalcin+ endosteal osteoblasts were observed; a similar pattern was observed in Osx-Cre, Ai9,
Smad4™ mice (Fig 3.1.A and Fig 3.6.A). To assess Smad4 deletion, we sorted tdTomato+ stromal

cells from the bone marrow of Osx-Cre, Ai9, Smad4"" mice. Expression of full length Smad4
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mRNA was essentially absent, confirming efficient deletion of Smad4 in bone marrow MSCs (Fig
2.1.B).

Immunostaining of bone sections from Osx-Cre, Ai9, Smad4™" mice suggested that the
number and organization of bone marrow MSCs was comparable to control mice (Fig 3.1.A and
Fig 3.6.). To further characterize the hematopoietic niche, we quantified the number of PDGFRf*
Scal™ CD31" lineage™ cells (mesenchymal stem/progenitor cells) and PDGFRB" Scal- CD31-
lineage™ cells (a mixture of CAR cells and osteoblasts) by flow cytometry (Fig 3.1.C). We also
quantified CD31" Scal~ linecage™ venous sinusoidal cells and CD31* Scal™ lineage™ arteriolar
endothelial cells. In each case, the number of stromal cells was similar to control mice (Fig 3.1.D).
We previously reported that loss of TGF-B signaling in MSCs during development results in a
marked increase in bone marrow adiposity. However, no increase in bone marrow adipocytes was
observed in Osx-Cre, Smad4"" mice (Fig 3.6.B). Finally, total bone marrow expression of key
niche factors, including Spp1, Scf, and Cxcll2, was comparable in Osx-Cre, Smad4"" and control
mice (Fig 3.1.E). Together, these data suggest SMAD4 signaling in bone marrow MSCs is not

required for their maintenance under steady-state conditions.

2.4.2. Post-Natal Loss of Smad4 in MSCs Does Not Alter Basal Hematopoiesis

We next examined basal hematopoiesis in Osx-Cre, Smad4"" mice. Peripheral blood
counts and the level of circulating T cells, B cells, and neutrophils were normal (Fig 3.2.A and
3.2.B). Likewise, the number of myeloid, B-cell, and T-cell lineage cells in the bone marrow was
comparable to control mice (Fig 3.2.C and 3.2.D). The number of phenotypic hematopoietic stem
cells (HSCs), common myeloid progenitors (CMPs), granulocyte-macrophage progenitors

(GMPs), megakaryocyte-erythrocyte progenitors (MEPs), and LSK cells in the bone marrow of
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Osx-Cre, Smad4™" also was similar to control mice (Fig 3.2.E-3.2.G). Finally, no perturbation in
the number of mature hematopoietic cells or HSPCs in the spleen of Osx-Cre, Smad4™" mice was
observed (Fig 3.2.H-3.2.L). Collectively, these data show that SMAD4 signaling in bone marrow

mesenchymal cells is not required to maintain basal hematopoiesis.

2.4.3. Post-Natal Loss of Smad4 in MSCs Does Not Alter Basal or Stress
Erythropoiesis

There is evidence that activin signaling in bone marrow stromal cells may contribute to the
regulation of erythropoiesis.[23] Flow cytometry was used to identify and quantify phenotypic
erythroid progenitors in bone marrow and spleen (Fig 3.3.A). The number of stage I
proerythroblasts (CD44"eh Ter119™ cells), stage II basophilic erythroblasts (CD44"h Ter] [ 9hieh
forward scatterhie” cells), stage III (polychromatic erythroblasts, (CD44"Meh, Terl19"e" forward
scatter™ cells), and stage 4 orthochromatic erythroblasts (CD44"eh, Ter119"eh forward scatter'o”
cells) in the bone marrow or spleen was similar in control and Osx-Cre, Smad4™" mice (Fig 3.3.B—
3.3.D).

To assess stress erythropoiesis, we characterized the response of mice to the induction of
acute hemolytic anemia after phenylhydrazine treatment. As expected, in control mice, treatment
with phenylhydrazine induced an acute fall in the hematocrit followed by recovery over a 10-day
period (Fig 3.3.E). The magnitude of anemia and kinetics of recovery were similar in Osx-Cre,
Smad4"" mice. These data show that SMAD4-dependent signaling in mesenchymal stromal cells

is not required for the suppressive effect of activins on erythropoiesis.
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2.4.4. Post-Natal Loss of Smad4 in Mesenchymal Stromal Cells Does Not Alter
Hematopoietic Recovery Following Myeloablative Chemotherapy

A prior study suggested that TGF-f contributes to hematopoietic recovery following
myeloablative therapy. However, the contribution of TGF-f signaling in MSCs to hematopoietic
recovery is unknown. To address this question, we characterized the hematopoietic response to 5-
fluorouracil (5-FU) in Osx-Cre, Tgfbr2" mice, in which both canonical and non-canonical TGF-
B signaling is abrogated in MSCs. Of note, we previously reported that basal hematopoiesis was
normal in these mice when Osx-Cre was activated on day 1-2 after birth.[12] In control mice,
treatment with a single dose of 5-FU induced neutropenia with a nadir on day 7 and complete
recovery by day 9 (Fig 3.4.A). Both the magnitude of neutropenia induced by 5-FU and kinetics
of neutrophil recovery were similar in Osx-Cre, Tgfbr2"/ mice. Repeated doses of 5-FU induce
HSC exhaustion and death in mice due to hematopoietic failure. Similar median survival after
weekly 5-FU was observed in Osx-Cre, Tgfbr2"" and control mice (Fig 3.4.B). These data show
that TGF-B signaling in bone marrow MSCs does not contribute to hematopoietic recovery
following myeloablative therapy. Of note, survival following repeated treatment with 5-FU in
Osx-Cre, Smad4"" mice was comparable to control mice, suggesting that canonical signaling by
other TGF-f family members in MSCs also does not contribute to hematopoietic stress responses

to myeloablative therapy (Fig 3.4.C).
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2.4.5. Loss of Smad4 in Mesenchymal Stromal Cells Does Not Affect HSPC

Mobilization by Granulocyte-Colony Stimulating Factor

There is strong evidence that G-CSF induced HSPC mobilization is mediated, at least in
part, by the downregulation of CXCL12 expression in bone marrow MSCs.[34-39] Treatment of
bone marrow stromal cell lines with TGF downregulates CXCL12 expression in a SMAD4-
dependent fashion.[40,41] There also is evidence that G-CSF treatment is associated with
increased circulating TGF-B1 levels.[42] Together, these observations suggest the hypothesis that
canonical TGF-f family signaling in bone marrow MSCs, by downregulating CXCL12 expression,
may contribute to G-CSF induced HSC mobilization. To test this hypothesis, we first asked
whether TGF-B1 regulates CXCL12 in primary murine bone marrow MSCs. Indeed, treatment of
cultures of primary bone marrow MSC with TGF-B1 for 3 days resulted in a significant decrease
in CXCL12 mRNA expression (Fig 3.5.A). We next characterized G-CSF induced HSPC
mobilization in Osx-Cre, Smad4™" mice. Treatment of control mice with G-CSF for 5 days
induced robust mobilization of colony-forming cells (CFU-C) and Lineage™ Sca® Kit* (LSK) cells
into the blood and spleen (Fig 3.5.B-3.5.F). A similar level of HSPC mobilization was observed
in Osx-Cre, Smad4"" mice. Consistent with prior studies, G-CSF induced a marked decrease in
total bone marrow CXCL12 mRNA expression, with a similar decrease observed in Osx-Cre,
Smad4™" mice (Fig 3.5.G). We also analyzed G-CSF induced HSPC mobilization in Osx-Cre,
Tgfbr2™/ mice, where all TGF-B1 signaling in MSCs is abrogated. Again, HPSC mobilization by
G-CSF, as measured by CFU-C levels in blood and spleen, was comparable to control mice (Fig
3.7.). Collectively, these data show that neither TGF-f1 signaling nor canonical TGF family

signaling in bone marrow MSCs is required for efficient HSPC mobilization by G-CSF.
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2.5. Discussion

Recent single cell RNA sequencing studies of murine bone marrow stromal cells show that
most of the receptors for TGF family members are expressed at low levels on mesenchymal
stromal cells, including osteolineage cells, isolated from adult mice under steady state conditions.
Prior studies have established that TGF family members play an important role during
development in the generation of the hematopoietic niche in the bone marrow. In particular, we
recently showed that TGF-f signaling plays a key role in the specification of fetal mesenchymal
progenitor cells to a non-adipocyte fate. There also is evidence, mainly from cell culture systems,
that TGF family members can regulate the function of mesenchymal stromal cells. In contrast,
our data suggest that canonical SMAD4-dependent TGF family member signaling in mesenchymal
stromal cells is dispensable for their maintenance in the bone marrow hematopoietic niche once
the niche is established. Of note, since Osx-Cre only targets mesenchymal stromal cells in the
bone marrow, the contribution of TGF family member signaling in other stromal cells, such as
endothelial cells, to basal and stress hematopoiesis remains uncertain.

There is evidence that alterations in mesenchymal stromal cells contribute to stress
hematopoiesis responses. G-CSF induced HSPC mobilization is associated with a loss of active
osteoblasts and decreased CXCL12 expression in bone marrow MSCs. Myeloablation due to
chemotherapy or radiation therapy is associated with an expansion of bone marrow adipocytes,
which support hematopoietic recovery through secretion of stem cell factor.[29] Myeloablative
radiation also induces a loss of osteoblasts, which is followed by an expansion of osteolineage
cells.[28] Our data suggest that SMAD-dependent signaling by TGF family members in bone
marrow MSCs is not a major contributor to hematopoiesis responses to certain stressors, including

myeloablation therapy with 5-FU, acute anemia, and G-CSF treatment. Whether TGF family
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member signaling contributes to hematopoiesis responses after other stressors, such as irradiation
needs further study.

TGF family members activate multiple intracellular signaling pathways besides SMADs,
including Erk [43—-45], Rho-like GTPases [46—51], INK/p38[52,53], and PI3K/Akt [54-56]. Our
prior and current data suggest that both SMAD-dependent and -independent TGF-f signaling in
bone marrow MSCs is dispensable for hematopoietic niche maintenance and response to certain
stressors. However, for the other TGF family members, there is a possibility that non-SMAD
dependent signaling may regulate bone marrow MSCs. Indeed, a prior study showed that loss of
BMP receptor type 1A (Bmprla) in bone marrow MSCs results in an expansion of N-cadherin+
osteoblastic cells and an increase in HSCs.[21] Our data suggests that non-SMAD4 dependent
BMP signaling likely mediates this response. Further studies are needed to test this hypothesis
and characterize the contribution of non-canonical signaling by TGF family members in bone

marrow MSCs to the regulation of basal or stress hematopoiesis.
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Fig 2.1. Mesenchymal stromal cell number and organization are normal in Osx-Cre, Smad4™"
mice. (A) Representative photomicrographs of femur sections from Osx-Cre Ai9 or Osx-Cre, Ai9,
Smad4™" mice showing DAPI stained nuclei (blue), osteocalcin (OCN) expressing mature
osteoblasts (green), and tdTomato” mesenchymal stromal cells (red). (B) Relative Smad4 mRNA
expression of sorted tdTomato™ CD45™ Ter119~ stromal cells normalized to B-actin mRNA. (C)
Representative flow plots showing the gating strategy used to identify CD31" Scal™ sinusoidal
endothelial cells (SE) and CD31" Scal™ arteriolar endothelial cells (AE, left panel); data are gated
on CD45™ Terl119™ cells. The right panel shows PDGFRB" Scal~ CD31~ mesenchymal stromal
(PBS") cells and PDGFRB* Scal™® (PBS") mesenchymal stem cells. (D) Number of SE, AE, PBS™
and PBS* cells per femur is shown for Osx-Cre (control) or Osx-Cre, Smad4"" mice. (E) Relative
mRNA expression in whole bone marrow compared to B-actin mRNA of the indicated gene. Data

represent the mean £ SEM. ****P <(.0001 by unpaired student t-test.
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Fig 2.2. Basal hematopoiesis is normal in Osx-Cre, Smad4"" mice. (A) Peripheral counts in
Osx-Cre (control) or Osx-Cre, Smad4™" mice. (B) Number of circulating CD3&" (T-lineage),
B220" (B-lineage), and CD11b" Gr1* (Granulocytes). (C) Bone marrow cellularity. (D) Number
of CD3g", B220", and CD11b™ Grl* cells per femur. (E) Number of common myeloid progenitors

(CMP, lineage™ Scal™ Kit" CD34" cells), granulocyte-macrophage progenitors (GMP, lineage
Scal™ Kit" CD34" CD16/32" cells), and megakaryocyte-erythrocyte progenitors (MEP, lineage
Scal™ Kit" CD34~ CDI16/32" cells) per femur. (F) Number of phenotypic hematopoietic
stem/progenitor cells (lineage™ Scal™ Kit", LSK cells) per femur. (G) Number of phenotypic
hematopoietic stem cells (LSK CD48 CD41~ CD150" cells) per femur. (H) Spleen cellularity.
(I) Number of CD3¢", B220*, and CD11b* Gr1™ per spleen. (J) Number of CMP, GMP, and MEP

per spleen. (K) Number of LSK cells per spleen. (L) Number of phenotypic HSCs per spleen.

Data represent the mean + SEM.
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Figure 2.3. Erythropoiesis is normal in Osx-Cre Smad™ mice. (A) Representative flow plots
showing the gating strategy to identify different stages of erythroid development: stage I
proerythroblasts (CD44heh Ter119i cells); stage 11 basophilic erythroblasts (CD44"eh, Ter]19hieh,
forward scatter™e cells); stage III polychromatic erythroblasts (CD44"eh, Ter119Mieh, forward
scatter’™ cells); stage IV orthochromatic erythroblasts (CD44"eh, Ter119Meh forward scatter'™"
cells). (B) Percentage of erythroid progenitors in the bone marrow. (C) Absolute number of
erythroid progenitors per femur. (D) Absolute number of erythroid progenitors per spleen. (E)
Mice were treated with a single 30 mg/kg dose of phenylhydrazine to induce hemolysis on day 0.
Shown is the hematocrit at the indicated time after phenylhydrazine. Data represent the mean +

SEM. Significance determined by one-way ANOVA.
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Figure 2.4. TGF-B signaling in mesenchymal stromal cells is not required for hematopoietic
recovery following myeloablation with 5-FU. (A) Osx-Cre Tgfbr2" or Osx-Cre (control) mice
were treated with a single 150 mg/kg dose of 5-fluorouracil (5-FU) and hematopoietic recovery
assessed by serial blood counts (n = 5 per cohort). (B) Osx-Cre Tgfbr2™" or control mice were
treated weekly with 150 mg/kg of 5-FU for 4 weeks to induce HSC exhaustion. Shown is mouse
survival (n = 5 per cohort). (C) Osx-Cre Smad4™ or control mice were treated weekly with 150
mg/kg of 5-FU for 4 weeks to induce HSC exhaustion. Shown is mouse survival (n = 8 per cohort).
Data represent the mean + SEM. Significance determined by Log-rank Mantel-Cox test with

Gehan-Breslow-Wilcoxon test.
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Figure 2.5. TGF-p signaling in mesenchymal stromal cells is not required for G-CSF induced
HSPC mobilization. (A) Bone marrow mesenchymal stromal cell cultures were established from
wildtype mice. Cells were treated with TGFB1 ligand (10 ng/mL) for 72 hours and then RNA
harvested. Shown is Cxcl/2 mRNA expression relative to f—actin mRNA. (B-D) Osx-Cre
Smad4"" or control mice were treated with 125 mg/kg of granulocyte-colony stimulating factor
(G-CSF) or saline alone twice daily for 7 days. Shown are the number of colony forming cells
(CFU-C) in bone marrow (B), blood (C), or spleen (D). (E-G) Shown are the number of LSK cells
in bone marrow (E), blood (F), or Spleen (G) after 7 days of G-CSF or saline treatment. Data
represent the mean + SEM. Significance determined by two-way ANOVA with alpha of 0.05 and

