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Abstract

Activated Notch signaling is highly prevalent in T-cell acute lymphoblastic leukemia (T-
ALL) and accounts for about 60% of mutations in this disease. Since Notch has essential
functions in normal tissue homeostasis, pan-Notch inhibitors used in clinical trials exhibited
toxic effects to the patients receiving them. To find alternative ways to target Notch signals, we
investigated Cell division cycle 73 (Cdc73), which is a Notch cofactor and component of the
RNA polymerase-associated factor complex (Paflc) transcriptional machinery. Transcriptional
control is believed to be an attractive target in advancing T-ALL therapies. In this setting, we
confirmed previous work done in a breast cancer cell line, showing that CDC73 interacts with
NOTCHL1 in T-ALL cell lines. However, we found that this interaction in T-ALL was context-
dependent and is facilitated by the transcription factor ETS1. Using mouse models, we found that
Cdc73 is important for Notch-induced T-cell development and T-ALL maintenance.
Mechanistically, we identified that Cdc73, Ets1, and Notch intersect with chromatin at promoters
and enhancers to activate gene expression programs that promote DNA repair and oxidative
phosphorylation in the context of T-ALL. Consistently, deletion of Cdc73 induced DNA damage
and impaired mitochondrial function. My project shows that Cdc73 induces these pathways
through its canonical functions in regulating mRNA synthesis but can also activate oncogenes
non-canonically through regulation of enhancers. This study suggests that Cdc73 might promote
context-dependent gene expression programs that was eventually intersected by Notch to

mitigate the genotoxic and metabolic stresses of supraphysiological Notch signaling. We also

Xiv



provide mechanistic support for testing inhibitors of DNA repair, oxidative phosphorylation, and
transcriptional machinery as an alternative anti-leukemic therapy. In theory, inhibiting Cdc73
regulated pathways that intersect with Notch at chromatin might constitute a safer strategy to

weaken Notch signals without directly targeting the entire Notch complex.

XV



Chapter 1 Introduction

1.1 T-ALL Subgroups and Biomarkers

T-ALL can be broken up into A-type and B-type abnormalities (Van Vlierberghe et al.).
Type-A abnormalities cause the up-regulation of oncogenes that code for transcription factors
important for T-cell development, maturation, differentiation, and hematopoiesis. 70% of T-ALL
cases can be accounted for by Type-A abnormalities, characterized by the classified subgroups
TAL/LMO, HOXA, TLX3, TLX1, NKX2-1/2-2, and MEF2C (Homminga et al. ; La Starza et al. ;
Liu et al. ; Soulier et al. ; Ferrando et al. 2002). Type-B abnormalities include genes that encode
for different proteins including epigenetic factors, ribosomal proteins, tyrosine kinases and
proteins involved in signaling pathways (Bardelli et al.). Below | will go into detail about each

subtype and the biomarkers currently associated with their corresponding diagnosis.

1.1.1 TAL/LMO subtype

Overexpression of the TAL1 genes characterizes 30-45% of pediatric T-ALL cases and 10-
15% of adult T-ALL cases, caused by the activation of transcription factors TAL1/TAL2 and/or the
LIM-only domain family members LMO1/LMO2/LMO3 where their proteins are commonly co-
deregulated (La Starza et al. ; Mansour et al. ; Rahman et al. ; Ferrando et al. 2002). Additionally,
leukemogenic activity by TAL and LMO lead to the altered expression of downstream targets such
as MYB, GATA3, and RUNX1 (Sanda et al.). The immunopheotype of this T-ALL subtype
generally leads to arrest in mature T-cell development as represented by CD8 biomarkers and

relatively low incidences of NOTCH1 mutations (~40%), but is commonly associated with PTEN



inactivation (19%) and MYC translocations (10%) (La Starza et al. ; La Starza et al. ; Milani et al.).
While this T-ALL subtype is not outlined in this dissertation, we have projects ongoing in our lab
utilizing LMO2 transgenic mice to understand how Cdc73 plays a role in regulating LMO?2 driven

T-ALLs.

1.1.2 HOXA, MEF2C and BCL11b subtype

HOXA, MEF2C, and BCL11b are genes associated with early T-cell precursor- (ETP) ALL
and immature T-ALL. All ETP-ALL cases are characterized by at least one stem cell or myeloid
marker such as CD34 or CD117 and CD13, CD33, HLA-DR, CD11b, or CD65, respectively. All
ETP cases also express low levels of CD5 and no expression of CD4/CD8 (Coustan-Smith et al.).
BCL2 is an anti-apoptotic protein that ETP-ALL subtypes rely on (Ferrando et al. 2002). Inhibitors
of BCL2, such as venetoclax, are being tested in clinical trials and have been shown to be a putative
target in immature T-ALL but not mature T-ALL due to its anti-leukemic activity and synergistic
effects when combined with chemotherapy or steroids (Peirs et al.). ETP-ALL cases tend to exhibit
heterogeneous genomic profiles, with mutations in genes important for RAS signaling,
hematopoietic development, and histone modifications. About half of the ETP-ALL cases fall into
the HOXA, MEF2C, and BCL11b oncogenic subtypes and the rest are unknown. Conversely, less
than half HOXA subtypes fall into the ETP-ALL category (Bardelli et al.). Since this project was
mainly focused on Notch-induced T-ALL, our studies in this dissertation do not investigate Cdc73

in the context of ETP-ALL.

1.1.3 TLX1, NKX2-1, and TLX3 subtype

The TLX1, NKX2-1, and TLX3 subtype can be characterized by the expression of CD1a,

DN3-DP T-cell development arrest and overexpression of TLX1 or NKX2.1 (Ferrando et al.



2002). Additionally, this subtype has a high prevalence of mutations in NOTCH1 (96.2% and
92.9% respectively) (Liu et al.). In pediatric cases specifically, mutations in NKX2.1 often have
associated deletions of the gene LEF1, a DNA binding transcription factor that functions in the
WNT signaling pathway (La Starza et al. ; Liu et al.).

In summary, T-ALL treatments should be approached with the subgroups in mind. With
Notch being highly expressed in a large subset of groups with high indices of mutations in T-
ALL patients (60%), our studies focused exclusively on Notch-induced T-ALL. It is possible that
some treatments and methods of targeting oncogenic Notch could be expanded into other
subsets, however, for the purpose of this dissertation, we only use models where Notch is

induced to drive T-ALL.

1.2 Notch pathway activation in T-ALL

Activation of the Notch signaling pathway is highly conserved in mammalian cells where
it plays essential roles in the development and homeostasis of diverse tissues, including multiple
stages of T-cell fate specification and development (Artavanis-Tsakonas et al. ; Siebel and
Lendahl 2017). Notch1 is one of four total paralogues of the Notch receptor and is activated via
ligands or by mutations. Under normal physiological conditions, the extracellular domain of the
Notch receptor interacts with its ligand (JAGGED, DLL) on an adjacent cell, triggering gamma-
secretase catalyzed cleavage events. Subsequently, gamma secretase cleaves Notch, releasing
intracellular Notch (ICN) and allowing it to translocate to the nucleus where it engages DNA-
binding factor RBPJ and MAML. This binding event drives the transcription of several Notch
target genes, activating a transcriptional program that promotes cellular growth, development,

and homeostasis (Kopan 2012).

1.2.1 Notchl mutations in T-ALL



~60% of T-cell acute lymphoblastic leukemia (T-ALL) cases have activating NOTCH1
mutations, making NOTCHZ1 the most prevalent oncogene in this cancer (Weng et al. 2004). In
early T-cell precursor- (ETP) ALL, however, NOTCH1 mutations occur less frequently than in
conventional T-ALL, with Notch mutations occurring 11-36% of the time in ETP-ALL versus
50-62% in conventional T-ALL (Coustan-Smith et al.).

Gain of function NOTCH1 mutations can be broken up into two types, ligand-
independent and ligand-dependent activation. In T-ALL, ligand-independent cleavage is
triggered by mutations in the negative regulatory region (NRR) and juxtamembrane extracellular
region (JME). NOTCH1 can have mutations caused by single amino acid substitutions or in-
frame insertions (Gordon et al. ; Gordon et al. ; Sanchez-Irizarry et al.). Mutation inducing,
ligand-independent changes expose the S2 cleavage site which leads to the transcriptionally
active form of Notchl, intracellular Notchl (ICN1).

Ligand-dependent activation is caused by the cleavage of NOTCHZ1/2 in mature
lymphoid neoplasms. These mutations are caused by nonsense mutations or short insertions or
deletions that are dispersed throughout the c-terminal PEST domain, leading to premature STOP
codons (McCarter et al. 2018). These mutations lead to the removal of degron sites, typically
phosphorylated by serine or threonine kinases that get recognized by E3 ubiquitin ligases and
eventually targeted for degradation (Chiang et al. ; Fryer et al. ; Li et al. ; Thompson et al.). With
these mutations, ICN1 half-life is extended (McCarter et al. 2018). Mutations in FBXW?7 have
also been shown to lead to alterations in NOTCH1 by coding for a ubiquitin protein responsible
for the degradation of NOTCH1 (O'Neil et al. ; Thompson et al.).

NOTCH1 mutations can also arise as initiating events as early as prenatally or as late

stage events during disease progression or relapse (Eguchi-Ishimae et al.). Therefore, it is



important to continue developing treatments for NOTCH1 activated T-ALL, though the
challenge still lies in the ability to specifically target only oncogenic Notch signals without

targeting the essential function of Notch in normal tissue homeostasis.

1.2.2 Abnormal Notch Signaling

Abnormal Notch activation in T-ALL was first discovered as a chromosomal translocation
t(7;9)(g34;934.3), putting the Notchl gene adjacent to the T-cell receptor locus (McCarter et al.
2018). Later on, another chromosomal translocation t(9;14)(q34;911) was discovered, though
more rare than the original translocation (Suzuki S Fau - Nagel et al.). Both translocations lead to
a constitutively active Notchl phonotype (Ellisen et al.). Later on, many other studies confirmed
this acquired, recurrent, gain-of-function mutation of Notchl in human pediatric T-ALLs and
extended them to adult T-ALLs ((Weng et al. 2004; Asnafi et al. 2009; Mansour et al. 2009;
Clappier et al. 2010; Kox et al. 2010; Jenkinson et al. 2013; Trinquand et al. 2013). Other gain of
function NOTCH mutations were later identified in other types of mature lymphoid neoplasms
arising from mature B-cells and T-cells circulating in the lymph nodes, spleens and other organs

involved in adaptive immunity (McCarter et al. 2018).

1.2.3 Notch inhibitors

The frequent dysregulation of NOTCHZ1 in cancer patients inspired the clinical testing of
pan-Notch inhibitors such as gamma-secretase inhibitors (GSI). However, these early clinical
trials reported serious toxicities with continuous dosing of GSI, such as diarrhea and skin
cancers, because GSls inhibit Notch activation in both normal and cancer cells. This is important
because Notch signaling is crucial for normal tissue homeostasis and tumor suppression (Krop et

al. 2012; Tolcher et al. 2012). Notch functions in a context dependent manner and pan-Notch



inhibition may lead to undesirable consequences. Therefore, identifying transcription factors that
interact with oncogenic Notch signaling is important to potentially mitigate these toxicities
associated with global Notch inhibition.

In summary, Notch signaling plays a prominent role in T-ALL and in normal tissue
homeostasis. Targeting Notch via global inhibition as a treatment for T-ALL has shown to have
undesirable side effects in the patients receiving these treatments. Therefore, work by our lab and
others have focused on how to target only oncogenic Notch signals, by researching co-factors

that intersect with Notch.

1.3 Other pathways activated in T-ALL and targeted inhibition

1.3.1 IL7R/JAK/STAT signaling in T-ALL

About 10% of all T-ALL cases are gain-of-function mutations in the interleukin receptor
7 (IL7R), causing the JAK/STAT pathway to be constitutively active (Zenatti et al.). The
commitment, proliferation and survival of early T-cell progenitors is reliant on proper IL-7R
signaling (Mazzucchelli and Durum). Activation of IL7R causes JAK1 and JAK3
phosphorylation, thereby recruiting and activating STAT5, a transcriptional regulator, which
becomes phosphorylated, homodimerizes, and migrates to the nucleus where it acts as a
transcription factor (Mazzucchelli and Durum).

The JAK/STAT pathway is thought to be an actionable target in the treatment of T-ALL.
JAK/STAT inhibitors, such as ruxolitinib, have shown promising results in a murine xenograft
model of ETP-ALL (Maude et al.). Further, combining ruxolitinib with dexamethasone
overcame IL7-induced glucocorticoid resistance in human T-ALL samples (Delgado-Martin et
al.). PIM1 is a downstream target of the JAK/STAT pathway that has also become an actionable

target in T-ALL treatment, with both in vitro and in vivo studies demonstrating that pan-PIM



inhibitors combined with glucocorticoids or chemotherapy is a beneficial treatment for this T-
ALL (De Smedt et al. ; Padi et al.).

IL-7R, which is upstream of STATS5 in the JAK/STAT pathway (Spits ; Ribeiro et al.
2018), is also being studied an actionable target in the treatment of T-ALL. In a recent study,
researchers showed that one third of primary T-ALLSs cultured in the presence of IL-7R were
resistant to glucocorticoids (GCs) (Meyer et al. 2020). Resistance to (GCs) is a strong indicator
of a negative prognosis in T-ALL patients (Gao and Liu 2018). The study concluded that IL-7R
can mediate the intrinsic and physiologic response of GC resistance in normal T-cell
development that is retained in T-ALL progression (Meyer et al. 2020). Importantly, they show
that using targeted inhibitors of the IL-7R, JAK/STAT, and STAT5 pathway, they can reverse this

GC resistance (Meyer et al. 2020).

1.3.2 ABL1/Src-family kinases

6% of pediatric T-ALL cases have constitutive activation of ABL1 (Liu etal.). T-ALLsS
with mutations in ABL1 are sensitive to tyrosine kinase inhibition, such as with the drugs
imatinib and dasatinib (Moorman et al.). LCK, a protein of the SRC family, has been associated
with the functional consequences of ABL activation and is required for the proliferation of cells
(De Keersmaecker et al.). Dependency on LCK also extends into pediatric ETP-ALL patients

(Serafin et al.).

1.3.3 PI3K/AKT signaling

Deletions and/or loss of function mutations in PTEN are linked to resistance in NOTCH1
inhibition in T-ALL cell lines (Palomero et al.). Inactivating mutations of PTEN are seen in about

10-15% of cases and commonly linked to abnormalities in the TAL/LMO2 subgroup about 20% of



the time (La Starza et al.). Glucocorticoid resistance is linked to any alteration of PI3SK/AKT
signaling, however PI3K/AKT inhibitors and steroids have shown a synergistic cytotoxic effect,
suggesting that T-ALLs with genetic mutations in PI3K/AKT can benefit from targeted therapies
(Follini et al. ; Silveira et al.).

Targeting the P16/INK4A or PI3K pathway is a potential T-ALL treatment option that
works by targeting the cell cycle to prevent dysregulated cell cycle progression. This can be done
by targeting the gene P16/INK4A, a tumor suppressor gene that acts as a negative regulator of
cyclin-CDK complexes (Belver and Ferrando 2016). Another option is targeting the P13K pathway
by restoring the tumor suppressor PTEN. Constitutive activation of the PI3K pathway happens
when PTEN is lost, which drives cellular proliferation, growth, metabolism, and overall survival
in the T-ALL pathway (Palomero et al.). Blocking the PI3K pathway pharmacologically by
inhibition of PI3K gamma and PI3K delta have promising antileukemic effects in preclinical

models (Subramaniam et al. 2012).

1.3.4 mTOR signaling

Targeting the mTOR pathway is another approach towards selective oncogenic Notch
inhibition in T-ALL. This pathway is a key cellular network that connects cell growth and
survival pathways with energy sensing and nutrient availability (Szwed et al. 2021). In T-ALL,
elevated expression of the gene MTOR is correlated with failure of patient response to induction
chemotherapy (Khanna et al. 2018). Additionally, primary cells from T-ALL patients frequently
exhibit increased levels of reactive oxidative species (ROS), and leukemic T-cells are vulnerable
to further increasing this ROS production (Silic-Benussi et al. 2009; Silic-Benussi et al. 2010;

Silva et al. 2011).



MTORC1 and mTORC2 are two protein complexes that regulate different downstream
pathways and possess unique sensitivities to inhibitors (Szwed et al. 2021). Preclinical trials that
inhibited the mTOR pathway in T-ALL cells showed promising results, where T-ALL cells with
inhibited mTOR underwent apoptosis, paving the way for clinical trials (Evangelisti et al. 2018).
A more recent study published in 2022 looked at the mechanistic links between mTOR and ROS
homeostasis in glucocorticoid (GC)-resistant T-ALL. They found that in response to mTOR
inhibition, GC-resistant T-ALL cells possessed increased levels of ROS production, decreased
NADPH levels, and reduced levels of gluco-6-phosphate which is a product of the Pentose
Phosphate Pathway (PPP). This ultimately led to the death of T-ALL cells (Silic-Benussi et al.
2022). Together, these studies suggest an alternative way to selectively target drivers of T-ALL

via the mTOR pathway.

1.3.5 RAS/MAPK signaling

40% of relapsed T-ALL cases can be attributed to RAS/MAPK activation (Liu et al.).
Activation of this pathway in T-ALL can be due to common mutations in KRAS/NRAS or BRAF,
gain of function mutations occurring upstream of FLT3, or aberrations in negative regulators
including PTPN11 and NF1 (Balgobind et al. ; De Smedt et al.). MEK1/2 inhibitors such as
selumetinib and trametinib have proven to be a safe alternative in phase 2 ALL clinical trials
(Irving et al. ; Lonetti et al. ; Oshima et al.). ETP-ALL and HOXA subgroups tend to exhibit
strong enrichment in RAS/MAPK activation, however activation has also been seen with TLX1,
TLX3, NKX2.1, and NKX2.2 and to a much lesser extent, the TAL/LMO subgroup (Liu et al.).

In summary, there are multiple pathways that are activated in Notch-induced T-ALL.

Some of these pathways might be good places to research further to understand how we might be



able to only inhibit oncogenic Notch signals. In this dissertation, we have identified some

potential targets that fall under regulation of these major pathways.

1.4 T-ALL diagnostic methods

1.4.1 Gene expression as a method of T-ALL diagnosis

There has been an increase in using targeted sequencing diagnostic measures to approach
treating T-ALL and ALL in general (Wu and Li 2018). These methods include exome
sequencing, transcriptome analysis, and whole genome sequencing (WGS). Exome sequencing is
a popular and cost-effective way to identify sequence mutations and genetic mutations in ALL
by capturing and sequencing coding exons, promoter domains, and non-coding domains in the
genome (De Keersmaecker et al. 2013). However, this method is not able to identify deletions,
insertions, and structural rearrangements (Zhang et al. 2012). Transcriptome analysis identifies
protein-coding transcripts and small non-coding transcript changes in enhancer regions that
generally play a large role in the development of leukemia (Trimarchi et al. 2014). Whole exome
sequencing, commonly referred to as exome sequencing, can identify high frequency variants
and compares them to a non-tumor genome to identify somatic variants (Huether et al. 2014;
Muhlbacher et al. 2014). While this method tends to be the most precise and widely accepted
diagnostic technique, it fails to identify promoter regions, GC-rich regions, and complex
genomic sequences (Wu and Li 2018). In this dissertation, while | do not usre sequencing to
determine T-ALL diagnosis directly, | use RNA-seq to understand changes in transcription and

how that can effect the regulation of specific genes that might drive the T-ALL phenotype.

