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Low molecular weight cyclin E deregulates DNA replication and damage repair to

promote genomic instability in breast cancer

Mi Li, B.S.

Advisory Professor: Khandan Keyomarsi, Ph.D.

Low molecular weight cyclin E (LMW-E) are oncogenic forms of cyclin E that are post
translationally generated by neutrophil elastase (NE) mediated cleavage of the 50 KDa full-
length cyclin E1 (FL-cycE, encoded by CCNE1 gene). The resultant N-terminus deleted (40
amino acids) form of LMW-E is detected in breast cancer cells and tumor tissues, but not in
normal mammary epithelial cells or adjacent normal tissues. Unlike FL-cycE, LMW-E drives
mammary epithelial cell transformation in human cells and spontaneous mammary tumor
formation in transgenic mouse models, but the oncogenic mechanisms of LMW-E and its
unique function(s) independent of FL-cycE are not fully understood. It is currently assumed
that LMW-E drives the tumorigenic process by promoting G1/S cell cycle transition and
accelerating mitotic exit. Biochemical features such as longer protein half-life, higher affinity
to its kinase partner CDK2, and resistance to endogenous CDK inhibitors such as p21 and
p27 all promote the tumorigenic ability of LMW-E. Clinical studies in breast cancer reveal that
overexpression of LMW-E predicts recurrence and poor survival in breast cancer patients
independent of molecular subtype, Ki67 status, nodal status, or tumor grade, suggesting

LMW-E may be driving breast cancer development independent of its role in cell proliferation.

In the current study, we tested the hypothesis that LMW-E promotes genomic
instability by deregulating DNA replication and damage repair. We generated immortalized

pre-cancerous human mammary epithelial cells (nMECs) engineered to express doxycycline



inducible LMW-E or FL-cycE in CCNE1 knock-out background. We found that, unlike LMW-
E, FL-cycE overexpression led to DNA replication stress and DNA damage accumulation,
resulting in reduced cell viability. LMW-E overexpression, on the other hand, promoted cell
survival under replication stress, resulting in persistent genomic instability. RNA-sequencing
results showed LMW-E but not FL-cycE overexpression enhanced DNA replication and
damage repair pathways. Molecularly, LMW-E but not FL-cycE strongly interacted with CDC6,
bound to chromatin, and facilitated replication stress tolerance by upregulating pre-replication
complex assembly. LMW-E also mediated DNA repair by upregulating the levels of RAD51
and C170rf53, showing a dominant repairing effect over DNA damage induced by FL-cycE.
Moreover, targeting the replication stress response pathway ATR-CHK1-RAD51 with small
molecule inhibitors significantly decreased viability of LMW-E overexpressing hMECs and
breast cancer cells. Lastly, we showed that positive LMW-E status was associated with
genomic instability in tumors from a cohort of 725 patients diagnosed with early-stage breast
cancer, further supporting our hypothesis that LMW-E promotes genomic instability to fuel

breast cancer development.

Collectively, our findings delineated a novel role for LMW-E in breast tumorigenesis
mediated by replication stress tolerance and genomic instability, providing novel therapeutic

strategies for LMW-E overexpressing breast cancers.
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Chapter One: Introduction

1.1 Breast cancer overview: detection, treatment and drug resistance

Malignant neoplasm, also named cancer, is a genetic disease caused by changes to
genes regulating the growth and behavior of cells that lead to un-controlled cell proliferation
and invasion to nearby or distant tissues'?. Recent data suggest cancer is the 2" ranking
cause of death, accounting for more than 20% of all deaths occurring in the United States,
and the 1% leading cause of death in the age group between 45 and 64°. Breast cancer is one
of the most commonly diagnosed cancers worldwide, accounting for 30% of all cancers
diagnosed in women. There is an estimated 287,850 new patients expected to be diagnosed
with the disease in 2022* . Although the survival of breast cancer patients has been greatly
improved since the middle of 1970s, breast cancer is still the second most common cause of

cancer deaths in women, accounting for an estimated 43,250 deaths in 2022* .

Screening tests such as mammography, breast magnetic resonance imaging (MRI) or
clinical breast exams significantly improve the capacity to detect early stage breast cancers
and enhancing the probability to remove premalignant lesions® . These measures effectively
decrease breast cancer death rates in the past decades, while the improved breast cancer
detection also leads to increased incidences of this disease. For instance, the incidence of
stage 0 breast cancer, or ductal carcinoma in situ (DCIS), has increased 500% between 1983
to 2003 for women 50 years of age and older®. Additionally, improved breast imaging with
follow-up studies reveal the existence of large patient populations that may never require
treatment’. Studies in DCIS also show that in patients treated with breast-conserving surgery
with a 13-20 years follow-up time, the recurrence rates range from 9-23% for patients treated
with radiation therapy, and 26-36% for those without radiation treatment®. It is currently a
clinical challenge to precisely predict tumor recurrence in early stage breast cancers and to

separate the cases that are likely to recur from those which are indolent.



Since the late 1960s, much progress has been made to reduce the mortality of breast
cancer through translation of basic scientific findings to clinical therapeutic intervention.
Cytotoxic chemotherapeutic agents have been used for the treatment for breast cancers,
based on their capacity of inducing DNA damage during DNA replication, leading to either cell
death or inhibition of cell proliferation. However, due to the non-specific nature of these
chemotherapies, patients suffer from adverse effects that greatly limit the treatment frequency
and tolerable dosage. In the early 1970s, hormone receptors (ER and PR) in breast cancer
cells have been identified as both critical prognostic markers and the first targetable molecules
for endocrine therapies (further discussed in 1.2)"° . Anti-hormonal therapies become the
mainstay treatment method for hormone receptor positive breast cancers until today. It also
shows powerful impact on development of other targeted therapies in oncology’. Until the late
1980s, HER2 positive status was regarded as a poor prognostic marker in early-stage breast
cancers. Development of HER2-directed therapies have shown undeniable beneficial impact
on the overall survival and disease-free survival of HER2-positive breast cancer patients since
the 1990s'°. Similarly, based on the discovery of synthetic lethality between the deficiencies
of Poly(ADP-Ribose) Polymerase (PARP) and Breast cancer type 1 (and type 2) susceptibility
protein (BRCA1 and 2), PARP class of targeted inhibitors have been approved for the
treatment of high-risk germline pathogenic BRCA1 or BRCA2-mutated (or likely pathogenic
variant) HER2-negative breast cancer'’. These translational achievement in basic science
research have greatly improved breast cancer management, and provide the paradigm of

biomarker driven cancer therapies' .

Despite the progress in the breast cancer detection and treatment, many challenges
still remain. For example, drug resistance is a major obstacle for all systematic and targeted
treatments. Mechanisms underlying drug resistance are multifactorial for different classes of

therapeutic agents and may vary among cases using the same agent. The non-targeted



chemotherapy may cause neosis, a self-renewal process of the damaged tumor tissues,
facilitating acquired resistance to chemotherapy. This process is characterized by the
production of small mono-nuclear “Raju” cells derived from damaged parental cells. These
cells have extended mitotic life span with inherit genomic instability, which further potentiate
tumorigenesis and metastasis'®. Chemotherapy resistance may also result from a
compensatory mechanism by which damaged tumor cells promote cell division at adjacent
tumor tissues. In particular, chemotherapy induces apoptosis of the tumor cells, and the
activated caspase- 3 and 7 promotes the cleavage of calcium-independent phospholipase A2.
This process enhances the synthesis of arachidonic acid and the production of prostaglandin
E2, a pro-expanding hormone to stimulate cell proliferation in nearby cancer tissues'®.
Besides the aforementioned adaptive mechanisms functioning in response to on-going
treatment, cancer cells may intrinsically rely on its population of micro-clonality/micro-genetic
heterogeneity. For example, cancer stem cells (CSCs) exhibit relatively slow metabolism and
are resistance to DNA damaging agents'. Additionally, the majority of the aggressive ER-
positive breast cancers derive from dormant micro-metastases, which are not affected by
initial anti-estrogen treatments’. Other mechanisms such as altered drug influx/efflux
transporters, deregulated cell cycle checkpoints, and defective apoptosis pathways, may also
contribute to drug resistance due to the growth advantage effect on tumor cells under selective

pressure'®.

As a result, despite early detections through screening tests and advances in
treatment, breast cancer incidences continue to rise and advanced breast cancers with
metastases to distant organs remain lethal®. Identification of effective biomarkers to predict
and/or to track disease specific alterations during breast cancer development is an area of

unmet clinical need. Understanding the biological mechanisms underlying these alterations



may provide novel therapeutic strategies for breast cancers which fail to respond to currently

available therapeutics (Figure 1).
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Figure 1. Genetic alterations fuel cancer transformation and drug resistance.
Identification of disease specific alterations may provide bio-markers to tract cancer

development, predict treatment responses and provide novel treatment strategies.

1.2 Breast cancer subtypes

The history of breast cancer management has been transformed through changes in
understanding of the clinical features followed by characterizing underlying biological
mechanisms. Breast cancer is intrinsically caused by genetic alterations in mammary
epithelial cells, and one of the well-characterized features is the overexpression of specific
cell surface receptors'. Clinically, the most common receptors expressed in breast cancers

include hormone receptors such as estrogen receptor (ER) and progesterone receptor (PR),



and the epidermal growth factor receptor (EGFR) or the Receptor tyrosine-protein kinase erbB
(ERBB) family like ERBB1/EGFR and ERBB2/HERZ2. As the expression of ER, PR, HER2 and
EGFR are found in approximately 75%, 60%, 25% and 15% of breast cancers, the presence
of these receptors are also considered as major drivers for breast cancer development 2.
Clinically, the status of these receptors is determined by immune-histochemistry (IHC) to test
protein expression, as well as fluorescence in situ hybridization (FISH) or chromogenic in situ
hybridization (CISH) to detect gene ampilification in breast cancer cells?®?'. One of the well-
established systems to differentiate breast cancer subtypes is based on the status of these
receptors, and thereby categorizes breast cancers into the following subtypes: i) hormone
receptor positive (ER+/PR+/HER2-), ii) hormone receptor and HER-2 positive
(ER+/PR+/HER2+), iii) HER-2 amplified (ER-/PR-/HER2+) and iv) triple negative (ER-/PR-

IHER2-; Figure 2)%.

Expression of the hormone receptors ER and PR are found in 75% of breast cancers
patients'. Signaling cascade initiated by the ER and PR, increases cancer cell proliferation
by promoting cell cycle progression (further discussed in 1.3)??. Endocrine therapies are
administered to these hormone receptor positive breast cancer patients based on their

menopausal status and the source of estrogen®2.

In premenopausal women estrogen is
mainly produced in ovaries. Anti-estrogen agents, such as tamoxifen which competes with
estrogen in the binding with ER as well as inhibit estrogen effects by forming a complex in the
nucleus to inhibit DNA replication, are used to treat premenopausal, ER positive early or
advanced breast cancer patients®*. In post-menopausal women, because the aromatase
enzyme mediates the production of estrogen from androgens produced by adipose tissue, the
aromatase inhibitors such as letrozole and anastrozole are administered to ER positive breast

cancer patients to inhibit the production of estrogen®. For advanced ER positive breast

cancers who do not respond to aromatase inhibitors, fulvestrant, a compound that binds to



ER monomer to inhibit ER dimerization, translocation, and to promote ER degradation, has

been approved as a standalone second line treatment for ER positive HER2-negative
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metastatic breast cancer in post-menopausal women

Hormone
receptor positive
(ER+/PR+/HER-)

HER-2 amplified

Triple negative
(ER-/PR-/HER-)

Figure 2. Breast cancer subtypes categorized by cell surface receptors. Breast
cancers are categorized into four subtypes based on the status of hormone receptor (ER
and PR) and HER-2 receptor. hormone receptor positive (ER+/PR+/HER2-), hormone
receptor and HER-2 positive (ER+/PR+/HER2+), HER-2 amplified (ER-/PR-/HER2+) and

triple negative (ER-/PR-/HER2-) breast cancer.