Sidak’s multiple comparisons test. ***P<0.001 ****P<(.0001.
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Figure 2.6. Characterization of mesenchymal stromal cells in Osx-Cre, Ai9, Smad4™" mice.
(A) Representative photomicrographs of femur sections from Osx-Cre 4i9 (control) or Osx-Cre,
Ai9, Smad4™" (Smad™") mice showing DAPI stained nuclei and tdTomato (Ai9) mesenchymal
stromal cells with morphologic similarities to CAR cells. (B) Representative images of femurs
stained with oil red o (purple/red staining) to identify adipocytes (black arrowheads). Femur
sections from Osx-Cre Tgfbr2™ mice are included as a positive control, since we previously
showed that constitutively deletion of 7gfbr2 in mesenchymal stromal cells is associated with a

marked increase in bone marrow adiposity. [Abou Ezzi]
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Figure 2.7. G-CSF induced HSPC mobilization is normal in Osx-Cre Tgfbr2"/' mice. (A-C)
Osx-Cre Tgfbr2"!" or Osx-Cre (control) mice were treated with 125 mg/kg of granulocyte-colony
stimulating factor (G-CSF) twice daily for 7 days. Shown are the number of colony forming cells
(CFU-C) in bone marrow (A), blood (B), or spleen (C). (D-E) Shown are the number of LSK cells
in bone marrow (D) and spleen (E) after 7 days of G-CSF. Data represent the mean + SEM.
*#%P<0.001 and ****P<(0.0001 by two-way ANOVA with an alpha of 0.05 and Sidak’s multiple

comparisons test. The saline treated cohort is the same as in Figure 2.5.
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Chapter 3: Microbiota Signals Suppress B

Lymphopoiesis with Aging in Mice

3.1. Preface

Aging is associated with an expansion of phenotypic hematopoietic stem cells (HSCs) with
reduced self-renewal capacity and myeloid-skewing lineage differentiation. An intricate network
of dynamic intrinsic and extrinsic signals is responsible for hematopoietic homeostasis, directing
HSC lineage commitment, enhancing, or suppressing myelopoiesis, lymphopoiesis, and
erythropoiesis. Inflammation is one factor implicated in driving hematopoietic dynamics.
Proinflammatory cytokines of the hematopoietic system — including interleukins, colony-
stimulating factors, and interferons — have been shown to instruct hematopoietic stem and
progenitor cell (HSPC) proliferation and lineage commitment. Previous reports have
demonstrated the accumulation of these signals with age and the proximate association with
reduced function of aged HSCs — increased HSC frequency, decreased engraftment, reduced
repopulating potential, and myeloid skewing. Although increased inflammatory signaling is
observed with chronologic aging, the relationship between inflammation and HSC aging is not
well understood.

Accumulating evidence suggests that the microbiota and microbiota-derived compounds
may contribute to age-related phenotypes, especially in the context of hematopoiesis. Previous
reports have demonstrated that microbiota influence multipotent progenitors to initiate emergency
myelopoiesis, however the effect of microbiota-derived compounds, especially those derived from

commensal flora, on the regulation of hematopoietic output has not been well characterized.
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Signals from commensal flora support basal myelopoiesis in young mice; however, their
contribution to hematopoietic aging is largely unknown. Here we characterize hematopoiesis in
young and middle-aged mice housed under specific pathogen free (SPF) and germ-free (GF)
conditions. We did not analyze older mice due to the difficulty in maintaining mice in a
gnotobiotic facility for more than one year. Consistent with prior studies, there is a shift in
hematopoiesis in aged SPF mice towards granulopoiesis, with a significant increase in the
percentage of granulocytic cells and a decrease in B lineage cells in the bone marrow. The marked
shift from lymphopoiesis to myelopoiesis that develops during aging of SPF mice is mostly
abrogated in GF mice. Compared with aged SPF mice, there is a marked expansion of B
lymphopoiesis in aged GF mice, which is evident at the earliest stages of B cell development.

To investigate the impact of microbiota signals on multipotent HSPCs, we first quantified
HSPCs by flow cytometry. In aged SPF mice, the number of lineage™ Scal™ cKit" CD150" CD48~
(LSK-SLAM) cells and CD34~ LT-HSCs is increased 6.4 + 1.7-fold and 3.4 + 1.2-fold,
respectively. Similar increases were observed in aged GF mice, with LSK-SLAM increasing 5.3
+ 1.6-fold (P = NS compared to SPF mice) and CD34~ LT-HSCs increasing 2.8 + 0.31-fold (P =
NS). To quantify functional HSCs, limiting dilution transplantation experiments using unsorted
bone marrow cells was performed. Although on a per cell basis the repopulating activity of aged
HSCs is reduced, due to the large increase in phenotypic HSCs, the number of functional HSCs
actually increases with aging with similar increases in functional HSCs in aged SPF and GF mice.
Finally, to assess lineage-bias, we transplanted a limited number of sorted HSCs and assessed
lineage output. As expected, in young SPF mice, the majority of HSCs displayed a balanced
myeloid/lymphoid lineage output with a significant increase in myeloid-biased HSCs observed

with aging. In young GF mice, the majority of HSCs are lymphoid-biased. Moreover, although
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the myeloid output increased modestly with aging, the majority of HSCs in aged GF remained
lymphoid-biased or balanced. Consistent with these data, RNA expression profiling of phenotypic
HSCs from aged GF mice show enrichment for non-myeloid biased HSCs. Surprisingly, the RNA
expression profiling data also suggest that inflammatory signaling is increased in aged GF HSCs
compared with aged SPF HSCs. Collectively, these data suggest that microbiota-related signals
suppress the lymphoid potential of HSCs, contributing to the expansion of myeloid-biased HSCs
that occurs with aging.

The characterization of the effect of microbiota on age related hematopoietic dynamics was
a major scientific undertaking between the Schuettpelz and Link labs, spanning more than four
years. For my part, I characterized phenotypic hematopoietic populations by flow cytometry,
measured the frequency of HSCs through limiting dilution transplantation, assessed intrinsic HSC
properties by sorted HSC transplantation, quantified cytokine serum levels, and analyzed
differentially expressed gene signatures. Together, our data demonstrate that the expansion of
hematopoietic stem and progenitor cells with age is not dependent on microbiota. In addition,
microbiota induce cell autonomous changes in HSCs, suppressing lymphopoiesis in young mice
and reducing aged-HSC capacity for B lymphopoiesis. These data support the hypothesis that
microbiota prime HSCs for myeloid lineage production early in development, resulting in intrinsic
alterations. In addition to experimentation, I statistically assessed data, generated figures, and

wrote and revised the manuscript.
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3.2. Introduction

Aging is associated with significant changes in hematopoiesis which includes a shift from
lymphopoiesis to myelopoiesis [1-4]. A decline in lymphopoiesis is evident early in adulthood
and progressively declines with aging [5]. Prior studies show that there is a loss of the earliest
lymphoid-restricted progenitors in aged mice, including decreases in lymphoid-primed multipotent
progenitors (LMPPs) and common lymphoid progenitors (CLPs) [6-9]. Decreased proliferation
and cytokine responsiveness of pre-pro-B and pro-B cells also has been reported [6,7,10]. Finally,
there is evidence that impaired lineage-specification of hematopoietic stem cells (HSCs) may
contribute to the decrease in lymphopoiesis. Specifically, phenotypic HSCs expand with age, but
they have reduced self-renewal capacity and display myeloid-lineage skewing [1,11,12].

There is evidence suggesting that inflammation may contribute to age-related changes in
hematopoiesis [13-18]. Expression of certain inflammatory cytokines increases with aging,
including tumor necrosis factor-alpha (TNF-a) and interleukin-1f (IL1-B) [19,20]. This is
relevant to aging, since chronic stimulation with IL1- results in reduced HSC self-renewal and
enhanced myeloid differentiation [21], and TNF-a signaling has been implicated in the reduced
proliferation of aged pro-B cells and myeloid skewing of HSCs [22,23]. Increased toll-like
receptor signaling also has been implicated in hematopoietic aging. Prolonged (4-6 weeks)
treatment with the TLR4 ligand, lipopolysaccharide (LPS), is associated with an expansion of
phenotypic HSCs with reduced repopulating and enhanced myeloid differentiation, reproducing
some of the most prominent features of hematopoietic aging [24]. Likewise, prolonged treatment
with a TLR2 agonist results in an expansion of phenotypic HSCs but a loss of HSC self-renewal

capacity [25].
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One source of inflammatory signaling is the microbiota. Prior studies have established
through the study of germ-free mice or antibiotic treated mice that signals from microbiota play
an important role in the regulation of hematopoiesis [26,27]. A consistent finding from multiple
groups is modestly reduced myelopoiesis in germ-free or antibiotic treated young mice, with
decreases in mature neutrophils, monocytes, and myeloid progenitors [27-29]. The impact of
microbiota on multipotent hematopoietic progenitors is less clear with two groups showing a
modest reduction in phenotypic HSCs and multipotent progenitors in germ-free or antibiotic
treated mice [26,30], while our data using young germ-free mice showed no difference in HSC
number or quiescence [31]. In the present study, we examined the impact of microbiota on basal
hematopoiesis in young adult or middle-aged mice. Our data suggest that microbiota signals play

an important role in the age-dependent shift from lymphopoiesis to myelopoiesis.

3.3. Material and Methods

3.3.1. Mice and Mouse Housing

All mouse experiments were approved by Washington University Animal Studies
Committee. Germ-free C57BL/6J mice were housed in a sterile environment of plastic flexible
film isolators (Class Biologically Clean Ltd., Madison, WI), as described previously [32].
Manipulations are carried out within the sterile workspace using neoprene gloves directly attached
to the bag by metal compression rings. A double-door port is located in the wall of the isolator
opposite the gloves. This port is used to bring supplies into the isolator. Air is supplied to each
isolator by a dedicated blower attached to a filter by a flexible vinyl hose. Air exits the isolator
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through an identical filter assembly. Air pressure within the isolator is kept slightly above
atmospheric, so that the isolator remains inflated and immediate entrance of airborne contaminants
is prevented in the case of accidental puncture. Sterile supplies, such as autoclaved food, water,
and bedding, are brought into the isolator through the side port. Since germ-free mice lack
nutrients synthesized by gut microbes (e.g., vitamin K), mice were maintained on an enriched

rodent diet (BeeKay autoclavable rodent diet; B&K Universal).

Routine monitoring of isolators for the presence of bacteria and fungi is imperative when
maintaining a germ-free colony. Animal feces were monitored on a weekly basis for microbial
contamination. In addition, the inside surfaces of the isolator were swabbed and cultured weekly.
All samples were cultured aerobically and anaerobically in three different media: nutrient broth (a
general-purpose medium for cultivating microorganisms with non-exacting nutritional
requirements), brain/heart infusion broth (allows cultivation of a wide variety of fastidious
microorganisms), and Sabouraud Dextrose Broth (supports growth of yeasts, molds, and aciduric
microorganisms). All three media are available from BD Difco. Anaerobic incubations are done
at 37°C in GasPak jars (Fisher) with activated GasPak Hydrogen + CO: envelopes (Fisher).

Aerobic incubations are done at 37°C and 42°C.

Specific pathogen-free mice were maintained under specific pathogen-free conditions and
include C57BL/6 (Ly45.2 wildtype) and B6.SIL-Piprc® Pepc’/Boyl (Ly45.1 wildtype) mice which
were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were crossed in-house to
generate Ly5.2/Ly5.1 expressing mice on a C57BL/6 background. All experiments were done
using young 6-8-week-old mice and middle-aged 10-12-month-old mice. Transplant donor and

support/competitor mice were age and sex matched.
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3.3.2. Flow cytometry and cell sorting

Peripheral blood, bone marrow, and spleen mononuclear cell (MNC) preparations were red
blood cell lysed. The resulting cell suspension was filtered through CellTrics 70 pm nylon filters
(Sysmex, Goerlitz, Germany) to generate single cell suspensions. MNCs were counted using
trypan blue (Thermo Fisher, Waltham, MA) and a Cellometer Auto T4 Bright Field Cell Counter
(Nexcelom, Lawrence, MA). Complete blood counts were obtained using the HV950 hemavet
(Drew Scientific, Miami Lakes, FL). MNCs were incubated with target antibodies at 4°C for 30-
90 minutes (or overnight for HSC CD45.2/CD45.1 staining) in phosphate buffered saline (PBS)
containing ImM ethylenediaminetetraacetic acid (EDTA) and 0.2% (weight/volume) bovine
serum albumin (BSA). Data were acquired using a FACS Aria III flow cytometer (BD biosciences,
San Jose, CA) and analyzed using FlowJo™ v10.6.1 software (BD biosciences). LSK-SLAM

cells were sorted using a Sony iCyt Synergy SY3200 (Synergy cell sorter (Sony, San Jose, CA).

The hematopoietic stem/progenitor cell (HSPC) panel included PE-Cy7-conjugated anti-
CDI117 (2B8); PerCP-Cy5.5-conjugated anti-Ly-6A/E; PE-conjugated anti-CD150 (TC15-
12F12.2); BV421-conjugated anti-CD48 (HM48-1); APC-conjugated anti-CD16/32 (2.4G2);
FITC-conjugated anti-CD34 (RAM34); and BV711-conjugated anti-CD135 (A2F10.1) and the
following APC-Cy7-conjufated antibodies: anti-CD3g¢ (145-2C11), anti-B220 (RA3-6B2), anti-
Grl (RB6-8C5), anti-Ter119 (TER-119), anti-CD11b (M1/70), and anti-NK1.1 (PK136). The B
progenitor panel included FITC-conjugated anti-Ly6D (49-H4), PE-conjugated anti-CD43 (S11),
PE-Cy7-conjugated anti-CD19 (6D5), APC-conjugated anti-IgM (RMM1), BV421-conjugated

anti-B220 (RA3-6B2), PerCP-CyS5.5-conjugated anti-IgD (11-26¢.2a), and the following APC-
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Cy7-conjufated antibodies: anti-CD11c (N418), anti-CD3¢ (145-2C11), and anti-NK1.1 (PK136).
The common lymphoid progenitor panel included BV421-conjugated anti-IL7Ra (A7R34),
PerCP-Cy5.5-conjugated anti-CD27 (LG.3A10), APC-conjugated anti-CD135 (A2F10), FITC-
conjugated anti-Ly6D (49-H4), and the following APC-Cy7-conjufated antibodies: anti-CD3¢
(145-2C11), anti-B220 (RA3-6B2), anti-Grl (RB6-8C5), anti-Ter119 (TER-119), anti-CD11b
(M1/70), anti-CD11lc (N418), and anti-NK1.1 (PK136). Antibodies were obtained from

BioLegend of BD Biosciences.