1.5 T-ALL treatments in adults and pediatrics

1.5.1 Targeting NOTCHL1 as a treatment for T-ALL
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While once classified as a highly aggressive subtype of acute lymphoblastic leukemia
(ALL), children and adults diagnosed with T-ALL now have greatly improved outcomes due to
new therapies and treatment regimens (Bassan et al.). While NOTCH1 cannot be used as a
prognostic biomarker, targeting the NOTCH1 pathway is a common and agreed upon target in T-
ALL therapies. This includes the use of gamma-secretase and ADAM (Disintegrin
Metalloproteases) inhibitors, monoclonal antibodies, and small molecules that block the activity
of NOTCH transcription factors (Zheng et al.). More recently, targeting SKP2, an E3 ubiquitin
ligase regulated by NOTCH1, was shown to prevent T-ALL proliferation in both in vitro and in
vivo models (Rodriguez et al.). While not tested in human trials just yet, sarco-endoplasmic
reticulum Ca2+-ATPase (SERCA) inhibitors have been tested in vitro and in PDX models to

successfully suppress oncogenic NOTCH1 signaling (Marchesini et al.).

1.5.2 GSls alone are insufficient to treat Notch-induced T-ALL

GSls alone have been used in clinical trials to treat T-ALL but are not the safest to use due
to gastrointestinal toxicities (Paganin and Ferrando ; Wei et al.). Attempts to decrease intestinal
toxicity have been in the works in pre-clinical trials including using a combination of GSls and
glucocorticoids or withaferin A, rapamycin, and vorinostat in combination with GSIs (Paganin and
Ferrando ; Samon et al. ; Sanchez-Martin et al.). Together this suggests that using GSls alone are
insufficient in treating Notch-induced T-ALL, however in combination with other drugs, might be

an effective alternative option.

1.5.3 Transcriptional inhibition of P300

It has been well established in the literature that P300 acts as a transcriptional co-

activator of Notch (Oswald et al. 2001; Wallberg et al. 2002). In a more recently published
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paper, the authors found that binding of intracellular Notch3 and activated Notchlto the
NOTCHS3 gene locus increased recruitment of H3K27ac modifiers IMJD3 and P300 (Tottone et
al. 2019). This binding sustained NOTCH3 expression. When JMJD4 and P300 were inhibited
using specific inhibitors, its decreased expression of NOTCH3, NOTCHL, and related Notch-
target genes such as DELTEX1 and MYC (Tottone et al. 2019). This inhibition also interfered
with cell viability in both Notchl and Notch3 dependent T-cells. This suggests that targeting

P300 might be an effective way to suppress supraphysiological Notch signaling.

1.5.4 Transcriptional inhibition of BRD4

Bromodomain-containing protein 4 (BRD4) is a BET family protein, important for the
binding of acetylated lysine residues to histone H3. It provides a platform for the assembly of
super-enhancer complexes important for driving transcriptional regulation and expression of
specific oncogenes, such as Myc, and anti-apoptotic proteins, such as Bcl-2 (Zuber et al. 2011;
Lovén et al. 2013; Filippakopoulos and Knapp 2014). BRD4 is important for regulation of targets
downstream of NOTCH1 and was recently shown to regulate the expression of CD44. Using a
proteolysis targeting chimera (PROTAC) ARV-825, the researchers were able to degrade BRD4,
showing that you can dismantle the NOTCH1-MYC-CD44 complex (Piya et al. 2022).
Degrading BRD4 prolonged the survival of mice using both a NOTCH1 mutated PDX model and
a genetic APTEN mouse model. Additionally, their proteomic analysis revealed that degrading
BRD4 in their PDX model also reduced the number of leukemia initiating cells (LI1Cs),
downregulated the NOTCH1-MYC-CD44 axis, and the cell cycle, apoptosis, and PI3K/Akt
pathways. In their secondary transplant PDX model, they saw delayed development of leukemia

and extended mouse survival in mice that were treated with the BRD4 degrader (Piya et al.
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2022). This makes BRD4 a promising target to continue studying for the treatment of Notch-

induced T-ALL.

1.5.5 Transcriptional inhibition of the RNA Pol 11 complex

CDKOJ is an important regulator of RNA Pol Il directed transcription. It works by
phosphorylating the C-terminal domain of the largest RNA Pol 11 subunit. It also can bind super-
enhancers by forming complexes with BRD4, mentioned previously (Ott et al. 2012). Inhibitors
of CDKO9, such as NVP-2, LDCO067, and BAY 1143752, have already proven successful in the
treatment of AML (Albert et al. 2014; Narita et al. 2017; Olson et al. 2018).

Alvocidib is another CDKJ inhibitor that possesses anti-tumor activity by inhibiting
RNA Pol 11 phosphorylation and suppressing super-enhancer mediated gene expression specific
to tumors. A recent study showed that Alvocidib successfully inhibited the proliferation of adult
t-cell leukemia/lymphoma (ATL) cells lines and tumor cells derived from patients with ATL.
Additionally, they identified IRF4, an important transcription factor in T-cells, was being
regulated by a super-enhancer (Sakamoto et al. 2022). This supports data from others that has
suggested IRF4 plays an important role in ATL progression and survival (Nakagawa et al. 2018;
Rauch et al. 2020). This study concluded that Alvocidib is a reliable target to continue studying
in the treatment of ATL, that effectively suppressed ATL in a mouse xenograft model.

CDKT7 inhibitors have also been used as anticancer drugs and is essential the cell cycle.
When CDK7-mediated phosphorylation of RNA polymerase 11 (Pol 1) happens at active
promoters, it allows transcription to occur (Sava et al. 2020). CDK?7 has been shown to exhibit
high levels of expression in many cancers, including T-ALL, suggesting a higher dependence on
CDKTY than other normal cell types. Due to this, CDK7 was identified as a therapeutic target for

treatment of this disease. Like CDKJ inhibitors, CDK?7 inhibitors in phase Il clinical trials
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include Alvocidib, Seliciclib, and in phase I clinical trials, SNS-032 (Sava et al. 2020). In T-ALL
specifically, THZ1, a covalent CDK?7 inhibitor, is being tested in non-clinical settings

(Kwiatkowski et al. 2014).

1.5.6 Pharmacogenetics in T-ALL treatments

Pharmacogenetics has been an increasingly popular method of treating T-ALL and ALL
in general. While the initial approach is to still use non-genetic methods, pharmacogenetics
allows for a better understanding of the genetic inconsistencies across patients, leading to
improved efficacy of drug treatments slowing down the progression of the disease (Cheok et al. ;
Relling and Ramsey 2013). For example, in a case study looking at ALL, the group was able to
identify common germline genetic polymorphisms and associate them with increased odds of
ALL relapses. GSTML1 deletion was one gene they identified with high risk of relapse (Rocha et
al. 2005). By combining genetics, transcriptomics, metabolomics, proteomics, bioinformatics,
and clinical data, we can start to better understand how certain pathways and genes work in the

context of T-ALL to provide better treatments and care to patients.

1.5.7 FDA approved targeted therapies in T-ALL

There are many therapies being tested to treat T-ALL and several that have been FDA
approved. To name a few, the first example is a JAK1/2 inhibitor called Ruxolitinib. This drug
blocks that JAK/STAT signaling regardless of the presence of mutations (Verstovsek et al.
2010). In the context of T-ALL, it works best in patients who exhibit IL7-responsive T-ALL and
ETP-ALL (Maude et al. 2015).

Antibody based therapies are another group of FDA approved therapies for T-ALL

treatment. The anti-CD38 monoclonal antibody called daratumumab was approved in 2015 for
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multiple myeloma and is being tested as a promising target for T-ALL. CD38 is robustly
expressed in T-ALL and ETP-ALL blasts during diagnosis, chemotherapy treatment and at
relapse (Bride et al. 2018). In a small clinical test of 2 patients with T-ALL, daratumumab
treatment allowed the patients to achieve MRD-negative remission. This drug is also in clinical
trial for pediatric and young adult ALL patients with use of standard chemotherapy
(NCT03384654).

In summary, there are many treatment options in research and clinical testing phases for
both pediatric and adult T-ALL. In this dissertation, the data generated supports further
investigation into drugs that might regulate DNA repair and oxidative phosphorylation pathways

and their roles in the maintenance of T-ALL.

1.6 The Polymerase Associated Factor complex (Paflc)

1.6.1 The Paflc in Yeast and Drosophila

The polymerase-associated factor 1 complex (Paf1C) can be linked to the Notch pathway
in early studies using a Drosophila model. When ICN translocates to the nucleus, it binds to
transcription factors called the “CSL” family which include the transcription factors Suppressor of
Hairless (Su(H)) in Drosophila, LAG-1 in C. elegans, and CBF1 in vertebrates (Christensen et al.
; Fortini and Artavanis-Tsakonas ; Hsieh et al. ; Jarriault et al.). From here, CSL and ICN activate
Notch target genes including Enhancer of split/HES genes (Artavanis-Tsakonas et al.). Activity of
this pathway is highly dependent on other interactions with proteins and post-translational
modifications.

Original studies investigating the Notch signaling pathway in the Drosophila model and
yeast models identified many genes responsible for regulation of the Notch1 pathway (Justice and

Jan ; Panin and Irvine). A different study identified a RING finger protein necessary for the
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transcription of Notch target genes in a Drosophila model called Brel, which is a direct cofactor
of the Paflc. It is also conserved across mammals, C. elegans, Arabidopsis, and yeast. Brel is
responsible for the monoubiquitination of histone H2B and indirectly regulates methylation of
histone 3, and lysine 4 and 79 (H3K4/79) (Bray et al. 2005). In Saccharomyces cerevisiae, this
methylation is catalyzed by a complex of proteins called Setl (COMPASS) and Dotlp
(Shilatifard).

The Paflc indirectly regulates histone methylation by regulating histone H2B
monoubiquitination and interaction of COMPASS with RNA Polymerase 11 (RNA Pol Il) (Krogan
et al.). Studies of mutating Brel in yeast lead to decreased growth and decreased transcription of
inducible genes (Wood et al.). Interestingly, Drosophila with mutations in Brel, a direct Paf1C
cofactor, displayed a “notched” wing phenotype and impaired transcription of Notch target genes
(Bray et al. 2005).

The Paflc is composed of five subunits, including Cdc73, Pafl, Rtf1, Leol, and Ctr9.
Rtf1 is required for the ubiquitination of H2B by Rad6 and the recruitment of COMPASS to
elongating RNA Pol Il (Krogan et al. ; Shilatifard). Rtf1 has been shown to colocalize with
actively transcribing RNA Pol Il in a similar manner to CDC73 and Paflc (Adelman et al.).
Drosophila with mutations in Rtf1 also (a Paf1C subunit) showed “notched” wings in and

impaired transcription of Notch target genes (Tenney et al. 2006).

1.6.2 Canonical functions of the Paflc

The canonical function of the Paflc is to act as a scaffold that physically links mRNA
transcriptional machinery (e.g. RNA polymerase 11 or Pol II) to chromatin modifying enzymes,
promoting the deposition of histone marks associated with transcriptional activation such as

H2BK120ub, H3K4me, H3K79me, and H3K36me, and mRNA synthesis from initiation and
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elongation to termination and processing (Jaehning 2010; Van Oss et al. 2017; Francette et al.
2021). The Paf1C is associated with active chromatin at gene bodies or promoters but is not a
universal inducer of transcription.

Cdc73 is a scaffold subunit of the Paf1C, promoting mRNA synthesis of ~15-20% of the
most highly expressed genes (Penheiter et al. 2005; Yu et al. 2015). Cdc73, or Parafibromin, was
first identified as a product of the HRPT2 (hyperparathyroidism-jaw tumor type 2) gene (Carpten
et al. 2002a). It is associated with a loss-of-function mutation linked with hyperparathyroidism-

jaw tumor syndrome (Carpten et al. 2002a).

1.6.3 Non-canonical functions of the Paflc

The PAF1C has non-canonical functions at enhancers, regulating eRNA synthesis,
H3K27ac deposition, and looping to promoters (Chen et al. 2017; Ding et al. 2021). For example,
in colon cancer cells, Chen et al. discovered that PAF1 occupies and restrains the hyperactivation
of only a subset of enhancers. Additionally, enhancers that were activated because of PAF1 loss
allowed RNA Pol Il to be released from its paused state at the promoters of nearby PAF1 target
genes. Consequently, knockout of PAF1-regulated enhancers weakened the release of paused RNA
Pol 1l at PAF1 target genes without interfering with pausing at its equivalent promoters. This study
showed that some enhancers can modify gene expression by controlling the release of paused Pol
Il in a PAF1-dependent manner (Chen et al. 2017).

CDC73 was also previously shown to interact with NOTCH1 in breast cancer cells
(Kikuchi et al. 2016). This study highlighted the eloquent power Cdc73 has in coordinating signals
from a multitude of transcriptional networks, including Wnt, Notch, and hedgehog signaling and

emphasized its unique role in regulating only a subset of target genes independent of the PAF
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complex (Kikuchi et al. 2016). Nonetheless, the precise link between CDC73 and NOTCH1 and
its relevance in Notch-driven cancers remains unclear.

Investigating the role of CDC73 in the context of Notchl transcriptional machinery is
attractive since T-ALL cells are known to be “addicted” to certain components of transcriptional
machinery, once considered too toxic to inhibit given its vital functions in normal cell homeostasis
(Bradner et al. 2017). In this context, we proposed and experimentally tested the role of CDC73 in
Notch-induced T-ALL. Our results show that CDC73 intersects Notch-regulated pathways,
particularly in DNA repair and oxidative phosphorylation, and suggest CDC73 as a potential

therapeutic target in this cancer.

1.6.4 The Paflc as a tumor suppressor

Mutations in HRPT2, another name for Cdc73, are also associated with sporadic
parathyroid cancers, denoting its other role as a tumor suppressor (Howell et al. 2003; Shattuck et
al. 2003). In this context, mutations in HRPT are associated with HPT-JT syndrome, a disease
characterized by hyperthyroidism ossifying fibromas, and solid tumors (Weinstein and Simonds
2003). It encodes for a protein called Parafibromin (Carpten et al. 2002b). In additional support of
this, other mutations in the human PAF1c have been linked to various genomic instabilities,
leading to cancers, such as deletion of Ctr9, a PAF1lc member, leading to pancreatic cancer
(Chaudhary et al. 2007). Notch has also been identified as tumor suppressor found in myeloid
neoplasms, with associated cancers arising from monocytes, a mature myeloid cell important for
innate immunity. These data support a role for Cdc73 as a tumor suppressor. The data from our

studies for which | describe in chapters 2-4, however, supports a role for Cdc73 as an oncogene.

1.6.5 Controversies in PAF1c as an activator and repressor of transcription and enhancer

activity
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The Paflc has been shown to act as both an activator and repressor of transcription. For
example, Paf1C-associated marks, such as H3K36me3 and H3K79me2/3, can be found at highly
active enhancers (Zentner et al. 2011; Godfrey et al. 2019). In several papers by Chen et al., they
showed that the PAF1c can facilitate promoter proximal pausing by localizing to transcriptional
enhancers where it can block the overactivation of several genes in a colon cancer cell line. Their
analysis revealed that the PAF1c can function in this way at both active promoters and
enhancers. Also, RNA Pol Il generally occupied active promoter regions more frequently
whereas PAF1c occupied both enhancers and promoter regions almost equally (Chen et al.
2017). They conclude that the PAF1c can restrain activation of enhancers affecting the release of
paused Pol I1. This supports their model that the PAF1c represses enhancer activity to
downregulate eRNA transcription by maintaining the paused state of RNA Pol Il at enhancers
and promoters.

Conversely, Ding et al. show that he Paflc positively regulates enhancer activity by
occupying and functioning at super enhancers in mESCs. They show a positive correlation
between Paflc binding and the strength of enhancer activity, marking highly active enhancers
(Ding et al. 2021). They go on to support a model where Paflc binding can stimulate eRNA
transcription at enhancers.

Taken together, this conflicting data suggests that the Paflc might function in different
ways depending on the cell type and context, which could be even more pronounced when
comparing primary cells to cancer cells. The data we have generated in our studies suggests that
Cdc73 can both repress and activate eRNAs in T-ALL in general, however it appears to activate
T-ALL driver genes specifically, which | discuss more in chapters 3 and 4, when binding at

enhancer regions.
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Chapter 2 Cdc73 is Important For Notch-Induced T-Cell Development and Leukemia?

2.1 CDC73 interacts with NOTCH1 and ETS1 in T-ALL cells

My project investigated the possibility of targeting transcriptional regulators that intersect
with the Notch pathway given leukemia associated NOTCHL1 alleles are inherently weak
transactivators (Chiang et al. 2008). In Drosophila studies, transcriptional cofactors create the cell-
specific chromatin context that helps Notch activate its enhancers (Bray 2016; Falo-Sanjuan and
Bray 2019; Aster 2020). Proteomic studies by our lab and others have shown that the core Notch
complex can interact with transcriptional regulators that co-bind its response elements in T-ALL
(Yatim et al. 2012; Lin et al. 2013; Pinnell et al. 2015) and in other cellular contexts (Borggrefe
and Liefke 2012; Bray and Gomez-Lamarca 2018). In theory, inhibiting these “Notch cofactors”
might interfere with oncogenic Notch signals without disrupting essential Notch functions.

One target of NOTCH1 is MYC, an oncogene that shares several overlapping genes with
NOTCH1 important for cellular proliferation (Herranz et al. 2014). NOTCH and MY C interact via
a regulatory circuit, where NOTCHL1 controls the T-cell specific distal enhancer of MYC, called
the N-ME (Herranz et al. 2014). This enhancer is essential for Notch-induced T-cell development

and leukemogenesis (Herranz et al. 2014).

! Adapted from Cdc73 protects Notch-induced T-cell leukemia cells from DNA damage and mitochondrial stress
Ashley F. Melnick, Anna C. McCarter, Shannon Liang, Yiran Liu, Qing Wang, Nicole A. Dean, Elizabeth Choe,
Nicholas Kunnath, Geethika Bodanapu, Carea Mullin, Fatema Akter, Karena Lin, Brian Magnuson, Surinder Kumar,
David B. Lombard, Andrew G. Muntean, Mats Ljungman, JoAnn Sekiguchi, Russell J.H. Ryan, Mark Y. Chiang.
bioRxiv 2023.01.22.525059; doi: https://doi.org/10.1101/2023.01.22.525059. The data from this chapter was
completed with the help from those listed in the acknowledgements section of this manuscript.
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Previous studies showed that CDC73 and associated factors interact with NOTCH1 and
enhance Notch target gene expression (Bray et al. 2005; Tenney et al. 2006; Kikuchi et al. 2016).
We previously showed that the transcription factor ETS1 nucleates multiple transcription factors
at chromatin, including NOTCH1 (McCarter et al. 2020b). We wondered if CDC73 had a stronger
interaction with ETS1 than NOTCHL1. In support of a role for CDC73 in T-ALL and to confirm
and investigate these interactions, we performed co-immunoprecipitation (co-1P) assays. We were
able to detect endogenous interactions between NOTCHL1, ETS1, and CDC73 in T-ALL cells but
were unable to detect NOTCHZ1 with reciprocal pulldown with CDC73 (Fig. 1A-C). This suggests
that CDC73 might interact more closely with ETS1 than Notch.