HER2 positive breast cancers are characterized by amplification of ERBB2 gene
and/or overexpression of ERBB2/HER2 protein, which accounts for 25 to 30% of all breast
cancers®’?®. HER2 positive breast cancers have up to 25-50 copies of the HER2 gene and up
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to 40 -100-fold in the expression of HER2 protein . Notably, in early stage breast cancers,
particularly in situ ductal carcinomas without invasion to nearby tissues, the amplification of
HER2 gene is found in nearly half of the patients examined®'. During breast cancer
progression into invasive ductal carcinomas, and metastatic breast cancer into lymph nodes
and/or distant tissues, the overexpression of HER2 remain persistant®'. Compared to HR
positive/HER2 negative breast cancers, HER2 positive breast cancers exhibit increased
progression capacity, worse prognosis, and higher propensity to metastasize to the brain3*%.
Mechanistically, as a membrane receptor tyrosine kinase, HER2 overexpression leads to the
dimerization with other receptor tyrosine kinases such as EGFR and HER3%. The resulting
complex EGFR-HER2 heterodimers are resistant to endocytic regulation so that the
degradation of EGFR is inhibited. As a result, the signaling activated by these receptor
tyrosine kinases, such as PI3K/AKT pathway are hyper activated with a prolonged growth
signal duration, and subsequently promote cell proliferation by promoting the expression of
cyclin D and activating down-stream cell cycle pathways (will be discussed in 1.3)**. Targeted
therapies against HER2 are administered for the treatment of HER2 positive advanced breast
cancer patients. These agents include tyrosine-kinase inhibitor lapatinib and receptor
tyrosine-kinase binding/blocking antibodies such as trastuzumab and pertuzumab. The
cancer killing mechanisms of these agents are known to be twofold: one is to prevent the
activation of the intracellular tyrosine kinase and on the other is through immune responses

against tumor cells mediated by antibody-dependent cellular cytotoxicity (ADCC)*.

Breast cancers that are negative for ER, PR or HER2 are termed as “triple negative”

breast cancer (TNBC). Historically, TNBC were treated with single agent chemotherapy, but



the response is relatively poor®®. HR and HER?2 targeted therapies are not applicable to TNBC
for the lack of HR or HER2 expression. As a result, TNBC are often associated with poor
prognosis®. High level of genomic instability and high frequency in mutations of tumor
suppressors such as RB, TP53 and BRCA1 are found to be associated with TNBC*’. Studies
have also shown that an important regulator of the cell cycle, cyclin E is overexpressed in
TNBC?. In particular, the low molecular weight isoforms of cyclin E, termed LMW-E, is present
in 80% of all TNBC tumors samples® (further discussed in 1.4). This observation suggest that
LMW-E expression may drive the development of TNBC by deregulating cell cycle
progression and/or inducing genomic instability. Understanding the effect of LMW-E on breast
cancer cells may provide novel therapeutic strategies for the treatment of TNBC, for which

targeted therapy options are rare.

1.3 Cell cycle overview

Cell signaling cascades initiated by ER, PR, and HER2, increases cancer cell
proliferation by promoting cell cycle progression*®*'. These events include exiting of cells from
the resting phase (G0) and entering into the interphase; comprised of the first gap phase (G1),
DNA synthesis phase (S), and the second gap phase (G2)*?*®. In G1, the cell prepares for the
doubling of the genome, and the DNA replication is completed in S phase. The cell prepares
in G2 to leave interphase and enter the mitotic (M) phase for further separation of chromatids
and the formation of daughter cells. After the M phase, the first cell cycle is completed and

each daughter cell may or may not enter the next cell cycle for further proliferation*.

In normal dividing cells, the cell cycle progression is tightly regulated by the
expression, modification, and destruction of a family of cell cycle proteins called cyclin(s).
These cyclins bind with cyclin dependent kinases (CDKs). The levels of most CDKs are
relatively stable throughout the cell cycle, but their activities are regulated due to the

fluctuation of their cyclin binding partner. Cyclin-CDK complexes are also regulated by CDK



inhibitors. The CDK inhibitors directly bind to and block the activity of CDKs at multiple points
of the cell cycle. Cyclin D-CDK4/6 are specifically inhibited by INK4 proteins (p16, p15, p18
and p19). Cip/Kip (p21, p27) proteins are specialized to inhibit other cyclin-CDKs including

cyclin E-CDK2, cyclin A-CDK2, cyclin A-CDK1 and cyclin B-CDK 1% (Figure 3).

The cyclin - CDK protein kinase complexes phosphorylate specific protein substrates
to drive the cell cycle progression at each phase of the cell cycle**. The exiting out of
interphase and entering into the mitotic phase is mainly regulated by the principal mitotic cyclin
B-CDK1 complex*. Currently, the understanding regarding the protein substrates of cyclin B-
CDK1 in G2/M transition is still very limited. Nuclear lamin is one of the substrates identified
to be phosphorylated by cyclin B-CDK1 during mitosis. Reports suggest that cyclin B-CDK1
catalyze the phosphorylation of nuclear lamin at Ser-636 in lamin A, as well as Thr-19, Ser-
22 and Ser-392 in both lamins A and C*’. The phosphorylation of lamin lead to the breakdown
of nuclear envelope, which is essential to the separation of chromosomes and the progression
of mitosis*’. Prior to the peak of cyclin B-CDK1 kinase activity, cyclin A binds to CDKA1,
although whether and how cyclin A-CDK1 kinase specificity differs from cyclin B-CDK1
remains unclear*®. Cyclin A can also bind with CDK2 to form a protein kinase complex during
S phase, and phosphorylates a large variety of proteins which are involved multiple cell cycle
functions, such as DNA replication (ORC1, ORC2, MCM2, LIG3, CDT1, ATRIP, TOP2B,
XRCCH1), histone modification (DOT1L, JARID2, KAT6A, LSD1, MSL1, MSL3, SETDB1, and
NSD2), chromatin remodeling (BCOR, DMAP1, INO80OE, and SMARCAD5), splicing and RNA

metabolism (PRP3, PRP16/DHX38, and SRRM2)*.

Cyclin D binds to CDK4 and CDKG6 to form the cyclin D- CDK4/6 protein kinase
complex that function in G1 phase. The most well-characterized substrate of cyclin D- CDK4/6

to promote G1/S transition is the retinoblastoma protein (pRB). Phosphorylation of pRB by
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Figure 3. Cell cycle regulation by cyclin-cyclin dependent kinase (CDK) complexes.
Cyclin(s) drive the cell cycle progression by binding with CDKs to form active protein kinase
complexes. Cyclin D- CDK4/6 protein kinase complex mainly functions in G1 phase. Cyclin
E and cyclin A are important for entry and the progression of S phase. The exiting out of G2
and entering into the M phase is mainly regulated by the mitotic cyclin B-CDK1 complex.
The activities of cyclin-CDKs are negatively regulated by cell endogenous inhibitor proteins
p16, p15, p18, p19 that mainly inhibit cyclin D-CDK4/6, as well as p21 and p27 that inhibit

other classes of cyclin-CDKs.
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cyclin D- CDK4/6 releases the transcription factor E2F, which in turn promotes the
transcription of cyclin E and cyclin A to further drive cell cycle progression. Cyclin E and cyclin
A are important for entry and the progression of S phase*®, and both of them activate DNA
replication®. Phosphorylated pRb also binds to histone deacetylase (HDAC), which in turn

leads to the remodeling of chromatin required for DNA replication®’.

1.4 Deregulation of cyclin E in breast cancer
Core regulatory proteins involved in G1/S transitions, such as cyclin D and cyclin E

have been shown as biomarkers to predict breast cancer prognostics®*®.

Ten to twenty
percent of breast cancers harbor the amplification of CCND1 gene®%*, One of the main
mechanisms by which cyclin D protein overexpression promotes cell cycle progression, is by
phosphorylating pRB. Besides gene amplification, the accumulation of cyclin D protein occurs
from enhanced transcription of CCND1 gene. Binding of estrogen and ER activate the
mitogenic signaling pathway to promote the transcription of CCND1 gene and the

overexpression of cyclin D protein®®

. Another mechanism is via post-translational
modification (e.g. phosphorylation) of cyclin D protein and its upstream regulators. The
signaling cascade is mainly activated through PI3K-AKT-mTOR- pathway, which can be
activated by HER2 overexpression and lead to the degradation of glycogen synthase
kinase3B (GSK3B). GSK3B promotes cyclin D phosphorylation at T286, which drives the
translocation of cyclin D from cell nuclear to cytoplasm. This is followed by SCF E3 ubiquitin
ligase mediated cyclin D ubiquitination and proteasome mediated degradation® . As a result,
via inhibition of GSK3p mediated cyclin D phosphorylation at T286, cyclin D protein is
stabilized by the activation of PI3K-AKT-mTOR pathway®’. Although CCND1 gene is required

for breast tumor development®, cyclinD1 overexpression predicts worse clinical outcome

mainly in ER positive breast cancers but not in other types of breast cancers®.
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Overexpression of cyclin E protein independently predicts disease-specific survival in
breast cancer patients regardless of breast cancer subtypes®*®°. Cyclin E-CDK2 drives G1/S
transition and E2F activation by phosphorylating pRB. In addition to pRb, cyclin E-CDK2
complex phosphorylate other substrates, each with a different function. These substrates
include: NPAT involved in histone biosynthesis, FOXO1 in apoptotic response, NPM in
centrosome duplication, as well as CDC6 and MCMs in DNA replication®’. Cyclin E
overexpression is mediated by multiple mechanisms. Cyclin D binds to CDK4 or CDK6 and
catalyzes the phosphorylation of pRB, which then release the transcription factor E2F. The
binding of E2F to the promotor of CCNE gene induce the transcription and overexpression of
cyclin E®'. Other mechanisms such as CCNE1 gene amplification, disruption of cyclin E
degradation, also lead to upregulation of cyclin E protein®2. Additionally, the function of cyclin
E is affected by post-translational modification of cyclin E protein such as the generation of

39,63

low molecular weight cyclin E (LMW-E) from full-length cyclin E (FL-cycE; Figure 4)

Enzymatic cleavage of the 50 kDa FL-cycE by neutrophil elastase (NE) recapitulates
the LMW-E patterns (ranging from 45 to 33 kDa) observed in cancer cells®*®*. Additionally,
alternative transcription starting at Methionine 46 (M46) from N-terminus of cyclin E is also
linked to the generation of a specific 45 kDa LMW-E in tumor cells (Figure 5)°*%°. Although
alternative splicing of CCNE1 mRNA are also found in the cells, none of these spliced mRNA

products is associated with the production of the LMW-E proteins®.

Overexpression of LMW-E and FL-cycE are not mutually exclusive. FL-cycE is expressed in
both cancer cells and normal cells, but LMW-E is cancer specific and not detectable in normal
cells or tissues®**®. LMW-E has a higher binding affinity towards CDK2 compared with FL-
CycE, and the protein kinase complex formed between LMW-E and CDK2 is less sensitive to
the inhibition by p21 or p27%. Moreover, LMW-E is less susceptible than FL-CycE to FBW7

mediated ubiquitination and degradation®’. As a result, LMW-E hyper- activates CDK2 and
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may facilitate CDK2 activity throughout the cell cycle®. Importantly, the overexpression of
LMW-E has been detected in 50% of ER positive, 75% of HER2 positive and 80% of TNBC
patients®®. Compared to cyclin D and FL-cycE, overexpression of LMW-E is the most
prominent and consistent prognostic marker for breast cancer recurrence and breast cancer

patient survival (Figure 4)%.