3.3.3. Transplantation

Six-to-eight-week-old wildtype Ly5.1/Ly5.2 recipient mice were irradiated twice with 600
cGy six hours apart. Donor (Ly3.2) bone marrow cells were then injected retro-orbitally and placed
on prophylactic antibiotics (trimethoprim-sulfamethoxazole) for two weeks. Peripheral blood
chimerism was analyzed every four weeks until mice were sacrificed twenty-four weeks post-
transplantation when donor chimerism in bone marrow and blood were analyzed. For the sorted
HSPC transplantation experiments, 50 lineage™ Scal® cKit" CD150" CD48 (LSK-SLAM) cells
were double sorted into single wells of a 96 well plate containing 250,000 support (Ly5.1) whole
bone marrow cells and then injected into recipient mice. HSC purity of the double sort was greater
than 90%. Only mice with at least 1% trilineage donor chimerism were used to assess lineage

output.
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3.3.4. RNA expression profiling

RNA was purified from sorted LSK-SLAM cells using the Qiagen RNeasy Micro Kit
(74004, Qiagen). Following amplification of RNA using the WTA2 kit (Sigma Aldrich, St. Louis,
MO), libraries were generated using the Kreatech ULS RNA labeling kit (Leica Biosystems,
Wetzlar, Germany) and hybridized to the Agilent SurePrint G3 Mouse GE microarray (Santa
Clara, CA), containing 62,976 probes for 24,241 annotated genes. Raw images were first passed-
through quality control tools from the Bioconductor package of R [2]. Array intensity data were
then background adjusted, and quantile normalized [3]. To test for differential expression, the
linear models for Microarray data (limma) package was used [4]. Features were filtered based on
normalized expression > 100 within all groups and coefficient of variation <75 within all groups.
Gene set enrichment analysis was performed using the GSEA v4.0.3 software. Enrichment score
(ES) and false discovery rate (FDR) value were applied to filter pathways enriched after gene set

permutations were performed 1000 times for the analysis.

3.3.5. Serum Inflammatory Mediator Measurement
The level of 40 different cytokines, chemokines, or acute phase proteins in the serum of
mice was quantified using the Mouse Cytokine Antibody Array, Panel A, as per manufacturer’s

recommendations (R&D systems, Minneapolis, MN).

3.3.6. Statistical analysis

For single parameter analysis, unpaired t-test were used to assess statistical signficance.

For multiple parameter data, statistical signficance was calculated using one-way ANOVA. For
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the limiting dilution analysis, a log-fraction plot of the limiting dilution model was fit to data from
limiting dilution transplantation of 25k, 50k, or 100k cells from whole bone marrow preparations.
P values less than 0.05 were considered significant. The log-fraction plots and statistical analysis

were generated using the Extreme Limiting Dilution Analysis software [34].

3.4. Results

3.4.1. Microbiota Signals Contribute to the Suppression of B Lymphopoiesis
with Aging

To investigate the impact of the microbiome on hematopoiesis during aging, we analyzed
young (6-to-8-week-old) and middle-aged (10-to-12-month-old) mice (hereafter referred to as
aged mice) housed under specific pathogen free (SPF) or germ-free (GF) conditions. We did not
analyze older mice due to the difficulty in maintaining mice in a gnotobiotic facility for more than
one year. However, age-associated changes in hematopoiesis , including myeloid skewing,
lymphoid progenitor reduction, and reduced self-renewal capacity are evident in C57BL/6 mice
by 12 months [6,9,35]. Complete blood counts were similar between SPF and GF mice in both
young and aged mice, except for a mild anemia in aged SPF mice (Figure 4.7.A). As reported
previously [27-29], the percentage and absolute number of circulating neutrophils (Gr1Meh CD115~
SSChieh cells) and monocytes (CD115" Gr1'°V/reg cells) are reduced in young GF mice (Figure
4.1.A and Figure 4.7.B-C). Interestingly, this difference is lost in aged GF mice. In the bone
marrow of young GF mice, the percentage and absolute number of neutrophils, Grl-intermediate
granulocytic precursors (CD115* Gr1'™ cells), and myeloid progenitors are normal, suggesting that

granulopoiesis is intact (Figures 4.1.A, C, and 4.8.B-D).
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Consistent with prior studies, there is a shift in hematopoiesis in aged SPF mice towards
granulopoiesis with a significant increase in the percentage of granulocytic cells and a decrease in
B lineage cells in the bone marrow (Figure 4.1.A) [6,36,37]. Due to the increase in BM cellularity
in aged mice (Figure 4.8.A), on an absolute basis, there is a marked increase in granulocytic cells,
while B lineage cell number is unchanged (Figure 4.8.B). This shift from B-lymphopoiesis to
granulopoiesis with aging is mostly abrogated in GF mice. Compared with aged SPF mice, a
significant increase in the percentage of B lineage cells was observed in the bone marrow and
blood of aged GF mice, with a modestly attenuated increase in granulocytic cells (Figures 4.1A,
B, and 4.8.B). Indeed, whereas the ratio of granulocytic cells to B lineages cells in the bone
marrow of SPF mice increased nearly 4-fold with aging, no increase was observed in GF mice

(Figure 4.1.B).

3.4.2. Microbiota Signals Regulate B Lymphopoiesis at Multiple Stages of

Development

We next examined B lymphopoiesis, quantifying different stages of B cell development
starting with lymphoid-primed multipotent progenitors (LMPP/MPP4, lineage~ Scal® cKit"
CD34" FLT3" CD48" CDI150"), lymphoid-committed common lymphoid progenitors (CLPS,
lineage~ CD27" FLT3" IL7Ra" cells), and the following B cell precursors: pre-pro-B cells
(lincage™ B220" IgM~ CD19~ CD43" Ly6D" cells), pro-B cells (lincage™ B220" IgM~ CD19*
CD43" cells), and pre-B cells (lineage™ B220" IgM~ CD43~ cells). Representative flow plots
showing the gating strategy to identify each cell population are shown in Figures 4.2.A-C; gating
was based on young SPF mice. Consistent with a recent study, a decrease in the percentage of

MPP4s, but not MPP2s or myeloid-primed MPP3s was observed in middle aged SPF mice (Figure
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4.2D) [9]. A similar trend was observed in middle aged GF mice. Although no change in the
percentage of CLPs was observed, a significant decrease in most B cell precursor populations was
observed in middle aged SPF mice (Figures 4.2.E, F). This trend was reversed in GF mice, with
significant increases in the percentage and absolute number of CLPs and B cell precursors induced
with aging (Figure 4.9). These data suggest the microbiota signals contribute to the suppression

of B lymphopoiesis during aging primarily at the CLP stage.

3.4.3. Microbiota Signals Are Not Required for the Aging-Dependent Increase
in HSPCs

The impact of microbiota signals on HSCs, especially with aging, is not well characterized.
To address this issue, we first quantified HSCs by flow cytometry (Figures 4.3.A-C). On a
percentage basis, a non-significant trend to increased phenotypic HSCs was observed in SPF mice
with aging (Figure 4.3.B). On an absolute basis, the increase in phenotypic HSCs is highly
significant (Figure 4.3.C). In particular, the number of lineage™ Scal® cKit" CD150* CD48 (LSK-
SLAM) cells and FLT3~ CD34~ LT-HSCs increased 6.4 + 1.7-fold and 3.4 + 1.2-fold, respectively.
Similar increases were observed in aged GF mice, with LSK-SLAM increasing 5.3 + 1.6-fold (p
= NS compared to SPF mice) and LT-HSCs increasing 2.8 + 0.3-fold (p =NS). Aging is associated
with an increase in myeloid biased HSCs [38]. Prior studies have shown that high CD150
expression marks myeloid biased HSCs [9]. Thus, we next assessed CD150 expression on
phenotypic HSCs (LSK, CD34" cells). As expected, a significant increase in the percentage of
CD150-high HSCs and a corresponding decrease in CD150-low HSCs was observed in aged SPF

mice (Figures 4.3.D, E). This shift was largely attenuated in GF mice. Indeed, a significant
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increase in CD150-low lymphoid biased HSCs is present in both young and aged GF mice
compared with aged-matched SPF mice. Of note, no significant difference in the cell cycle status
of lineage™ cKit" committed progenitors or LSK-SLAM cells was observed with aging in either

SPF or GF mice (Figures 4.3.F, G, and 4.10).

Prior studies have shown that phenotypic HSCs from aged mice have reduced repopulating
activity on a per cell basis [2,39,40]. Thus, we performed limiting dilution transplantation using
unsorted bone marrow cells as an unbiased approach to assess functional HSC frequency. As
reported previously [4], the number of functional HSCs increases in the bone marrow of SPF with
age (Figures 4.4.A, B). A similar expansion of functional HSCs is present in GF mice. Together,
these data suggest that signals from the microbiota are dispensable for the expansion of phenotypic

and functional HSCs that occurs with chronologic aging.

3.4.4. Microbiota Signals Contribute to the Lineage Bias of HSCs

To assess the impact of microbiota on HSC lineage commitment, we transplanted a limiting
number of sorted HSCs and assessed lineage output (Figure 4.5). Stable overall donor engraftment
was observed over time, with reduced engraftment of aged HSCs from both SPF and GF mice
(Figure 4.5.B, C, E). A significant decrease in donor granulocytic cell chimerism was seen in both
young and aged GF HSC recipients (Figures 4.5.B-D). Conversely, donor B cell chimerism in the
blood was increased in aged GF HSC recipients, with a similar trend observed in the bone marrow
24 weeks after transplantation. We next analyzed individual mice with at least 1% trilineage
engraftment 24 weeks after transplantation to assess HSC lineage bias. As expected, in young SPF
mice, the majority of HSCs displayed a balanced myeloid/lymphoid lineage output, with a

83



significant increase in myeloid-biased HSCs observed with aging (Figure 4.5.F, G). In young GF
mice, the majority of HSCs are lymphoid-biased. Moreover, although the myeloid output, as
measured by granulocytic cell chimerism, increased modestly with aging, the majority of HSCs in
aged GF remained lymphoid-biased or balanced. In young GF HSCs, an increase in the output of
both B- and T-lineage cells was observed (Figure 4.5H, I). In contrast in aged GF HSCs, the
increase in lymphoid output was mainly due to an increased production of B cells. Collectively,
these data show that microbiota-related signals play a key role in determining the lineage potential
of bone marrow resident HSCs, promoting myeloid lineage development at the expense of
lymphoid cells.

To begin to explore mechanisms by which microbiota signals regulate HSC lineage bias,
gene expression profiling was performed on sorted LSK-SLAM cells from aged SPF and aged GF
mice. A list of differentially expressed genes is provided in Table 4.1. Consistent with our lineage-
output transplantation data, aged GF HSCs had a gene expression signature enriched for non-
myeloid biased HSCS (Figure 4.6.A and 4.11) [41]. Surprisingly, gene set enrichment analysis
showed that GF HSCs were enriched for expression signatures related to inflammatory signaling,
including tumor necrosis factor (TNF) and interferon (IFN) signaling (Figure 4.6.B). This
prompted us to measure the circulating level of 40 different inflammatory cytokines, chemokines,
or acute phase proteins, including TNFa, interleukin-1p, and IFN gamma. Only five of these
inflammatory mediators were detected above background (Figure 4.6.C). Increased expression of
C5, CXCL13, soluble ICAM, and M-CSF was observed in the serum of SPF mice with aging, with
a similar increase seen in aged GF mice. Together, these data suggest the microbiota signals are
not major drivers of increased systemic inflammatory cytokine/chemokine expression or

inflammatory signaling in HSCs.
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3.5. Discussion

Prior studies suggest that aging impacts B lymphopoiesis at multiple stages of
development. First, HSCs become myeloid-biased with aging [1,3,4,12]. Second, Young et al.
provided evidence that the lymphoid potential of MPP4/LMPP decreases with aging [9]. Finally,
several studies have shown that there is a loss of early B-cell committed progenitors [6-9]. Our
data are consistent with these observations, although most prior studies have reported a decrease
in CLPs in aged (18-to-24-month-old) mice. This discrepancy may be due to the younger age (10-
to-12-month) of SPF mice analyzed in our study. Indeed, Young et al. showed that CLPs
progressively decline with age and are within normal limits in 12-month-old mice [9]. Our data
suggest the microbiota signals contribute to the suppression of B lymphopoiesis with aging
primarily by regulating the production and/or maintenance of committed B cell progenitors,
although molecular mechanisms are unclear. Of note, prior studies suggest that reduced
interleukin-7 responsiveness [6], or increased senescence [7] or TNFa-induced apoptosis [22] may
contribute to the loss of B cell precursors with aging. Whether any of these mechanisms are
dependent on microbiota will require further study.

Our data suggest that microbiota signals play an important role in determining the lineage
bias of HSCs.

Consistent with prior studies [1-4], we show that aging is associated with an expansion of
phenotypic HSCs with reduced repopulating activity in mice. Despite the decrease in repopulating
activity on a per cell basis, the large increase in phenotypic HSCs with aging compensates for this

loss. Indeed, limiting dilution studies using total bone marrow cells show that the number of long-
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term repopulating HSC:s is actually increased in aged mice [4]. This is consistent with recent single
cell RNA sequencing studies suggesting that there is marked expansion of myeloid-restricted
HSCs, along with a moderate expansion of multipotent HSCs [41,42]. Interestingly, the number
of phenotypic and functional HSCs increases to a similar degree with aging in GF mice, suggesting
that microbiome signals do not contribute to this phenotype. A consistent finding in many studies,
including our own, is an increase in myeloid-biased HSCs with aging [1,3,4,10-12]. Our
transplantation studies show that the lymphoid lineage output of young GF HSCs is increased
compared with SPF HSCs. With aging, although there is some shift toward increased myeloid cell
production, lymphoid cell production, particularly B lineage cell production, remains high in GF
HSCs. Consistent with this conclusion, a recent paper showed that aged GF mice maintain HSCs
with balanced lympho-myeloid lineage output upon transplantation [43]. There are some caveats
to the transplantation studies, including the use of irradiation in recipient mice which induces
transient systemic inflammation [44,45] and the short-term treatment of recipients with antibiotics,
which may alter the microbiota. Although these factors were controlled for in our experimental
approach, the data suggest that microbiota result in, as yet undefined, epigenetic changes in HSCs
that contribute to lineage specification.

The mechanisms regulating lineage bias of HSCs is not well understood. Numerous prior
studies comparing young to aged HSCs have identified alterations in the epigenome, metabolism,
cell polarity, and proteostasis (reviewed in Mejia-Ramirez et al.) [46]. Reactive oxygen species
(ROS) levels increase in aged HSCs and correlate with myeloid lineage skewing and reduced long-
term repopulating activity [47]. Although we did not measure ROS, our RNA expression profiling
suggest that aged GF HSCs are more metabolically active, with increased oxidative

phosphorylation compared to aged SPF HSCs. There is considerable interest in the role of
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inflammation in HSC aging. Chronic stimulation with certain inflammatory cytokines or TLR
ligands results in an HSC aging phenotype, with a loss of HSC repopulating and enhanced myeloid
differentiation [21,24,25]. Moreover, He et al. recently provided evidence that elevated TNFa
signaling, by increasing IL27RA expression in HSCs, contributes to their biased myeloid
differentiation [23]. Most recently, Kovtonyuk et al. provided compelling data suggesting that
interleukin-1 contributes to the increase in myeloid biased HSC with aging. Of note, they showed
that blocking interleukin-a signaling or suppression of gut microbiota with oral antibiotics was
able to partially revert the myeloid-biased HSC aging phenotype. Surprisingly, our RNA
expression profiling data suggest that inflammatory signaling (including TNFa and interferon) is
increased in aged GF HSCs compared to SPF HSCs. However, the relationship between the
microbiota and inflammation is likely to be complex and further study of the mechanisms by which
microbiota and inflammatory signaling regulate HSC lineage output is needed.