In support of this data, we performed CDC73 ChIP-Seq in control and ETS1 knockdown
THP-6 cells to define the genomic locations of CDC73-associated complexes and then integrated
these datasets with our previously published RNA-Seq and ChIP-Seq datasets (McCarter et al.
2020b). Consistent with a previous report of PAF1 in myeloid leukemia cells (Yu et al. 2015), the
strongest CDC73 signals were associated with the most highly transcribed genes (Fig. 1D) and
active chromatin (Fig. 1E). In support of our co-IP data, our ChIP-Seq data showed that CDC73
peaks overlapped more frequently with ETS1 peaks at 56% than Notch/RBPJ peaks at 40% (Fig.
1F). A majority of RBPJ peaks overlapped with CDC73 peaks in the presence of ETS1 (86%).
Additionally, our motif analysis showed that CDC73 peaks were more frequently associated with
ETS motifs than any other motif (Fig. 1G).

When we knocked down ETSL1, this led to the general downregulation of CDC73 peaks
that overlapped with dynamic ETS1 peaks, which are defined as ETS1 peaks that are significantly
diminished by ETS1 knockdown (Fig. 1H-I) relative to all CDC73 peaks. Together, this data

confirms previous work from others that NOTCH1 does interact with CDC73, but we advance the
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field by showing that the interaction between CDC73 and NOTCH1 appears to be context-

dependent and at least partially dependent on ETSL.
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Figure 1 CDC73 interacts with NOTCH1 and ETS1 in T-ALL cells

Co-IP with Flag-NOTCH1 and Flag-ETS1 showing interactions between NOTCH1 or ETS1 with CDC73 in CEM T-
ALL cells treated with benzonase. B) Co-IP with Flag-CDC73 showing interaction of ETS1 with CDC73 in 8946 T-
ALL cells treated with benzonase. C) Endogenous co-1P showing interaction between ETS1 and CDC73 in THP-6 T-
ALL cells treated with benzonase. D-E) Metagene plots of averaged CDC73 ChlP-Seq tags of two THP-6 bioreplicates
at ATAC-Seq peaks ranked by tercile mean FPKM expression of nearest genes (D; N=4) or tercile mean H3K27ac
tags (E; N=2) (McCarter et al. 2020). F) Venn diagram showing overlap of ETS1, CDC73, and Notch/RBPJ ChlIP-
Seq peaks in THP-6 cells. G) De novo motif analysis of merged CDC73 ChIP-Seq peaks in THP-6 cells from
(McCarter et al. 2020). H) Metagene plot of averaged CDC73 ChlIP- Seq peaks that overlap with dynamic ETS1 peaks
in human THP-6 cells transduced with either control ShRNA (solid blue line; N=2) or shETS1-3 (solid red line; N=2)
or ShETS1-2 (dotted red line; N=2). Dynamic ETS1 peaks were defined as ETS1 peaks that diminish with FDR<0.1
upon knockdown with two independent ShETS1 (McCarter et al. 2020). 1) Violin plots showing the CDC73 ChIP-Seq
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Log2FC for all CDC73 peaks and CDC73 peaks that overlap with dynamic ETS1 peaks in context of ETS1 knockdown
with shETS1-3 (left) or sShETS1-2 (right).

2.2 Cdc73 is important for Notch-dependent T-cell development

During Murine T-cell development, highly proliferative T-cells proceeds in the thymus
through a series of stages from the double-negative (DN) CD4 CD8 “pre-T-cell” stages (DN1-
DN4) to the immature single positive (ISP) and CD4*CD8* double-positive (DP) stages, and
then to the single-positive (SP) CD4* or CD8" stages. Pre-T-cells are important because they can
transform into T-ALL cells (Pui et al. 2008; Berquam-Vrieze et al. 2011; Tatarek et al. 2011).
Notchl and Ets1 are essential for the transition between the DN stage to the DP stage (Wolfer et
al. 2002; Eyquem et al. 2004; Tanigaki et al. 2004; Maillard et al. 2006a). Broadly relevant,
oncogenic TFs like Notchl, Myc, and Myb are “hijacked” from their normal physiological roles
in promoting pre-T-cell proliferation (Wolfer et al. 2002; Lieu et al. 2004; Tanigaki et al. 2004;
Dose et al. 2006; Maillard et al. 2006b). Consequently, TFs that drive pre-T-cell proliferation are
often broadly essential for maintaining T-ALL cells of diverse oncogenomic subsets.

To investigate the importance of Cdc73 for Notch functions in T-cells, we first studied its
effect in T-cell development, which is driven primarily by Notch signals (Hosokawa and
Rothenberg 2021). We first wondered if Cdc73 was being expressed at all stages of T-cell
development or specific stages, and if so, what stage had the highest expression. We found that
like Notchl and Ets1, Cdc73 and other Paf1C members including Pafl, Leol, Ctr9, Rftl, and
Wrd61, are expressed throughout T-cell development in both murine and human T-cells, starting
from the multipotent progenitor (MPP4) stages through the CD8 DP stages (Fig. 2A-B). Cdc73
specifically seemed to increase in expression levels at the DP stages and later. Together, this

confirmed that Cdc73 was being expressed throughout all stages of T-cell development.
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Figure 2 CDC73 is expressed throughout T-cell development

A) Expression of PaflC family members in murine T-cell developmental subsets (ImmGen; GSE109125). B)
Expression of PAF1C family members in human T-cell development (GSE22601).

We next wondered if Cdc73 might share similar functions as Notchl and Etsl in early T
cells. To approach this question, we generated mice where we crossed LckCre mice with Cdc73
mice to generate LckCre Cdc73" mice (Cdc734 mice). LckCre induces Cre recombinase in pre-
T cells while Cdc73" mice have loxP sites flanking exon 2 of Cdc73(Wang et al. 2008b). Upon
Cre mediated recombination, exon 2 is deleted to produce Cdc7344 mice. Like Notch-deficient
and Ets1-deficient mice, Cdc73%4 mice had significantly smaller thymuses and exhibited
severely impaired thymopoiesis as quantified by total thymocyte count (Fig. 3A-B). These mice
also showed significant loss of early T cells by the DN4 stage as characterized by T-cell markers
CD44 and CD25 and transmembrane markers CD27 and TCRR (Fig. 3C-H). Impaired DN-to-DP
cell transition was also observed (Fig. 31-O).

We next sought to understand at what point of T-cell development was the expression
level of Cdc73 apparent, so we took Cdc73 mice and control mice and sorted their thymocytes

into DN2b, DN3a, DN3b and DN4 populations. Expression analysis of these sorted DN subsets
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showed that Cdc73 deletion was first visible at the DN3a stage however had the strongest effect
at the DN4 stage (Fig. 1.3P). This effect is consistent with the DN4 population showing the most
significant loss of cell number (Fig. 3H) and loss of classic Notch target genes including Hes1
and Myc (Fig. 3Q-R). Thus, like Notch1 and Ets1, Cdc73 play an important role in promoting

transition from the DN-to-DP stages.
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Figure 3 Cdc73 is important for Notch-dependent T-cell development

A-H) Representative images of thymuses (A); absolute thymocyte counts (B); representative flow cytometric profiles
of DN subsets (C); and absolute numbers of DN3a (D), DN3b (E), DN3 icTCR- (F), DN3 icTCRB+ (G), and DN4
(H) subsets in LckCre control and LekCre Cde73f/f (Cde73A/A) mice. 1-O) Representative flow cytometric profiles
of CD4/CD8 subsets (1); %DN (J); %DP (K); and absolute numbers of ISP (L), DP (M), CD4 SP (N), and CD8 SP
(O) thymic subsets in LckCre control and Cdc73A/A mice. DN3a=Lineage-CD44-CD25+FSCloCD27-.
DN3b=Lineage-CD44-CD25+FSChiCD27+. DN4=Lineage-CD44-CD25-. ISP=CD8+TCRb-. DP=CD4+CD8+.
CD4 SP=CD4+TCRb+. CD8 SP=CD8+TCRb+. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. P-R) Relative
expression of Cdc73 (P), Hes1 (Q), and Myc (R) in sorted thymic subsets from LckCre mice (red) and Cdc73A/A mice
(blue).

2.3 Cdc73 is important for murine Notch-induced T-ALL maintenance

Next, we wondered whether the dependence of T-cell precursors on Cdc73 would be
conserved after they transform to leukemia. To test this possibility, we used a well-established
murine model of Notch-induced T-ALL (Pear et al. 1996; Aster et al. 2000). The activated
NOTCHI allele, AE, models leukemia-associated human NOTCHL1 alleles that trigger ligand-
independent Notch activation38,39. We transduced bone marrow stem and progenitor cells from
R0sa26CreERT?2 or Rosa26CreERT2 Cdc73f/f mice with activated Notchl (AE /Notchl)
(Schroeter et al. 1998; Weng et al. 2003) and transplanted the cells into sub-lethally irradiated
recipient mice to generate primary tumors (Fig. 4A, 5A).

When these mice developed primary tumors, we created a tumor bank by harvesting the
spleen, thymus, or lymph nodes (LN) and transplanted the tumors into secondary recipients.
These mice were later injected with tamoxifen to delete Cdc73 or oil as a vehicle control. In
contrast to control T-ALL mice (Fig. 5B), Cdc73f/f T-ALL mice treated with tamoxifen showed
reduced blast or white blood cell counts of 700-fold or 11-fold (Fig. 5C). Median survival was
unchanged in control T-ALL mice (Fig. 5D) but prolonged by >200% or 84% in Cdc73f/f T-
ALL mice (Fig. 5E). This data suggests that Cdc73 is important for the maintenance of Notch-

induced T-ALL.
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Figure 4 CDC73 is expressed in diverse T-ALL subsets

A) Representative CD4/CD8 flow cytometric profiles of GFP+ splenic tumors induced by activated Notchl alleles
(AE/Notchl) in Rosa26CreERT?2 control and Rosa26CreERT2 Cdc73f/f mice. B-C) CDC73 expression according to
T-ALL subtype (B) and ETP status (C) in the TARGET database. D) White blood cell (WBC) counts of T-ALL
patients stratified by CDC73 expression. E) Survival curves of T-ALL patients stratified by CDC73 expression. (Liu
et al. 2017). TARGET=Therapeutically Applicable Research to Generate Effective Treatments (TARGET)
(https://ocg.cancer.gov/programs/target) initiative, phs000218. The ALL project team was headed by Stephen P.
Hunger, M.D. at the University of Colorado Cancer Center, Denver, CO, USA. The dbGaP Sub- study ID was
phs000463/phs000464. The data used for this analysis are available at https://portal.gdc.cancer.gov/projects.

2.4 Cdc73 is important for human NOTCH1-activated T-ALL propagation and

maintenance

In a clinically annotated cohort of pediatric T-ALL, CDC73 is expressed across all
oncogenomic and developmental subgroups (Fig. 4B-C). CDC73 expression is not associated
with WBC (Fig. 4D) or survival (Fig. 4E).

To test the functional importance of CDC73 for human T-ALL cell proliferation, we

transduced CDC73 shRNAs into NOTCH1-activated, ETS1-dependent T-ALL cells with
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effective suppression of CDC73 protein (Fig. 5F). CDC73 knockdown reduced proliferation of
NOTCHZ1-activated T-ALL cell lines by 2-9-fold (Fig. 5G). To test the anti-tumor effects of
CDC73 inactivation in non-immortalized human T-ALL cells, we took advantage of the success
of shRNA protocols in knocking down gene expression in Notch-activated patient-derived
xenografts (PDXs) (Yost et al. 2013; McCarter et al. 2020b). We acquired several T-ALL PDX
samples from the University of Michigan Heme Malignancies Tissue Bank and the Public
Repository of Xenografts (ProXe, gift of Andrew Weng), that have been analyzed by RNA-
Seql,17 and all highly express activated NOTCH1, CDC73 and other PAF1C subunits. CDC73
knockdown reduced viability of PDX cells by 5 or 6-fold (Fig. 5H-I). Transplantation of these
cells into immunodeficient NSG mice showed that CDC73 knockdown significantly prolonged
survival (Fig. 5J). Taken together, these results demonstrate strong and highly prevalent CDC73-

dependency in human NOTCH1-activated T-ALL.
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Figure 5 Cdc73 is important for Notch-induced T-ALL maintenance

A) Experimental strategy to study dependence of Notch-induced T-ALL maintenance on Cdc73. Tam=25mg/kg
tamoxifen. B-E) Mice were injected with 2 independent DE/Notch1-induced Rosa26CreERT2 control T-ALL tumors
(B, D) or 2 independent DE/Notchl-induced Rosa26CreERT2 Cdc73f/f murine T-ALL tumors (C, E). Numbers
indicate tumor IDs. Peripheral blood GFP+ counts or WBC (B-C) at 2.5 weeks post-transplant and survival (D-E)
were measured. F) Western blot showing CDC73 knockdown in shRNA-transduced CEM cells. Numbers indicate
relative band intensity. G) Fold expansion (Day 9 cell count/Day 0 cell count) of Notchl-activated T- ALL cells
transduced with two independent shCDC73. H-1) Viability of conventional T-ALL PDX cells transduced with
shCDC73 in OP9-DL4 stromal cell culture. N=3. J) Leukemia-free survival of NSG mice injected with PDX4 cells

transduced with shCDC73 that were passaged in NSG mice for 24 weeks. N=5. **P<0.01; ***P<0.001;
****%P<(0.0001.
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2.5 Discussion

Notch signaling is an essential pathway that controls important developmental activities
such as T-cell fate and specification in diverse tissues. Due to its essential role in the
maintenance of normal tissue homeostasis, inhibiting the entire Notch pathway as an approach to
treat T-ALL poses several barriers. The most prominent and commonly used therapy, gamma-
secretase inhibitors (GSIs), has been shown to cause gastrointestinal toxicity, leading researchers
to investigate safer options to target the oncogenic Notch pathway in T-ALL (Krop et al. 2012;
Tolcher et al. 2012). Understanding how Notch functions in T-cell development and
leukemogenesis is an important step in the quest to develop anti-Notch therapies that specifically
target oncogenic Notch signaling. Our lab and others look at pathways that intersect with Notch
as a potential therapeutic window to treat T-ALL.

The polymerase associated factor complex (Paflc), a scaffold complex consisting of 5
subunits, was previously linked to the Notch pathway in the Drosophila model. When complex
member Rftl was mutated in this model, the flies displayed “notches” in their wings and
impaired transcription of Notch target genes (Tenney et al. 2006). This finding confirmed that
the Paflc must play an important role in wing development by regulation of Notch and its target
genes. More recent studies have evaluated other Paflc members and their link to the Notch
pathway, such as Paflc member Cdc73. A study in breast cancer cells confirmed the NOTCH-
CDCT73 interaction by showing that CDC73 can bind intracellular-Notch (ICN) and can direct
the activation of Notch signals (Kikuchi et al. 2016). My project extends field by investigating

the role of Cdc73 in T-cell development and Notch-activated T-ALL.
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Starting with T-cell development, we first showed that conditional knockout of Cdc73,
using the Cre-lox system, specifically the LckCre promoter, led to a significantly smaller thymus
and reduced thymocyte cellularity in our mouse model (Fig. 3A-B). We used the LckCre-lox
model because Lck is a T-cell lineage specific tyrosine kinase that is critical for T-cell
development and activation (Chiang and Hodes 2016). Our results implied that Cdc73 played an
important role in developing thymocytes, which made sense given the essential function of
NOTCH1 and other PAF1c members in wing development in the Drosophila model (Tenney et
al. 2006). We used publicly available data from Immgen to check the expression levels of PAF1c
members for both mouse and human T-cell subsets and confirmed that CDC73 was expressed
across all developmental stages of T-cell development (Fig. 2A-B). It was also interesting to see
that out of all the other PAF1c members, CDC73 was expressed the lowest across all T-cell
stages.

We then questioned if Cdc73 was important at specific stages of T-cell development in
our mouse model and saw that Cdc73 was important for the transition from the DN3 to DN4
stages (Fig. 3C-H). Given that the DN3 stage is where the Lck promoter is activated, this data
made sense. Additionally, we saw a block in the transition from the DN to DP stage of T-cell
development (Fig. 31-O). Within the thymus, T-cells progress through the DN-DP stages within
the cortex of the thymus. In order for T-cells to enter the final stages of maturation into the single
positive stages in the medulla of the thymus, they must undergo positive selection which is a
maturation process of immature CD4+ CD8+ thymocytes that are induced by T-cell receptor
(TCR) signals (Chiang and Hodes 2016). My data suggests that Cdc73 plays an important role

during this process, however, the mechanism by which this occurs is still unknown.
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To further support this, our relative expression level data from sorted thymocyte subsets
showed decreasing Cdc73 relative expression levels in our conditional knockout model starting
at the DN3a, DN3b and DN4 stages (Fig. 3P). This was consistent with the relative expression
levels of Notch target genes such as Hes1 and Myc, with the strongest expression differences
seen across the DN4 stage (Fig. 3Q-R). Together, this data suggests that Cdc73 plays an essential
role in early T-cell development however the mechanism by which Cdc73 might be interacting
with Notch target genes to orchestrate T-cell development was still in question.

To study the role of Cdc73 in Notch-activated T-ALL, we used mouse models where
bone marrow from CreERT™Cdc73"  mice or control mice were transduced with activated-Notch1
before being transplanted into the mice. We showed that knockdown of Cdc73 in mice injected
with Notch-activated T-ALL showed significantly reduced blast counts and extended survival
compared to our controls (Fig. 5B-E). This suggested that Cdc73 plays an important role in T-
ALL tumor survival in a Notch-activated mouse model. We followed up these experiments by
confirming the importance of Cdc73 in human T-ALL cell lines and PDX models. We saw that
knockout of CDC73 in our human T-ALLSs significantly reduced proliferation of these tumor
lines, again, suggesting that Cdc73 is important for T-ALL tumor survival (Fig. 5G).
Additionally, in our PDX models, which are a more translational model, we showed that PDX’s
transduced with CDC73 significantly reduced cell viability, and when injected into
immunocompromised NSG mice, the mice showed a significant increase in survival compared to
controls (Fig. 5H-J). Together, this data confirms that like NOTCH1, CDC73 is important for T-
cell development and T-ALL maintenance.