Gene
HER2 amplification
Enhanced
HR \ stability
Post-
translational
modification

Low molecular
weight cyclin E

Most prominent
bio-marker

Figure 4. Deregulation of cyclin E in breast cancer. Driven by activated hormone receptors
and HER2 receptor tyrosine kinase, cyclin D is overexpressed in breast cancer cells, which in
turn promotes the E2F mediated transcription of cyclin E. Overexpression of cyclin E and
cyclin D also result from CCND1 and CCNE1 gene amplification and/or enhanced protein
stability. Moreover, cyclin E protein might be further post-translationally modified to generate
the low molecular weight cyclin E (LMW-E). Overexpression of cyclin D, cyclin E, and LMW-
E are associated with poor clinical outcome of breast cancer, while LMW-E is the most
prominent biomarker that independently predicts tumor recurrence regardless of breast

cancer subtypes.
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Figure 5. Schematic representation of FL-cycE and LMW-E proteins. LMW-E isoforms
(ranging from 45 to 33 kDa) are generated by enzymatic cleavage at amino acid(aa) 40 and
69 of the FL-cycE (50 kDa) protein by neutrophil elastase (NE) ¢354, Alternative transcription
starting at methionine 46 (M46) from N-terminus of cyclin E is also linked to the generation
of a 45 kDa LMW-E in tumor cells®®. Both the LMW-E truncation 1 (T1, 44-45 kDa) and
truncation 2 (T2, 33-35 kDa) lack the nuclear localization signal (NLS) which is located
between aa26 — 32 at the N-terminus of the FL-cycE protein. LMW-E isoforms still contain
other important domains such as the cyclin box (aa129-215), p21 and p21 binding domain
(aa15-127), CDK2 binding domain (aa129-335), as well as multiple GSK3 and CDK

phosphorylation sites indicated in the figure.
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1.5 Role of neutrophil elastase in tumor development

As discussed in 1.4, protein cleavage of FL-cycE mediated by neutrophil elastase (NE)
results in the generation of LMW-E. These post-translational modifications of cyclin E at two
N-terminus cleavage sites aa40 and aa69 respectively lead to the LMW-E T1 and T2 isoforms

(Figure 5).

Tumor infiltrating neutrophils are associated with several steps in tumor development.
Cytokines and chemokines produced and secreted tumor cells, such as IL-1, IL-8 and TNF-a
may induce the recruitment of inflammatory leukocytes, neutrophils and myeloid-derived
suppressor cells (MDSCs)®® 7. Additionally, in response to cytokines secreted into the
circulation system, bone marrow upregulates the production of neutrophils and MDSCs, and
increased number of circulating neutrophils and their granulocytic product are associated with

tumor progression and worsened patient survival”'

. These granulocytic products include NE,
proteinase 3 (PR3) and cathepsin G (CG), which are among the chymotrypsin superfamily of
proteases collectively termed as neutrophil serine proteases’?. The generation of these
homolog proteins are resulted from duplication of ancestral protease gene belong to the
neutrophil lineage. ELA2 gene located on chromosome 19p13.3 encodes NE, while PRTN3
and CTSG genes encode PR3 and CG respectively’®. Physiologically, NE, PR3 and CG are
produced in the maturation process of neutrophils differentiation and the sequential synthesis
and secretion of primary azurophilic granules, secondary specific granules, tertiary gelatinase
granules, and secretory granules’?(Figure 6). The level of NE is often associated with
pathological conditions such as neutrophil influx into the sites of inflammation, where NE
functions as a positive regulator in immune responses, microbial elimination and would
repair’>’*. The half-life of circulating neutrophils normally lasts a few hours’, but the detection

of NE in non-neutrophilic cell types were also reported. For example, tumor cells expression

of NE and PR3 in tumor cells are also demonstrated by Desmedt et al., showing that breast
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cancer cells may produce both proteases NE and PR3"°. The level of NE in breast cancers
negatively correlated with ER status’®, and associated with rapid relapse and worsened
survival in a cohort of 1,143 primary breast cancer patients’’. High levels of NE are also found
to be associated with in bladder, lung, prostate, colon and pancreatic cancer progression and

serves as a prognostic indicator in these cancer patients’®"87°,

When produced in the differentiation process of neutrophils, NE is in its inactive “pre-
pro” form prior to being packaged into the azurophilic granules, featured by the pro-dipeptide
Ser14-Glu15 sequence. This pre-pro NE is processed by proteases including dipeptidyl
peptidase | (DPPI) or cathepsin C to cleave the N-terminal pro-dipeptide of NE. The removal
of the pro-dipeptide leads to the opening of the active site (free amino group of lle16 and
Asp194), featuring the activated form of NE. The substrate specificity of NE overlaps with
PR3, for which both enzymes show a strong preference for Val and Ala in the P1 position of
the cleavage site. NE but not PR3 also cleave substrates with lle in the P1 position, and prefer

multiple aliphatic aa both upstream and downstream of the P1 cleavage site®.

The major physiological function of NE is the intracellular destruction of pathogens™ ™.

The role of NE in tumor development has been demonstrated in the contributions of
extracellular NE to chronic inflammatory tumor microenvironment as well as altering
intracellular signaling in favor of tumor growth’®”®. NE has been shown to cleave the tumor
extracellular matrix (ECM) elements, such as matrix protein elastin®', and activates tissue
degrading proteases such as MMP-2, MMP-3, and MMP-9, leading to the cleavage of tissue
adhesion molecules such as E-cadherin, VCAM-1, JAM-C and G-CSFR™®', Over-activated
NE in tumor promotes cell invasion and metastasis through ECM degradation and the
cleavage of adhesion proteins. Additionally, neutrophils in the tumor microenvironment also
release NE in response to signals from cytokines and chemokines such as TNF-a and IL-8%

0. As a result, toll-like receptor 4 (TLR4), a down-stream factor activated by NE, promotes
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NF-kB activation via MyD88-IRAK-TRAF6 signaling pathway, and induces the expression of
IL-8%2. Additionally, NE can cleave MMP and meprin-a to activate the TGFa signaling®®. These
pathways collectively form a positive feedback loop of NE driven inflammatory cytokines,
facilitate a tumor promoting chronic inflammatory microenvironment, leading to the activation
of IL-1 signaling, G-CSF and vascular endothelial growth factor (VEGF)®*®. As a result, over-
activated NE may favor tumor progression by promoting angiogenesis and tumor metastasis

(Figure 6).

In addition to the function of NE in ECM remodeling, further studies indicate NE may
directly promote tumor cell proliferation. NE may enter tumor cells by endosomes, and
intracellular NE promotes PI3K activity by degradation of Insulin Receptor Substrate-1 (IRS-
1), leading to oncogenic AKT activation in human lung cancer cells®”. NE promotes acute
promyelocytic leukemia (APL) and acute myeloid leukemia (AML) respectively by cleaving the
fusion protein consisting of the promyelocytic leukemia gene and the retinoic acid receptor
alpha (PML-RARaq) and transcription factor CUX-1%88°_ In breast cancer, the intracellular NE
mediated LMW-E expression is associated with hyper-activate CDK2 and worsened
prognosis in breast cancer patient and NE may also lead to the mammary specific
overexpression of CUX-1 which drives tumor formation and lung metastasis®*’®. Recent
studies using NE knock-out murine models suggest NE may promote the chemotactic
migratory capacity of tumor cells, which is critical to the escape and active entry of primary

tumor cells into intra-tumor vasculature’®.

Following physiological inflammation, NE activity is negatively regulated by serine
protease inhibitors such as elafin and alpha1-antitrypsin (AAT), which promote inflammation
resolving and restore tissue homeostasis®. However, in disease states such as cancer, where
the tumor microenvironment is characterized by chronic or excessive inflammation and

neutrophil accumulation, the imbalance between NE and its inhibitors may lead to
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symptomatic ECM destruction, perpetuates inflammation, and tumor progression’. AAT can
bind with NE, PR3 or CG, forming a protein complex that leads to the cleavage of the reactive
center loop and degradation of both AAT and the binding neutrophil®’®2. AAT preferably
inhibits NE over PR3, as is shown by the faster rate of AAT-NE complex formation compared
with AAT-PR3°"*2. The association between AAT and NE are affected by the oxidization
status of AAT, and the oxidized AAT is one of the potential markers for the activation of NE®"92,
Additionally, the interaction between AAT and NE is also prevented by heparin and other

glycosaminoglycans found at the site of inflammation®'2,

Elafin is the highly specific and potent inhibitor of NE, PR3 and porcine pancreatic
elastase (PPE)%®, encoded by the gene PI3 located on chromosome 20q13°%%.
Mechanistically, elafin non-covalently binds to the catalytic cleft of NE to block the docking of
substrate proteins® . Elafin is expressed at a relatively high concentration by epithelial cells,
providing local anti-protease effect, and its levels are also induced by negative feed-back
signals driven by TNF-a, p38 MAPK, c-JUN, and NF-kB pathways in response to inflammatory
cytokines®. As a result, imbalance between NE and elafin may lead to excessive or chronic
inflammation both in non-tumor diseases such as chronic obstructive pulmonary disease
(COPD), cystic fibrosis, acute respiratory distress syndrome (ARDS), pulmonary fibrosis,
asthma, inflammatory bowel disease, psoriasis, impetigo herpetiformis, as well as tumors®.
For instances, elafin is a prognostic indicator in breast cancer, loss of elafin is significantly
associated with shorter time of tumor relapse®. In ovarian tumors, elafin-positive status is

18, Low levels of elafin is also associated

correlated with tumor recurrence and reduced surviva
with poorly differentiated squamous cell carcinomas of the skin, head/neck, and esophagus
compared to well differentiated tumors®. Elafin expression is downregulated in 24% of DCIS

and 83% of invasive breast tumors when compared to the level of elafin in the normal

mammary epithelium®. Elafin is also downregulated in 33% of ovarian cystadenomas, 43%
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of borderline ovarian tumors, and 86% of invasive ovarian carcinomas when compared to the
expression of elafin in the normal fallopian tubes® . In non-tumorigenic mammary cell lines
such as 76N, 76NEG6, 76NF2V and MCF10A, elafin is highly expressed while the expression
of elastase is low. In breast cancer cell lines such as ER-positive MCF-7, ZR75T, T47D,
BT20T, and ER negative MDA-MB-157, MDA-MB-231, MDA-MB-436 and MDA-MB-468, the
expression status of elafin and elastase is reversed, showing the down-regulated elafin and
up-regulation of elastase®. Mechanistically, C/EBP the transcription factor which functions
in normal mammary gland development and differentiation, positively regulates elafin by
transactivating gene transcription. C/EBP can induce the transcription of elafin by 3 to 10
fold in non-tumorigenic mammary cell lines compared with breast cancer cell lines® .
Consistently, C/EBPf is down-regulated in breast tumor tissues compared with adjacent
normal tissues in 152 patients with stage |, Il, or lll breast cancer®®. DNA binding analyses of
the elafin promoter region suggest that within the 440 bp region upstream of the elafin
promoter which harbors seven potential C/EBPB binding sites, C/EBPB-2, C/EBPB3-4 and
C/EBPB-5 sites are responsible for the interaction with C/EBP protein®. In breast cancer cell
lines, C/EBPB overexpression leads to enhanced elafin mRNA expression, while in non-
tumorigenic mammary cells, knock-down of C/EBPf by siRNA results in decreased elafin
expression®®. Overexpression of elafin in breast cancer cells leads to reduced cell proliferation
and induction of apoptosis, consistent to the effect of elastase depletion by shRNAY". Knock
down of elastase by shRNA also reduces the growth of breast tumor xenografts and inhibits
breast cancer cells invasion in the ECM?’. Consistently, elafin treatment of mice with breast

cancer xenografts leads to reduced tumor volume and increased survival®’.