In summary, these data show that microbiota signals contribute to hematopoietic aging and
HSC lineage specification. The nature of the signals remains an open and important question,

whose answer will provide important new insights into the regulation of hematopoiesis.
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Figure 3.1. Microbiota signals contribute to the suppression of B lymphopoiesis. (A)
Percentage of mature neutrophils (Gr1hieh SSChigh cells), granulocyte precursors (CD115" Grl™
cells), and B220" cells in the bone marrow. (B) Ratio of Grl™ cells to B220" cells in the bone
marrow. (C) Percentage of common myeloid progenitors (CMP, lineage™ Scal™ cKit" CD34"
CD16/32" cells), granulocyte-macrophage progenitors (GMP, lineage™ Scal™ cKit® CD34*
Cd16/32" cells), and megakaryocyte-erythrocyte progenitors (MEP, lineage™ Scal™ cKit" CD34~
CD16/32 cells) in the bone marrow. Middle aged is defined as 10-12 months. Data represent the
mean + SEM. *P < 0.05, **P <0.01, and ****P < (0.0001 by one-way ANOVA with alpha = 0.05
and Sidak’s multiple comparisons test. Technical replicates were completed at least three times

over the span of four years due to availability of gem-free mice.
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Figure 3.2. Microbiota signals suppress B lymphopoiesis through down-regulating common
lymphoid progenitors in aged mice. (A) Representative flow plots of young SPF mouse BM
showing the gating strategy used to identify multipotent progenitor (MPP) populations MPP2
(lineage™ Scal* cKit" CD34" FLT3~ CD48* CD150%), MPP3 (lineage™ Scal™ cKit" CD34" FLT3~
CD48" CD1507), MPP4 (lineage™ Scal™ cKit" CD34" FLT3" CD48" CD150"). (B) Common
lymphoid progenitors (lineage- CD27" FLT3" IL7Ra" cells). (C) B cell progenitors Pre-Pro-B
(lincage™ B220" IgM~ CD19~ CD43" Ly6D" cells), Pro-B (lineage™ CD27* B220* IgM~ CD19*
CD43" cells), and Pre-B (lineage™ B220" IgM~ CD43" cells). (D) Percent of multipotent MPP2,
MPP3, and MPP4 per femur. (E) Percentage of common lymphoid progenitors. (F) Percentage
of Pre-Pro-B cells, Pro-B cells, Pre-B cells, and immature B cells (lineage™ B220" IgD™ IgM™ cells)
in the bone marrow. Data represent the mean + SEM. **P < 0.01, ***P < (0.001, and ****P <

0.0001 by one-way ANOVA with alpha = 0.05 and Sidak’s multiple comparisons test.
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Figure 3.3. Microbiota signals are not required for the expansion of HSCs with aging. (A)
representative flow plots of young SPF mouse BM showing the gating strategy used to identify
LSK, LSK-SLAM, and LT-HSC cells. (B) Percent and (C) number of LSK, LSK-SLLAM, and LT-
HSCs per femur. (D) Representative flow plots showing the frequency of CD150"e" CD150™,
and CD150'" HSCs; data are gated on CD34~ LSK cells. CD150 gating for each experiment was
adjusted based on FMO controls. (E) Frequency of CD150"" CD150™, and CD150" HSCs.
(F) Representative flow plots showing the gating strategy used to identify cell cycle status of LSK-
SLAM cells. (G) Cell cycle distribution of LSK-SLAM cells. Data represent the mean = SEM.
*P <0.05, **P <0.01, ***P <0.001, and ****P < 0.0001 by one-way ANOVA with alpha = 0.05

and Sidak’s multiple comparisons test.
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Figure 3.4. Microbiota signals do not alter age related expansion of HSCs. (A) Limiting
dilution transplantation strategy to measure frequency of functional HSCs. (B) Limiting dilution
analysis of repopulating activity. Shown is the fraction of mince showing long-term multilineage
engraftment versus dose of total bone marrow cells transplanted. The dotted lines give the 95%
confidence interval. The table represents exact one-sided 95% confidence interval estimates of

HSC frequency.
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Figure 3.5. Microbiota signals suppress the lymphoid potential of aged HSCs. (A)
Experimental schema. (B) Fifty sorted LSK-SLAM cells from the indicated donors were
transplanted into irradiated wildtype SPF mice and donor peripheral blood chimerism assessed
every four to six weeks. Shown is donor (Ly35.2) contribution to total leukocytes, granulocytes,
and B cells in recipients of transplanted young HSCs (B) or aged HSCs (C). (D, E) Donor
chimerism in bone marrow Grl™ cells and B220" cells (D) or LSK-SLAM cells (E) harvested 24
weeks after transplantation. (G) Quotient of donor bone marrow myeloid cells (Grl™) cells to
lymphoid (CD3g" plus B220") cells for each recipient. Myeloid-biased mice had a ratio > 2,
lineage balanced were between 0.25 and 2, and lymphoid-biased mice had a ratio < 0.25. (H, I)
Ratio of donor bone marrow B220" to Gr1* chimerism (H) or donor bone marrow CD3¢" to Gr1*
chimerism (I). Data represent the mean = SEM. *P <0.05, **P <0.01, ***P <0.001, and ****P

< 0.0001 by one-way ANOVA with alpha = 0.05 and Sidak’s multiple comparisons test.
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Figure 3.6. Microbiota signals enhance the myeloid gene signature of HSCs with age but are
not required for expression of inflammatory mediators in the blood. (A) Gene set enrichment
analysis for genes consistent with non-myeloid biased LSK-SLAM cells. (B) Significantly
enriched gene sets from the Hallmark, KEGG, and Reactome gene sets (adjusted FDR < 0.1,
nominal p-value <0.05). Red bars represent gene sets upregulated in aged GF HSCs and blue bars
gene sets upregulated in aged SPF HSCs. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001 by GSEA. Heatmap of the TNFa signaling via NFkB gene set with a list of the top 15
differentially expressed genes between aged GF and aged SPF HSCs. (C) Quantification of arrays
that interrogate inflammatory cytokines/chemokines hybridized with serum. Data represent the
mean + SEM. *P <0.05, **P < (.01, and ****P <0.0001 by two-way ANOVA with alpha = 0.05

and Sidak’s multiple comparisons test.
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Figure 3.7. Basal hematopoiesis in young and aged SPF and GF mice. (A) Peripheral blood
counts. (B) Representative flow plots showing the gating strategy to identify B220" (B cells),
CD3e" (T cells), Gr1high SSChigh CD115~ (neutrophils), and Gr1™ CD115" (monocytes) in the
blood. (C) Number and percent of circulating neutrophils (PMNs, Gr1"e" CD115~ SSChigh cells)
and monocytes (CD115% Gr1'o¥/re¢ cells). (D) Number and percent of circulating T cells and B
cells. Data represent the mean = SEM. *P <0.05, **P <0.01, ***P <0.001, and ****P < (0.0001

by one-way ANOVA with alpha = 0.05 and Sidak’s multiple comparisons test.
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Figure 3.8. Basal hematopoiesis in young and aged GF and SPF mice. (A) Bone marrow
cellularity. (B) Number of B220%, CD115" Gr1™ cells, and mature neutrophils (Gr1heh SSChieh
cells) in the bone marrow. (C) Representative flow plot gating of common myeloid progenitors
(CMP, lineage™ Scal™ cKit" CD34" CD16/32" cells), granulocyte-macrophage progenitors (GMP,
lineage™ Scal™ cKit" CD34" CD16/32" cells), and megakaryocyte-erythrocyte progenitors (MEP,
lineage™ Scal™ cKit" CD34 CD16/32" cells) in the bone marrow. (D) Number of CMP, GMP, and
MEP per femur. Data represent the mean = SEM. *P <0.05, **P <0.01, ***P <0.001, and ****P

< 0.0001 by one-way ANOVA with alpha = 0.05 and Sidak’s multiple comparisons test.
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Figure 3.9. Early committed progenitor populations in young and aged GF and SPF mice.
(A) Number of multipotent progenitor 2 (MPP2, lineage™ Scal™ cKit" CD34" FLT3~ CD48"
CD150%), MPP3 (lineage™ Scal* cKit" CD34" FLT3~ CD48" CD150"), and MPP4 (lineage™ Scal™
cKit" CD34" FLT3" CD48* CD150") per femur. (B) Number of common lymphoid progenitors
(CLP, lineage” CD27* FLT3" IL7Ra" cells), Pre-Pro-B cells (lineage™ B220" IgD™ IgM~ CD19~
CD43" Ly6D"), Pro-B cells (lineage” B220" IgD™ IgM~ CD19" CD43"), and Pre-B cells (lineage™
B220" IgD~ IgM~ CD19" CD43") in the bone marrow. Data represent the mean + SEM. *P <0.05,
**P <0.01, ***P <0.001, and ****P < 0.0001 by one-way ANOV A with alpha = 0.05 and Sidak’s

multiple comparisons test.
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Figure 3.10. Cell cycle status of cKit" lineage- hematopoietic progenitors. (A) Representative
flow plots showing DAPI and Ki-67 staining of cKit" lineage™ cells harvested from the bone
marrow of the indicated mice. Cells in the Go, G1, G2/S/M phase of the cell cycle are located in

Q4, Q1, and Q2, respectively.
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Figure 3.11. Gene set enrichment analysis of aged GF and SPF HSCs RNA expression data.
(A) Significantly enriched gene sets from the Hallmark, KEGG, and Reactome gene sets (adjusted

FDR <.1, nominal p-value < 0.05, and have > 25 genes).
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3.8. Tables

Table 3.1. Differentially expressed genes in hematopoietic stem cells of aged GF compared

to aged SPF mice.
Fold
Gene Aged Aged Aged Aged Aged Aged AS?;S Agid C(r/lﬁznegde FDR
Symbol SPF1 SPF2 SPF3 GF1 GF2 GF3 Average | Average GF vs.
Aged
SPF)

HIF1AN 167 194 24 182 654 1059 128.33 631.67 4.92 3.25E-03
CANT1 451 182 299 1252 651 2639 310.67 1514 4.87 5.49E-04
RASD1 141 103 80 614 252 607 108 491 4.55 6.13E-04
IGF2 154 159 153 933 660 522 155.33 705 4.54 1.50E-04
TTYH2 402 460 456 2081 763 2520 439.33 1788 4.07 2.46E-04
ISLR 261 280 49 824 613 891 196.67 776 3.95 7.27E-04
INHBA 257 180 58 946 414 579 165 646.33 3.92 1.15E-03
™ EX' 132 345 59 176 474 401 1245 193.33 706.67 3.66 3.88E-03
CXcCL10 539 166 272 980 1534 825 325.67 1113 3.42 1.17E-03
VMA21 214 115 168 403 636 643 165.67 560.67 3.38 5.87E-04
2011209{3(76 169 81 57 480 252 269 102.33 333.67 3.26 5.13E-03
GM10560 192 232 97 343 418 927 173.67 562.67 3.24 6.61E-03
AK048000 336 404 261 822 771 1634 333.67 1075.67 3.22 1.12E-03
NOL10 371 438 93 1587 623 627 300.67 945.67 3.15 4.09E-03
HTRA1 134 71 197 313 371 574 134 419.33 3.13 6.55E-03
MYO1H 159 361 118 647 378 956 212.67 660.33 3.1 4.42E-03
GM21057 140 95 91 329 369 313 108.67 337 3.1 2.60E-03
FGZOIQ&ZJO 173 192 91 410 379 624 152 471 3.1 8.82E-03
BTG2 191 187 261 524 561 873 213 652.67 3.06 3.00E-03
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AW045869 212 401 269 1387 646 624 294 885.67 3.01 3.00E-03
TSPAN1 218 236 48 548 381 563 167.33 497.33 2.97 5.88E-03
ZFP689 338 413 603 1614 713 1587 451.33 1304.67 2.89 1.91E-03

H2-AA 11564 | 14066 6915 29263 | 36490 27091 108;'8'3 31221 2.88 8.84E-04

AK187431 295 196 390 569 655 1293 293.67 839 2.86 2.39E-03
SAMMS50 1457 1564 1107 4399 3069 3955 1376 3807.67 2.77 8.65E-05
GM32819 208 384 93 428 501 970 228.33 633 2.77 7.53E-03

HRAS 1209 875 917 2023 1380 4890 1000.33 | 2764.33 2.76 3.61E-03
DHRS3 9239 7616 15451 | 31406 | 35081 19630 107768'6 28537'6 2.66 1.96E-04
TLR12 900 681 399 1251 1241 2780 660 1757.33 2.66 6.90E-03
B3GNT8 658 644 272 1083 1015 2050 524.67 1382.67 2.64 3.74E-03
PKLR 221 154 197 401 394 673 190.67 489.33 2.57 9.71E-03

BF536591 573 303 546 569 1369 1655 474 1197.67 2.53 9.12E-03

LDLRAD1 101 211 49 377 288 250 120.33 305 2.53 9.41E-03

UCK1 1297 837 1176 3507 1646 3127 1103.33 2760 25 1.52E-03
LTB 7995 2706 3314 7329 7580 2081 3 4671.67 116382'3 25 4.27E-03
CSL 479 159 330 871 553 984 322.67 802.67 2.49 4.93E-03
PPP4C 2356 2009 1438 2329 3900 8193 1934.33 | 4807.33 2.49 6.93E-03
B3GNT7 139 207 77 384 316 352 141 350.67 2.49 8.02E-03
COQ5 425 233 210 689 569 858 289.33 705.33 244 4.05E-03
ZFP873 258 142 236 541 340 667 212 516 243 8.20E-03
GGA1 933 658 532 2048 830 2231 707.67 1703 2.41 9.23E-03

SLC25A10 741 416 864 2148 1447 1220 673.67 1605 2.38 2.03E-03
KCNA3 366 550 701 1475 1012 1296 539 1261 2.34 1.42E-03
TBéggZZ 737 1582 2416 5132 2861 3030 1578.33 3674.33 2.33 3.78E-03
CLNS1A 1186 614 939 2825 1138 2381 913 2114.67 2.32 4.85E-03
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CD74 57489 | 29744 | 25031 | 86962 | 84070 87575 37451 3 862362'3 2.31 1.77E-04
PPIE 2381 3015 1899 4437 5067 7274 2431.67 55692.67 23 4.85E-04
MED22 2672 1773 2252 4266 3749 7385 | 2232.33 5133.33 23 1.05E-03
PIGH 329 450 698 1473 708 1221 492.33 1134 23 4.57E-03
ADRB2 503 864 542 1881 1651 838 636.33 1456.67 2.29 5.88E-03
D86604 473 884 783 1615 1346 1900 713.33 1620.33 2.27 2.50E-03
TRAF3IP2 571 1045 983 2779 1546 1529 866.33 1951.33 2.25 3.72E-03
KCNK5 416 502 309 953 667 1138 409 919.33 2.25 6.79E-03
NENF 808 803 1320 2604 1383 2548 977 2178.33 2.23 5.60E-03
ARPC4 20094 | 20785 | 15067 | 55573 | 30585 3801 6 1 86;'8'6 41 4::;9'3 2.22 5.29E-04
CLECT7A 1214 1337 1622 3818 2130 3302 1391 3083.33 2.22 1.81E-03
NAPSA 14218 | 10883 7868 27652 | 17546 27753 ! 09789'6 24245 2.21 1.31E-03
RABGGTB 375 678 371 1003 1463 675 474.67 1047 2.21 6.41E-03
PIM3 1366 714 718 1519 1482 3135 932.67 2045.33 2.19 6.05E-03
RPRL2 77591 | 41797 | 54770 15311 90812 1?86 58052'6 126844 2.18 3.16E-03
1700122E 6075 9383 9852 19179 | 17350 1830 8436.67 18277.3 2.17 2.03E-04
12RIK 3 3
GEMIN4 2335 1493 1493 4635 3157 3708 1773.67 3833.33 2.16 8.71E-04
IERS 890 376 801 1151 1526 1778 689 1485 2.16 4.10E-03
CGRRF1 461 736 656 1491 1160 1338 617.67 1329.67 2.15 2.96E-03
CLDN10 489 822 1233 2594 1604 1271 848 1823 2.15 5.72E-03
RPRL3 57853 | 42122 | 44186 12642 69369 1113 | 480536 102384. 2.13 3.87E-03
3 62 7 67
TNZ'?ASH 939 957 971 1923 1547 2574 955.67 2014.67 2.1 2.15E-03
H2-DMB2 1352 793 806 1908 2320 1978 983.67 2068.67 2.1 4.69E-03
GBP9 4110 4470 2432 8814 8660 5466 3670.67 7646.67 2.08 2.35E-03
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CSF1 3335 1185 1564 4433 3014 5189 2028 4212 2.08 5.15E-03
MBLAC1 603 574 1138 1620 1115 2028 771.67 1587.67 2.06 7.40E-03
SHMT1 1330 833 1296 3115 1426 2597 1153 2379.33 2.06 9.41E-03
GM5779 21035 | 35576 | 31188 | 59228 | 53717 66360 29256'3 598349'3 2.04 2.24E-04
PSMB5 21167 | 15617 | 15651 | 27639 | 27091 52608 174;8'3 35625'3 2.04 3.66E-03
RPP30 593 866 1420 2131 2009 1727 959.67 1955.67 2.04 4.01E-03
COA5 817 543 715 1267 1563 1392 691.67 1407.33 2.03 3.11E-03
CLP1 1564 2280 3301 5845 3231 5395 | 2381.67 | 4823.67 2.03 5.95E-03
1108
PYGB 4915 3529 3483 6538 6439 5 3975.67 8019.67 2.02 4.39E-03
OAZ1 23122 | 20230 | 14003 | 21333 | 39504 54191 191;8'3 385782'6 2.02 5.47E-03
BANF1 7875 6899 9301 10100 | 12573 25586 8025 161379'3 2.02 9.08E-03
1347
NAB2 5749 4674 4335 8827 7409 7 4919.33 9904.33 2.01 2.52E-03
H2-AB1 28364 | 24920 | 24009 | 52123 | 52674 50950 257:?4'3 51 7;38'6 2.01 5.03E-03
ORAOV1 18181 | 12230 7065 21806 | 22718 30289 12492 25138'6 2.01 5.89E-03
SPATS2L 2941 2781 1798 1296 1450 1011 2506.67 1252.33 -2 3.55E-03
IL2RB 1019 915 964 396 747 289 966 477.33 -2.02 7.39E-03
COL15A1 1112 1225 2119 531 927 742 1485.33 733.33 -2.03 9.68E-03
AKO084079 1243 1184 913 540 706 375 1113.33 540.33 -2.06 8.79E-03
OL';';?S?- 1322 1741 1703 510 886 902 1588.67 766 -2.07 2.91E-03
BQ416348 | 2412 4874 2047 1355 1855 1679 3411 1629.67 -2.09 5.44E-03
4930511M 13536 | 10658 3919 48388.3
06RIK 61169 7 7 32142 | 73827 6 101041 3 -2.09 7.01E-03
FDXACB1 | 23188 | 37430 | 23196 | 11871 | 16799 11642 27938 133365'3 -2.09 7.14E-03