Understanding the importance of Cdc73 in T-cell development and Notch-activated T-

ALL was the first step in our goal of finding a therapeutic window to treat T-ALL. To do this we
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sought to understand how we can target Cdc73 or Notch in T-ALL by looking at differentially
expressed genes. In this way, we can spare inhibiting Notch function in normal T-cell developing
which only targeting oncogenic Notch. There are still several things we do not know about how
Cdc73 might be interacting with Notch, however, such as determining if Cdc73 is directly
interacting with Notch or if it is interacting with Notch though other Notch cofactors. We also
want to understand the mechanism by which Cdc73 and Notch are interacting to activate T-ALL.

These questions and others make up the remaining aims of my project.

34



Chapter 3 Cdc73 Activates Gene Expression Important For Notch-Induced T-ALL?

3.1 Cdc73 promotes gene expression in pathways co-regulated by ETS1 and NOTCH1

We sought to understand the underlying mechanism by which Cdc73 is required for
Notchl-activated T-ALL maintenance as | wrote about in my last chapter. Towards this goal, we
started by generating two independent Notch-induced CreER™ Cdc73" T-ALL cell lines (969
and 970) and one control CreERT™ cell line. To do this, we transferred the tumors described in
figure 5A to cell culture media and cultured them over a period of weeks. We confirmed that
upon addition of 4-hydroxytamoxifen (OHT), Cdc73 was able to be deleted in these cells but not
in the control (Fig. 7A). Additionally, deletion of Cdc73 impaired cell proliferation in our growth
assay (Fig. 6A). In contrast, OHT treatment had no effect on control CreER™ cells. This data
suggested that our cell lines were sensitive to deletion of Cdc73.

Next, we were interested in identifying differentially expressed genes upon loss of Cdc73
in our cell lines. To do this, we performed Bromouridine-sequencing (Bru-seq) (Paulsen et al.
2013; Paulsen et al. 2014) in these cells. The purpose of Bru-seq is to measure nascent mMRNA
transcripts following Cdc73 deletion using bromouridine (BrdU) labeling techniques. Bru-seq is
an optimal way to measure nascent RNA over other RNA labeling methods due to BrdU being

less toxic compared to other labeling methods. Additionally, there is a wide availability of ani-

2 Adapted from Cdc73 protects Notch-induced T-cell leukemia cells from DNA damage and mitochondrial stress
Ashley F. Melnick, Anna C. McCarter, Shannon Liang, Yiran Liu, Qing Wang, Nicole A. Dean, Elizabeth Choe,
Nicholas Kunnath, Geethika Bodanapu, Carea Mullin, Fatema Akter, Karena Lin, Brian Magnuson, Surinder
Kumar, David B. Lombard, Andrew G. Muntean, Mats Ljungman, JoAnn Sekiguchi, Russell J.H. Ryan, Mark Y.
Chiang. bioRxiv 2023.01.22.525059; doi: https://doi.org/10.1101/2023.01.22.525059. The data from this chapter
was completed with the help from those listed in the acknowledgements section of this manuscript.
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BrdU antibodies to study transcriptional regulation (Paulsen et al. 2014). In this method, after
RNA is BrdU labeled, the RNA is captured using anti-BrdU antibodies that are conjugated to
magnetic beads. The isolated RNA can then be used to generate cDNA libraries that can be sent
for deep sequencing. The sequencing data can be analyzed and mapped across the entire genome
including both introns and exons (Paulsen et al. 2013). Bru-seq is also superior relative to other
RNA labeling methods because of its ability to measure and estimate the rate of transcription
across the genome. It can normalize the data to the length of the gene using “reads per thousand
base pairs per 1 million reads” (RPKM) (Paulsen et al. 2013). Using Bru-seq, we identified 1062
differentially expressed genes (“Cdc73 target genes”) that were shared between our Cdc73" T-
ALL cells but not by control cells (Fig. 6B, Fig. 7B).

Consistent with previous studies, we did not observe large scale downregulation of all
gene of expression, indicating that Cdc73 is regulating specific genes. This led to us ask the
question, in what context is Cdc73 regulating these specific genes to drive T-ALL? Towards this
question, we performed a gene set enrichment analysis (GSEA) using a list of high-confidence
direct NOTCHL1 target genes in T-ALL (Wang et al. 2014). Our analysis showed no significant
enrichment for Cdc73-regulated target genes (Fig. 7C-D). However, Cdc73 deletion significantly
impaired the expression of 25% of Notch signature genes in both Cdc73" T-ALL cell lines at
0<0.05 (P=0.0216, Fisher exact test). In contrast, GSEA using a list of high-confidence direct
ETS1 target genes in T-ALL (McCarter et al. 2020b) showed strongly significant enrichment for
Cdc73-regulated genes in both 969 cells (NES 3.26; FDR<0.001) and 970 cells (NES 2.75;
FDR<0.001) (Fig. 6C-D). Additionally, Cdc73 deletion impaired expression of 22% of ETS1

signature genes at q<0.05 (P=0.0003, Fisher exact test). These data are consistent with our
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protein-protein interaction and ChlP-Seq data showing stronger interaction of CDC73 with ETS1
than with NOTCH1 (Fig. 1A-C, 1F-G).

Given Cdc73 only regulates a subset of Notchl and ETS1 target genes, we next
wondered what pathways Cdc73, ETS1, and Notch might be co-regulating. Towards this goal,
we ran a Hallmark GSEA analysis and several different pathways that were regulated by Cdc73.
To hone in on what pathways we wanted to investigate further, we ranked the top six pathways
in both of our Cdc73" T-ALL cell lines and compared them to previously identified pathways
that are regulated by ETS1 and NOTCH1 (McCarter et al. 2020a). Comparing these 4 data sets,
we identified DNA repair and oxidative phosphorylation (OXPHOS) gene signatures as the top
two shared pathways enriched for Cdc73-induced, ETS1-induced, and Notch-induced genes
(highlighted in blue in Fig. 6E-H). Thus, Cdc73 shares essential roles for T-cell leukemogenesis
with Notchl and Ets1 but also has partially overlapping functions with these factors in regulating

gene expression.
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Figure 6 Cdc73 shares ETS1 and Notch-driven pathways

A) Rosa26CreERT2 Cdc73f/f T-ALL cells (969; 970) and control Rosa26CreERT2 T-ALL cells derived from tumors
in Fig. 2C were treated with 3nM OHT (hydroxytamoxifen) to delete Cdc73 and measured for growth. Fold
expansion=Day3 or Day6 cell count/Day 0 cell count. B) Venn diagram showing 1062 Cdc73 target genes shared by
both Cdc73f/f T-ALL cell lines from (A). Target genes defined as FC>1.5; Padj<0.05 in Bru-Seq counts at 30h after
OHT addition in both Cdc73f/f cell lines but not in controls. C-D) GSEA using the top 258 ETS1-induced gene list
(McCarter et al., 2020) of Cdc73-induced genes in 969 (C) and 970 (D) cells. E-H) GSEA analyses showing the top
6 Hallmark pathways enriched for Cdc73- (E-F), ETS1- (G) and Notch- (H) induced target genes. ETS1 and Notch
target genes were previously described in human THP-6 T-ALL cells (McCarter et al., 2020). Pathways shared across
the 4 analyses are highlighted in blue. I-L) GSEA using the MSigDB C2 Kauffman_DNA _repair gene list of Cdc73-
induced genes (I-J), ETS1-induced genes (K), and Notch-induced genes (L). M-N) Venn diagram showing overlap of
Cdc73-induced and ETS1-induced (M) or Notch-induced (N) genes in the Kauffman_DNA_repair gene list. O-T)
Volcano plots of significance vs. Bru-Seq (O-P, S) or RNA-Seq (Q-R, T) Log2FC data showing the control vs. OHT
(Cdc73D/D) comparison and highlighting important genes in non-homologous end-joining (NHEJ; O, Q),
homologous recombination (HR; P, R), and oxidative phosphorylation (OXPHQOS; S-T) pathways in 969 T-ALL cells
(O-P, S) and AML cells (Q-R, T) on background of all genes (grey) giving average RPKM>0.8. RNA-Seq analysis of
Control and Cdc73-deleted AML cells were obtained from (Saha et al. 2019). **P<0.01; ****P<0.0001.

DNA repair is relatively understudied as a synthetic lethal vulnerability, but T-ALL
oncogenes induce DNA damage through replicative stress (Kotsantis et al. 2018; Leon et al.
2020). DNA damage is a form of genetic instability first highlighted as a driving force of
tumorigenesis in the famous “Hallmarks of Cancer” publication by Hanahan and Weinberg
(Hanahan and Weinberg 2000). Many studies have shown that dysregulation of DNA replication,
called replicative stress, is linked to genomic instability in early stages of cancer progression
(Bartkova et al. ; Bartkova et al. ; Gorgoulis et al.). Replicative stress initiates a DNA damage
response (DDR) in attempts to resolve the damage (Saldivar et al.). The DDR causes the
recruitment of ATR Kinase, leading to the phosphorylation of many downstream targets, such as
CHK1 and histone H2AX (Kotsantis et al. 2018). In turn, CHK1 induces cell cycle arrest,
allowing for enough time for the cell to repair any lesions and prevent early entry into mitosis
with replicated DNA (Kotsantis et al. 2018). In cancers, ATR and CHK1 can induce replicative
stress and has led to synthetic lethality in MY C-driven lymphomas (Murga et al.), an oncogene

frequently mutated in T-ALL.
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In our data sets, the most enriched DNA repair signature for Cdc73-induced genes in
MSigDB was Kauffman_DNA _repair_genes, giving a FDR<0.001 for Cdc73-induced genes
(NES 4-4.54, Fig. 61-J), ETS1-induced genes (NES 3.94, Fig. 6K), and Notch-induced genes
(NES 3.2, Fig. 6L). Cdc73 deletion generally downregulated important DNA repair genes
including Atr and Lig4, and other genes found in multiple pathways, such as non-homologous
end joining (NHEJ; Fig. 60, Fig. 7E) and homologous recombination (HR; Fig. 6P, Fig. 7F).

NHEJ is the primary pathway responsible for the repair of dSDNA breaks (Chang et al.
2017). dsDNA breaks can occur for multiple reasons, including but not limited to ionizing
radiation, reactive oxygen species (ROS), or DNA replication errors (Chang et al. 2017). If
NHEJ is compromised due to the inability of key proteins in the pathway, other pathways, such
as HR, are activated. To test if Cdc73 functions were conserved in non-T cells, we interrogated
our gene expression datasets of murine MLL-AF9 driven Cdc73"f AML cells (Saha et al. 2019).
Accordingly, Cdc73 deletion in these cells led to general downregulation of the same DNA
repair genes (Fig. 6Q-R).

OXPHOS is a synthetic lethal vulnerability in T-ALL since Notch promotes high
anabolic demand (Kishton et al. 2016; Garcia-Bermudez et al. 2018; da Silva-Diz et al. 2021,
Thandapani et al. 2021). In general, cancer cells often exhibit alterations in their metabolism to
support their rapid and proliferative growth. This happens through various metabolic processes
such as increased ATP production to help maintain high energy levels and cellular redox statuses
(Kishton et al. 2016). Oncogenes such as MY C have been shown to induce ROS production and
DNA damage (Maya-Mendoza et al. ; Vafa et al.). While it is unclear how ROS affects

replicative stress, some data theorizes that increases in ROS production leads to
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hyperproliferation of the cancer cells, leading to increased replicative stress (Di Micco et al. ;
Ogrunc et al.).

In our data sets, of the OXPHQOS gene lists in MSigDB, the Hallmark list gave the highest
enrichment with FDR<0.001 for Cdc73-induced genes (NES 3.52-3.83, Fig. 7G-H), ETS1-
induced genes (NES 5.15, Fig. 71), and Notch-induced genes (NES 4.63, Fig. 7J). Analysis of
core enrichment genes showed that ETS1 and Notch induce large fractions of Cdc73-induced
OXPHOS genes (60% in Fig. 7K and 62% in Fig. 7L respectively). Conversely, Cdc73 induces
large fractions of ETS1 and Notch-induced OXPHOS genes (56% and 41% respectively). Cdc73
deletion generally downregulated important OXPHQOS pathway genes including Ndufabl and
Ndufb4 (Fig. 6S, Fig. 7M). These same genes were also generally downregulated upon Cdc73
deletion in AML cells (Fig. 6T) (Saha et al. 2019).

Expression analysis of sorted DN subsets showed loss of important DNA repair such as
Atr and Lig4 and OXPHOS genes including Ndufabl and Ndufb4, particularly at the DN4 cell
stage when the strongest Cdc73 deletion was achieved (Fig. 7N). Taken together, this data
suggests that like ETS1 and Notch, Cdc73 is important for promoting expression of genes that
are important for DNA repair and OXPHOS. These roles appear to be conserved among early T

cells, T-ALL cells, and Notch-independent/non-lymphoid AML cells.
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Figure 7 Cdc73 shares Notch- and ETS1 driven pathways
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A) Relative expression of Cdc73 in the 969 and 970 Rosa26CreERT2 Cdc73f/f DE/Notchl-induced T-ALL cell lines
and control Rosa26CreERT2 DE/Notch1-induced T-ALL cell line after treatment with OHT for 30 hours. B) Heatmap
of 1062 differentially expressed genes upon Cdc73 deletion shared between the 969 and 970 cell lines. C-D) GSEA
using the direct Notch target signature in T-ALL (Wang et al., 2014) of Cdc73-induced genes. E-F) Volcano plots of
significance vs. Bru-Seq Log2FC data showing the control vs. OHT (Cdc73D/D) comparison and important genes in
the non-homologous end-joining (NHEJ; E) and homologous recombination (HR; F) pathways in 970 T-ALL cells on
background of all genes (grey) giving average RPKM>0.8. G-J) GSEA using the MSigDB
Hallmark_Oxidative_Phosphorylation gene list of Cdc73-induced genes in 969 cells (G), Cdc73- induced genes in
970 cells (H), ETS1-induced genes in THP-6 cells (McCarter et al., 2020) (1), and Notch- induced genes in THP-6
cells (McCarter et al., 2020) (J). K-L) Venn diagram showing overlap of Cdc73- induced and ETS1-induced (K) or
Notch-induced (L) genes in the Hallmark_Oxidative_Phosphorylation gene list. M) Volcano plot of significance vs.
Bru-Seq Log2FC data showing the control vs. OHT (Cdc73D/D) comparison and important genes in the oxidative
phosphorylation pathways in 970 T-ALL cells on background of all genes (grey) giving average RPKM>0.8. N)
Relative expression of important DNA repair (Atr and Lig4) and oxidative phosphorylation (Ndufabl and Nduf4)
genes in sorted thymic subsets from LckCre mice (red) and Cdc73A/A mice (blue).

3.2 Cdc73 is important for genome integrity

Previous work by others showed that CDC73 is important for genome stability through
maintenance of telomere length, homologous recombination repair, transcription-coupled repair,
and R-loop clearance at H2BK120ub1-marked sites of transcriptional elongation (Gaillard et al.
2009; Tatum et al. 2011; Wahba et al. 2011; Herr et al. 2015; Nene et al. 2018; Shiviji et al.
2018). In one paper, CDC73 was shown to interact with histone H2B to ensure efficient
chromatin remodeling around double stranded breaks, promoting DNA accessibility for repair to
occur downstream (Herr et al. 2015). We performed a DepMap analysis across many cancer
types to evaluate how T-ALL compared to other cancers in its expression of DNA repair genes.
Our data showed that T-ALL cells express the highest levels of DNA repair target genes that are
shared between Cdc73, Notch and Ets1, suggesting that DNA damage repair must play an
important role in the maintenance of T-ALL (Fig. 8A).

Given these data and our data suggesting Cdc73 promotes expression of genes important
for DNA repair, we then wondered if Cdc73 helps preserve genome integrity in T-ALL. To test
this, we treated Cdc73" T-ALL cell lines with OHT and measured gH2AX expression. gH2AX

is a marker of DNA double-strand (ds) breaks, where histone H2AX gets phosphorylated by
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ATR upon dsDNA damage (Kishton et al. 2016). Consistently, OHT treatment of both Cdc73f
T-ALL cell lines, but not the control cell line, effectively suppressed Cdc73 expression and
induced gH2AX expression (Fig. 9A). Further, CDC73 knockdown had similar effects in SUP-
T1and CUTLLZ, two human T-ALL cell lines that, like the Cdc73" T-ALL cell lines, are Notch-
induced (Fig. 9B).

Since yYH2AX signals cluster at promoters of genes regardless of expression level in T-
ALL cell lines (Seo et al. 2012), we examined localization of gH2AX at the promoters of a panel
of genes. Based on our data showing global losses of DNA repair gene expression, we predicted
that loss of Cdc73 would protect the genomic integrity of even non-expressed genes.
Consistently, our qChlP data showed that Cdc73 deletion induced gH2AX localization to
chromatin at non-expressed genes (Hbaal; Collal) to similar extent as expressed genes (Myc;
Lig4) (Fig. 8B). In contrast, OHT had no effect in control cells (Fig. 8C).

To confirm that Cdc73 deletion led to spontaneous DNA damage, we performed blinded
metaphase spread assays to visually assess chromosomal damage. The slides were blinded by
another lab mate before imaging and the data was not deidentified until after the analysis was
complete by a second lab mate. The analysis consisted of counting the chromosomes and
tracking any damage to them. This included quantifying breaks, gaps, fragments, and fusions of
any of the chromosomes. Consistently, across multiple rounds of dropping, imaging, and
analysis, we observed an increase chromosomal damage in Cdc73" T-ALL cells upon treatment

with OHT (Fig. 9C-E).
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Figure 8 Cdc73 is important for genome integrity

A) Average z-scores of RNA-Seq expression of 34 DNA repair target genes induced by Cdc73, ETS1, and Notch
based on GSEA core enrichment analysis using the Kauffman_DNA_repair gene list (Table S1) across all cell lines
grouped by Oncotree lineage in DepMap 22Q4. B-C) yH2AX qChlIP in Cdc73f/f T-ALL cells (970, B) and control
Rosa26CreERT2 T-ALL cells (C) treated with OHT for 30 hours.

We next wondered if these cells were undergoing apoptotic events, a cellular method of
programmed cell death to get rid of unwanted or damaged cells. As expected, DNA damage
upon loss of Cdc73 led to small but significant increases in apoptosis (Fig. 9F-G). Next, we

sought to determine if T-ALL cells are sensitive to DNA repair inhibition. To test this

possibility, we treated both Cdc73" and human T-ALL cell lines with berzosertib, an an inhibitor
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of the apical DNA damage protein kinase, ATR, being tested in advanced clinical trials due to its
excellent safety profile. Consistently, these cells were highly sensitive to this drug given low
nanomolar G150 (Fig. 9H). Together, this data suggests that Cdc73 promotes DNA repair
globally through gene expression, which extends previous studies and might help protect T-ALL

cells from chromosomal damage.
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A) Western blot for yH2AX in Rosa26CreERT2 Cdc73f/f T-ALL cells (969; 970) and control Rosa26CreERT2 T-
ALL cells treated with OHT (hydroxytamoxifen) for 30 hours to delete Cdc73. Numbers represent band intensities
normalized to b-actin loading control. B) Western blot for yH2AX in human NOTCH1-induced human T-ALL cell
lines (SUP-T1; CUTLLLY) transduced with shCDC73. C-E) Representative metaphase spreads (C) and quantification
of metaphase abnormalities in aggregate (D) or per replicate (E) in blinded analyses of Cdc73f/f T-ALL cells treated
with OHT for 30 hours. White arrows=gaps; yellow arrow=break. F-G) Representative Annexin V/7- AAD flow
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cytometric plots (F) and Annexin V+/7-AAD- scatterplot (G) of Cdc73f/f T-ALL cells treated with vehicle (Control)
or OHT for 30 hours (Cdc73D/D). H) Dose response curves of Notch-activated T-ALL cell lines and 2 non-
hematopoietic tumor cell lines (U20S and 293T) treated with berzosertib (ATR inhibitor in clinical trials). I) Western
blot in UV-treated 970 cells showing effect of berzosertib on P-Chk1, a downstream target of Atr.