Collectively, studies in NE, its inhibitor elafin, and the transcription factor C/EBPJ

highlight the role of NE in driving tumor progression (Figure 6), in which NE promotes the
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post-translational cleavage of FL-cycE protein to generate the LMW-E isoforms in breast

cancer (Figure 5).
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Figure 6. Neutrophil elastase and its role in tumor progression. Neutrophil elastase is
synthesized during neutrophil maturation, activated by the cleavage of pro-dipeptide and
balanced by elastase inhibitors such as elafin and alpha1-antitrypsin. Over-activated
elastase may directly promote tumor cell growth by the generation of LMW-E from FL-cycE,
activation PI3K-AKT pathway, and indirectly promote tumor development by inducing
inflammatory microenvironment and extra cellular matrix remodeling, which favor
angiogenesis and tumor metastasis.
1.6 Cyclin E deregulation and genomic instability
Genomic instability describes the rate and state of genomic alteration, which is
generated from random mutations and chromosomal miss-rearrangements®. During cancer
development, aberrant cell proliferation induces DNA damage, which in turn fuels genomic
instability. Those cancer cells with genetic alterations are selected for the escape from
apoptosis or resistance to drug treatment®. Certain mutations and genetic alterations confer
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selective advantage on sub-clones of cells, further enabling their outgrowth and eventual
dominance in a local tissue environment®®. Studies in genetic changes in the cancer genome
have revealed a group of cancer driver genes, which can be further sub-grouped into
oncogenes and tumor suppressor genes’®. The former can transform cells when activated or
overexpressed, while the latter transform cells by their inactivation (by point mutations or
deletions) in human cancers’. Cyclin E is likely to be an oncogene due to its function to
promote cell cycle progression and cancer cell proliferation. Cyclin E overexpression can also
mediate drug resistance (both with targeted agents as well as chemotherapeutic agents),
suggesting an oncogenic role for this protein that is independent of its role in cell

proliferation®®"".

Several tissue-specific transgenic and knock-in mouse models have provided
significant information on the role of cyclin E deregulation in genomic instability. A knock-in
mouse expressing a nondegradable form of cyclin E in mouse embryonic fibroblasts (MEFs)
shows increased chromosome breaks, translocations, and aneuploidy in a p217"
background’. In this model, cyclin E overexpression cooperates with p53 deficiency and Ras
GTPase (RAS) activation to promote tumor transformation, with whole chromosome gains
and losses accelerating lung carcinogenesis’. Additionally, transgenic mice expressing either
wild-type or degradation-resistant cyclin E in the lungs incurred multiple pulmonary
adenocarcinomas with specific gains of chromosomes 4 and 6. In mammary gland
transgenic mouse models, LMW-E overexpression induces p53 loss of function and drastically
increase tumor formation in a p53*~ background®. Moreover, a knock-in mouse with
expression of nondegradable cyclin E in the hematopoietic stem cell compartment exhibited
abnormal hematopoiesis, chromosome instability evidenced by chromosome gains and
losses, and decreased latency of T-cell malignancies in a p53™ background’*’®. These

results strongly suggest deregulation of cyclin E is associated with enhanced genomic
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instability that fuels cancer development, although the detailed mechanisms are not fully

understood’*"®.

Hyper-activated cyclin E-CDK2 induces chromosome instability in cancers by
mediating centrosome amplification during mitosis. In mammalian cells, CDK2 activity is
required for centrosome duplication”” . During mitosis, cyclinE-CDK2 is translocated to
centrosomes’®, at which CDK2 phosphorylates and dissociates nucleophosmin (NPM)
protein, which is required for the separation of paired centrioles and duplication of
centrosomes’. In cancer cells with LMW-E over-expression, polo-like kinase 1 (PLK1) protein
fails to interact with the central spindle during late mitosis. This leads to improper attachment
of sister kinetochores to microtubules, and eventually causes chromosome segregation
errors®. It is therefore hypothesized that the nuclear localization signal (NLS)-deficient LMW-
E would be free to interfere with mitotic events through the cell cycle. Supporting this
hypothesis, when breast cancer cells are engineered to over-express LMW-E, dramatic
increases in the rate of chromosomal aberrations are observed®®®. LMW-E overexpressing
cells show higher proportion of polyploid and tetraploid cells®. Additionally, expression of FL-
cycE accelerates entry into mitosis and a delayed exit out of mitosis, which is characterized
by a pronounced pro-metaphase delay and an increased rate of spindle defects. Cells
expressing LMW-cyclin E also show an early entry into mitosis, but their exit from mitosis is
also accelerated, associating with severe mitotic defects such as anaphase bridges and failed
cytokinesis®'. It is also proposed that impairment of mitotic progression could be resulted from

CDK2 mediated phosphorylation CDH1328 and CDC257°%4,

Additionally, cyclin E overexpression is associated with deletion at DNA regions, which
are annotated as under-replicated fragile sites®>®. This observation is in line with the concept
of oncogene induced replication stress (further discussed in 1.7). Overexpression of

oncogenes including cyclin E, as well as H-Ras and c-Myc, induce aberrant activation of DNA
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replication®. During the initial stage of oncogene activated “proliferation signal”’, cells
experience DNA hyper-replication stress featured by slowing and stalling of replication forks,
followed by a “transition phase” in which DNA damage response is activated. In normal or
pre-cancerous cells, this over-activated DNA replication signal is counteracted by ATR-CHK1
pathway to establish a cell cycle arrest and global stoppage of DNA replication (further

discussed in section 1.8)%" 8

. If the stress is not removed or DNA damage resulting from fork
collapse is beyond repair, the cells would reach the “senescent phase” or eventually die of
mitotic catastrophe®**°. In cancer cells, the slow-down or stalling of replication fork potentially
results in under-replicated genomic regions and sources for DNA damage’®, and thereby
generates structural and numerical chromosome aberrations during mitosis®’. It is currently
presumed that defective cell cycle checkpoint and DNA damage responses contribute to the
escape from replication stress induced tumor barrier, evidenced by loss of heterozygosity of

tumor suppressors such as p53%, but the detailed mechanisms of this process remain

unclear.

1.7 DNA replication and replication stress

DNA replication is the most vulnerable cellular process during cell cycle progression,
and its initiation, progression and termination are tightly controlled at different cell cycle
phases®. In mammalian cells, during G1 phase, the origin recognition complex (ORC) acts
together with the CDC6 ATPase and the CDT1 protein to load an inactive double hexamer of
the MCM2-7 complex, the catalytic core of the replicative DNA helicase®. As cells enter S-
phase, the CDK and the Dbf4-dependent kinase (DDK) promote helicase activation and
replisome assembly by stimulating formation of CMG (Cdc45-MCM-GINS) complex, which
unwinds duplex DNA in front of the moving replication fork®®. Re-replication is prevented by

inhibiting re-loading at origins of the MCM2-7 helicase core. This is achieved by CDK or DDK
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mediated phosphorylation of MCM2-7 and its loading factors, together with the direct inhibition

of CDT1 protein by the Geminin protein (Figure 7).
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Figure 7. Schematic of DNA replication licensing and firing. DNA replication contains

two steps, replication licensing and replication firing. During the licensing step, the origin
recognition complex (ORC) acts together with CDC6 and CDT1 proteins to load an inactive
MCMs complex. During the firing step, CDC45 and GINS complex are recruited to the
MCMs complex, thereby facilitating the CDK and DDK mediated phosphorylation of MCMs.
After replication firing, re-replication is inhibited by preventing the assembly of pre-

replication complex on the replication origin.

Once replication has initiated, forks may undergo either transient pausing or a longer

delay referred as fork stalling®. The replication complex usually remains associated with
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stalled forks so that replication could restart once the obstacle that stops the replication fork
has been removed®®. However, if fork arrest remains persistent, it might lead to double strand
break (DSB) in the DNA. It is proposed that in these cases, the replication complex might be
disassembled and can restart in a CDK dependent manner®. Results from in vitro DNA
replication experiments suggest cyclin A but not cyclin E facilitates DNA replication if
replication complexes are already assembled on the DNA, while cyclin A activity also inhibits

the assembly of new complexes (re-replication)®’

. During the replication licensing process,
chromosomes have a distribution of licensed origins that exceeds the number of active
replication origins in S-phase®® 8. These licensed origins remain dormant during the S phase
but constitute a backup group that can be activated to compensate for collapsed forks under
replication stress %%, Reduced efficiency of origin licensing is a major source of genome
instability. For example, yeast cells that lack the CDK inhibitor Sic1 initiate replication from

fewer origins, increasing the distance between replication forks. These mutants have an

extended S-phase, accumulate ssDNA, and show a strong increase in chromosome loss®.

1.8 Cyclin E induces replication stress

Cyclin E overexpression are known to induce replication stress, but the detailed
mechanisms and whether it is different between the FL-cycE and LMW-E remain unclear.
Cyclin E-mediated replication stress is linked to elevated CDK2 kinase activity, as a CDK2
hyperactive knock-in allele was sufficient to delay replication fork progression and further
induce DNA damage®*. Interference of the nucleotide biosynthesis is one of the proposed
mechanisms underlying cyclin E-CDK2 induced replication stress and genomic instability'®.
Cyclin E overexpression, through disruption of the RB-E2F pathway, enforces G1/S transition
and cell proliferation with insufficient nucleotide pools. These nucleotides are crucial structural

100,101

components of nucleic acids for DNA replication and transcription . DNA replication

without sufficient nucleotide supply results in fork stalling and under-replicated DNA regions.
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Collapse of stalled forks lead to double-strand DNA breaks, for which the repair process is
also blocked by the nucleotide deficiency induced by cyclin E overexpression. Reports have
shown either exogenous supplementation of nucleosides or upregulation of nucleotide
metabolism genes can attenuate cyclin E-mediated replication stress and rescue the DNA

damage'®.

It is also proposed that cyclin E overexpression initiate unscheduled DNA firing, and
the conflict between DNA replication and transcription causes replication obstacles. The role
of transcription on oncogene-induced DNA replication stress was directly examined in a study
using U20S cells overexpressing cyclin E'%2. Short term treatment of these cells with
cordycepin, an RNA-specific chain terminator that inhibits transcription elongation, can rescue
the slow fork progression and reduce the induced DNA double strand breaks. This is
consistent with the observation that the majority of under-replicated regions in cyclin E

overexpressing cells are annotated as large late-replicating domains®.

Additionally, most of the under-replicated sites are located in chromosomal regions
that are characterized as extremely low origin density®®. Itis therefore hypothesized that cyclin
E may induce replication stress by de-regulating DNA licensing. This is supported by the
observation that overexpression of cyclin E in a human nasopharyngeal epidermoid
carcinoma cell line leads to reduced association of the MCM helicase subunits Mcm4 and
Mcm?7 with chromatin during G1 and reduced DNA synthesis in S phase'®. However, other
reports show cyclin E deficient cells are incapable of loading MCMs to the chromatin when
exiting the GO, suggesting cyclin E plays a positive role to promote MCM subunits loading'®*
(Figure 8). It is currently unknown whether and how different cyclin E isoforms regulate each
step of DNA replication, and the effect of FL-cycE and LMW-E on replication stress is the main

subject of this thesis.
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Figure 8. Proposed mechanisms underlying cyclin E induced replication stress. In
cells overexpressed with cyclin E, replication fork slowing and stalling may result from
insufficient nucleotides supply, unscheduled replication firing and conflicts between DNA
synthesis with RNA transcription. Additionally, cyclin E is shown to both positively and
negatively regulate replication licensing, a topic to be experimentally examined in this study

to compare the functions of FL-cycE and LMW-E.