114




TULP2 1901 1136 1057 503 793 649 1364.67 648.33 -2.1 5.75E-03
49'12;5I1P(8K 713 1093 730 498 366 336 845.33 400 -2.11 7.79E-03
49%0R5|?<9J0 1007 971 1148 384 646 443 1042 491 -2.12 6.35E-03

ELF5 1010 893 687 501 225 498 863.33 408 -2.12 7.22E-03

VAX2 23031 | 59989 | 35074 | 17309 | 24341 1 3570 393764'6 L 84751 6 -2.13 8.41E-03
493:;?56 822 915 724 329 527 287 820.33 381 -2.15 4.83E-03

BRWD3 75584 ! 2305 80942 | 26043 | 69134 35048 9353?6'3 435352'3 -2.15 6.02E-03
GM11213 1705 1054 970 396 686 650 1243 577.33 -2.15 6.35E-03

FPR2 1051 2374 1854 956 1061 433 1759.67 816.67 -2.15 7.95E-03
4930512M | 17782 | 25587 | 26247 16250 | 6049 | 232058. 107582.

02RIK 5 9 1 99748 2 8 3 67 -2.16 5.30E-03
AK037291 558 621 509 329 279 173 562.67 260.33 -2.16 9.11E-03
AKO031035 806 792 1082 422 501 307 893.33 410 -2.18 6.29E-03

PHOX2A 940 2034 1622 748 738 627 1532 704.33 -2.18 7.35E-03
GM11944 1159 1182 1269 354 638 657 1203.33 549.67 -2.19 3.80E-03
AK029233 3641 1575 2219 671 792 1913 | 2478.33 1125.33 -2.2 8.25E-03

ADRA2B 11561 | 27189 | 14144 65850 12361 | 5037 176320. 79947.6 221 2 85E-03
7 7 7 5 8 3 7

ADAM25 660 1469 1445 377 711 524 1191.33 537.33 -2.22 9.64E-03

GM5953 1053 953 1280 495 534 440 1095.33 489.67 -2.24 2.20E-03

GM2090 3005 2849 2617 1473 1189 1090 2823.67 1250.67 -2.26 3.02E-03

KIRREL3 2065 4240 1863 1528 1229 864 2722.67 1207 -2.26 5.89E-03

OLFR1360 1080 826 696 310 388 441 867.33 379.67 -2.28 5.13E-03

HHLA1 1635 3377 1650 740 1304 867 2220.67 970.33 -2.29 3.58E-03
GM26911 465 813 550 338 345 116 609.33 266.33 -2.29 9.46E-03
QGSEQ:SD 5995 5001 6937 2467 3154 2169 5977.67 | 2596.67 -2.3 1.26E-03
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GM12128 1219 959 1067 389 825 194 1081.67 469.33 -2.3 4.46E-03
GM5833 26122 | 8388 10628 4842 5742 9033 15046 6539 -2.3 9.40E-03
GM4787 1745 1925 908 860 689 398 1526 649 -2.35 6.70E-03
BM934693 1014 1905 647 368 820 320 1188.67 502.67 -2.36 9.83E-03
GM11482 884 2417 1161 464 886 526 1487.33 625.33 -2.38 8.24E-03
GM36551 1268 3538 1513 719 1120 821 2106.33 886.67 -2.38 8.32E-03
OLFR103 744 623 897 423 406 120 754.67 316.33 -2.39 9.41E-03
HCN4 395 477 407 94 301 137 426.33 177.33 -2.4 7.30E-03
RAB9B 1330 786 808 309 476 429 974.67 404.67 -2.41 3.64E-03
ANKLE1 8860 | 25055 | 12244 5774 7318 5880 15336'3 6324 -2.43 4.59E-03
GM6042 527 725 896 267 321 293 716 293.67 -2.44 9.09E-03
GM32093 2898 1949 1425 900 1014 635 2090.67 849.67 -2.46 1.43E-03
GM 15482 1162 892 653 199 641 259 902.33 366.33 -2.46 6.56E-03
221180;3(7C 605 477 408 181 228 191 496.67 200 -2.48 5.86E-03
DLX6 2454 1086 1214 514 735 658 1584.67 635.67 -2.49 7.93E-03
OLFR554 410 812 779 251 225 320 667 265.33 -2.51 4.60E-03
TNXB 589 625 473 180 256 231 562.33 222.33 -2.53 3.04E-03
FSTL4 451 479 403 179 234 113 444.33 175.33 -2.53 9.21E-03
OLFR722 1248 459 766 389 260 318 824.33 322.33 -2.56 8.21E-03
CNGA3 560 1333 1013 377 598 156 968.67 377 -2.57 4.59E-03
821320'3?;0 651 1294 1131 470 571 153 1025.33 398 -2.58 6.32E-03
ZFP366 8757 6590 5504 2461 3963 1542 6950.33 | 2655.33 -2.62 2.50E-04
GM6116 2990 3589 1952 1044 1441 774 2843.67 1086.33 -2.62 3.89E-04
OLFR46 1466 1599 2037 502 680 758 1700.67 646.67 -2.63 7.70E-04
CES4A 476 500 620 111 281 214 532 202 -2.63 4.30E-03
GM32975 604 367 719 124 301 209 563.33 211.33 -2.67 3.81E-03

OLFR773 1467 876 1018 639 556 61 1120.33 418.67 -2.68 9.21E-03
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BY550418 406 904 831 275 376 138 713.67 263 -2.71 4.00E-03
GM32930 797 279 734 166 354 142 603.33 220.67 -2.73 8.11E-03
SLC35E3 468 638 320 255 160 105 475.33 173.33 -2.74 3.30E-03
AK031296 1861 945 623 529 364 318 1143 403.67 -2.83 3.96E-03
GPR61 1033 767 515 135 170 496 771.67 267 -2.89 6.68E-03
ARID3C 548 1646 1799 233 374 764 1331 457 -2.91 4.11E-03
ZFP385B 529 418 204 120 195 112 413.67 142.33 -2.91 6.97E-03
APOB 490 474 515 230 202 70 493 167.33 -2.95 6.87E-03
BC052181 607 598 846 394 119 178 683.67 230.33 -2.97 8.68E-04
ZFP750 222 529 666 235 203 27 472.33 155 -3.05 7.98E-03
GM6999 306 399 374 183 137 31 359.67 117 -3.07 4.01E-03
STARDG6 592 306 234 142 196 27 377.33 121.67 -3.1 9.46E-03
OLFR1451 461 278 429 88 135 127 389.33 116.67 -3.34 2.46E-03
MMP12 899 598 992 55 374 247 829.67 225.33 -3.68 3.52E-03
PRP2 481 401 347 154 77 97 409.67 109.33 -3.75 6.86E-04
KCNH7 1474 673 310 327 67 232 819 208.67 -3.92 6.83E-03
493?;:;H 586 575 372 133 153 48 511 111.33 -4.59 5.16E-04
AKO034071 1146 1534 942 148 441 180 1207.33 256.33 -4.71 2.44E-05
GHRH 582 881 641 141 244 37 701.33 140.67 -4.99 1.97E-04
GM10714 1317 369 597 29 143 159 761 110.33 -6.9 1.66E-04

Shown are normalized expression values from SurePrint G3 Mouse GE 8x60K Microarray

calculated with limma.

The average expression level of each gene for both conditions are

calculated and shown as Aged SPF Average or Aged GF Average. Fold change is calculated as

(Aged GF Average/Aged SPF Average). FDR, false discovery rate.
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Chapter 4: The Impact of Nucleolar Stress on T Cell

Acute Lymphoblastic Leukemia Transformation

4.1. Introduction

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematologic malignancy
characterized by the transformation and expansion of T cell progenitors. T-ALL comprises 10%
to 15% of pediatric and 20% to 25% of adult cases of acute lymphoblastic leukemia.!* Current
treatment consists of intense chemotherapy that is associated with acute and chronic life-
threatening or debilitating toxicities.’> Although five-year event-free survival is now 80% to 90%
for children,?*% this rate deteriorates significantly with age: <40 years = 52.8%, 40-59 years =
37.6%, 60-79 years = 21.7%, and > 80 years = 0%.37-*® Despite a steadily increasing event-free
survival in pediatric patients, approximately 20% of pediatric and 40% of adult patients will

relapse, 4

and the prognosis after relapse is dismal with three-year event-free survival of only
10% to 15%.!%*4  While HCT may be curative for relapsed T-ALL, in the largest study
performed to date overall survival was only 24% after a median follow up of two years.** Although
the underlying genetic makeup of T-ALL may not predict outcome, understanding the molecular
mechanisms underlying T-ALL transformation may help identify novel targets for T-ALL therapy.

Increased NOTCH signaling is thought to be central to the pathogenesis of T-ALL, with
activating mutations of NOTCH1 present in approximately 70% of cases of T-ALL>’ and NOTCH

161162 Tn the context of

activation due to mutations in FBXW?7 in an additional 30% of cases.
hematopoiesis and T cell development, NOTCHI1 is the key regulator for early T cell fate

specification in the bone marrow, and NOTCH1 stimulation in the thymus ensures thymocyte
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development.!”” Expression of an intracellular cleaved form on NOTCH1, NOTCH ICN, strongly
induces NOTCH signaling and is sufficient to induce T-ALL in mice. In contrast, expression of
hotspot mutations NOTCH 1, which are typically seen in T-ALL, required cooperating oncogenic
factors to drive transformation. Of note, recent genetic studies suggest that NOTCH I mutations
are often subclonal, suggesting that they are late events in leukemic transformation.?%¢’

The molecular mechanisms by which activating NOTCHI mutations promote leukemic
transformation are still unclear. What appears to be relevant are its growth-promoting
effects!>6:182183 and association with transcriptional upregulation of ribosome biogenesis and
protein translation.!*%!5” NOTCH signaling results in increased MYC expression, which in turn

stimulates ribosomal RNA synthesis and the production of ribosomal proteins.!3¢-158

However,
increased ribosome biogenesis induces a negative feedback loop known as the nucleolar stress
pathway that inhibits ribosome production and cell growth. A major component of the nucleolar
stress pathway is the tumor suppressor ARF.2¥ Nucleolar stress induces increased ARF
expression, which in turn, inhibits ribosome expression, in part, by binding to MDM2 in a p53-
dependent manner?®® and halting ribosome biogenesis independent of p53.207-233

T-ALL tumors with activating NOTCHI mutations universally harbor deletions of the
cyclin-dependent kinase inhibitor 2A (CDKN2A) locus.®!! Recurrent monoallelic and biallelic
deletions of CDKN2A have been described in both pediatric and adult cases of T-ALL, but their
prognostic value is unclear. A recent analysis of the Spanish PETHEMA studies showed that
monoallelic CDKN2A loss is observed in 25% to 30% of cases with CDKN2A copy number
alterations.*** Additionally, Sulong et al. showed that CDKN2A lesions at relapse are a mixture

of monoallelic and biallelic deletions.’! Furthermore, they highlighted that T-ALL clones with

monoallelic loss of CDKN24 often fall below the resolution of commercial FISH probes. The
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CDKN2A locus encodes for two tumor suppressors, P16™Vk# (INK4A4) and P19*RF (ARF). INK4A
and ARF share exons two and three of the CDKN2A4 gene locus, but they have independent alpha

and beta first exons,!31:190-192

These transcripts encode for wholly unique polypeptides via their
different reading frames. INK4A directly inhibits cyclin-D-dependent kinases (CDK4 and CDK6),
preventing phosphorylation of retinoblastoma protein (RB) and progression to S phase.!3!-13% [t
has been reported that CDK4 directly phosphorylates upstream binding factor (UBF), leading to
the initiation of ribosome biogenesis,!**!°* however the implications of CDK4 induced ribosome

biogenesis in the context of CDKN2A biallelic loss have not been fully characterized.

ARF is the second classic tumor suppressor encoded by the CDKN2A4 locus, the alternate

INK4A 3 144
6 3,

reading frame (its namesake) of the P/ gene.!3*  ARF stabilizes and activates p5
initiating a transcriptional program that arrests the cell cycle or leads to apoptosis.!®>292 The
transcription factor p53 also initiates transcription of its negative feedback regulator MDM2.2%3
The stabilization of p53 by ARF involves a complex mechanism induced under nucleolar stress.
Under baseline conditions, ARF —a nucleolar protein — cannot interact with p5S3 which is localized
to the nucleus.?*#2% The nucleolus is an organelle formed within, but kept separate from, the
nucleus for the purpose of generating ribosomes. Disruptions in ribosome biogenesis disrupt
nucleolar structure and cause the release of nucleolar components into the nucleus.?’” Once in the
nucleus, ARF interacts with MDM2, inhibiting its activity and stabilizing p53.!* Additionally,
ARF has been shown to interact with rRNA processing complexes to inhibit ribosome
biogenesis,[272,321-323] and ARF is known to regulate the nucleolar export of NPM1[Brady
2004 ARF impedes]. Of note, CDKN2A loss appears to be a lymphoid-enriched genetic lesion
with B- and T-ALL prevalence at 50% and 80%, respectively, but the CDKN2A locus is unaltered

in myeloid malignancy.!0-68.74.75
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Collectively, these observations suggest the hypothesis that Notch signaling induces
nucleolar stress in T-ALL and that inactivation of the nucleolar stress pathway via loss of
CDNK24 is essential to the molecular pathogenesis of T-ALL. Here, we provide evidence in
support for this hypothesis and a novel model of T-ALL leukemogenesis in which CDKN2A loss
is an early event that provides a fitness advantage under conditions of replicative stress that leads
to an expanded pool of hematopoietic stem cells and common lymphoid progenitors. Loss of
CDKN2A provides a permissive cellular environment for activating NOTCH mutations by
attenuating nucleolar stress. These data suggest that targeting nucleolar stress pathway may have

therapeutic activity in T-ALL.