3.3 Cdc73 is important for oxidative phosphorylation

Supraphysiological Notch signals in T-ALL create high demand for mitochondrial ATP
production (Kishton et al. 2016). Recently, a relationship between NOTCH1 and elevated
OXPHOS gene expression has been established as a critical driver for leukemia cell survival,
highlighting OXPHOS as a potential therapeutic target in T-ALL (Baran et al. 2022). We
performed a DepMap analysis across many cancer types to evaluate how T-ALL compared to
other cancers in its expression of OXPHOS genes. Our data showed that T-ALL cells express
average levels of OXPHOS target genes that are shared between Cdc73, Notch and Etsl

(leftmost group in Fig. 10).
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Figure 10 T-ALL express an average amount of OXPHOS genes compared to other cancers
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Average z-scores of RNA-Seq expression of 38 OXPHOS genes induced by Cdc73, ETS1, and Notch based on GSEA
core enrichment analysis using the Hallmark_oxidative_phosphorylation gene list across all cell lines grouped by
lineage in DepMap 22Q4.

Since Cdc73 promotes expression of genes important for the electron transport chain
(Fig. 6S; Fig. 7M) and has been shown to interact with NOTCHZ1, we considered the possibility
that Cdc73 helps maintain membrane potential to protect T-ALL cells from metabolic stress.
Membrane potential is a readout of energy storage during the oxidative phosphorylation process.
The mitochondrial membrane potential is generated by proton pumps, generally regulated by
genes in the electron transport chain (ETC) complexes I, 111, and IV (Zorova et al.). To test if
Cdc73 plays a role in maintaining mitochondrial membrane potential, we treated Cdc73" T-ALL
cell lines with OHT and measured mitochondrial membrane potential of live cells using the
tetramethylrhodamine methyl ester assay (TMRM). To assess changes in membrane potential,
we incorporated the use of a mitochondrial uncoupler, FCCP. When added to cells, FCCP will
collapse the membrane potential by disrupting ATP synthesis, causing protons to flood across the
cell membrane. Addition of FCCP would causes a decrease in TMRM staining, or a shift to the
left when looking at the mean fluorescent index (MFI). In our data, we saw that Cdc73 deletion
reduced membrane potential to nearly the same degree as FCCP (Fig. 11A-B), suggesting that
Cdc73 plays an important role in the maintenance of mitochondrial potential.

Based on our gene expression analysis, we also predicted that Cdc73 deletion would
reduce reactive oxygen species (ROS). ROS are generated during mitochondrial oxidative
metabolism. Oxidative stress will occur when there is an overproduction of ROS in a cell (Ray et
al.). In turn, oxidative stress can lead to largescale damage of the cell, implicating problems in
many different diseases including cancer (Ishikawa et al. 2008; Trachootham et al. 2009). We

performed a CellROX assay to asses ROS production with deletion of Cdc73. We used TBHP
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(tert-Butyl hydroperoxide) as a positive control, as it is a strong oxidant that will causes an
increase in ROS production. Our CellROX assay showed that loss of Cdc73 significantly
reduced ROS production compared to controls (Fig. 11C-D). Additionally, our gene expression
analyses also predicted impaired oxygen consumption with loss of Cdc73. This suggests that
Cdc73 might be driving ROS production in T-ALL though mechanisms we do not quite
understand yet.

The last measure we looked at in the context of mitochondrial metabolism was oxygen
consumption rates. The oxygen consumption rate (OCR) is a measure of cellular respiration rate
and mitochondrial function, as the mitochondria produce ATP. Several studies have shown how
cells can reprogram their metabolic demand to meet energy needs in cancer phenotypes
(Koppenol et al. 2011; Zheng 2012). We wanted to understand if Cdc73 played a role in the
oxidative demand in T-ALL. To answer this question, we performed a mitochondrial stress test
using a Seahorse assay extracellular flux analyzer. This assay incorporates the use of three drugs,
Oligomycin, FCCP, and a mixture of rotenone and antimycin A. Oligomycin is an inhibitor of
ATP synthesis. It blocks the production of ATP from ADP by blocking its proton channel in the
ETC complex V (Lee and O’Brien 2010). Addition of this drug causes a decrease in the OCR.
FCCP in this assay is also used to uncouple the membrane by stimulating the ETC to operate at
its maximum capacity, causing a strong and rapid increase in the OCR (Kumar et al. 2021).
Rotenone and antimycin A are added last in this assay. Rotenone inhibits the ETC complex I,
causing a decrease in ATP production, ROS production, and mitochondrial potential (Won et
al.). Antimycin A causes a block in the passage of protons in ETC complexes Il1, thereby
inhibiting respiration (Pham et al. 2000). The combination of these drugs causes the OCR to drop

below the basal OCR. Our mitochondrial stress test showed that Cdc73 deletion reduced basal
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respiration and the mitochondrial ATP production rates of live cells (Fig. 11E-G). In contrast,
treating control T-ALL cells with OHT had no significant effect (Fig. 11H-J). To confirm if this
effect was consisted in human T-ALL, we performed the same test in human Notch-induced
CUTLLZ cells. CDC73 knockdown in live human Notch-induced T-ALL cells also impaired
oxygen consumption rates (Fig. 11K-M). Together, this data suggests that Cdc73 promotes
OXPHOS, which might help protect T-ALL cells from the metabolic stresses of

supraphysiological Notch signaling.
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Figure 11 Cdc73 is important for oxidative phosphorylation

A-B) Representative flow cytometric histogram (A) and MFI scatterplot (N=3) (B) showing mitochondrial membrane
potentials measured by tetramethylrhodamine methyl ester (TMRM) assay on live Dapi- Rosa26CreERT2 Cdc73f/f
T-ALL cells (970) treated with OHT (hydroxytamoxifen) for 30 hours to delete Cdc73. FCCP was added as positive
control. C- D) Representative flow cytometric histogram (C) and MFI scatterplot (N=3) (D) showing mitochondrial
ROS production measured by the CellIROX assay on live Dapi- 970 cells treated with OHT for 30 hours to delete
Cdc73. TBHP was added as a positive control. E-M) Seahorse XFe96 instrument measurements of real time oxygen
consumption rate (OCR) normalized to live cell number and protein concentration under basal conditions or in
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response to the indicated mitochondrial inhibitors (E,H,K) and scatterplots of basal (F,I,L) and ATP production
(G,J,M) respiration phases of 970 cells treated with OHT for 30 hours to delete Cdc73 (E-G), control Rosa26CreERT2
cells treated with OHT for 30 hours (H-J); and CUTLL1 cells at 4 days after transduction with two independent
shCDC73 (K-M).

3.4 Discussion

Previous studies have identified potentially ‘lethal’ dsDNA breaks in T-ALL caused by
genetic mutations such as RAG1/2 or by production of ROS (Callén et al. 2007; Silva et al.
2011). One paper even stated that T-ALL cells could be addicted to DNA repair machinery to
survive spontaneous or induced double stranded breaks (DSBs) (Dasgupta et al.). Therefore,
targeting these pathways might be an ideal solution to take advantage of T-ALL cells addiction
to DNA repair machinery, by removing components they are addicted to.

My data suggests that Cdc73 plays an important role in the DNA damage repair pathway
and OXPHOS pathway, along with ETS1 and NOTCHL1. | showed that deletion of Cdc73
increased the expression of DNA repair marker yH2AX in murine and human Notch-induced T-
ALL cell lines, implying that DNA repair mechanisms turn on when transcriptional machinery,
such as members of the PAF1c like Cdc73, are mutated (Fig. 9A-B). The mechanism by which
they get turned on and what repair pathway specifically gets turned on is yet to be determined.
We confirmed that deleting Cdc73 causes visible damage to the chromosomes (Fig. 9C) and that
it sends some cells into apoptosis (Fig. 9F-G). This suggests that T-ALL cells might enter a
programmed cell death because damage to the cell is too significant to repair. It also suggests
that Cdc73 has an essential function in DNA damage repair, which might support the cells
addiction to DNA repair machinery.

ATM and ATR are PI3K -like serine/threonine kinases that are activated under genotoxic

stress conditions that are important for cell death and survival, cell proliferation, and DNA
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repair. Interestingly, ATR is also a gene that was down regulated with loss of Cdc73 in the DNA
damage repair pathway in T-ALL (Fig. 7E-F). Using an ATR inhibitor, berzosertib, we
confirmed that T-ALL cells were sensitive to ATR inhibition (Fig. 9H). Additionally, we
confirmed that protein expression of P-Chk1, a target downstream of ATR in the HR pathway,
was decreased when my murine cell lines were treated with berzosertib. This implies that DNA
repair inhibitors like berzosertib can successfully down regulate DNA repair pathways that T-
ALL cells might be addicted to.

Oxidative phosphorylation (OXPHQOS) has been shown to be a critical pathway for
leukemia cell survival. Recent studies have identified NOTCHL to directly regulate OXPHOS
and OXPHOS gene expression (Baran et al. 2022). Other cancers, such as B-ALL, have also
shown a reliance on OXPHOS as a major metabolic regulator of the cancer type (Chen et al.).
Through my research, | have been able to show that Cdc73 plays an important role in the
mitochondrial metabolic regulation of T-ALL. | have shown that loss of Cdc73 causes a decrease
in mitochondrial potential, ROS production, basal OCR and ATP production (Fig. 11A-G, K-M).
Together this data suggests that Cdc73 might be driving a metabolic phenotype that is keeping
the T-ALL cells alive and addicted to DNA repair machinery. In my next chapter, | investigate
the mechanism by which Cdc73 is regulating these gene pathways and how it fits into the large

picture of Cdc73 and its role in T-ALL maintenance.
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Chapter 4 Cdc73 Mechanistically Activates T-ALL Gene Expression Through Canonical

and Non-Canonical Functions?

4.1 Cdc73 does not primarily promote DNA repair and OXPHOS gene expression though

enhancers

Previous groups have shown that the Paf1C regulates enhancer activity by altering eRNA
synthesis and H3K27ac deposition (Chen et al. 2017; Ding et al. 2021). To explore this in the
context of T-ALL, we used human THP-6 T-ALL cells and performed CDC73 ChIP-seq.
Consistent with the other groups data, we observed strong CDC73 ChIP-Seq signals at intergenic
regulatory elements relative to promoters (Fig. 12A). This suggest that Cdc73 has important
functions at both the promoter and enhancer regions. We next wanted to test whether Cdc73 is
regulating enhancer activity in T-ALL, so we performed H3K27ac ChIP-Seq in our CreER™
Cdc73" T-ALL cell lines (969 and 970) and control CreER™ T-ALL cell line after OHT
treatment. In further support of enhancer functions for Cdc73, our H3K27ac ChlP-Seq showed
differential H3K27ac signals upon Cdc73 deletion at FDR<0.05 (Fig. 12B, 13A-B). In contrast,
OHT had little effect on the control cells (Fig. 13C).

Next, we wanted to determine how many peaks were “dynamic H3K27ac peaks”. We

defined these peaks based on differential H3K27ac signals at FDR<0.05 in the same direction for

3 Adapted from Cdc73 protects Notch-induced T-cell leukemia cells from DNA damage and mitochondrial stress
Ashley F. Melnick, Anna C. McCarter, Shannon Liang, Yiran Liu, Qing Wang, Nicole A. Dean, Elizabeth Choe,
Nicholas Kunnath, Geethika Bodanapu, Carea Mullin, Fatema Akter, Karena Lin, Brian Magnuson, Surinder
Kumar, David B. Lombard, Andrew G. Muntean, Mats Ljungman, JoAnn Sekiguchi, Russell J.H. Ryan, Mark Y.
Chiang. bioRxiv 2023.01.22.525059; doi: https://doi.org/10.1101/2023.01.22.525059. The data from this chapter
was completed with the help from those listed in the acknowledgements section of this manuscript.
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both CreER™ Cdc73" T-ALL cell lines but not the control CreER™ T-ALL cell line. When we
intersected our CDC73 ChIP-seq and H3K27Ac ChlP-seq datasets, we obtained 9,139 “dynamic
H3K27ac peaks”. In general, Cdc73 deletion decreased H3K27ac signals at dynamic intergenic
H3K27ac peaks (Fig.12C, 13D). Together, these data suggest that Cdc73 can promote enhancer
activity more than it represses enhancer activity in the context of T-ALL.

Since Paf1C regulates enhancer activity through eRNA synthesis (Chen et al. 2017; Ding
et al. 2021), we next wanted to identify any enhancers that are directly regulated by Cdc73. To
do this, we integrated our dynamic H3K27ac dataset with a differential analysis of eERNA
expression. To look at eRNA expression, we performed BruUV-seq on the CreER™ Cdc73" T-
ALL cell lines (969 and 970) and control CreER™ T-ALL cell line. BruUV-seq is a nascent RNA
technique that detects and quantifies rapidly degraded RNAs, such as eRNAs, and is performed
using living cells (Magnuson et al. 2015). This method utilizes UV light to introduce random
transcription-blocking DNA lesions into the genome, prior to using bromouridine (BrU) labeling.
The lesions cause elongating RNA Pol 1 to stall. By only blocking transcription elongation and
not initiation, the UV light can redistribute transcriptional reads that enhance nascent RNA
signals towards the 5’ end around promoters and enhancers, which allows for better
identification of transcription start sites (TSS) (Magnuson et al. 2015). Using this method, we
identified 609 differential eERNAs at q<0.05 upon Cdc73 deletion that were shared by both

Cdc73" T-ALL cell lines but not by the control cell line (Fig.12D-E, 13E-F).
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Figure 12 Cdc73 does not primarily promote DNA repair and OXPHOS gene expression through enhancers

A) Metagene plots of intergenic and promoter CDC73 ChIP-Seq signals in THP-6 cells. B) Volcano plots of
significance vs. Log2(Fold Change OHT/Control) H3K27ac ChlIP-Seq sighals of Rosa26CreERT2 Cdc73f/f T-ALL
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cells (970) upon treatment with 6nM OHT for 30 hours. C) Metagene plots of dynamic intergenic H3K27ac signals
(FDR<0.05 in 969 and 970 cells but not in control cells) in 970 cells. D-E) Heatmaps of differential eRNA peaks
shared between the 969 (E) and 970 (E) cell lines. eRNAs were defined as intergenic BruUV-Seq peaks or intragenic
peaks that were antisense in direction relative to mRNAs. F-G) BruUV-Seq Log2(OHT/Control) versus H3K27ac
Log2(OHT/Control) scatterplots of all overlapping intergenic peaks (F) or overlapping dynamic intergenic peaks (G)
in Cdc73f/f 970 T-ALL cells. Overlapping “dynamic peaks” were defined as giving q<0.05 and FDR<0.05 in the same
direction for the BruUV-Seq and H3K27ac comparisons respectively in both Cdc73f/f T-ALL cells but not in control
T-ALL cells. H) Volcano plot of significance vs. Bru-Seq Log2(OHT/Control) of genes nearest OHT-downregulated
dynamic intergenic BruUV-Seq and H3K27ac overlapping peaks in 970 Cdc73f/f T-ALL cells. I-N) Display tracks of
indicated ChlIP-Seq and ATAC-seq datasets at the Ets1 (1-J), 117r (K-L), and Lefl (M-N) loci in mouse 969 cells (I,
K, M) or human THP-6 cells (J, L, N) showing nearest mouse-human homologous enhancers in red boxes that contain
overlapping dynamic intergenic eRNA and H3K27ac peaks. Etsl ChIP- seq (GSM461516); ATAC-seq
(GSM2461649); DN3 Hi-C (GSE79422) analyzed in (Kashiwagi et al. 2022). O-P) Violin plots showing H2K27ac
ChIP-Seq Log2FC in 969 cells (O) and 970 cells (P) at non-promoter H2K27ac peaks nearest all genes, DNA repair
genes, and OXPHQOS genes in the GSEA enrichment cores of 969 and 970 cells (Table S1). OHT was added for 30
hours to delete Cdc73. Numbers below violin plots represent number of genes. **FDR<0.01; ***FDR<0.001;
****EDR<0.0001.

Next, we integrated the H3K27ac and BruUV-seq datasets to identify intergenic
H3K27ac and eRNA peaks that overlapped in both T-ALL cell lines. There was no correlation
between changes in eRNA and H3K27ac signal in control cells (Fig. 13G). In contrast, there was
modest correlation in Cdc73" T-ALL cells (Fig. 12F, 13H). To determine the genomic locations
where Cdc73 might have a strong and direct effect on enhancers, we defined “dynamic eRNA
peaks” as giving q<0.05 in the same direction for the BruUV-seq comparison in both Cdc73" T-
ALL cells but not in control T-ALL cells. We saw that changes in dynamic intergenic H3K27ac
signals showed no correlation in control cells (Fig. 131), however there was strong correlation in
both Cdc73" T-ALL cells with changes in dynamic intergenic eRNA signals (r>0.66; Fig. 12G,
13J-K). Together, this data suggests that CDC73 can coordinate and regulate eRNA synthesis
and enhancer activity in the context of T-ALL, extending previous data in other cell types.

We were next interested in identifying direct target genes of Cdc73. To do this, we
associated overlapping dynamic intergenic H3K27ac and eRNA peaks that diminish upon Cdc73
deletion with the nearest expressed genes. We found that Cdc73 deletion downregulated

H3K27ac/eRNA peaks that were associated with Cdc73 deletion downregulated expression of
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several known genes that are important for maintaining T-ALL proliferation. These include
genes such as 117r, Ets1, Rasgrpl, and Lefl (Hartzell et al. 2013; Ksionda et al. 2016; Oliveira et
al. 2019; Silva et al. 2021; Carr et al. 2022) (Fig. 12H-N, 13L-N). II7r and Lefl are known direct
Notch target genes (Spaulding et al. 2007; Gonzalez-Garcia et al. 2009; Wang et al. 2014). Lefl
is Notch1 dependent in T-cell lymphomas but not T-cell progenitors. (Spaulding et al. 2007).
Additionally, Notchl can be found at the Lefl promoter (Spaulding et al. 2007). IL7R expression
is impaired by defective Notch signaling. Additionally, Notchl1 can bind to the IL7R promoter to
regulate IL7R transcription. Importantly, in our data, we consistently observed CDC73
occupancy at homologous human enhancers (Fig. 12J, 12L, 12N, 13N). RBPJ/Notch and ETS1
occupancy was often observed, but not consistently.