1.9 Replication stress response and therapeutic targets
As discussed in section 1.5, the overexpression of oncogenes such as cyclin E induce
87,88_ In

aberrant activation of DNA replication that are counteracted by cell cycle checkpoints

response to under-replicated DNA, replication protein A(RPA) is recruited to the exposed
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ssDNA, and thereby activates cell cycle checkpointing. This may lead to cell cycle arrest in

different cell cycle phases, allowing time for the DNA damage repair process'%'%.

When DSB occurs, the serine/threonine-protein kinases ATR and ATM protein kinases
phosphorylate and activate CHK1'%". Protein kinase CHK2 is mainly activated by ATM'"". The
activated CHK1 and CHK2 further phosphorylate p53 at multiple sites, which in turn increase
the stability of p53 and promote its activation at p53-target promotes'®. One of the major
targets that is transcriptionally induced by p53 is p21, the endogenous inhibitor for cyclin E-
CDK2 and cyclin A-CDK2. Induction of p217 inhibits CDK2 activity, which not only restores the
repressive function of pRB toward E2F transcription factors, thereby leading to G1 cell cycle
arrest, but also attenuates CDK dependent replication fork firing so that the global DNA

replication in S phase is blocked* %819,

Under replication stress, fork stalling results in the exposed ssDNA and the coating of
RPAs. The ssDNA binding RPA proteins recruit ATR and CHK1 proteins to the stalled forks,
where CHK1 is activated by ATR'""°, The activated ATR then perform a dual function: to
stop global DNA replication by cell cycle arrest and to promote local DNA synthesis at the site
of DNA replication stress by facilitating fork restart °*%*. The detailed mechanisms of this
process are not yet clear, but it is generally believed that activated CHK1 mediates temporary
S phase arrest by inhibiting CDK2 activity. This is fulfilled by indirectly regulating T15
phosphorylation at CDK2, which is phosphorylated by WEE1 kinase and dephosphorylated
by the CDC25 phosphatase family®*. CHK1 directly phosphorylates WEE1 kinase and
promotes its activity in phosphorylating CDK2 at T15'". Additionally, CHK1 also
phosphorylate CDC25A,B, and C, reducing their activities and ultimately preventing CDC25
mediated dephosphorylation of T15 on CDK2'"""'2, Thus, recruitment and activation of CHK1
inhibit global DNA replication in response to replication stress'®''®, On the site of replication

stress lesions CHK1 phosphorylates RPA proteins and recruits RAD51 protein, which
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replaces RPA to bind with ssDNA®. RAD51 functions as the central recombinase to mediate

fork restart by at least three mechanisms®'4"1€ (1)

RAD51 promotes replication fork
uncoupling and reversal, and facilitates DNA branch migration in the direction opposite to
replication to form a Holliday junction®. (2) RAD51 protects newly synthesized DNA from
degradation by forming a stable RAD51 filament, which also protects the regressed forks from
extensive degradation'"’. (3) RAD51 is also required for the restart of the stalled replication

)115

fork without triggering homologous recombination (HR)' ', and repair of collapsed fork by HR

18 Therefore, in response to replication stress, activation

mediated double strand break repair
of ATR-CHK1-RAD51 facilitates the restarting of stalled replication forks (Figure 9). It is
currently unknown how the global and local DNA replication are influenced by LMW-E

compared to FL-cycE, and what are the roles of ATR, CHK1, RAD51 molecules in response

to high FL-cycE or LMW-E induced replication stress.

For cancers with a very unstable genome, such as TNBC''® high-grade ovarian
cancers''®, and those with oncogene-induced replication stress'"?, targeting of the replication
stress responsive mechanisms have shown promising therapeutic effects. It is worth noting
that while replication stress is a source of genomic instability and potentially promotes cancer
development, tumor cells are required to tolerate replication stress and maintain minimum

genomic integrity for cell viability'"

. As a consequence, agents targeting replication stress
responses are likely to further increase replication stress in cancer cells, which eventually lead

to the loss of minimum genomic integrity and cell death.

There have been four ATR inhibitors that have progressed to clinical trials in different cancers:
berzosertib, ceralasertib, M4344, and BAY 1895344 (Table 1)'%. In pre-clinical studies, all of

these inhibitors have shown radio-sensitizing and chemo-sensitizing effect'?%'%!

. Reports
show M4344 and BAY 1895344 suppress the proliferation of DU145 prostate cancer at lower

concentrations than berzosertib and ceralasertib''. Screening of protein expressions suggest
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DNA damage response proteins CHK1, MSH2, and RAD51 positively correlate with response
to ATR inhibitors '#'. ATR inhibitors are synergistic with DNA damage inducers such as TOP1
inhibitor and PARP inhibitor. These combination treatments result in suppressed DNA
replication, increased DNA damage and chromosomal fragmentation and cell death'?"122,

Replication
stress

Fork stabilization

Fork reversal

CDC25
kvé
WEE1
Protect DNA 1
v CDK pT15
Promote local Inhibit global
DNA synthesis DNA synthesis

Figure 9. Replication stress activates ATR-CHK1-RAD51 pathway. Under replication
stress, the exposed ssDNA is bound with RPAs, which in turn recruit ATR and CHK1 protein
kinases to the stalled replication fork. Signaling cascade by ATR mediated CHK1
phosphorylation and CHK1 mediated RPA phosphorylation further induce the binding of
RADS51 to promote fork restart and DNA synthesis at replication stress lesion, while global
DNA synthesis and cell cycle progression are inhibited by CHK1 to prevent cell division with

under-replicated DNA.
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As the down-stream effector of ATR, when CHK1 is inhibited by small molecule
inhibitors, such as MK-8776 and rabusertib, strong anti-tumor effect is observed'?*'24,
Treatment of cancer cells with MK-8776 cause accumulation of DNA DSB, leading to apoptotic
cell death in vitro'®*. Studies also show CHK1 inhibitor synergizes with gemcitabine,
hydroxyurea and cytarabine in causing apoptosis of acute myeloid leukemia (AML) and breast
cancer cells in vitro, as well as in ovarian and pancreatic cancer xenografts'??>. On the basis
of these studies, the first clinical phase | trial with MK-8776 in combination with gemcitabine
was initiated for patients with advanced solid tumors (Table 1). The trial suggested MK-8776
is well tolerated, and 43% of the patients in the trial showed stable disease, even in patients

125

previously developed resistance to gemcitabine'“>. Another phase | clinical trial investigated

the sequential administration of cytarabine and MK-8776 in patients with relapsed or refractory
AML. Report suggest this combination achieves complete response in 33% of patients'?.
Rabusertib (LY2603618) is a recently developed inhibitor with higher selectivity for CHK1 than
CHK2 (Table 1). In vitro studies suggest rabusertib activates CDC25A in cancer cells, leading
to increased CDK2 activity'?’. The activation of the CDC25A-CDK2 axis promotes S phase
progression with an increased number of replication forks, resulting in replication catastrophe
caused by DNA DSB at stalled replication forks, followed by chromosome fragmentation and
eventually mitotic cell death'?”. Rabusertib also reduces tumor growth in a xenograft model of
lung cancer'?®. RAD51 is recruited to the replication stress lesion by activated CHK1,
participating in replication fork remodeling and fork restart®. Currently, only one RAD51
inhibitor CYT-0851 has developed into clinical trial (Table 1). Preliminary result showed partial
responses in 3 of 21 evaluable patients, and 10 more patients exhibited stable disease'®. The

specific clinical trials for these agents are listed in Table 1, and the status of the each of these

trials are also indicated.
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Considering the hyper-activated CDK2 activity and stronger tumorigenesis capacity
observed in LMW-E overexpression models, we hypothesize that replication stress is induced
but tolerated in LMW-E overexpression setting. Targeting of the replication stress responsive
mechanisms may have promising therapeutic effects in LMW-E overexpressing breast

cancers.

1.10 Gaps of knowledge

Current understanding of replication stress has established its role in promoting
genomic instability, which fuels cancer initiation and/or development by providing the sources
of genomic alterations. Replication stress can be induced by overexpression of oncogenes
such as cyclin E (i.e. the LMW-E). In pre-cancerous lesions, replication stress is a tumor
barrier by inducing DNA damage and triggering cell cycle arrest. Bypassing this barrier via
replication stress tolerance may benefit cancer development with enhanced genomic
instability. However, differences in the effect of FL-cycE and LMW-E, particularly on replication
stress and subsequent DNA damage throughout the cell cycle is currently unknown.
Considering the stronger tumorigenesis capacity observed in LMW-E overexpression
compared to FL-cycE, in both in vitro and in vivo models, whether and how replication stress

is tolerated in LMW-E overexpression setting is to be investigated in this study (Figure 10).

1.11 Hypothesis and specific aims

| hypothesize that LMW-E, as a cyclin E isoform resistant to p21/p27 inhibition and
complete degradation by the end of S phase, may function as an oncogene in disrupting the
temporal regulation of cell cycle transition and RB-E2F mediated gene transcription. These
deregulations may further affect a number of different but related pathways such as DNA
replication, replication stress responses, DNA damage repair, and cell cycle checkpoints. As
a consequence, LMW-E may fuel oncogenic transformation of mammary epithelial cells by

enhanced replication stress and facilitating replication stress tolerance (Aim 1), error-prone
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DNA damage repair (Aim 2) thereby leading to enhanced genomic instability in pre-cancerous

mammary cells, and predict genomic instability in breast tumor tissues (Aim 3; Figure 11).

Cyclin E LMW-E
overexpression

I

?
FL-cycE ?
vs. — Replication stress
LMW-E

x
Cell cycle

checkpoints

Figure 10. Gaps of knowledge. Current model suggests genetic alterations fueled by
genomic instability drives cancer transformation from mammary epithelial cells. LMW-E
generated from overexpressed cyclin E is associated with poor prognosis of breast cancer
patients. However, the connection between LMW-E and genomic instability and the
differences in the roles of FL-cycE and LMW-E, particularly on replication stress and the

responses to the cell cycle check points are currently unknown.
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Figure 11. Specific aims. In this study, we aim to investigate the roles of low molecular weight
cyclin E (LMW-E) in DNA replication and replication stress (aim1), examine the effect of LMW-
E on DNA damage and damage repair (aim2), and test if LMW-E overexpression drives
genomic instability in mammary epithelial cells (associated with aim1 and aim2) and if LMW-

E positive status predicts genomic instability in human breast cancers (aim 3).
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Chapter Two: Low molecular weight cyclin E promotes

genomic instability

2.1 Introduction

In normal dividing cells, cyclin E and its associated kinase CDK2 function as the gate
keeper for G1/S transition and the initiation of DNA replication'®. Normal cells suppress the
effects of excess/stabilized cyclin E via the G1/S checkpoint, which blocks the global DNA
replication and G1/S transition by the ATR-CHK1 pathway, safeguarding the genomic

109,112

integrity . In cancer cells, deregulated cyclin E-CDK2 activity may result from the
overexpression of cyclin E and/or loss of CDK2 inhibition (via p53 mutation or the loss of p21),
promoting cell proliferation and genomic instability’'. Additionally, oncogenic LMW-E
isoforms, ranging in molecular size from 33 to 44 kDa (Figure 5), have been identified in
tumors overexpressing cyclin E®®. These LMW-E are generated through post-transiational
cleavage of the 50kDa FL-cycE by the elastase family of serine proteases in tumor cells®.
Distinct from its full-length counterpart, LMW-E is predominantly detected in tumor tissues but
not their adjacent normal tissues®®. Ectopic expression of LMW-E isoforms promotes cell
proliferation and early entry into mitosis with de-regulated centrosome amplification®. LMW-

E also hyper-activates CDK2 and the LMW-E-CDK2 kinase complex is resistant to cellular

endogenous CDK inhibitors such as p21 and p27°.