4.2. Material and Methods

4.2.1. Animal Husbandry and Transgenic Mouse Models

Mice were maintained under specific pathogen-free conditions and include C57BL/6 (Ly45.2
wildtype) and B6.SJL-Pprc® Pepc’/Boyl) (Ly45.1 wildtype) which were obtained from The
Jackson Laboratory (Bar Harbor, ME). Mice were crossed in-house to generate Ly5.2/Ly5.1
expressing mice on a C57BL/6 background. B6.129-Cdkn2a™'®%/Nci (Ink4a/Arf null) mice
[Serrano 1996 Role of the INK4a 8620534] were obtained from the Frederick National Laboratory
(Frederick, MD). All experiments were done using young 6-8-week-old mice . An equal number
of male and female mice were used. Transplant donor and support/competitor mice were age and
sex matched. All of the procedures performed in this study were approved by the Washington
University Animal Studies Committee (approval number 20-0495). Mice were anesthetized using

isoflurane for all procedures, and they were euthanized using CO> followed by cervical dislocation.
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4.2.2. Flow cytometry

Peripheral blood, bone marrow, and thymus mononuclear cell (MNC) preparations were red blood
cell lysed using ACK lysing buffer (Thermo Fisher, Waltham, MA). For bone marrow and spleen,
MNC preparations were lysed for five minutes at room temperature. Peripheral blood was
resuspended in 4x volume ACK buffer, centrifugated at 400 rcf for five minutes, and the
supernatant was aspirated (four to six rounds until pellet is white). The resulting cell suspension
(excluding peripheral blood) was filtered through CellTrics 70 um nylon filters (Sysmex, Goerlitz,
Germany) to generate single cell suspensions. MNCs were counted using trypan blue (Thermo
Fisher) and a Cellometer Auto T4 Bright Field Cell Counter (Nexcelom, Lawrence, MA).
Complete blood counts were obtained using the HV950 hemavet (Drew Scientific, Miami Lakes,
FL). MNCs were incubated with target antibodies at 4°C for 30-90 minutes (or overnight for HSC
CD45.2/CD45.1 staining) in phosphate buffered saline (PBS) containing ImM
ethylenediaminetetraacetic acid (EDTA) and 0.2% (weight/volume) bovine serum albumin (BSA).
Data were acquired using a FACS Aria III flow cytometer (BD biosciences, San Jose, CA) and

analyzed using FlowJo™ v10.8.1 software (BD biosciences).

The hematopoietic stem/progenitor cell (HSPC) panel included PE-Cy7-conjugated anti-CD117
(2B8); PerCP-Cy5.5-conjugated anti-Ly-6A/E; PE-conjugated anti-CD150 (TC15-12F12.2);
BV421-conjugated anti-CD48 (HM48-1); APC-conjugated anti-CD16/32 (2.4G2); FITC-
conjugated anti-CD34 (RAM34); and BV711-conjugated anti-CD135 (A2F10.1) and the
following APC-Cy7-conjufated antibodies: anti-CD3¢ (145-2C11), anti-B220 (RA3-6B2), anti-

Grl (RB6-8C5), anti-Ter1 19 (TER-119), anti-CD11b (M1/70), and anti-NK1.1 (PK136).
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The B progenitor panel included FITC-conjugated anti-Ly6D (49-H4), PE-conjugated anti-CD43
(S11), PE-Cy7-conjugated anti-CD19 (6D5), APC-conjugated anti-IgM (RMMI1), BV421-
conjugated anti-B220 (RA3-6B2), PerCP-Cy5.5-conjugated anti-IgD (11-26¢.2a), and the
following APC-Cy7-conjufated antibodies: anti-CD11c (N418), anti-CD3¢ (145-2C11), and anti-

NKI1.1 (PK136).

The common lymphoid progenitor panel included BV421-conjugated anti-IL7Ra (A7R34),
PerCP-CyS5.5-conjugated anti-CD27 (LG.3A10), APC-conjugated anti-CD135 (A2F10), FITC-
conjugated anti-Ly6D (49-H4), and the following APC-Cy7-conjufated antibodies: anti-CD3¢
(145-2C11), anti-B220 (RA3-6B2), anti-Grl (RB6-8C5), anti-Ter119 (TER-119), anti-CD11b

(M1/70), anti-CD11c (N418), and anti-NK1.1 (PK136).

The thymocyte progenitor panel included BV421-conjugated anti-CD44 (clone), PE-conjugated
anti-CD25 (clone), PE-Cy7-conjugated anti-CD8a (clone), APC-conjugated anti-CD4 (clone),
BV605-conjugated anti-CD117 (clone), and the following APC-Cy7-conjugated antibodies: anti-

B220 (RA3-6B2), anti-Gr1 (RB6-8C5), anti-Ter1 19 (TER-119), and anti-CD11b (M1/70).

The mature cell panel included BV421-conjugated anti-B220 (RA3-6B2), APC-Cy7-conjugated
CD3g (145-2C11), FITC-conjugated anti-Grl (RB6-8C5), and PE-conjugated anti-CD115 (clone).

Antibodies were obtained from BioLegend or BD Biosciences.
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4.2.3. Transplantation and Cell sorting

Six-to-eight-week-old wildtype Ly35.1/Ly5.2 recipient mice were irradiated twice with 600 cGy six
hours apart. Donor (Ly5.2) bone marrow cells were then injected retro-orbitally and placed on
prophylactic antibiotics (trimethoprim-sulfamethoxazole) for two weeks. Peripheral blood
chimerism was analyzed every four weeks until mice were sacrificed 16-to-twenty-four weeks
post-transplantation when donor chimerism in bone marrow, blood, and thymus were analyzed.
For whole bone marrow competitive transplantations, the indicated ratio of Ly5.2 to Ly5.1 whole
bone marrow cells were used for a total of two million cells. For transplants involving the
retroviral transduction of NOTCH1 constructs, five hundred thousand CD117-selected cells were
transplanted with varying transduction efficiency (~80% for empty vector controls and 20% or less

for NOTCH|1 constructs).

4.2.4. Immunofluorescent Confocal Microscopy

Fixed sample images were acquired using an LSM 700 laser scanning confocal microscope with
a 63x 1.4 NA Plan-Apochromat oil-immersion objective (CarlZeiss). Acquisition parameters
were established using the brightest control specimen such that just a few pixels reached
saturation in order to achieve the greatest dynamic range in our experiments. For quantitative
measurements, parameters including gain, laser power, scan speed, dwell time, resolution, and

zoom were kept consistent between comparisons.
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4.2.5. Quantitative reverse-transcription PCR

Two-step quantitative reverse-transcription PCR was performed using total RNA and the
SuperScript VILO ¢cDNA synthesis kit (Thermo Fisher) and the TagMan Fast Advanced Master
Mix kit (Thermo Fisher) with no template and no reverse transcriptase controls. mRNA expression
is normalized to f-actin mRNA expression. Data was collected on a StepOnePlus Real-Time PCR

System (Thermo Fisher). The following quantitative PCR primer/probe sets were used:
TagMan® Assays and Arrays:

Actb, Mus_musculus VIC—spanning exons 1-2 Mm04394036 g1
IDT PrimeTime Std® qPCR Assay:

Bax, Mus_musculus

FAM/ZEN/IBFQ

Sequence 1

GCC ATC AGC AAA CAT GTC AG

Sequence 2

GGA GAT GAA CTG GAC AGC AAT

Sequence 3

/56-FAM/CG TCA GCA A/Zen/T CAT CCT CTG CAG CT/31ABKFQ/

Bbc3, Mus_musculus

FAM/ZEN/IBFQ

Sequence 1

AGA GAT TGT ACA TGA CCCTCC A

Sequence 2

GAC CTC AAC GCG CAGTA

Sequence 3

/56-FAM/CG GAG ACA A/Zen/G AAG AGC AGC ATC GA/3TABKFQ/

Fas, Mus_musculus

FAM/ZEN/IBFQ

Sequence 1

CTC GGA GAT GCT ATT ACCTTG
Sequence 2

AGA CATGCT GTG GAT CTG G
Sequence 3
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/56-FAM/TC CTG CCT C/Zen/T GGT GCT TGC TG/3IABKFQ/

Cdknla, Mus_musculus

FAM/ZEN/IBFQ

Sequence 1

AAT CTG CGC TTG GAG TGA TAG

Sequence 2

CTT GTC GCT GTCTTG CACT

Sequence 3

/56-FAM/TG TCT GAG C/Zen/G GCC TGA AGA TTC C/31ABKFQ/

Mdm?2, Mus_musculus

FAM/ZEN/IBFQ

Sequence 1

TCT GAT AGA CTG TGA CCC GAT

Sequence 2

GCG TGG AATTTG AAGTTG AGT C

Sequence 3

/56-FAM/AG CTC GTG C/Zen/C CTT CGT CAC TC/3IABKFQ/

Pmaipl, Mus_musculus

FAM/ZEN/IBFQ

Sequence 1

GCA CACTCGTCCTTC AAGT

Sequence 2

CCG GAC ATA ACT GTGGTT CT

Sequence 3

/56-FAM/TC ATC CTG C/Zen/T CTT TTG CGA CTT CCC/3IABKFQ/

Notchl, Mus_musculus 6-FAM/ZEN/IBFQ Mm.PT.58.28794468
Hesl, Mus_musculus 6-FAM/ZEN/IBFQ Mm.PT.58.41697865
Heyl, Mus_musculus 6-FAM/ZEN/IBFQ Mm.PT.58.31332652

Cdkn2a, Mus_musculus

FAM/ZEN/IBFQ

Sequence 1

TGG GTG CTC TTT GTG TTC C

Sequence 2

GAG GCC GGATTT AGCTCT G

Sequence 3

/56-FAM/TG GTC TTT/Zen/T GTA CCG CTG GGA AC/3IABKFQ/

Arf, Mus_musculus
FAM/ZEN/IBFQ
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Sequence 1

CTC TGG CTT TCG TGA ACA TG

Sequence 2

TCG AAT CTG CAC CGT AGT TG

Sequence 3

/56-FAM/TG CGG CCC/Zen/C TTC TCA AGA TCC/31ABKFQ/

Ink4a, Mus_musculus
FAM/ZEN/IBFQ

Sequence 1

AAC GCC CCG AACTCTTTC
Sequence 2

AGA AGA GCT GCT ACG TGA AC

Sequence 3
/56-FAM/CG GTC GTA C/Zen/C CCG ATT CAG GTG/31ABKFQ/

4.2.6. Progenitor T cell culture and Notchl construct transduction

Murine embryonic hematopoietic stem cells (eHSC) were collected as previously described.32-333
Briefly, CD117-selected eHSCs were cultured in o-MEM with 15% FCS, 100 U/mL penicillin,
100 pg/mL streptomycin, 5 ng/mL recombinant human FLT3-L, 1 ng/mL recombinant mouse IL-
7, and 25 ng/mL recombinant mouse SCF on 50-60% confluence OP9-DL4 stromal cells in 24

wells plates at a density of 0.8 x 10° cells/mL.

The control GFP-expressing MSCV-IRES-GFP construct (MigR1) and the NOTCHI mutant
constructs found in human T-ALL were gifted by Warren Pear’s group and described
previously.”33*

For ProT transduction, CDI117-selected eHSCs were cultured in Opti-MEM GlutaMAX
supplement with 15% FCS, 55 uM beta-mercaptoethanol (Gibco), 100 U/mL penicillin, 100
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pg/mL streptomycin, 5 ng/mL recombinant human FLT3-L, 1 ng/mL recombinant mouse 1L-7,
and 25 ng/mL recombinant mouse SCF on 50-60% confluence OP9-DL4 stromal cells in 24 wells
plates at a density of 0.8 x 10° cells/mL. Retrovirus was produced by transfecting HEK-293T cells
with MSCV vectors and collecting supernatant 48 hours and 72 hours later. Viral supernatant was
passed through a 0.45 pm syringe filter (Corning) and concentrated with Amicon 100 kDa
centrifugal filters (Millipore). Primary HSCs were infected by addition of concentrated virus in

the presence of 4 pg/mL polybrene and centifuged at 1100 x g for 90 minutes at 28°C.

For adult murine HSCs, CD117-selected bone marrow MNCs were cultured in Opti-MEM
GlutaMAX supplement with 10% FCS, 55 pM beta-mercaptoethanol (Gibco), 100 U/mL
penicillin, 100 pg/mL streptomycin, 10 ng/mL recombinant mouse IL-3, 10 ng/mL recombinant
IL-6, 25 ng/mL recombinant mouse IL-7, 50 ng/mL recombinant mouse FIt3-L, 50 ng/mL
recombinant mouse SCF, and 25 ng/mL recombinant mouse TPO in 24-well plates at a density of
0.5 x 10° cell/mL. Retrovirus was produced by transfecting HEK-293T cells with MSCV vectors
and collecting supernatant 48 hours and 72 hours later. Viral supernatant was passed through a
0.45 pum syringe filter (Corning) and concentrated with Amicon 100 kDa centrifugal filters
(Millipore). Primary HSCs were infected by addition of concentrated virus in the presence of 4

pg/mL polybrene and centifuged at 1100 x g for 90 minutes at 28°C.

4.2.7. 5-fluorouracil treatment

All doses of 5-fluorouracil (5-FU) were given at 150 mg/kg (F6627-5G, Sigma) by intraperitoneal
injection. For the replication stress transplantation experiments, recipient mice were treated at 6

and 8 weeks post-transplant with 150mg/kg doses of 5-FU. For cell cycle analysis, wildtype mice
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were treated with 5-FU and sacrificed 24 hours post-treatment for assessment.

4.2.8. Live-Cell Image Analysis

Cells were seeded in 24 well plates as described in 2.2.6. Cells were imaged using phase contrast
and red-fluorescence in the IncuCyte S3 platform (Sartorius, Gottingen, Germany) in conjunction
with Cytotox-Red stain, as per the manufacturer’s instructions. The live cell imaging experiments
was performed in quintuplet. Sixteen sets of images from distinct regions within each well were
taken at four-hour intervals for ninety-six hours, using a 10x objective. IncuCyte S3 image
analysis software was set to detect the edges of the cells, to determine their confluence, their

absolute number, and the number of red-fluorescent cells per image.

4.2.9. Whole Genome Sequencing and Analysis

Mouse data were aligned to mm10 using BWA-MEM.?* The aligned reads were sorted,
deduplicated, and run through base quality score recalibration (BQSR). Structural variants (SVs)

and large indels were detected using Manta.?*¢

SNVs and small indels were detected using
VarScan2,*¥7 Strelka2,*® and MuTect2.3** Transcript annotation was performed using VEP
version 95 for both mouse and human.>*® Variants in regions of low-quality mapping and low
coverage (< 20X) were removed. Copy number variants were inferred and visualized using

CNVkit.3# The entire somatic pipeline is available as a CWL workflow at

https://github.com/genome/analysis-

workflows/commit/3e653¢e78fea91ct9c487534cecal db328b6b68e€0.
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4.2.10. Quantification and statistical analysis

Significance was determined using Prism v8.1.2 (GraphPad, San Diego, CA, USA). For single
parameter analysis, unpaired t-test were used to assess statistical significance. For multiple
parameter data, statistical significance was calculated using one-way or two-way analysis of
variance (ANOVA). P values less than 0.05 were considered significant. Expression data are log

transformed prior to statistical analysis.