In our analysis of publicly available Hi-C datasets of DN3 cells we confirmed
interactions of these enhancers with respective promoters, except for the previously described
Notch-dependent 117r enhancer (Wang et al. 2014), presumably because DN3 cells express little
[17r. Interestingly, we did not observe association of overlapping dynamic intergenic
H3K27ac/eRNA peaks with core enrichment genes from our GSEA pathway analyses in DNA
repair (Fig. 61-J, Appendix Table 1-3) or OXPHOS (Fig. 7G-H, Appendix Table 4-5).
Furthermore, we did not observe any differences in H3K27ac signal changes upon Cdc73
deletion at non-promoter peaks nearest DNA repair or OXPHOS genes relative to all genes in
both cell lines (Fig. 120-P, 130-R). Together, this data suggests that Cdc73 can activate
enhancers that induce important T-ALL driver genes. However, these non-canonical functions do

not appear to induce expression of DNA repair and OXPHOS genes.
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Figure 13 Cdc73 does not primarily promote DNA repair and oxidative phosphorylation pathways through enhancers

A) Venn diagram of differential H3K27ac (FDR<0.05) in Rosa26CreERT2 Cdc73f/f T-ALL cells (969; 970) and
control Rosa26CreERT2 T-ALL cells upon treatment with 6nM OHT for 30 hours. B-C) Volcano plots of significance
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vs. Log2(OHT/Control) H3K27ac ChlP-Seq signals of 969 (B) and control (C) cells in (A). D) Metagene plot of
dynamic intergenic H3K27ac signals (defined as FDR<0.05 in 969 and 970 cells but not in control cells) in 969 cells.
E-F) Venn diagram of differential eERNAs in Cdc73f/f T-ALL cells (969; 970) that were repressed (E) or induced (F)
upon treatment with 6nM OHT for 30 hours. eRNAs were defined as intergenic BruUV-Seq peaks or intragenic peaks
that were antisense in direction relative to mRNAs. No differential eRNAs were identified after OHT treatment of
control T-ALL cells. G-J) BruUV-Seq Log2(OHT/Control) versus H3K27ac Log2(OHT/Control) scatterplots of all
overlapping intergenic peaks (G-H) or overlapping dynamic intergenic peaks (I-J) in control T-ALL cells (G, I) and
Cdc73f/f T-ALL cells (969; H, J). Overlapping “dynamic peaks” were defined as giving q<0.05 and FDR<0.05 in the
same direction for the BruUV-Seq and H3K27ac comparisons respectively in both Cdc73f/f T-ALL cells but not in
control T-ALL cells. K) Spearman's correlation coefficient analysis of eERNA and H3K27ac Log2(OHT/Control) from
(J and Fig. S7G) in 969 and 970 Cdc73f/f T-ALL cells. L) Volcano plot of significance vs. Bru-Seq
Log2(OHT/Control) of genes nearest overlapping OHT-downregulated dynamic intergenic BruUV-Seq and H3K27ac
peaks in 969 Cdc73f/f T-ALL cells. M-N) Display tracks of indicated ChIP-Seq and ATAC-Seq datasets at the
Rasgrpl locus in mouse 969 cells (M) or human THP-6 cells (N) showing nearest mouse-human homologous
enhancers in red boxes that contain overlapping dynamic intergenic eRNA and H3K27ac peaks. Etsl ChlP-seq
(GSM461516); ATAC-seq (GSM2461649); DN3 Hi-C (GSE79422) analyzed in (Kashiwagi et al. 2022). O-R)
Metagene plots of H3K27ac signals at non-promoter H2K27ac peaks nearest DNA repair (O, Q) and OXPHOS genes
(P, R) from Table S1 in 969 cells (O-P) and 970 cells (Q-R). **FDR<0.01; ***FDR<0.001; NS=not significant.

4.2 Cdc73 promotes DNA repair and OXPHOS genes through canonical functions at gene

bodies

Since Cdc73 did not appear to induce expression of either DNA repair or OXPHOS genes
through its role at enhancers, we considered the possibility that Cdc73 could be inducing these
genes through its well-established canonical functions in promoting mMRNA synthesis at gene
bodies. To test this, we performed a CDC73 Chip-seq experiment in human THP-6 T-ALL cells
and first counted the number of CDC73 tags between the transcriptional start site (TSS) and
transcriptional termination site (TTS) of GSEA core enrichment genes in found DNA repair or
OXPHOS gene sets (Appendix Tables 1-6, Fig. 14A). Consistent with our previous data, we
found that CDC73 tags were generally more abundant at DNA repair and OXPHOS genes
relative to all expressed genes. We compared this data using our ETS1 ChlIP-seq data and
RBPJ/Notch ChIP-seq data in the same human T-ALL cell line and saw that like CDC73, ETS1
and RBPJ/Notch tags were also more abundant at promoters of DNA repair and OXPHOS genes
(Fig. 14B-C). This observation is consistent with our ChlP-Seq and gene expression analyses

showing that CDC73 intersects with both the ETS1 and Notch pathways. Together, this data
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suggests that CDC73, ETS1 and Notch might function at the promoters of DNA repair and
OXPHOS genes to regulate T-ALL.

To further investigate the role of CDC73 at gene bodies, we wanted to look at a very-well
established histone mark important in transcriptional elongation, H2BK120ub1. We chose
H2BK120ub1 since one of the best-established mRNA functions of Paf1C is to promote
transcriptional elongation by recruiting the Brel-Rad6 E3 ubiquitin ligase complex to
monoubiquitinate H2BK 120 (Ng et al. 2003; Kim et al. 2009; Kim and Roeder 2009; Van Oss et
al. 2016; Chen et al. 2021). Additionally, Brel-mutated flies displayed a notched wing
phonotype and paired transcription of Notch target genes, leading to defective expression (Bray
et al. 2005).To look at H2BK120 monoubiquitination, we performed H2BK120ub1 ChIP-Seq on
our CreER™ Cdc73" T-ALL cell lines upon treatment with OHT to delete Cdc73. Consistent
with its H2BK120 monoubiquitination functions, Cdc73 deletion reduced the greatest
H2BK120ub1 signal at mouse genes that were ranked in the top tercile of CDC73 signal at
homologous human genes (Fig. 15A, 15D). This is relative to the middle tercile (Fig. 15B, 15E)
and bottom tercile CDC73 signal (Fig. 15C, 15F) in both Cdc73" cell lines. Cdc73 deletion also
generally downregulated H2BK120ub1 signals at DNA repair and OXPHOS genes relative to all

genes in both Cdc73" cell lines (Fig. 14D-H, Fig. 15G-1).
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Figure 14 Cdc73 promotes DNA repair and OXPHOS gene expression through canonical mRNA functions at gene
bodies

A-C) Box and whisker plots of CDC73 (A), ETS1 (B), and Notch/RBPJ (C) tag counts in human THP-6 cells at gene

bodies (A) and promoters (B-C) of all genes, OXPHOS genes, and DNA repair genes shared by the GSEA enrichment
cores in Cdc73f/f 969 and 970 T-ALL cells (Fig. 31, Fig. S4G, Table S1). D-E). Violin plots showing H2BK120ubl
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ChIP-Seq Log2FC in 969 cells (D) and 970 cells (E) for all genes, DNA repair genes, and OXPHOS genes in the
GSEA enrichment cores of 969 and 970 cells (Table S1). OHT was added for 30 hours to delete Cdc73. F-H) Metagene
plots of H2BK120ub1 signals in EtOH- (blue) and OHT- (red) treated 969 cells at all genes (F), DNA repair genes
(G), and OXPHOS genes (H) in core enrichment genes of GSEA analyses (Table S1). I-L) Display tracks of indicated
ChIP-Seq and ATAC- Seq datasets at important DNA repair genes (1-J) and OXPHOS genes (K-L) in mouse 969 cells
(top) or human THP-6 cells (bottom) showing representative tracks and FDR values upon OHT addition (Cdc73
deletion) of H2BK120ub1 signals between TSS and TTS. ****FDR<0.0001. ATAC-seq (GSM2461649). Ets1 ChlP-
Seq (GSM2461515).

We were interested to see if we could identify specific DNA repair and OXPHOS genes
where we saw downregulation of H2BK120ub1 signal at their gene bodies. For example, we
observed significant downregulation (FDR<0.01) of H2BK120ub1 counts at important DNA
repair genes such as Prkdc, Xrcc4, Rad50 and Atr (Fig. 141-J; Fig. 15J-K). We also saw
significant downregulation (FDR<0.01) of H2BK120ub1 counts at important OXPHOS genes
such as NdufB4, Ndufabl, Etfa, and Ndufa6 (Fig. 14K-L, 15L-M). Importantly, broad CDC73
signals were consistently observed across the gene bodies of the homologous human genes for
both DNA repair and OXPHOS genes (bottom panels, Fig. 141-L and Fig. 15J-M).

As expected, based on our genome-wide analyses of ETS1 and RBPJ/Notch binding in
Fig. 14B-C, we also consistently observed occupancy of these factors at the promoters of the
mouse genes and human homologs. DNA repair and OXPHOS genes generally showed higher
H2BK120ubl1 and CDC73 signals relative to all genes, which is consistent with its
monoubiquitinating functions. Core enrichment analysis showed that Notch induces 5 out the 8
genes while ETS1 induces all 8 genes. Together, our data suggests that CDC73 might directly
induce DNA repair and OXPHOS genes through promoting H2BK120 monoubiquitination and

MRNA synthesis and to support ETS1 and NOTCH1 functions.in Notch-driven T-ALL.
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Figure 15 Cdc73 promotes DNA repair and OXPHOS gene at gene bodies

A-F) Metagene plots of H2BK120ub1 signals in EtOH (blue) and OHT (red) treated 969 cells (A-C) and 970 cells (D-
F) at genes with CDC73 signals of human homologs in THP-6 cells ranked at the top tercile (A,D), middle tercile
(B,E), and bottom tercile (C,F). G-1) Metagene plots of H2BK120ub1 signals in EtOH- (blue) and OHT- (red) treated
970 cells at all genes (G), DNA repair genes (H), and OXPHQOS genes (l) in core enrichment genes of GSEA analyses
(Fig. 3J, Fig. S4H, Table S1). J-M) Display tracks of indicated ChIP-Seq and AT AC-Seq datasets at DNA repair genes
(J-K) and OXPHOS genes (L-M) in mouse 969 cells (top) or human THP-6 cells (bottom) showing representative
tracks and FDR values upon OHT addition (Cdc73 deletion) of H2K120ubl signals between TSS and TTS.
**FDR<0.01. ****FDR<0.0001. ATAC-seq (GSM2461649). Ets1 ChIP-Seq (GSM2461515).

4.3 Discussion

With the importance of Notch signaling controlling developmentally important activities
in many tissues, this raises multiple difficulties for developing anti-Notch therapies that directly
target Notch. Emerging evidence originating in Drosophila highlights an alternative strategy of
targeting transcriptional regulators that co-bind Notch-occupied regulatory elements (Bray 2016;
Falo-Sanjuan and Bray 2019).

Previous work showed that NOTCH1 bound CDC73 in breast cancer cells and relied on
Paf1C to induce Notch target gene expression for Drosophila wing development (Bray et al.
2005; Tenney et al. 2006; Kikuchi et al. 2016). In T-ALL, cells hijack transcriptional
programing, like NOTCHL1 and the PAF1c, from normal T-cell development to drive
proliferation. In chapter 2, we confirmed the NOTCH1-CDC73 interaction in T-ALL cells.
However, in chapters 3 and 4, we determined that this interaction is context dependent. This was
shown in my previous chapters by RBPJ/Notch co-occupying only a subset of CDC73-bound
elements, which were highly enriched for ETS motifs and ETS1 occupancy. We saw ETS1
interacted with CDC73 and ETS1 knockdown generally impaired CDC73 binding to chromatin
where ETS1 was also bound. We extend previous studies by showing that chromatin context,

here CDC73 interacting with ETS1 in T-ALL, might restrict the NOTCH1-CDC73 interaction.
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From a functional standpoint, Cdc73 has been shown to act as a tumor suppressor in
some cancers (Carpten et al. 2002b; Wang et al. 2005; Hanks et al. 2014) and as an oncogene in
other cancers like Acute Myeloid Leukemia (AML) (Muntean et al. 2010; Zeng and Xu 2015;
Zhi et al. 2015; Karmakar et al. 2017; Saha et al. 2019). In chapter 3, we showed that the role of
Cdc73 in T-ALL is more consistent with functioning as an oncogene. We show this in chapter 2
where Cdc73 deletion in mice impaired Notch-dependent T-cell development and
leukemogenesis in mouse and human models. This was consistent with our chromatin profiling,
gene expression analyses in chapter 3, showing that Cdc73, Notch and Ets1 converge at only on
a subset of Cdc73-induced pathways, including DNA repair and OXPHOS. This was notable in
this chapter, where we saw an enhancement in ~60% of Cdc73 target genes involved in DNA
repair and OXPHOS through canonical functions. Alternatively, Cdc73 functioned at key
oncogenes like 117r and Lefl through non-canonical enhancer functions.

Conversely, CDC73 also intersects and supports a subset of Notch and ETS1 functions,
however we show no evidence that Cdc73 performs these actions exclusively in a Notch-
dependent or T-ALL-specific context. On the contrary, Cdc73 does appear to have similar
functions in MLL-driven AML cells, which are Notch-independent and non-lymphoid.

Previous work by others showed that CDC73 is important for genome stability at
telomeres and actively transcribed genes (Gaillard et al. 2009; Tatum et al. 2011; Wahba et al.
2011; Herr et al. 2015; Nene et al. 2018; Shivji et al. 2018). In this chapter, we extend this work
further by showing that Cdc73 might have a more global effect. We show this though our data
that suggests Cdc73 promotes the expression of DNA repair genes, particularly those required
for double-stranded DNA break repair, and often intersecting with the Notch pathway at ~60%

of these genes. Consistently, our data shows that Cdc73 deletion increased chromosomal damage
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and induced yH2AX expression. This data provides rationale for looking further into Cdc73
functions at the promoter regions in the context of T-ALL.

Previous groups have shown that T-ALL cells are particularly dependent on the electron
transport chain. This is due to Notch-dependent and independent pathways that upregulate two
important pathways in T-ALL, MYC and mTORCL1. This, therefore, raises demand for ATP
production, to generate and fuel anabolic cancer processes (Palomero et al. 2006; Kishton et al.
2016; Garcia-Bermudez et al. 2018; da Silva-Diz et al. 2021; Thandapani et al. 2021). In
chapters 3 and 4, we showed that Cdc73 might help replenish cellular energy by enhancing
OXPHOS target genes. We saw that these genes often intersect with the Notch pathway at ~60%
of these genes. Together with previous studies, our data suggests that Cdc73 can promote a gene
expression program important for DNA repair and mitochondrial function. This implies that at
some point, Notch intersected with Cdc73 at these specific genes in attempts to mitigate the

genotoxic and metabolic stresses of supraphysiological Notch signaling (Fig. 16).
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Figure 16 Cdc73, Notch, and Ets1 signals intersect at gene expression to mitigate metabolic and genotoxic stresses
of elevated Notch signals

Elevated Notch signals induce major oncogenic pathways, mTorcl and Myc, which increases demand for cellular
energy and DNA repair. Notch, Ets1, and Cdc73 induce mRNA synthesis of a subset of highly expressed genes in
DNA repair and oxidative phosphorylation pathways to support elevated and oncogenic Notch functions. Generated
using Biorender.

Previous studies by others showed divergent roles of the Paf1C in regulating enhancer
activity in colon cancer cells and embryonic stem (ES) cells (Chen et al. 2017; Ding et al. 2021).

In the colon cancer study (Chen et al. 2017), they saw that PAF1 repressed eRNA transcription

and enhancer activity by maintaining the paused state of Pol Il (Chen et al. 2015). In contrast, in
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the ES cell study (Ding et al. 2021), they found that Ctr9, a member of the PAF1c, stimulated
eRNA transcription and enhancer activity, consistent with the consensus view of Paf1C as an
activator of transcription (Jaehning 2010; Yu et al. 2015). This implies that these complexities
might be explained by the context dependent nature of Cdc73, or by another positive function for
Paf1C in promoting transcriptional elongation beyond the promoter (Hou et al. 2019).

Data from this chapter and chapter 3 is more consistent with the consensus view of Paf1C
as an activator of transcription. Our integrated data analysis in chapter 3 showed that Cdc73
deletion impaired both H3K27ac signals, an indicator of active enhancer activity, and eRNA
synthesis at CDC73-bound enhancers associated with known T-ALL drivers. This data also
suggested that differential enhancer activity was not linked to differential expression of Cdc73-
induced DNA repair or OXPHOS genes. Instead, our mechanistic data from this chapter showed
an integrated analysis of CDC73 and H2BK120ub1 signals, suggesting that Cdc73 primarily
induces these genes by promoting mMRNA synthesis, which is the consensus primary function of
the Paf1C. This interpretation is in line with the consensus view that enhancers regulate lineage
and developmental stage-specific gene expression while promoters regulate housekeeping gene
expression.

From a therapeutic standpoint, my data suggests that DNA repair, oxidative
phosphorylation, and CDC73 might be therapeutic targets in T-ALL. However, we are mindful
that targeting CDC73 might be toxic based on studies of ubiquitous Cdc73 deletion (Wang et al.
2008a). Therefore, it is important to focus on future studies, looking at the CDC73 interactome.
This will help identify ways to safely and selectively target CDC73 functions which can be

explored though mechanisms such as inhibitors of protein-protein interactions.

70



This study supports the notion that T-ALL cells are a cancer type that is sensitive to
inhibition of general transcriptional machinery, as shown in chapter 3. This approach was once
considered to be too toxic and dangerous to block, given its vital functions in normal cells (Ott
2014). Previous work showed that T-ALL cells are highly dependent on cofactors of RNA Pol Il,
such as CDK7, MYC, and BRD4 (Bisgrove et al. 2007; Rahl et al. 2010; Kwiatkowski et al.
2014; Roderick et al. 2014). In this project, we extend so-called “transcriptional addiction” in T-
ALL to include CDC73. Previous data from our lab has shown that leukemia-associated
NOTCHT1 alleles are weak transactivators (Chiang et al. 2008). This current work extends that by
suggesting that oncogenic Notch might overcome its inherent weakness by working through
local intersection at chromatin by co-binding with transcription factors and powerful RNA
synthesis machinery. This, thereby, would induce only the most highly active chromatin and
expressed genes. The intersection of these pathways might highlight transcriptional
vulnerabilities that could be exploited to target Notch signals without directly targeting the Notch

complex, thereby mitigating toxicities.
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Chapter 5 Conclusions and Future Directions

5.1 Conclusions

In T-ALL, overactivation of Notch1 leads to an overaccumulation of Notch1l in the
membrane. With Notch possessing essential functions in both normal tissue homeostasis and T-
ALL, global inhibition of Notch using pan-Notch inhibitors such as gamma-secretase inhibitors,
leads to undesirable consequences in the patients receiving them. Thus, the challenge lies in only
targeting oncogenic Notch signals. Work by our lab and others supports a model where we only
target oncogenic Notch signals by understanding how Notch cofactors interact with Notch. In
theory, we can utilize Notch co-factors to down regulate oncogenic Notch signaling. In this
dissertation, we studied Cdc73, a member of the Paflc, shown to interact with Notch in multiple
models, including drosophila, yeast, and breast cancer cells. The Paflc canonically functions at
promoter regions and has also been shown to function non-canonically at enhancer regions.