In transgenic mouse models, LMW-E drives early oncogenic events in the pre-
neoplastic mammary glands, leading to hyperplastic lesions and spontaneous mammary
tumors with high metastatic capacity®*%°. Targeted sequencing of the top 70 breast cancer
genes in LMW-E overexpressing mammary glands in a time course dependent manner (0, 3
and 6 months after LMW-E over-expression) revealed mutations of several genes in the non-

tumorigenic mammary glands (data not shown). LMW-E included mutations in the following
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7 genes at 3 months post LMW-E expression: Alk, Atm, Rad50, Ctnna1, Akap9, Smg1, and
Tecta, and an additional 6 genes at 6-9 months post LMW-E induction: Brca1, Brca2, Rb1,
Sbno, Nrk, and Huwe1. Mice generated tumors at 9-12 months post LMW-E induction
(manuscript in preparation). These observations indicate LMW-E overexpression leads to
increasing genetic alterations in mammary tissues, suggesting that LMW-E may drive tumor
progression by promoting genomic instability. An unfilled gap of knowledge is that our current
understandings of the role of LMW-E in mediating genomic instability is based on model
systems with endogenous FL-cycE expression. Whether or not LMW-E independently drives
genomic instability and/or performs other unique oncogenic functions apart from FL-cycE

remain unclear.

In this chapter, we describe the generation of an in vitro model system where the
endogenous CCNET is knocked out and the FL-cycE and LMW-E are then inducibly
expressed. To this end, we have generated the CCNE1 knock-out human mammary epithelial
cell (hEMC) models using 76NEG6 (p53 deficient) and 76NF2V (p53 proficient) cell lines, and
transfected the cells with a doxycycline inducible system (tet-on'*°) to express FL-cycE (aa1-
410) or LMW-E (aa40-410). Our aim in this chapter is to discover distinct features of LMW-E
and FL-cycE in regulating the growth of hMECs and genomic instability. We compare the
effects of these different cyclin E isoforms on cell proliferation, cell viability, cell cycle

distribution, DNA damage, chromosomal and nuclear abnormalities (Figure 12).
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2.2 Schematics of model system
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Figure 12. Schematics of the cellular models containing the doxycycline inducible FL-

cycE or LMW-E (tet-on) in CCNE1 knock-out background. In human mammary epithelial

cell line 76NE6 and 76NF2V, endogenous CCNET gene is depleted through gRNA/CRISPR

mediated gene knock-out, followed by the generation of stable cell lines containing the

doxycycline inducible (tet-on) expression of empty-vector, FL-cycE or LMW-E.
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2.3 Materials and methods

Cell lines and Culture Conditions

We used the immortalized human mammary epithelial cell lines (hnMECs) 76NE6 and
76NF2V, which were originally generated and provided by Dr. V. Band''. In brief, HPV-16 E6
was introduced into mammary epithelial cell line 76N to generate the immortalized strain
76NE6, and an E6 mutant F2V with compromised p53 association capacity (2% of wild-type
E6) was used to generate 76NF2V line. As a result, the 76NE6 cell line lacks p53, and the
76NF2V expresses p53''. 76NE6 and 76NF2V and the subsequently generated EKO and/or
inducible cell lines (see below for details on the generations of these models) were maintained
in DCFI-1 media®. This media contains a-MEM/Ham's nutrient mixture F-12 (1:1,vol/vol), and
is supplemented with 12.5ng/mL epidermal growth factor (EGF),10nM triiodothyronine, 10mM
Hepes, 50 uM freshly made ascorbic acid, 2nM estradiol, 1ug/mL insulin, 2.8 puM
hydrocortisone, 0.1mM ethanolamine, 0.1mM phosphor-ethanolamine, 10ug/mL transferrin,
2mM L-glutamine, 1% fetal bovine serum (Hyclone); and 35 ug/mL bovine pituitary extract
(Hammond Cell/Tech). All cell lines were cultured in a humidified tissue culture incubator at
37°C and 5% CO2 and routinely tested for mycoplasma and authenticated. There are enough
frozen vials for each cell line to ensure that all cell-based experiments are performed on cells

that have been tested and in culture for 8 week or less.

CCNE1 knock-out experiments

In order to knock-out CCNE1 gene in 76NE6 and 76NF2V cell lines, we first generated
CRISPR/sgRNA constructs harboring Cas9 gene and sgRNA targeting human CCNE1 gene.
The sgRNAs targeting hCCNE1 was provided by the Toronto Knockout Library
(http://tko.ccbr.utoronto.ca/crispr_targets.pl) and cloned into pX330 vector. After transfection
into 76NE6 or 76NF2V cells, single cell clones were isolated and expanded. Successful

knock-out of CCNE1 (EKO) in 76NEG-EKO or 76NF2V-EKO lines are confirmed by Sanger

39



sequencing for sgRNA targeting site (Figure 13A) and western blotting using anti-cyclin E

antibody (Figure 13B).

Inducible cyclin E expression model system

We generated the doxycycline inducible (tet-on) cells from 76NE6-CCNE 7knock-out
(EKO) cell line and 76NF2V-EKO cell line. Empty-vector, FL-cycE and LMW-E doxycycline
inducible (tet-on) cells were established using the pLVX-TRE3G-C-EGFP vector®®, derived
from pLVX-TRE3G (Clontech Laboratories, Inc.). The constructs were co-transfected with
pCMV-deltaR8.9 and pMD2.G-VSVG plasmids into HEK-293T cells for packaging lentivirus.
The packaged lentivirus was then introduced into 76NEG-EKO or 76NF2V-EKO cell lines,
followed by selection of cells surviving puromycin (1ug/mL) containing media. After brief
induction (12 hours) with doxycycline (1ug/mL), EGFP high clones (top 10%) were sorted by
fluorescence-activated single cell sorting (FACS) into 96 well plates and expanded in
tetracycline free DCFI-1 media. Doxycycline induced expression of FL-cycE and LMW-E were
confirmed by FACS detecting LMW-E or FL-cycE fused EGFP (Figure 15), western blot
signals of LMW-E and FL-cycE in total cell lysates (Figure 16) and cyclin E associated kinase

activity using pRB as substrate (Figure 17).
Western blot analysis

For western blot analysis of protein expression, total cell lysates were prepared in ice-
cold lysis radio-immuno-precipitation assay buffer (RIPA) buffer [50mM Tris-HCI pH 7.6,
150mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% Sodium dodecyl! sulfate
(SDS) and mixed with fresh protease inhibitor cocktail] and placed on ice. After 15 minutes of
lysis, brief sonication was performed followed by centrifugation at 13000rpm at 4° C for 15
minutes. Protein concentration were measured by bicinchoninic acid (BCA) protein assay
(Bio-Rad protein assay kit #5000001). Samples were diluted to 1ug/pl in 1x loading buffer (50
mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA, 0.02 %
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bromophenol blue). For SDS-polyacrylamide gel electrophoresis (SDS-PAGE), each
well/sample is loaded of 40ug protein and run by electrophoresis. Samples on the SDS-PAGE
were then transferred to polyvinylidene fluoride (PVDF) membranes by wet-transfer (Bio-
Rad). The membranes were blocked in 5% bovine serum albumin (BSA) in tris-buffered saline
(20 mM Tris and 150 mM NaCl, pH 7.6) with 0.1% Tween 20 detergent (TBST) for 30 minutes,
followed by overnight incubation of primary antibody at 4° C. In this chapter, we used the
following primary antibodies: cyclin E (HE-12; Santa Cruz Biotechnology, SC-247, diluted
1:1000 in TBST containing 1% BSA) and Vinculin (Sigma, V9131, diluted 1:5000 in TBST
containing 1% BSA). Membranes were washed four times in TBST for 10 minutes each.
Horseradish peroxidase (HRP)-conjugated secondary antibodies (diluted 1:5000 in TBST)
incubation was performed for 1 hour at room temperature. The membranes were then washed
again four times in TBST for 10 minutes each, and subjected to brief treatment of enhanced
chemiluminescence (ECL) reagents (Pierce). The signals on the membranes were then
exposed to X-ray film. Densitometry of the signals was performed by using Imaged software,

the value for each signal band was normalized to the first visible band on the same gel.

Protein kinase assays

For FL-cycE and LMW-E kinase assays, 300ug of cell extracts was used per
immunoprecipitation with polyclonal antibody to cyclin E (generated in lab'?). The immuno-
precipitates were then incubated with kinase assay buffer containing 60 uM cold ATP, 5 uCi
of [32P]JATP and 1ug of GST-RB(Santa Cruz Biochemicals) in a final volume of 30 ul and
incubated at 37°C for 30 min. The products of the reaction were analyzed on 10% SDS-PAGE
gels that are exposed to X-ray film. Densitometry of the signals was performed by using
ImageJ software, the value for each signal band was normalized to the first visible band on

the same gel.
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Growth Curves and Cell Viability Assay

To measure cell proliferation, inducible 76NE6-EKO cell lines or 76NF2V-EKO cell
lines engineered to express empty-vector, FL-cycE and LMW-E upon doxycycline treatment
were plated in 96 well plate (1500 cells per well). After cell confluency reached 15%, which
usually take 24 hours incubation in DCFI-1 media supplemented with tetracycline-free FBS.
The cells were then treated with doxycycline in a dose titration manner (0 to 100ng/mL) for a
four-day experiment. Fresh media containing doxycycline or vehicle (DMSQO) was replaced
every 48 hours. Every 24 hours, cell confluency was determined using the Incucyte S3 Live-

Cell Analysis System.

Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay as previously reported®. Similar to cell proliferation assay,
for each of the inducible cell lines (76NE6-EKO-empty vector, FL-cycE or LMW-E, and
76NF2V-EKO-empty vector, FL-cycE or LMW-E), 1500 cells per well were plated on 96 well
plate. At the end of the 4-day experiment, MTT assay was performed by adding 2.5 mg/mL
MTT in serum-free media and culture for 4 hours at 37°C in dark. Then, the supernatant was
removed, and the MTT formazan precipitates were dissolved in by adding 100ul dimethyl
sulfoxide (DMSO) to each of the wells. After shaking the plates for 1 hour at room temperature
in dark on a horizontal shaker, the absorbance for each well was quantified using a

spectrophotometer (Victor3, Perkin-Elmer) for the absorbance at wavelength of 590 nm.