4.3. Results

4.3.1. Notchl expression in primary murine thymocytes induces nucleolar

stress and inhibits cell growth

To test our hypothesis that activating NOTCHI mutants induce nucleolar stress, we first
modified protocols established by the Zufiiga-Pfluecker group®*>3* to generate progenitor T cells
in culture (Figure 4.1.A). Our progenitor T cell cultures are derived from cKit selected fetal liver
cells. Phenotypically, greater than 90% of these cells resembled CD4" CD8" double positive
thymocytes (Figure 4.1.B). To test how T-ALL relevant NOTCH mutations alter DP thymocytes,
we transduced these cells with retrovirus expressing empty vector, wildtype NOTCHI, or
activating NOTCHI mutants (aNOTCH1) carrying hotspot mutations L/594P or L1601P. After
sorting on GFP, we assessed Notch activation via its target Hey! and observed a nearly 4-fold
increase in Notch activity in cells expressing aNOTCH 1 (Figure 4.1.C). Having enhanced Notch
activation, we investigated to what extent nucleolar stress was induced by measuring hallmarks of
nucleolar stress. First, we measured expression of the Cdkn2a genes (p16™** and p1947, Figure

4.1.D). We observed a hundreds-fold increase in both Cdkn2a genes in cells expressing aNOTCH .
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Additionally, aNOTCH1 induced expression of key p53 target genes, p2/ and Bax (Figure 4.1.E),
which suggest p53 stabilization through Arf. Cells expressing aNOTCH1 also exhibited stalled
ribosome biogenesis, as observed by the accumulation of immature 5’-external transcribed spacer
(ETS) containing rRNA to mature 18S rRNA (Figure 4.1.F). Finally, aNOTCHI was shown to
induce the canonical sign of nucleolar stress — translocation of nucleophosmin from nucleoli to the
nucleoplasm (data not shown). Consistent with data from Warren Pear’s group,'®! live-cell
imaging over 96 hours revealed that aNOTCHI mutations have a negative impact on cellular
proliferation. Collectively, these data show that expression of aNOTCH1 mutants is sufficient to

induce nucleolar stress, resulting in p53 activation and impaired cell proliferation.

4.3.2. Cdkn2a expression is induced during early lymphoid differentiation

To investigate Cdkn2a expression and nucleolar stress induction during normal
hematopoiesis, we first measured the basal level of Arf'and Ink4a across hematopoietic populations
(Figure 4.2.A). Hematopoietic stem cells (HSCs), common lymphoid progenitors (CLPs),
granulocyte-monocyte progenitors (GMPs), Pre-Pro-B cells, Pro-B cells, Pre-B cells, Early T
lineage progenitors (ETPs), CD4~ CD8" double negative 2/3 (DN2/3) T lineage progenitors, DN4,
CD4" CD8" double positive (DP) T linecage progenitors, and circulating B cells, T cells,
neutrophils, and monocytes were sorted to assess mRNA transcript expression by qRT-PCR. Low-
level or absent expression of /nk4a and Arf was observed in the most immature hematopoietic
progenitors, HSCs, CLPs and GMPs. Similarly, expression of Ink4a and Arf was minimal in
myeloid cells, including GMPs and mature circulating neutrophils and monocytes. In contrast,

expression of both /nk4a and Arf was elevated throughout both B lymphopoiesis and T
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lymphopoiesis. Cdkn2a expression in T cell development is elevated in the earliest thymic T
lineage progenitors, ETPs, and remains elevated to the DP thymocyte stage, returning to baseline
levels thereafter.

We next examined basal levels of nucleolar stress in hematopoiesis by measuring the
accumulation of immature 5’ external transcribed spacer (ETS) containing rRNA relative to
mature 18S rRNA (Figure 4.2.B). Congruent with expression of Cdkn2a genes and data on excess
ARF,270319-321 immature rRNA accumulation relative to mature 18S rRNA is highest in developing
thymocytes, elevated above the baseline ETS/18S ratios of early hematopoietic progenitors and

myeloid cells.

4.3.3. Loss of Cdkn2a has minimal impact on basal hematopoiesis or HSC

function

The impact of CDKN2A loss on HSC maintenance or hematopoietic differentiation has not
been fully characterized. To address this issue, we first quantified phenotypic HSCs by flow
cytometry (Figure 4.3.A). By percentage and absolute number, the frequency and number of HSCs
in Cdkn2a*" and Cdkn2a”~ mice is similar to wildtype mice. This is expected since the expression
of Cdkn2a is very low in HSCs under steady state conditions. Despite the relative high expression
of Arf and Ink4a during lymphopoiesis, B- and T-lymphopoiesis are normal in Cdkn2a’~ mice
(data not shown). Similarly, granulopoiesis was similar between Cdkn2a deficient mice and
wildtype controls. Peripheral blood counts; the level of circulating T cells, B cells, neutrophils,
and monocytes; and the number of myeloid, B-cell, and T-cell lineage cells in the bone marrow

and thymus were also comparable to control mice.
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We hypothesized that replication stress induced by transplantation may activate CDKN2A
expression in WT HSCs, suppressing their proliferation. To assess the impact of Cdkn2a loss on
HSC response to replication stress, we first transplanted whole bone marrow from Cdkn2a*” or
Cdkn2a”~ mice (Ly5.2) against whole bone marrow from wildtype mice (Ly5.1) in a 50:50
competitive manner and measured chimerism (Figure 4.3.B). Stable overall donor engraftment
was observed over time with enhanced engraftment of both Cdkn2a™ and Cdkn2a’- HSCs.
Contrary to what is observed at baseline in Cdkn2a™ and Cdkn2a’~ transgenic mice, both
Cdkn2a*" and Cdkn2a’~ HSCs consistently outperformed wildtype competitors in transplantation
assays with HSC chimerism reflected across all hematopoietic lineages. Strikingly, both Cdkn2a*”
and Cdkn2a™" cells completely eclipsed any remaining wildtype cells upon secondary transplant
(Figure 4.3.C).

To begin to explore mechanisms by which Cdkn2a deficiency confers fitness to HSCs, we
assessed the expression of Cdkn2a genes, Ink4a and Arf, by qRT-PCR in response to 5-fluorouracil
treatment (5-FU, 150 mg/kg intraperitoneal injection), sorting HSCs from wildtype mice treated
with 5-FU twenty-four-hours post-treatment (Figure 4.3.D). Interestingly, we observed a several-
hundred-fold induction of Arf expression in HSCs after 5-FU treatment, however Ink4a transcripts
were not detected. We next characterized the response of Cdkn2a*" and Cdkn2a” cells to serial
replication stress in vivo. Briefly, Cdkn2a"" or Cdkn2a” whole bone marrow was transplanted at
one-to-ten against wildtype whole bone marrow, and recipients were treated with 5-fluorouracil
(5-FU) following stable engraftment at six weeks and eight weeks post-transplantation. Consistent
with our model, treatment with 5-FU resulted in significant (~5-fold) expansion of Cdkn2a"" and

Cdkn2a’~- HSCs with concomitant hematopoietic output (Figure 4.3.F).
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4.3.4. Cdkn2a loss supports mutant Notch-driven expansion of lymphoid
progenitors

We next explored the impact of aNOTCHI mutants in vivo, using a retroviral
transplantation model. In brief, CD117" cells were sorted from adult mice and subjected to two
rounds of retroviral transduction for NOTCH 1 variants. These cells were transplanted into lethally
irradiated mice and the contribution of aNOTCH (GFP") expressing cells to hematopoiesis
examined over time (Figure 4.4.A). The contribution of aNOTCH [ variants to hematopoietic stem
cells (HSCs), common lymphoid progenitors (CLPs), and T cells was similar to input percentage
and was stable over time (Figure 4.4.B). However, aNOTCH variants were selected against
throughout both myelopoiesis and B lymphopoiesis, with a near complete loss of aNOTCH1
expressing myeloid and B cells.

Finally, to get at our hypothesis that CDKN2A loss is an early transformation event that
provides a permissive environment for secondary driver mutations, we modeled the impact of
CDKN2A loss on activating notch-induced leukemogenesis by retrovirally transducing aNOTCH
variants into CDKN2A "~ HSPCs and transplanting these cells into lethally irradiated wildtype
recipients (Figure 4.4.C). At 16 weeks post-transplant, we found that compared to HSCs
expressing aNOTCH in a CDKN2A wildtype background, expression of aNOTCH in the context
of CDKN2A loss resulted in a significant expansion of hematopoietic stem cells and common
lymphoid progenitors (Figure 4.4.D). However, CDKN2A loss did not rescue the activating notch

induced block in the myeloid or B lymphoid lineages.
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4.3.5. Cdkn2a loss cooperates with activated Notch mutants to induce T-ALL in
mice

Consistent with the oncogenic cooperativity of aNOTCHI variants demonstrated by
Chiang et al., a tumor watch confirmed that Cdkn2a loss strongly cooperates with activating notch
expression to induce T-ALL in mice (Figure 4.5). All 17 mice in the NOTCHI L1601P CDKN2A
- group developed a double positive T cell leukemia by 200 days compared to 3 out of 12 mice in
the NOTCHI L1601P CDKN2A"* group.

Finally, we were interested in whether tumors that develop from Cdkn2a*~ aNOTCH1 cells
lose the second copy of Cdkn2a. To this end, we performed matched-pair whole genome
sequencing on these tumors at 30X coverage. Briefly, cKit-selected Cdkn2a*” cells from pooled
donors were split amongst four wells in tissue culture to generate Cdkn2a*~ empty vector controls,
Cdkn2a*" expressing wildtype NOTCHI, Cdkn2a*" expressing NOTCHI*'?%" and Cdkn2a*"
expressing NOTCHI"'%'? . DNA from Cdkn2a*" empty vector control cells was used as paired-
normal, enabling acquired genetic lesion calling. Tumors generated from all mice were
immunophenotypically CD4+ CD8+ with significant bone marrow infiltration, significant
thrombocytopenia and anemia, and leukocytosis. Consistent with these observation, all of our
Cdkn2a™- aNOTCH]I induced mouse T-ALL samples retained the wildtype allele of Cdkn2a.

We identified 2,398 nonsynonymous single-nucleotide variant (SNV), insertion/deletion
(indel), or internal tandem duplication sequence mutations in 1,332 genes by whole genome
sequencing in a cohort of five Cdkn2a™ aNOTCHI tumors. Interestingly, we identified driver
mutations similar to what has been reported in patient T-ALL, including ASXL2, DDX3X, FATI,
IKZF1, KMT2A, KMT2C, PTEN, and SETD2. We observed mutations that alter transcription

factors genes (Hoxa7, Bclllb, Ccnd3, Runxl, Etv6, and Wtl), mutations that activate signaling
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pathways (Pften and Flt3), ribosomal proteins (Rpl10-ps4, Rpl37, Rpl21-psi2, Rpll9-psi0, and
Rpl31-psi8), and epigenetic regulators (Usp7 and Crebbp) commonly recurrent in pediatric and
adult cases of T-ALL. All of these mutations have been described previously and highlight the

heterogeneity of mutations leading to leukemogenesis.

4.4. Discussion

Given the prevalence of NOTCHI mutations in T-ALL and its role in T cell lineage
specification, mutations in NOTCHI are thought to be central to T cell acute lymphoblastic

leukemia pathogenesis. However, recent T-ALL whole genome sequencing®-6¢

and single cell
sequencing®’ data show that activating NOTCHI mutations are secondary, or subclonal events.
Recent evidence suggests that the most recurrent NOTCHI mutations, NOTCHI L1594P and
LI1601P are not sufficient to induce leukemogenesis in mice, but these NOTCHI mutations
cooperate with additional oncogenic drivers to drive T-ALL. In line with these observation, our
data show that activating mutations of the oncogene NOTCH 1 paradoxically slow cell growth by
triggering the evolutionarily conserved nucleolar stress homeostatic pathway as a result of the
excess demand on ribosome biogenesis. A key component of nucleolar stress pathway, Arf, is
encoded by the CDKN2A4 gene locus, which is deleted in the vast majority of cases of T-ALL.
Similar to observations made by Chiang et al., our study shows that NOTCH1 hyperactivation
cooperates with additional T-ALL drivers to induce leukemogenesis. Specifically, aNOTCH1
mutations cooperate with Cdkn2a loss, and our data shows that activating NOTCH I mutations are

not effective T-ALL initiators. Of note, although aNOTCH 1 mutations do not confer an advantage

to hematopoietic stem cells, aNOTCH I mutations are maintained in both HSCs and T-lineage cells.
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However, aNOTCH mutations are selected against in both myelopoiesis and B lymphopoiesis.
Furthermore, there is a paucity of aNOTCHI mutations in myeloid and B lymphoid

malignancies, 10687475

suggesting a level of tolerance for aNOTCH I mutations that is specific to
the cellular environment of T lymphopoiesis. However, the molecular mechanisms governing
hyperactive NOTCHI maintenance in T lymphopoiesis despite clear stimulation of nucleolar stress
and slowed growth in vitro remains unclear.

CDKNZ24 is a master regulator of ribosome biogenesis, p53 stabilization, and cell cycle

regulation through cyclin-dependent kinases.!3!-134

The prevalent deletion of Cdkn2a, and/or
mutation of ribosomal proteins, specifically in acute lymphoblastic leukemia suggest that ablating
nucleolar stress is central to ALL pathogenesis. Given the degree of Cdkn2a activation in both T
and B lymphopoiesis, we hypothesized that loss of Cdkn2a would result in increased B and T
lineage relative abundance compared to control mice. Surprisingly, transgenic Cdkn2a™- and
Cdkn2a”~ mice do not have altered hematopoiesis. Our data show that, while Cdkn2a loss does
not alter basal hematopoiesis, Cdkn2a deficient hematopoietic stem cells do expand under
replication stress conditions, suggesting that somatic loss of CDKN2A4 may result in an expanded
pool of hematopoietic stem and progenitor cells as a result of hematopoietic insult or replication
stress. Given the heterogeneity of T-ALL and prevalence of multiclonal mutations,? our data
suggest that an expanded pool of Cdkn2a"" or Cdkn2a’~ provide a permissive cellular environment
to these acquired secondary mutations, including NOTCH1.

Early studies of CDKN2A4 loss,**? demonstrated a strong selective pressure in favor of loss-
of-heterozygosity. Reports of the prevalence of biallelic CDKN2A loss may have been limited by

the resolution of bulk sequencing. The advent of single cell sequencing enabled higher resolution

CDKN24 locus analysis. Naturally, the hallmark subclonal evolution of T-ALL has since been
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extended to CDKN2A loss.>*®*3! High resolution next-generation sequencing and cytogenetic
studies have revealed that T-ALL is often subclonal in regard to CDKN2A loss. Interestingly,
monoallelic and biallelic loss of CDKN2A4 has not been associated with differential disease
prognoses.®*® Our data suggest that the loss of one or both copies of CDKN24 may effect
predisposition to ALL and disease latency. This is supported by the increased incidence and
decreased latency of Cdkn2a”~ tumors compared to Cdkn2a*” tumors despite a lack of discernable
difference between Cdkn2a™" and Cdkn2a”~ hematopoietic cells in response to replication stress.

In summary, these data provide support for a novel model of T-ALL leukemogenesis in
which CDKN2A loss is an early transformation event that provides a fitness advantage under
conditions of replication stress, leading to an expanded pool of CDKN2A" or CDKN2A”- HSCs
and CLPs. Loss of CDKN2A provides a permissive cellular environment for activating NOTCH1
mutations by attenuating nucleolar stress, setting up T-ALL transformation with secondary driver
mutations. Furthermore, these data suggest that targeting the nucleolar stress pathway or ribosome

biogenesis may have therapeutic activity in T-ALL.
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4.7. Figures
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Fig 4.1. Notchl expression in primary murine thymocytes induces nucleolar stress and

inhibits cell growth.