Our studies have shown that Cdc73, Notch, and Notch-cofactor Ets1, co-regulate several
pathways in the context of Notch-induced T-ALL, including DNA repair and oxidative
phosphorylation. We showed that CDC73, NOTCH, and ETS1 co-bind at the promoter regions
of important DNA repair and oxidative phosphorylation genes. In support of a role for Cdc73 at
these promoter regions, we also showed that occupancy of H2BK120ub1, a well-established
histone mark important in transcriptional elongation, was decreased with loss of Cdc73.
Additionally, CDC73, ETS1, and NOTCH1 tags were more frequently associated with DNA
repair and OSPHOS genes compared to all genes. This data was supported by functional studies,

showing that Cdc73 was important for maintaining membrane potential and oxygen consumption
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in murine T-ALL and human T-ALL cell lines, which might explain why we saw increased
chromosomal damage and increased DNA damage repair through our metaphase spreads and
western blots, respectively. Together, my data suggests that CDC73 might directly induce DNA
repair and OXPHOS genes by promoting H2BK120 monoubiquitination and mRNA synthesis
and to support ETS1 and NOTCH1 functions.in Notch-driven T-ALL.

We were also able to show that CDC73, NOTCH, and ETS1 all co-bind at the enhancer
regions of important T-ALL driver genes including Rasgrpl, Lefl, and Runx1, in human T-ALL
cell lines. Using the well-established histone marker H3K27ac used to identify active enhancer
activity, and Bru-UV-seq, a method for identifying nascently transcribed eRNAS, we saw that
loss of Cdc73 decreased enhancer activity and eRNA production at these T-ALL driver genes in
our mouse model, further suggesting a non-canonical role for Cdc73 in regulating enhancer
activity. Together, my data suggests that Cdc73 can activate enhancers that induce important T-
ALL driver genes.

In conclusion, my data supports a model that suggests Cdc73 is playing an essential role
in driving Notch-induced T-ALL. The phenotype I’ve shown is characterized by an increase in
T-ALL proliferation, metabolic needs of the cell, and active DNA damage repair. I’ve shown
that by deleting Cdc73, you can decrease T-ALL proliferation, decrease tumor formation, and
significantly improve survival outcomes in our human T-ALL cell lines, PDXs, mouse models,
respectively. I’ve also identified potential areas for further study, including the role of Cdc73,

Notch, and Ets1 in driving DNA repair and oxidative phosphorylation.

5.2 Future Directions

Through our research, we now know that Cdc73, Notch, and Ets1 proteins are regulating

several pathways that are contributing to T-ALL including DNA repair and oxidative
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phosphorylation. Future projects should focus on how these genes are regulating these pathways
at the promoter regions. It would be interesting to perform ChlP-seq with antibodies against
some of these DNA repair and OXPHQOS proteins, such as Prkdc, Xxcr4, Ndufabl, and Ndufb4,
to see if occupancy of target gene promoters’ changes when you knockout Cdc73.

Since we show that Cdc73 is also regulating T-ALL driver activity at enhancer regions, it
would be interesting to understand if this activity at the promoter regions is related to the role of
Cdc73 at DNA repair and OXPHOS genes at the enhancer regions. One way to do this is to
perform Hi-C analysis and look at enhancer and promoter looping. This method can show which
promoters and looping to which enhancers.

Another way to understand if these enhancer/promoter dynamics is to create CRISPRI
constructs that silence specific enhancer and promoter regions. For example, if you silence the
Ndufabl promoter region, what happens to Cdc73, Ets1, and Notch occupancy at that promoter?
Does anything happen to occupancy at the T-ALL enhancer regions? What would happen if you
knocked down Cdc73 and silenced these regions?

In summary, this research suggests further investigation into why and how Cdc73
functions at these different enhancer and promoter regions to drive the T-ALL phenotype.
Understanding the mechanism by which Cdc73 works could reveal a potential therapeutic area to

investigate for the treatment of T-ALL.
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Chapter 6 Methods

6.1 Mice

C57/BL6 mice between the ages of 4-8 weeks and LckCre mice were purchased from
Taconic. Rosa26CreER™ Cdc73" mice were generated by crossing Cdc73" mice (a gift from
Andy Muntean) (Wang et al. 2008a) with Rosa26CreER™ mice (Jackson Labs). Cdc73" mice
were backcrossed to C57/BL6 strain at least five times prior to use. All mouse experiments were
performed according to NIH guidelines and approved protocols from the Institutional Animal

Care and Use Committee at the University of Michigan (Ann Arbor).

6.2 Cell lines

CUTLLZ1 cells were obtained from Adolfo Ferrando and Andrew Weng. All other cell
lines including SUP-T1, LOUCY, HPB-ALL, CEM, THP-6, and OP9-DL4 cells were obtained
as previously published (McCarter et al. 2020b). All human cell lines were authenticated using
STR analysis prior to use (Genetica Corporation). Primary mouse T-ALL cell lines were derived
by harvesting splenic or thymic tumors from Rosa26CreER™ Cdc73" or Rosa26CreER™
Cdc73** mice and culturing in 20% RPMI until growing well and then in 15% RPMI thereafter.
All cell lines were cultured less than 3 months after resuscitation and tested for contaminants
using MycoAlert (Lonza) every 1-3 months to ensure they were free of Mycoplasma

contamination.
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6.3 Antiboies and primers

These reagents are listed in Table S2.

6.4 Cell culture conditions

T-ALL cell lines were grown in RPMI1640 (Invitrogen) supplemented with FBS (Gibco),
2 mM I-glutamine, 2-mercaptoethanol [0.0005% (v/v), Sigma], penicillin, and streptomycin.
293T cells were maintained in DMEM (Invitrogen) with the same supplements except 2-
mercaptoethanol. All cells were grown at 37°C under 5% CO2. 4-hydroxytamoxifen was
obtained from Sigma, diluted in ethanol, and used at 0.1% final concentration of ethanol.
Puromycin (Sigma) was added to transduced cell cultures 48 hours after transduction for

knockdown experiments.

6.5 Constructs and viral production

Flag-ETS1 (McCarter et al. 2020b), Flag-NOTCH1 (Pinnell et al. 2015), and Flag-
CDC73 (Ropa et al. 2018) constructs were previously described. ShRNA constructs were
obtained from Sigma: shControl (SHC002), shCDC73-1 (TRCN0000329742), and shCDC73-2
(TRCNO0000329681). Retroviral and lentiviral production and tittering was performed as
previously described (McCarter et al. 2020b). Lentivirus was concentrated using 30 kDa

MWCO Amicon Ultra filters (Sigma).

6.6 Human patient expression data

Human patient data was based upon data generated by Therapeutically Applicable
Research to Generate Effective Treatments (TARGET; https://ocg.cancer.gov/programs/target)
initiative, phs000218. The ALL project team was headed by Stephen P. Hunger, M.D. at the

University of Colorado Cancer Center, Denver, CO, USA. The dbGaP Sub-study ID was
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phs000463/phs000464. The data used for this analysis are available at

https://portal.gdc.cancer.gov/projects.

6.7 PDX experiments

PDX3 (M71) and PDX4 (2583AB) were obtained from Andrew Weng and Moshe Talpaz
respectively. PDXs were expanded by injection into nonirradiated NOD-scid-1L2g™! (NSG)
mice. De-identified human samples were obtained and used with approval from the University of
Michigan Institutional Review Board and informed consent under guidelines established by the
Declaration of Helsinki. Generation of PDX samples, transduction of PDX cells, and leukemia
initiation experiments were performed as previously described (Yost et al. 2013; McCarter et al.
2020b) with transplantation into nonirradiated NSG mice followed by injection into a second
cohort of NSG mice for survival analysis after 24 weeks. Mice injected with PDX cells were

sacrificed when moribund.

6.8 Bone marrow transplantation

Bone marrow stem and progenitor cells of Rosa26CreER™ or Rosa26CreER™Cdc73""
mice were transduced with an activated Notchl allele (AE/Notchl1). Transduced cells were
injected into irradiated C57BL/6 mice to generate primary T-ALL tumors as previously

described (Pear et al. 1996; Aster et al. 2000; McCarter et al. 2020b).

6.9 Flow cytometry

Flow cytometry and cell sorting was performed as previously described (McCarter et al.
2020b). Mitochondrial potential staining was done using TMRM (ThermoFisher). FCCP was

obtained from Sigma. Reactive oxygen species staining was done using CellRox DeepRed
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(ThermoFisher) and TBHP (Sigma). Each experimental condition was run in triplicate. The

values displayed are representative of three biological replicates.

6.10 Co-immunoprecipitation (co-1P) and western blot

Flag-tagged co-IP was performed as previously described (Pinnell et al. 2015).
Endogenous co-IP and Western blot was performed as previously described (McCarter et al.

2020D).

6.11 Dose response curves

Human and murine T-ALL cells were treated at increasing doses of berzosertib
(Chemietek) for 9-10 days. CEM and LOUCY cells were treated for 16 days. Cells were stained

with AO/PI and then counted using a CellDrop cell counter (DeNovix).

6.12 Quantitative PCR

QRT-PCR samples were prepared by extracting total RNA using the RNeasy Plus Mini
Kit (Qiagen) according to manufacturer’s protocol. Random primed total RNA (0.5ug) was
reverse transcribed with SuperScript IV (Invitrogen). TagMan Universal PCR Master Mix or
Power SYBR Green PCR Master Mix (Applied Biosciences) were used to amplify transcripts
using QuantStudio3 Pro Real-Time PCR System (Applied Biosystems). Relative expression of

target genes was measured comparing against housekeeping controls B-actin or Efla.

6.13 Seahorse assay

Mitochondrial stress tests were performed using a Seahorse assay as described in a
previously published protocol (Kumar et al. 2021) utilizing an Agilent Seahorse XFe96

Extracellular Flux Analyzer (Agilent). All cells were optimized for oligomycin concentration
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(Sigma #04876), FCCP concentration (Sigma #C2920) and seeding density. Seeding density for
the 970, 708 and CUTLL1 cells were 250K, 200K, and 150K cells/well respectively. Final
oligomycin concentrations for 970, 708 and CUTLL1 cells were 1mM, 2mM, and 1mM
respectively. The final FCCP concentration for 970 and 708 cells was 2mM and CUTTLL1 cells
were 1uM. Final Rotenone/Antimycin A (Sigma #R8875, #A8674) concentrations for all cell
lines were 0.5mM. CellTak (Corning #354240) was used to adhere cells to the plate. Murine T-
ALL cells were analyzed at 48 hours after 9nM 4-OHT treatment. Human T-ALL cells were
analyzed at 4 days after transduction of shCDC73. Dead cells were excluded by trypan blue
staining and protein concentration by Bradford assay (Biorad) was performed to normalize

results further to live cell seeding density. Data was analyzed using Wave software (Agilent).

6.14 Metaphase spreads

Murine T-ALL cells were treated with 9nM 4-OHT for 30h. Colcemid (10ug/ml) was
added to arrest cells in metaphase. Pre-warmed KCI (37°C) was added by slowly dropping from
a Pasteur pipette while gently shaking tube. Cells were fixed in ice cold fixative (3:1 methanol to
acetic acid) three times and dropped onto slanted slides from about 10 feet using a Pasteur
pipette and humid box. Slides were dried on a slide warmer and visualized under a light
microscope to ensure metaphases were visible, then mounted using ProLong Gold Antifade
Reagent with DAPI (Life Technologies). Slides were randomized and assigned identification
codes independently by a second lab worker and blinded to the first lab worker before imaging
on an Olympus BX-61 microscope and viewed with SKYview software (ASI). Blinded images
were analyzed by the first lab worker using ImageJ software for chromosomal abnormalities and

then unblinded.
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6.15 Bru-seq and Bru-UV-seq library prep

Cells were split into fresh media upon treatment of the vehicle (ethanol) or OHT. Bru-seq
and BruUV-seq were performed as previously described (Paulsen et al. 2013; Paulsen et al.
2014; Magnuson et al. 2015). Briefly, for BruUV-seq, cells were irradiated with 200 J/m? UV-C
light. Bromouridine was added at 2mM to label cells in conditioned media directly following
UV-irradiation for 30 min. Cells were then lysed directly in TRIzol followed by isolation of total
RNA. The isolated total RNA was further treated with DNAse (TURBO DNA-free Kit;
Invitrogen) and a spike-in cocktail of Bru-labeled and unlabeled RNA was mixed in with total
RNA. Bru-labeled RNA was immunocaptured using anti-BrdU antibodies (BD Biosciences).
Anti-BrdU monoclonal antibody was conjugated to magnetic beads and incubated with the RNA.
Beads were washed with 200ul 0.1% BSA in PBS and resuspended in 0.1% BSA in PBS and
diluted RNaseOUT. Spiked total RNA was added to the conjugated beads and incubated at RT
with gentle rotation. Beads were washed, heated at 96°C for 10 min and spun. Beads were
captured and supernatant was saved as Bru-RNA. Next, rRNA was removed using FastSelect
(Qiagen). First strand cDNA was synthesized via Superscript 11, and cleanup was done using
AMPure beads. To synthesize second strand, DNA polymerase was added, and cleanup was done
using AMPure beads. End Repair was performed with T4 DNA Polymerase, and cleanup was
done using AMPure beads. Adenylated 3’ ends were added with Klenow Exo(-)polymerase, and
cleanup was done using AMPure beads. Ligation of adaptors was done using the NEB quick
ligation kit, and cleanup was done using AMPure beads. Size selection was performed using an
agarose gel (3% gel using NuSieve 3:1 agarose). Gel slices were excised at 500bp and purified
using the Qiagen QIAEXII kit. Uridine digestion and DNA fragment enrichment was done with

USER enzyme. Samples were placed on ice and a universal ligation adapter and dual-index,
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barcoded primers were added. PCR was performed, and AMPure beads were used to clean up.
Pellet was resuspended in 5mM Tris pH 8.0 and incubated at 28 ‘C. Beads were captured, and

supernatant was transferred into a low-binding tube.

6.16 Bru-seg and Bru-UV-seq sequencing and analysis

Paired-end sequencing of libraries was performed on the NovaSeq 6000 (Illumina) by the
University of Michigan Advanced Genomics Core. The resulting fastq reads were trimmed using
BBDuk (BB Tools 38.46). Trimmed reads were aligned to the mouse ribosomal RNA (rRNA)
repeating unit (GenBank BK000964.3) and mitochondrial genome (from the mm10 reference
sequence) using Bowtie2 (2.3.3). Reads that did not align to rRNA or the mitochondrial genome
were then aligned to the mouse genome build mm10/GRCm38 using STAR (v 2.5.3a) and a
STAR index created from GENCODE annotation version M15 (Frankish et al. 2018, PMID
30357393). Coverages were determined as (1/read length) for each base in the genome using
BEDTools2 2.28.0 (Quinlan and Hall 2010). These base coverages were used to obtain pseudo-
read counts in strand-specific genomic features, such as genes, using BEDtools intersect.
Differential gene expression for Bru-seq was performed using DESeqg2 1.18.1 (Love et al. 2014.
PMID 25516281). Differentially expressed genes were defined as having fold changes>1.5 (up
or down) and adjusted p-values < 0.05. The apeglm method was used for logz fold change
shrinkage (Zhu, et al. 2018).

To identify peaks in the BruUV-seq data, plus- and minus-strand read pairs were first
separated using Sambamba 0.8.0 and then MACS 2.2.7.1 was used to call peaks and summits for
each strand. The MACS2 p-value threshold was set to 0.01 and read duplicates were retained.
Differential peak analysis was performed using DiffBind 3.6 (Ross-Innes et al. 2012) and the

parameter summits=FALSE was set for the dba.count function to ensure consensus peaks were
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built around whole peaks from MACS2. These consensus peaks were used for downstream
analyses. DESeq2 was the underlying quantification and differential testing method used by
DiffBind. DeepTools 3.5.1 was used to generate signal files in bigWig format from uniquely
mapped reads. Signal was RPKM-normalized using the total number of uniquely mapped reads
in a given library. BruUV-seq peaks were classified in terms of proximity and orientation with
respect to TSS and bodies of annotated transcripts, using closestsBed from bedtools 2.30.0,
querying TSS coordinates against the 5’ coordinates of BruUV-seq peaks. Only protein-coding
transcripts were used, and genes were required to be expressed (mean Bru-seq RPKM>0.25
across samples). Where TSS coordinates are identical, the longer transcript was used. Peaks were
classified as “TSS” if within 2 kb of the closest TSS, “gene body” if overlapping gene (sense
orientation only), or “intergenic” if not classified as TSS or gene body (this includes peaks
antisense to expressed genes).

To create the eRNA heatmaps (Fig. S7D-E), normalized counts data and peak data were
filtered for intergenic peaks and antisense gene body peaks. Data was further subset into
downregulated genes using cutoff of FDR<0.05 and FC<O0; upregulated genes had cutoff of
FDR<0.05 and FC>0. These subsets of downregulated and upregulated genes were log
transformed, then used to generate a heatmaps separated by cell line using R package pheatmap

(1.0.12).

6.17 ChIP-PCR, library preparation and sequencing

ChIP-PCR and ChlIP-Seq library preparation and sequencing was performed as
previously described (McCarter et al. 2020b) with the following additions. All reactions were
followed by a SPRI bead cleanup using AMPure or SPRISelect beads. Size selection for the

library was performed by using AMPure or SPRISelect selection. Paired-end sequencing of
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H3K27ac, H2BKUDb1, CDC73, and ETS1 ChIP libraries and unenriched control input libraries

were performed using Nova-seq or Next-seq with approximately 20M reads per sample.

6.18 ChlP-seq analysis

ChlIP-seq alignment, filtering, track generation, peak calling, overlaps, and differential
binding analyses were performed as previously published (McCarter et al. 2020b). The exception
was that for mouse cells the reads were aligned to the mm210 genome assembly and post filtered
for known ENCODE blacklist regions in mice. For differential H3K27ac peak analysis in OHT
vs. vehicle treated 969, 970, and 708 cells, DiffBind 3.6 was used (parameter summits=FALSE).
DESeq?2 was chosen for the analysis method and adjusted p-value< 0.05 was used as the
significance threshold. Consensus peaks from DiffBind were used in downstream analyses.
Signal files in bigWig format were produced with bamCoverage (DeepTools 3.5.1). Intergenic
peaks (>2 kb from expressed gene TSS) were centered and the average (unstranded) signal was
plotted for given samples +/-2.5 kb from the center using computeMatrix and plotProfile
(DeepTools; Fig 13E).