Cell cycle analysis and BrdU incorporation assay

Inducible 76NE6-EKO cell lines or 76NF2V-EKO cell lines, engineered to express FL-
cycE or LMW-E upon doxycycline treatment were plated in p100 tissue culture plates (10,000
- 15,000 cells per mL). After the cell confluency reached 15 to 30%, which usually take 24 to
48 hours culturing in DCFI-1 media supplemented with tetracycline-free FBS. The cells were

then treated with doxycycline (100ng/mL) for 12, 24, 36 or 48 hours before harvesting for cell

42



cycle analysis. 48 hours of DMSO treatment was used as uninduced (mock) control. Prior to
cell harvesting, the cells were pulse labeled with 50 uM bromodeoxyuridine (BrdU; Sigma-
Aldrich) for 30 minutes and then prepared as single-cell suspensions of 100,000 cells per mL
in PBS. The cells were fixed with ice-cold 95% ethanol overnight at 4°C, and then incubated
with Anti-BrdU antibody (1:1000; BD Biosciences 347580) overnight at 4°C, followed by
incubation in Alexa Fluor 660 (1:1000; EMD Millipore) for 2 hours at room temperature. DNA
staining is performed by staining with propidium iodide (Pl; Sigma-Aldrich) and RNase
treatment overnight. Cell cycle profiles were examined by Attune NxT Flow Cytometer and
the data analyzed was performed by FlowJo software (v. 10.5.3) with gating strategies

indicated in Figure 21 - 24.

Immunofluorescence staining
Immunofluorescence (IF) staining was performed based on general

immunofluorescence protocol provided by Abcam (https://www.abcam.com/protocols/

immunocytochemistry-immunofluorescence-protocol). In brief, cells were seeded into 6-well
plates containing glass cover slides in each well (15,000-25,000 cells per well). After the time
course induction of cyclin E isoforms described in main text (page 59), the cells were fixed by
incubating in 100% methanol (chilled at -20°C) for 15 min, and then permeabilized by
incubating with PBS containing either 0.2% Triton X-100 for 15 min. The slides with fixed cells
were blocked by incubating with 2.5% BSA, 22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween
20) for 2 hours at room temperature. The cells were then incubated overnight at 4°C with the
primary antibody against y-H2AX (Millipore, 05-636) and antibody against 53BP1 (Novus,
NB100-304) at 1:1000 dilution in BSA-PBST (PBS containing 0.1% Tween 20 and 2.5% BSA).
After being washed three times in PBST, the cells were treated with secondary goat anti-
mouse or goat anti-rabbit antibody (Alexa Fluor 594 or 660 EMD Millipore) diluted at 1:1000

and incubated at room temperature for 2 hours. Following washes with PBST for two times
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and PBS for two additional times, the slides were mounted with fluorescent mounting medium
with DAPI (Dako). The images were taken by Zeiss LSM880 Confocal (63X objective
magnification) and examined by Zeiss Zen software. Cells with five or more foci were

considered positive.
Comet assay

The alkaline comet assay (single cell gel electrophoresis) were performed by using
Comet Assay Kit (Enzo Life Science, ADI-900-166) according to manufacturer’s protocol. 1 x
10* cells were resuspended in melted agarose at 37 °C and spread on the slide. After 10
minutes incubation at 4 'C in dark, the slides were treated with prechilled Lysis Solution at 4 C
for 30 minutes, and then in Alkaline Solution (NaOH, pH>13) at 4 'C for 60 minutes. Alkaline
electrophoresis was performed at 300 mA for 30 minutes and Cygreen Dye (Enzo Life
Science) were used to stain the DNA. CometScore software were applied for data processing
and tail moment quantitation. (http://rexhoover.com/index.php?id=cometscore). Three

biological repeating experiments were performed and more than 100 cells were counted.

Metaphase spread analysis

Each inducible 76NEG-EKO cell lines (empty vector, FL-cycE or LMW-E) were plated
on p100 mm plates (10,000 - 15,000 cells per mL). Doxycycline was added to a final
concentration at 100ng/mL in the culture media to induce the expression of LMW-E, FL-cycE
or empty vector control. DMSO was used for un-induced (mock) controls. Culture media were
refreshed every other day. At 48 hours post induced expression of LMW-E, FL-cycE or empty
vector, the cells were treated with Colcemid (0.04 ug/mL) for 3 hours at 37 °C, followed by
treatment to 0.075M KCI for 15 minutes at room temperature. They were then fixed in mixture
of methanol and acetic acid (3:1 v/v) and washed three times in fixative. The slides were air-

dried, stained in 4% Giemsa and analyzed for chromosomal aberrations using a Nikon 80i
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microscope. The assessment of chromosomal aberrations was performed by Cytogenetics

and Cell Authentication Core Facility at MD Anderson.

2.4 Results

2.4.1 Generation of CCNE1 knock-out human mammary epithelial cell (hMEC) lines
76NE6 and 76NF2V cell lines were transfected with pX330-Cas9-CCNE1sgRNA
expression construct targeting CCNE1 gene exon5. 48 hours post transfection, the cells were
sorted into single cells and plated in each well of 96 well plates (one cell per well). Individual
colonies were expanded for screening. Genomic DNA was isolated and amplified by high
fidelity PCR, followed by Sanger sequencing of exon5 of CCNET locus at the targeted region.
Sequencing results showed that one of the clones harbor deletions at the targeted site, which
resulted in a frameshift mutation for the cyclin E protein (Figure 13A). Western blot using anti-
cyclin E antibody also confirmed the lack of endogenous cyclin E expression in the total cell

lysates (Figure 13B).

2.4.2 Generation of LMW-E and FL-cycE inducible hMECs

We next generated the inducible human mammary epithelial cell lines capable of
expressing the ectopic LMW-E or FL-cycE in a p53 deficient (76NEG6) and proficient (76NF2V)
background. To this end, we used the tetracycline regulatory system (tet-on) system (Figure
14) developed based on a transcription regulatory system (Tn10 tet operon) in gram-negative
bacteria for tetracycline resistance, and the key elements TetR protein that function as a dimer
to bind to the Tn10 tet operon'°. The binding between TetR protein dimer and Tn10 tet operon
inhibits the down-stream promoter activity and prevents gene transcription. Binding of
tetracycline or doxycycline leads to a conformation change in the TetR protein dimers,
subsequently releasing its binding with tet operon to drive the transcription of downstream
genes. The tet-on system developed for mammalian cells uses the fusion protein containing

a modified TetR (termed as reverse-TetR, or rTTA) and the herpes simplex virus VP16
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activation domain. Binding of tetracycline/doxycycline facilitates conformational switch of
rTTA, and promote gene transcription under the control of an engineered promoter
(tetracycline response element, or TRE) containing 7 tetO sequences fused to a minimal

TATA-box containing a eukaryotic promoter'®.

A
CCNE1 locus
O oon — h_ — | oI C
—_———"—_- ---_----_-_
' P&Vl 4 Ta rget
WT 5’ GATGACCCGGGTTTACCCARACTCAACGTGCAAGCCTCGGATT 37
KO GATGACCCGGGT———————————— AACGTGCAAGCCTCGGATT
B 76NE6 76NEG-EKO

-

Cyclin E

Vinculin | o —

Figure 13. Generation of CCNE1 knock-out human mammary epithelial cell (hMEC).
76NE6 hMECs were transfected with pX330-Cas9-CCNE1sgRNA targeting CCNE1 gene
locus exon 5 followed by clonal selection and expansion. The successful knock out of CCNE1
gene was confirmed by Sanger sequencing showing the deletion at the sgRNA targeted site

(A) and western blotting showing depletion of cyclin E expression in total cell lysates (B).

46



We generated the expression constructs for LMW-E, FL-cycE and empty-vector
controls by using the pLVX-TRE3G vector. The cells were maintained in tetracycline free
culture media to prevent leaky expression of LMW-E or FL-cycE. In the presence of
doxycycline, the rtTA specifically binds to TRE and subsequently facilitate the expression of

FL-cycE or LMW-E (Figure 14).

Doxycycline
%

Tet-On 3G Protein

= 0

v

/

Tet-On 3G Gene

LMW-E (or '.

FL- cycE)

Figure 14. Schematics of the tet-on system to express LMW-E or FL-cycE under the
control of doxycycline induction. Binding of doxycycline facilitates conformational switch
of Tet-on 3G protein (containing reverse-TetR, or rTTA), and promotes gene transcription
under the control of TRE-3G promoter (containing tetracycline response element or TRE).
This figure is edited from on-line schematics of the Tet-On-3G system:

https://www.takarabio.com/products/gene-function/tet-inducible-expression-systems.
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We used lentivirus to generate the stable cell lines for inducible FL-cycE and LMW-E
in 76NE6-EKO and 76NF2V-EKO background. The TRE constructs containing FL-cycE, or
LMW-E (or empty vector) were co-transfected with pCMV-deltaR8.9 and pMD2.G-VSVG
packaging vectors into HEK293T cells for lentivirus packaging. Lentivirus capable of
expressing TRE driven LMW-E or FL-cycE were harvested 96 hours post transfection. 76NE6-
EKO and 76NF2V-EKO cells were then transduced with the lentiviruses sequentially for two
passages to enhance efficiency. This was followed by selection of cells surviving puromycin
(1pg/mL) containing media. After one week of cell expanding, cell sorting was performed after
a brief doxycycline induction (12 hours, 1ug/mL) to select single clones that harbor the
transfected constructs. This was based on the doxycycline inducible fluorescent signal of
EGFP, which is fused to the C-terminus in frame with the inducible target proteins (FL-cycE
or LMW-E). EGFP high clones (top 10%) were sorted by FACS into 96 well plates and
expanded in tetracycline free DCFI-1 media. For each of the inducible cell lines, namely
76NEG6-EKO-FL-cycE, 76NE6-EKO-LMW-E, 76NF2V-EKO-FL-cycE, and 76NF2V-EKO-
LMW-E, we have cell strains derived from single clone capable of expressing EGFP in more

than 80% of the cell population when induced with doxycycline (Figure 15).

To examine the inducible expression of FL-cycE and LMW-E proteins, we treated the
inducible hMEC lines with 0 to 100 ng/mL doxycycline for 24 hours, followed by western blot
analysis for the expression of FL-cycE or LMW-E. When treated with vehicle alone (DMSO,
dox= 0 ng/mL), the expression of FL-cycE and LMW-E were not detectable in both inducible
76NE6-EKO lines and 76NF2V-EKO lines. When cultured with increasing concentration of
doxycycline, dose dependent expression of FL-cycE and LMW-E were detected. In inducible
76NE6-EKO background, 25 ng/mL doxycycline lead to 1 X (normalization reference of cyclin
E western blotting densitometry) and 5 X level in FL-cycE and LMW-E expression. When

treated with 50 ng/ml doxycycline, 5.5 X and 15.3 X level in FL-cycE and LMW-E were
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observed. Additionally, 100 ng/mL doxycycline treatment lead to 23X and 30X level in FL-
cycE and LMW-E respectively (Figure 16A). Similarly, in inducible 76F2V-EKO background,
25 ng/mL doxycycline lead to 1.0X (normalization reference) and 5 X level in FL-cycE and
LMW-E, 50 ng/mL doxycycline lead to 3 X and 8 X level in FL-cycE and LMW-E, while 100
ng/mL doxycycline lead to 7X and 9X level in FL-cycE and LMW-E, respectively (Figure 16B).
These results suggest the successful generation of doxycycline inducible FL-cycE and LMW-

E in 76NEG-EKO and 76NF2V-EKO cell lines (Figure 16).
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Figure 15. Expression of inducible FL-cycE and LMW-E in 76NE6-EKO and 76NF2V-
EKO cell lines analyzed by FACS. Induction of positive fluorescent signals of EGFP fused
to the C-terminus of FL-cycE or LMW-E proteins were detected by FACS in 7T6NEG-EKO (A)
and 76NF2V-EKO (B) cell lines, harboring doxycycline inducible (tet-On) FL-cycE or LMW-

E. The cells were treated with 100ng/mL doxycycline for 12 hours.
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Figure 16. Expression of inducible FL-cycE and LMW-E in 76NE6-EKO and 76NF2V-
EKO cell lines analyzed by western blot. Inducible 76NE6-EKO-FL-cycE or LMW-E cell
lines (panel A), as well as 76NF2V-FL-cycE or LMW-E cell lines (panel B) were treated with
0, 25, 50 or 100ng/ml doxycycline for 24 hours. Total cell lysates were subjected to western
blot analysis using cyclin E antibody to detect the expression of FL-cycE and LMW-E.