(A) Strategy for generating CD4+ CDS8+ double positive (DP) thymocytes in vitro. (B)
Representative flow plot of cells in culture, showing the gating strategy to identify phenotypic DP
thymocytes. (C-F) Relative mRNA expression of NOTCHI targets (C), Cdkn2a locus genes
(Ink4a and Arf, D), p53 targets (E), and rRNA processing (F) in thymocyte cultures, expressing
GFP-alone (empty vector control), full-length wildtype NOTCHI, or an activating NOTCH1
variant L1594P or L1601P compared to B-actin mRNA. (G) Growth rate of DP thymocytes
expressing NOTCHI1 constructs over 96 hours. (H) Nucleophosmin localization in DP thymocytes
expressing NOTCHI1 constructs. Data represent the mean £ SEM. *P <0.05, **P <0.01, ***P <
0.001, and ****P < (0.0001 by one-way ANOVA with alpha = 0.05 and Sidak’s multiple

comparisons test.
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Figure 4.2. Cdkn2a expression is induced during early lymphoid differentiation.

(A-D) Relative mRNA expression of Cdkn2a (A) and rRNA processing (B) in sorted
hematopoietic populations: lineage™ cKit™ Scal® CD150" CD48™ cells (hematopoietic stem and
progenitor cells); lineage™ CD27" IL7Ra" cells (common lymphoid progenitors); lineage™ cKit"
Scal™ CD16/32" CD34" cells (granulocyte-monocyte progenitors); lineage™ CD4~ CD8a CD44*
CD25™ cKit" cells (early T lineage progenitors); lineage” CD4~ CD8a~ CD44* CD25" cells (DN2
thymocytes); lineage- CD4~ CD8a” CD44~ CD25" cells (DN3 thymocytes); lincage™ CD4~ CD8a™
CD44- CD25 cells (DN4 thymocytes); lineage” B220" IgM~ CD43" CD19~ Ly6D" cells (Pre-Pro-
B cell progenitors); lineage™ B220" IgM~ CD43" CD19" cells (Pro-B cells); lineage™ B220" IgM~
CD43" cells (Pre-B cells) and circulating B220" (B cells), CD3g" (T cells), Grl* CDI115~
(neutrophils), and CD115" Gr1'*¥i"t (monocytes). Data represent the mean + SEM. *P < 0.05 and

**P <0.01 by one-way ANOVA with alpha = 0.05 and Sidak’s multiple comparisons test.
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Figure 4.3. Loss of Cdkn2a has minimal impact on basal hematopoiesis of HSC function.

(A) Number of LSK-SLAM cells per femur. (B-C) Two million bone marrow mononuclear cells
from Cdkn2a transgenic (Ly35.2, 50%) and wildtype (Ly5.1, 50%) were transplanted into irradiated
wildtype mice and donor chimerism assessed every four to six weeks. Shown is donor (Ly5.2)
contribution to total leukocytes for primary transplant (B) and secondary transplant (C). (D)
Relative mRNA expression of the Cdkn2a gene Arf'in sorted HSCs of wildtype mice treated with
5-fluorouracil 24-hours post-treatment compared to B-actin mRNA. (E) Cell cycle distribution of
LSK-SLAM cells 24-hours post-5-FU treatment. (F) Cdkn2a*" chimerism after transplant and
serial 5-FU treatment. Data represent the mean + SEM. *P <0.05, **P <0.01, ***P <0.001, and

*xxxP <0.0001 by one-way ANOVA with alpha = 0.05 and Sidak’s multiple comparisons test.
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Figure 4.4. Cdkn2a loss supports mutant Notch-driven expansion of lymphoid progenitors.

(A) Experimental schema. (B) Total leukocyte contribution of Cdkn2a wildtype cells expressing
a NOTCH1 construct normalized to input GFP chimerism. (C) Total leukocyte contribution of
Cdkn2a*" cells expressing a NOTCH] construct normalized to input GFP chimerism. (D) HSC
and CLP expansion post-transplant in wildtype cells and Cdkn2a™" cells expressing aNOTCH1
L1601P mutants or empty vector control. Data represent the mean + SEM. *P <0.05, **P <0.01,
*#%p < (0.001, and ****P < 0.0001 by one-way ANOVA with alpha = 0.05 and Sidak’s multiple

comparisons test.
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Figure 4.5. Cdkn2a loss cooperates with activated Notch mutants to induce T-ALL in mice.

(A-C) Kaplan-Meier graphs show the fraction of mice without T-ALL as a function of time for

wildtype (A), Cdkn2a*" (B), or Cdkn2a”~ (C) cells expressing aNOTCHI mutants.
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Chapter 5: Summary and Future Directions

My PhD training has encompassed a wide range of hematopoietic subjects, including bone
marrow mesenchymal stromal cell signaling on hematopoietic stress responses, bone marrow
hematopoietic niche development, hematopoietic stem cell clonal evolution, age-related shifts in
hematopoiesis, microbial signal influences on hematopoiesis, and the malignant transformation of
developing thymocytes. My initials studies focused on the hematopoietic bone marrow niche and
the contribution of stromal cells on hematopoiesis (Chapter 2). Specifically, I studied the role of
SMAD4, a downstream mediator of TGF-f3 superfamily signaling, in bone marrow stromal cells
in establishing and maintaining the bone marrow hematopoietic stem cell (HSC) niche. We
developed a mouse model of SMAD4 abrogation, specifically in bone marrow mesenchymal
stromal cells. We showed that the post-natal loss of SMAD4 results in minimal perturbations in
basal and stress hematopoiesis, suggesting that TGF-f family signaling is largely dispensable for
the maintenance of hematopoietic niches in the bone marrow. I also contributed to five other
studies, characterizing hematopoietic niches in the bone marrow, involving myeloproliferative
neoplasms and myelofibrosis, bone marrow resident dendritic cell effects on HSC trafficking and
function, bone marrow mesenchymal stromal cell lineage specification, and the effects of radiation
on hematopoiesis.

Subsequently, I have completed a project in the Link and Schuettpelz labs, contributing to
our understanding of the dynamic relationship between commensal flora and hematopoiesis
(Chapter 3). Specifically, I helped investigate whether the microbiome assists in establishing
myeloid potential in early development and how myeloid potential is maintained with age. We

showed, through functional and phenotyping assays, that the commensal flora does not influence
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the age-associated expansion of hematopoietic stem and progenitor cells, but commensal flora do
influence the maintenance of B lymphopoiesis, enhancing myelopoiesis and simultaneously
downregulating B lymphopoiesis.

In addition to these projects, my PhD thesis project focused on the contribution of nucleolar
stress to the development of T cell acute lymphoblastic leukemia (T-ALL, Chapter 4). In brief,
our data provide support for a novel model of T-ALL leukemogenesis in which CDKN2A4 loss is
an early event that provides a fitness advantage under conditions of replication stress that leads to
an expanded pool of CDKN2A deficient hematopoietic stem cells and common lymphoid
progenitors. Loss of CDKN2A provides a permissive cellular environment for activating NOTCH
mutations by attenuating nucleolar stress, and our data suggest that targeting the nucleolar stress

pathway or ribosome biogenesis may have therapeutic activity in T-ALL.
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5.1. Future Directions: Molecular Mechanisms of CDKN2A4
Permissibility

In chapter 4, we demonstrated that, despite the prevalence of NOTCHI mutations in T-
ALL and its role in driving T cell lineage specification, activating NOTCHI mutations are
secondary, or subclonal, events in T-ALL pathogenesis and must cooperate with additional
oncogenic mutations to initiate T-ALL. In line with this observation, our data show that activating
NOTCH 1 mutations result in cell growth inhibition by triggering nucleolar stress. Previous reports
demonstrate that a threshold level of ARF protein exists, whereby a sufficient amount of ARF
must accumulate before cell cycle arrest, and ARF has been shown to accumulate over prolonged
growth cell cycles to prevent unchecked proliferation.!33223-224 Perhaps, ARF, a key mediator of
the nucleolar stress response, accumulates in the context of NOTCH hyperactivation, slowing cell
cycle progression at first until ARF is sufficiently abundant to stabilize p53'33223224 (in the context
of p53 wildtype cells) or inhibit rRNA processing®* and NPM1 shuttling.3%*-** This question can
be addressed, in part, by our progenitor T cell culture in vitro. We are currently collecting data to
address whether loss of Cdkn2a relieves ribosome biogenesis stress and increases NOTCHI-
dependent proliferation. The ongoing experiments include, investigating proliferation, apoptosis,
p53 target gene expression, cell growth, and nucleolar stress in Cdkn2a™" and Cdkn2a”" progenitor
T cells expressing aNOTCH I mutants in culture.

To understand the role of CDKN2A in basal hematopoiesis, we first characterized Cdkn2a
expression across hematopoietic lineages. We observed that Cdkn2a expression is minimal in
HSPCs and throughout myelopoiesis but activated in response to B and T lymphopoiesis. Given

this observation and the role of Cdkn2a in regulating ribosome biogenesis and cell cycle
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progression, we hypothesized that loss of Cdkn2a would result in enhanced B and T
lymphopoiesis.  Surprisingly, transgenic Cdkn2a*~ and Cdkn2a”~ mice do not have altered
hematopoiesis, however CDKN2A deficiency does confer a competitive advantage in the context
of replication stress. Both Cdkn2a'" and Cdkn2a’- HSCs consistently outperformed wildtype
competitors in transplantation assays and in response to 5-FU treatment. We are currently
investigating whether the relative abundance of T, B, and myeloid lineages shift in response to
replication stress in the context of Cdkn2a loss.

We next tested whether Cdkn2a loss is an early transformation event permissive to
aNOTCH] variants by retrovirally transducing aNOTCH 1 variants in Cdkn2a deficient (Cdkn2a*”
and Cdkn2a”) cells and transplanting these cells into wildtype recipients. NOTCHI
hyperactivation in the context of Cdkn2a loss resulted in enhanced expansion of HSPCs,
specifically the expansion of HSC and CLP. However, Cdkn2a loss did not rescue the activating
NOTCH]1 induced loss of myeloid and B lymphoid lineages. Additionally, a tumor watch of mice
transplanted with Cdkn2a deficient cells harboring activating NOTCH mutations confirmed that
Cdkn2a loss strongly cooperates with aNOTCH1 expression to induce T-ALL in mice. Our data
suggest that loss of CDKN2A provides a permissive cellular environment, promoting acquisition
of secondary mutations like activating NOTCH 1.

In summary, these data provide support for a novel model of T-ALL leukemogenesis in
which CDKN2A loss is an early transformation event that provides a fitness advantage under
conditions of replication stress, leading to an expanded pool of CDKN2A" or CDKN2A”- HSCs
and CLPs. Loss of CDKN2A provides a permissive cellular environment for activating NOTCH1
mutations by attenuating nucleolar stress, setting up T-ALL transformation with secondary driver

mutations.

154



Given the recurrent role of CDKN24 loss in cell line immortalization, conferring stem-like
properties to astrocytes,** macrophages,**¢ and v-abl transduced lymphocytes,**” we hypothesized
that Cdkn2a loss may support aNOTCH 1 driven leukemogenesis of common lymphoid progenitors
(CLPs). To test this hypothesis, we transplanted wildtype mice with retrovirally transduced
Cdkn2a*" cells harboring aNOTCHI L1601P. Cdkn2a*~- aNOTCHI L1601P CLPs (Ly53.2) from
these recipients were sorted 6-weeks post-transplant and transplanted into a new cohort of wildtype
recipients along with 250,000 support cells (Ly5.7). A tumor watch on these mice is ongoing to
address whether Cdkn2a™~ aNOTCHI L1601P CLPs have stable engraftment over time and
promote leukemogenesis.

Early studies of CDKN2A4 loss,**? demonstrated a strong selective pressure in favor of loss-
of-heterozygosity. Reports of the prevalence of biallelic CDKN2A loss may have been limited by
the resolution of bulk sequencing, and the advent of single cell sequencing has enabled higher
resolution CDKN2A locus analysis. Naturally, the subclonal evolution of T-ALL has since been
extended to CDKN2A loss.*3%33! Recurrent monoallelic and biallelic deletions of CDKN2A4 have
been described in both pediatric and adult cases of T-ALL. A recent analysis of the Spanish
PETHEMA studies showed that monoallelic CDKN24 loss is observed in 25% to 30% of cases
with CDKN2A copy number alterations.®** Of note, Sulong ef al. found that biallelic CDKN2A4
deletions were more prevalent among children ten-years or older and those with a white cell count
above 50 x 10%/L.3! Additionally, their analysis showed that CDKN2A lesions at relapse are a

I and T-ALL clones with monoallelic loss of

mixture of monoallelic and biallelic deletions,*?
CDKN2A4 often fall below the resolution of commercial FISH probes.

High resolution next-generation sequencing and cytogenetic studies have revealed that T-

ALL is often subclonal in regard to CDKN2A loss. Unpublished data from our lab, examining the
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CDKN24 status of patient samples, has revealed that many patients have subclonal biallelic and
monoallelic CDKN24 loss. Interestingly, monoallelic and biallelic loss of CDKN2A4 has not been

associated with differential disease prognoses.*3°

Our data suggest that the loss of one or both
copies of CDKN2A may effect predisposition to ALL and disease latency. This is supported by
the increased incidence and decreased latency of Cdkn2a”~ tumors compared to Cdkn2a™*" tumors
despite a lack of discernable difference between Cdkn2a™- and Cdkn2a”~ hematopoietic cells in
response to replication stress.

Given the unique opportunity presented by CDKN2A4 encoding two tumor suppressors, its
prevalence in acute lymphoid leukemia, and the advantage CDKN2A4 loss confers to HSCs, it is a
wonder that CDKN2A deletions are not prevalent (or have not been noted to date) in clonal
hematopoiesis. This may be due to the underlying approach to the study of age-related clonal
hematopoiesis (ARCH). ARCH studies have primarily focused on nonsynonymous single
nucleotide variants (SNVs) - hotspot mutations, whereas recurrent insertions and deletions in pre-
leukemia have been largely overlooked. One challenge in finding recurrent indels associated with
ARCH is the sequencing depth need to generate enough power to call indels. Current calculations
show that 60X whole genome sequencing coverage is needed to recover 95% of indels.’*
Additionally, detection of heterozygous indels requires higher coverage than homozygous ones,
reaffirming the need for a minimum 60X coverage to achieve high accuracy indel detection.
However, the high cost of WGS has resulted in most sequencing runs being performed at 30X
coverage (sufficient for SNV calling but limited in indel detection). We are currently working in
collaboration with the Bolton lab to analyze available data from healthy individuals sequenced

under the UK biobank project. We believe we have sufficient power (sample number and

sequencing depth) to call somatic copy number alterations in the CDKN2A locus.
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Lastly, although aNOTCH 1 mutations may not be sufficient to initiate leukemogenesis, our
data suggest that activating NOTCHI mutations play a vital role in the fate decision of acute
lymphoblastic leukemia, steering ALL toward T cell commitment. This hypothesis stems from
our model of T-ALL, whereby CDKN24 deletions (which are prevalent in both T-ALL and B-
ALL) prime HSPCs for other secondary mutations that will ultimately drive T-ALL
transformation. Of note, our data show that aNOTCHI mutations are neutral non-deleterious
mutations in the context of HSC and T cell biology, however they are selected against in B
lymphopoiesis.  Additionally, aNOTCHI mutations have not been described in B-ALL
transformation.!%%7475 Given these observations, I hypothesize that CDKN2A4 loss primes HSPCs

for ALL transformation, and aNOTCH mutations are a cornerstone for T-ALL transformation.
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