For differential H2BK120ub1 peak analysis comparing control versus OHT, HOMER
analyzeRepeats.pl was first run on mmZ10 genes to count tags on the full gene body (TSS to TTS)
in a strand-insensitive manner, with parameters: -raw -gid -count genes -strand both. Results
were then passed to HOMER getDiffExpression.pl which used DESeq?2 to quantify and test
differential histone ubiquitination across OHT vs EtOH comparisons in each cell line. Metagene
plots were created using DeepTools for all genes or OXPHOS and DNA repair genes (Table S1).
The bigwig display files were used as the input file scores to be plotted. The computeMatrix
(“scale-regions”) tool was used to generate a score per genome matrix -1kb from the TSS and

+1kb from the TTS. This matrix was then input into plotProfile to create the metagene plot of
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scores over genes. H3K27Ac and BruUV-seq consensus peaks were integrated using closestBed
(bedtools), querying H3K27Ac peaks against BruUV-seq 5’ coordinates and requiring peaks to
overlap (distance = 0). Dynamic intergenic H3K27ac/eRNA peak pairs were defined as having
adjusted p-values<0.05 (OHT/control) in both assays and in both 969 and 970 cells. As per
BruUV-seq peak classification described above, the “intergenic” definition included peaks that
were >2 kb from expressed gene TSS and those antisense to gene bodies. CDC73 signal was
quantified over gene bodies using multiBamCov (bedtools), where genes were defined by the
human GENCODE version 27 basic annotation and uniquely mapped reads (mapping
quality>30). RPKM was computed using the total number of uniquely mapped reads in the
original alignments (mapping quality>30). ETS1 and RBPJ promoter regions were quantified in

the same manner as CDC73, except limited to the first 2kb of each gene.

6.19 Differential analysis of CDC73 signals comparing control and ETS1 knockdown

conditions

Active nucleosome free regions (NFRs) in THP-6 cells were defined as ATAC-Seq peaks
associated with the top one-third of H3K27ac signal within a +/-4kb window (15,000 intervals)
based on previously published datasets (McCarter et al. 2020b). Intersect function from
BEDtools 2.30.0 (Quinlan and Hall 2010)

(https://github.com/arg5x/bedtools2/blob/master/README.md) was used to intersect active

NFR intervals with control CDC73 ChIP-seq peaks from two experiments. Intersected bed files
were concatenated to find all intervals where control CDC73 peaks overlap with active NFR
intervals. We performed differential binding analysis using Diffbind 3.6 (Ross-Innes et al. 2012)

(https://bioconductor.org/packages/release/bioc/ntml/DiffBind.html) and EdgeR algorithm

(Robinson et al. 2010; McCarthy et al. 2012)
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(https://bioconductor.org/packages/release/bioc/html/edgeR.html) to compare CDC73 binding in
control (N=2) vs. sShETS1-2 (N=2), and shETS1-3 (N=2) samples. We designated the previously
identified intervals where control CDC73 peaks overlap with active NFRs as “all CDC73 peaks”.
We defined “dynamic ETS1 peaks” as intervals where ETS1 binding decreases (FC<0) with
FDR<O0.1 for both shETS1-2 and shETS1-3 (McCarter et al. 2020b). We intersected these
intervals with “all CDC73 peaks” and designated resulting intervals as “CDC73 peaks X
dynamic Ets1 peaks”.

Violin plots were generated to compare CDC73 binding fold change at “all CDC73
intervals” and “CDC73 peaks X dynamic Ets1” for shETS1-2 and shETS1-3 treated samples.
Plots also display median, 1%t and 3" quartiles. Using deepTools Galaxy computeMatrix and
plotHeatmap (Ramirez et al. 2016), we generated metagene plots at “CDC73 x dynamic Ets1
peaks” intervals using ChIP-Seq reads from CDC73 shControl, CDC73 shETS1-2, and CDC73

SshETS1-3 bigwig files (McCarter et al. 2020b).

6.20 Additional statistical information

Unless otherwise indicated, P-values were derived from two-sided two-sample t-tests of
Log2-transformed data for comparisons in experiments involving two groups and 1-way
ANOVA of Log2-transformed data for pairwise contrasts in experiments with more than two
groups. Unless otherwise stated, horizontal lines are means and values are shown as mean +
standard deviation. Survival curves (or time to event data) was tested with log-rank tests
comparing pairs of groups. Gene set enrichment analysis (GSEA) was performed using
GSEAVA4.1.0 (Broad Institute) and gene lists from MSigDBv7.4 and custom lists of high
confidence human direct NOTCHL1 and ETSL1 target gene signatures in T-ALL (Wang et al.

2014; McCarter et al. 2020b).
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Appendices

Kaufmann_DNA_repair (112 genes)

LIG4, RAD51B, XRCC4, FANCD2, FANCL, NEIL3, CETN3, ATR,
WRN, RAD18, XRCC5, RBBP8, SMC2, PRKDC, RAD54B,
POLE, PMS1, RPA3, MBD4, RAD51AP1, TOP3A, PARP2,
RAD51, BRIP1, MSH2, CCNH, RFC4, FANCB, MRE1],
DCLRE1B, MLH1, EME1, TDP1, POLA1l, N4BP2, POLK,
TOPBP1, FANCC, DDB2, RAD54L, SMC1A, NUDT1, TOP2B,
TDG, BLM, ATM, MLH3, ALKBH3, TEP1, RFC1, RAD1, XPC,
POLQ, CHEK1, POLD1, GTF2H4, MTOR, MBD5, NBN, TERF1,
RAD51C, UBE2V2, ERCC6, RAD51D, XPA, RAD52, FANCE,
UBE2l, DUT, RAD17, HMGB2, ATRX, CRY1, ENDOV, APEX2,
MSH3, TOP3B, RECQL5, CDK7, MPG, RFC2, FEN1, MBD2,
RFC3, FANCA, LIG1, WDR33, CRY2, EXO1l, APTX, MSHS6,
RAD23A, SMC3, TP53, UBE2D3, BRCA2, ERCC4, RFC5,
SMC4, RAD21, POLE4, SSRP1, XRCC3, RRM1, MBD],
ALKBH2, GTF2H3, REV3L, MGMT, SUPT16H, PARP4, CETN2

Appendix Table 1 Core enrichment genes in Kaufmann_DNA_repair for Cdc73-induced target genes in 969 cells
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Kaufmann_DNA_repair (97 genes)

LIG4, FANCL, CETN3, FANCD2, XRCC4, RAD51B, ATR, WRN,
XRCC3, POLD1, XRCC5, RAD18, NEIL3, NUDT1, TOP3A,
EME1, RADS54L, POLE, RPA3, FANCB, DCLRE1B, RFC4,
MBD4, FANCE, MLH1, PARP2, MSH2, ENDOV, PMS1,
RAD54B, CCNH, RAD51AP1, RAD23A, RUVBL2, PRKDC,
RAD51, RFC2, MRE11, UBE2l, DUT, MTOR, RFC5, DDB2,
TOP3B, ALKBH3, RAD52, XPC, TDP1, FANCC, SMC2, RAD1,
RBBP8, TOPBP1, FANCA, GTF2H4, MUS81, TDG, ALKBH2,
NEIL1, ERCC4, GTF2H3, CRY2, POLD2, MMS19, LIG1, XPA,
MBD3, ERCC6, APTX, BLM, UBA1, BRIP1, LIG3, NBN, CETN2,
TOP2B, ATM, FEN1, TERT, POLK, RECQL5, FANCG, POLA1,
N4BP2, SMC1A, CDK7, POLM, RADSA, TP53, RADS51C,
MLH3, MPG, EXO1, RAD17, CHAF1A, NEIL2, RAD51D

Appendix Table 2 Core enrichment genes in Kaufmann_DNA_repair for Cdc73-induced target genes in 970 cells

Kaufmann_DNA_repair (34 genes)

RAD51B, ATR, WRN, RAD18, XRCC5, PRKDC, PMS1, TOP3A,
CCNH, DCLRE1B, TDP1, POLA1, RAD54L, MLH3, ALKBH3,
RAD1, XPC, POLD1, GTF2H4, NBN, RAD51C, RAD52, DUT,
TOP3B, CDK7, RFC2, CRY2, EXO1, APTX, RAD23A, ERCC4,
RFC5, XRCC3, ALKBH2

Appendix Table 3 Core enrichment genes in Kaufmann_DNA_repair list that are shared between Cdc73-induced,
Notch-induced, and Ets1-induced target genes
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Hallmark_Oxidative_Phosphorylation (88 genes)

MTRF1, NDUFB3, COX7A2L, NDUFB4, TOMM70, ECHS1, FH,
MDH1, NDUFAB1, ACADSB, VDAC3, DECR1, OPA1, NDUFB1,
ATP5F1C, OAT, ABCB7, HSPA9, AIFM1, SUPV3L1, MRPS22,
ATP6V1G1, NDUFV2, PRDX3, ACADM, NDUFA6, IDH1,
IMMT, ETFA, SLC25A12, HADHA, NDUFS1, FXN, SDHC,
MDH2, NDUFB2, ATP5PB, NDUFS4, ATP5PF, UQCRC2,
ACAA2, COX10, MRPL15, SDHB, RETSAT, TIMM9, MRPL11,
DLD, UQCRB, ETFDH, CYB5R3, ALDH6A1, ATP6V1D, HADHB,
NDUFA8, CYBSA, IDH3B, FDX1, UQCRFS1, NDUFS3,
NDUFA2, SUCLG1, NDUFS2, NQO2, NDUFV1, CPT1A,
ATP5PD, RHOT1, AFG3L2, NDUFS7, ACAT1, PDP1, UQCR10,
MTX2, ATPSMF, ATP6V1C1, COX5A, NDUFS6, MRPL35,
UQCRQ, PDHX, MTRR, TIMM17A, VDAC1, COX6B1, COX7C,
NDUFA9, OXA1L

Appendix Table 4 Core enrichment genes in Hallmark_Oxidative_Phosphorylation for Cdc73-induced target genes
in 969 cells
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Hallmark_Oxidative_Phosphorylation (105 genes)

IDH1, ECHS1, NDUFB4, PRDX3, MTRF1, MDH1, ACADM,
NDUFA6, ACADSB, SDHC, IDH3B, FH, NDUFAB1, NDUFS7,
CYB5R3, CPT1A, TOMM70, OAT, NDUFB3, MDH2, SUPV3L1,
ATP5F1C, SDHB, NDUFS2, COX7A2L, RETSAT, NDUFV1,
HADHA, ACAA2, AIFM1, IMMT, ATP6V1G1, CYBSA,
NDUFV2, FXN, NDUFB1, NDUFB2, NDUFA3, OPAl,
ALDH6A1, SUCLG1, ETFDH, MRPL11, FDX1, VDACS3,
TIMMS50, MRPS22, ATPS5PF, NDUFA8, DECR1, NDUFS1,
NQO2, COX10, TIMM9, SLC25A12, NDUFS3, AFG3L2,
UQCR10, UQCRC2, ETFA, MRPL15, HSPA9, NDUFB7,
HADHB, MTRR, ABCB7, GOT2, ATP5PB, IDH2, UQCRFS1,
UQCRQ, NDUFS4, TIMM13, UQCRC1, ATP6VOE1, VDAC]1,
PDHX, OXA1L, MRPL35, RHOT1, NDUFS6, PHYH, ATP6V1D,
IDH3A, COX6B1, ATP5F1D, SLC25A5, MFN2, LDHA, GPX4,
PDP1, ATP6V1C1, ALAS1, DLD, NDUFAS, NDUFAS5, MRPL34,
ATPSMF, HSD17B10, ATP6AP1, CYC1, ACO2, OGDH,
TIMM17A, GRPEL1

Appendix Table 5 Core enrichment genes in Hallmark_Oxidative_Phosphorylation for Cdc73-induced target genes
in 970 cells

Hallmark_Oxidative_Phosphorylation (39 genes)

IDH3B, UQCRQ, HSPA9, NDUFS3, TIMM17A, OXAlL,
NDUFS6, UQCR10, AFG3L2, UQCRFS1, MDH2, VDACS,
SUPV3L1, CPT1A, NDUFAB1, DLD, VDAC1, MTRR, TIMMS,
NDUFAS, MTRF1, OPA1, NDUFV1, NDUFV2, NDUFS2, FDX1,
SDHB, NDUFS1, FH, PDHX, ETFA, SUCLG1, FXN, ECHS1,
NDUFAS8, COX10, ATP6V1C1, ABCB7, AIFM1

Appendix Table 6 Core enrichment genes in Hallmark_Oxidative_Phosphorylation list that are shared between
Cdc73-induced, Notch-induced, and Ets1-induced target genes
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Flow cytometry reagent
Mouse

B220

7-AAD

annexin-V

c-Kit

c-Kit

CD11b

CD11b

CD11b

CD11c

CD19

CD19

CD25

CD25

CD27

CD28

CD3

CcD4

CcD4

CD44

CD45

CD8a

CD8b

CellRox Deep Red
Flt3

Grl

Grl

Grl

lgM

IL7Ra

Lyéd

CD45

NK1.1

Sca-1

TCRb

TCRd

Terl19
Tetramethylrhodamine, Methyl
Ester, Perchlorate (TMRM)

Human

cD7

CD45

LNGFR (CD271)

Appendix Table 7 Flow cytometry reagents

Color

FITC
7-AAD
APC
APC-Cy7
PE
APC
FITC
APCcy7
FITC
FITC
PEcy7
PE
BVE05
PE-Cy7
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC
FITC

FITC
APC

APC
APC

Manufacturer

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BD Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biologend
Biolegend
Biolegend
Biolegend
Invitrogen
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
eBioscience

Invitrogen

Biolegend
Biolegend

Cat Number

103205
420403
640920
105825
105807
101211
101205
101225
117306
553785
115519
102007
102035
124215
122010
100305
100539
100515
103011
304011
100705
140403
10422
135309
108407
108405
108415
12-5790-82
135013
138605
103131
108706
122523
109206
11-5711-82
11-5921-82

T668

343107
304011

Clone

RA3-6B2
N/A

N/A

2B8

2B8
M1/70
M1/70
M1/70
N418
1D3

6D5
PCe1
PCh1
LG.3A10
E18
145-2C11
RM4-5
RM4-5
IM7
H130
53-6.7
5358
N/A
A2F10
RB6-8C5
RB6-8C5
RB6-8C5
/41
A7R34
49-H4
30-F11
PK136
E13-161.7
H57-597
eBioGL3
TER-119

N/A

4H9
H130

Miltenyl Biotech 130-091-884 ME20.4-1.4H
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Antibody
Etsl

Rabbit IgG

ECL Rabbit IgG, HRP-linked whole
Ab (from donkey)

ECL Mouse IgG, HRP-linked whole
Ab (from sheep)
Peroxidase-conjugated AffiniPure
Rabbit Anti-Sheep 1gG

CDC73
anti-Parafibromin (Cdc73)
anti-Rabbit 1gG, peroxidase-linked

species-specific whole antibody
(from donkey)

b-actin
Etsl
GAPDH

Goat anti-Mouse IgG (H+L), HRP
H3K27Ac
Histone H2A.X5139ph

Phospho-Chk1 (Ser296)

Phospho-Histone H2A.X (Ser139)

Use

Western Blot/Co-IP

Co-

Immunoprecipitation

Westen Blot Secondary GE Healthcare Life

Ab Sciences
Westen Blot Secondary GE Healthcare Life
Ab Sciences
Western Blot Secondary Jackson
Ab ImmunoResearch
Western Blot R&D Systems
ChlP-Seq/Co-
IP/Western Blot Bethyl
Western Blot Secondary GE Healthcare Life
Ab Sciences
Western Blot Sigma
ChiP-Seq Santa Cruz
Cell Signaling
Western Blot Technologies
Western Blot Secondary
Ab Invitrogen
ChiP-Seq Active Motif
ChIP Active Motif
Cell Signaling
Western Blot Technologies
Cell Signaling
Western Blot Technologies

Western Blot Secondary

Rabbit Anti-Goat IgG, HRP conjugate Ab

Ubiquityl-Histone H2B (Lys120)

Appendix Table 8 Other antibodies

ChiP-Seq
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Manufacturer

Cell Signaling
Technologies
Cell Signaling
Technologies

Millipore Sigma

Cell Signaling
Technologies

Cat Number
140685
27295
NA934
NA931

313-035-003

AF5508
A300-171A
(discontinued)

NAS34

A5316
sc-350x
(discontinued)
5174

31430
39133
39117/8

90178
9718
AP106P

5546

Clone
D8O8A
N/A
N/A
N/A

N/A
N/A

N/A

N/A
N/A

N/A
D16H11

N/A
N/A
N/A

D309F
20E3
N/A

D11



Mouse gRT-PCR primers

m18S
mEfla
mEts1
mAtr
mB-actin
mCdc73
mHes1
mlLigd
mMyc
mNdufabl
mNdufbd

Mouse ChIP primers
Fgg

mCollal

mHbaal

mLig4

mMyc

Genotyping primers
LckCre

Cdc73
Rosa26-CreERT2

Appendix Table 9 Primer’s list

Forward (5' to 3')
GCGCCGCTAGAGGTGAAAT
CACTTGGTCGCTTTGCTGTT
CAAGCCGACTCTCACCATCA
GCTGGCCACCATCAGACAGC
GCCCTGAGGCTCTTTTCCAG
CCGGAAAGGAAGGCCAACCCA
GGAAATGACAGTGAAGCACCT
GGGTGACTTGGAGCAGCTGAGG
Tagman MmQ0487803_m1
GTGAAACCCACACTGCTGTT
ACCCTCGACCCTGCCGAGTA

Forward (5' to 3')
GGTGGCAGATGGGAGGGAAC
TGCAGACAAGCCCCTCAGTG
TTCCTCATGCAAAGCGAACA
GGGTGACTTGGAGCAGCTGAG
GCATAGACCTCATCTGCGGTTG

Forward (5' to 3')
CCTCCTGTGAACTTGGTGCTTGAG
TCCTTTCCATTGTGCAGCTGGTTG
AAAGTCGCTCTGAGTTGTTAT
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Reverse (5'to 3')
GGCGGGTCATGGGAATAAC
GGTGGCAGGTGTTAGGGGTA
ATTCCCAGTCGCTGCTGTTC
ACGTCACCCTTGGACCACAGC
TGCCACGGATTCCATACC
AGCTGCACGCCGGACATAAACA
CAGCACACTTGGGTCTGTG
TGGAGATGGGCTTCCGCCTT

AGGTACCGTCTCTCTGGTCT
CCCGTTTAAGCCGGGCCCTT

Reverse (5'to 3')
CCAGGGGTGGGAGAAGGGAA
ACGAAGGTGGCATGAAGGAAC
CCTGGTAGGCTGAGGCAAGA
TGGAGATGGGCTTCCGCCTT
AAGGGGGAAGGACGAACGAATG

Reverse (5'to 3')
TGCATCGACCGGTAATGCAG
TGCCAGTGCAAGAACCTCATCCTA
CCTGATCCTGGCAATTTCG
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