Vinculin was used as loading control.

To examine the inducible kinase activity of induced FL-cycE and LMW-E, we
performed in vitro kinase activity assay using GST-Rb as a substrate. Inducible 76NE6-EKO
FL-cycE and LMW-E cells were treated with 0, 1, 10, or 100ng/mL doxycycline. After 24 hour

of doxycycline (or vehicle DMSO) treatment, the cells were lysed for protein extraction. The
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co-immunoprecipitation(IP) was then performed by using a poly clonal cyclin E antibody as
bait to pull down FL-cycE or LMW-E™2. The bound proteins in the anti-cyclin E IP were
incubated with [*2P] ATP and pRB (GST-RB), followed by in vitro kinase assay to examine the
phosphorylation of RB protein. The results show that without doxycycline treatment, cyclin E
kinase activity was not detectable in inducible LMW-E or FL-cycE cells (Figure 17). Treatment
of doxycycline at 1,10, and 100ng/mL led to the increasing kinase activity in both FL-cycE or
LMW-E overexpressing cells at similar levels (Figure 17). Collectively, these results show the
successful establishment of inducible LMW-E and FL-cycE expression hMECs in endogenous

cyclin E knock out background as our model system for this study.
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Figure 17. In vitro cyclin E associated kinase assay following induction of FL-cycE
or LMW-E in inducible 76NE6-EKO cell lines. Without doxycycline treatment, cyclin E
kinase was not detected in either inducible 76NEG-EKO-FL-cycE or 76NE6-EKO-LMW-E
cell lines. Increasing kinase activities of FL-cycE or LMW-E were observed when the cells

were treated with 1, 10, or 100ng/mL doxycycline for 24 hours.
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2.4.3 Overexpression o FL-cycE but not LMW-E inhibited hMECs proliferation

We applied live cell imaging system to examine the effect of LMW-E and FL-cycE on
the proliferation of the inducible hMECs. In the uninduced setting (i.e. no doxycycline
treatment), we observed a similar growth pattern between 76NEG-EKO FL-cycE and 76NEG6-
EKO LMW-E cells, as well as between 76NF2V-EKO FL-cycE and 76NF2V-EKO LMW-E
cells. Seeding at 1500 cells per each well of 96 well plates, the uninduced or LMW-E induced
cells reached 80% confluency after 4 days in culture. However, induced FL-cycE
overexpression showed strong inhibitory effect on cell proliferation compared with the settings
of LMW-E or empty vector over-expression. Consistent results were obtained in both the
76NEG6-EKO (Figure 18A) or 76NF2V-EKO (Figure 18B) background. To quantify and
compare the effect of FL-cycE and LMW-E on cell proliferation, we calculated the cell doubling
times based on the growth curves obtained in Figure 18. The results suggest in 76NE6-EKO
cell lines, induced expression of FL-cycE with 25, 50 and 100 ng/mL doxycycline, respectively
leads to 20%, 40% and 70% increase of the doubling time (Figure 19A). Similarly, in the
76NF2V-EKO cell lines, induced expression of FL-cycE with 25, 50 and 100 ng/mL
doxycycline, respectively lead to 16%, 54% and 82% increase of the doubling time (Figure
19B). On the other hand, overexpression of empty vector or LMW-E in both 76NE6-EKO and
76NF2V-EKO background resulted in comparable doubling time as un-induced cells (Figure
20). These results suggest FL-cycE but not LMW-E inhibits the hMEC proliferation in both

76NEG6-EKO and 76NF2V-EKO background.

2.4.4 Overexpression o FL-cycE but not LMW-E inhibited hMECs viability

Next, we assessed cell viability by MTT assay using the same experimental strategies
as cell proliferation experiments. Following 4 days of culturing 76NE6-EKO and 76NF2V-EKO
cell lines with or without 25, 50 or 100ng/mL doxycycline, we subjected all cells to MTT assay

(see methods). The results for inducible FL-cycE or LMW-E cells were normalized to empty
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vector cells with the same treatment conditions and cellular background to calculate the

relative cell viability.
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Figure 18. FL-cycE but not LMW-E inhibited cell proliferation in inducible 76NE6-EKO
and 76NF2V-EKO cells. Inducible 76NE6-EKO (panel A) and 76NF2V-EKO (panel B) cells
were treated with doxycycline at indicated concentration and the cell confluency was
monitored by live cell imaging system (incucyte) for a time span of four days. The growth
curves show overexpression of FL-cycE, but not LMW-E (or empty vector), down-regulated

the cell proliferation of inducible 76NEG-EKO (panel A) and 76NF2V-EKO (panel B) cell

lines.
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By comparing the viability between induced and uninduced cells, we found that FL-
cycE but not LMW-E induction significantly inhibited cell viability in a doxycycline dose
dependent manner in both 76NE6-EO and 76NF2V-EKO cells. Overexpression of FL-cycE,
treated with 25, 50, and 100 ng/mL doxycycline, respectively led to 30%, 60% and 80%
decrease of cell viability in 7T6NE6-EKO background and 20%, 60% and 80% decrease of cell
viability in 76NF2V-EKO background (Figure 20).No significant inhibitory effect of LMW-E on
cell viability in either 76NE6-EKO or 76NF2V-EKO cell lines was observed. Additionally,
treatment with 50ng/mL doxycycline increased the viability of LMW-E overexpressing cells by
1.35-fold and 1.25-fold of the uninduced 76NE6-EKO and 76NF2V-EKO cells, respectively
(Figure 20). These results reveal the distinct effect between FL-cycE and LMW-E when
overexpressed in mammary epithelial cells, that FL-cycE but not LMW-E inhibited cell

proliferation and cell viability (Figures 17-19).

2.4.5 Overexpression of FL-cycE but not LMW-E led to S phase cell cycle arrest

Based on the observation that FL-cycE but not LMW-E inhibited the proliferation and
viability of 76NE6-EKO and 76NF2V-EKO cell lines, we next hypothesized that FL-cycE and
LMW-E may differentially regulate the cell cycle distribution of the cells. Initially, we examined
the cell cycle distribution based on the DNA content of the cells. 7T6NE6-EKO and 76NF2V-
EKO cell lines were induced to express FL-cycE or LMW-E (100ng/mL doxycycline treatment)
for 0-48 hours. To compare the effect of FL-cycE and LMW-E on cell cycle distribution in a
time course manner, doxycycline was added into the media 12, 24, 36 and 48 hours prior to
cell harvesting. For each time point, the cells were collected, fixed and stained with propidium
iodide (PI). The cell cycle phases were determined based on DNA content: cells that have 2n
DNA content are gated as GO/G1, 4n DNA content are gated as G2/M and between 2n and

4n are gated as S phase.
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Figure 19. FL-cycE but not LMW-E increased the doubling time of inducible 76NE6-EKO
and 76NF2V-EKO cells. The doubling times of inducible 76NE6-EKO (panel A) and 76NF2V-
EKO(panel B) cells were calculated based on cell confluency mask from live cell imaging
(Incucyte). The cells were treated with 25, 50, or 100ng/mL doxycycline to induce the
overexpression of LMW-E, FL-cycE, or empty vector. DMSO (doxycycline Ong/mL) was used
as the control. The results suggest FL-cycE increased doubling time of inducible 76NE6-EKO
(panel A) and 76NF2V-EKO(panel B) cells in a dose dependent manner. (n = 4, mean with

standard deviation, *p < 0.05, ***p < 0.001, and ****p < 0.0001, Student t test)
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Figure 20. FL-cycE but not LMW-E reduced viability of inducible 76NE6-EKO and
76NF2V-EKO cells. Cell viability was examined by MTT assay after 4 days culture of inducible
76NEG-EKO (panel A) and 76NF2V-EKO (panel B) cell lines with or without 25, 50 or
100ng/mL doxycycline. The reading absorbance at 590 nm wavelength in inducible FL-cycE
and LMW-E groups were normalized to empty vector groups of the same treatment conditions
to calculate the % of cell viability. The results showed significantly lower cell viability of
inducible 76NEG-EKO(panel A) or 76NF2V-EKO(panel B) cells when FL-cycE was induced
by 50 or 100ng/ml doxycycline treatment, compared to the condition of LMW-E induction by

50 or 100ng/ml doxycycline treatment. ***p < 0.001, student ¢ test.

The result showed that after 12 hours induced expression of FL-cycE, the ratio of cells
in GO/G1 dropped from 59.9% to 36.4%, and the ratio cells in S increase from 17.7% to 41.1%

(Figure 21 bottom panels). LMW-E overexpression for 12 hours similarly decreased the ratio
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of GO/G1 phase cells from 64.7% to 40.1, while increased the ratio of S phase cells from
17.8% to 41.4% (Figure 22 bottom panels). Similar results were observed in the FL-cycE and
LMW-E inducible 76NF2V-EKO cells, were an increased ratio of S/G1 phase was observed
following 12 or 24 hours of induction (Figure 23 and 24 bottom panels). These results suggest
FL-cycE and LMW-E, when overexpressed for 12 or 24 hours, similarly drive the cell cycle
progression from G0/G1 to S phase. In later time points, particularly 48 hours post induction
for both FL-cycE or LMW-E, we find accumulation of cells at G2/M phase, suggesting FL-cycE

and LMW-E overexpression may activate G2/M checkpoint of the cell cycle (Figure 21 - 24).

To more specifically interrogate the effect of FL-cycE and LMW-E on S phase
changes, we used BrdU incorporation to measure DNA synthesis. We combined the activity
of DNA replication (BrdU signal) with DNA content (PI staining signal) to stratify cell cycle
distributions. To this end, we used the following gating parameters: “DNA content=2n, BrdU
incorporation low” to gate the G0O/G1 phase, “DNA content=2n; BrdU incorporation high” to
gate early S phase, “2n<DNA content<4n; BrdU incorporation high” to gate middle S phase,
“DNA content=4n; BrdU incorporation high” to gate late S phase and “DNA content=4n; BrdU
incorporation low” to gate G2/M phase (Figure 21 - 24). The results show dramatic differences
in cell cycle distribution between FL-cycE and LMW-E overexpressing cells, starting from 24
hours post treatment of doxycycline (Figure 25). Although both FL-cycE and LMW-E can
increase the ratio of cells undergoing DNA replication (DNA content between 2n and 4n,
measured by Pl staining), the DNA replicating activity (measured by BrdU incorporation) was
inhibited by FL-cycE but not LMW-E. We gated the “2n<DNA content<4n, BrdU incorporation
low” cells as rested S phase (RS) and compared its ratio between each time points (Figure

25).
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Figure 21. Cell cycle analysis for inducible 76NE6-EKO cells overexpressed with FL-
cycE in a time course manner. Inducible 76NEG-EKO-FL-cycE cells were treated with
100ng/mL doxycycline for 12 to 48 hours followed by cell cycle analysis by PI staining and

BrdU incorporation. Vehicle (DMSO) treated cells were used as mock control (uninduced).

58



T T T T
3 g g g
2557 ¥-5S

Figure 22. Cell

T T T T
° H H g g
B H g g

H-210 5 H-2

cycle analysis for

200k o

T
LM

<
< =
& :
5 .
o e
T S
R ] g & - = & % % & °
¥-D55 1 ¥-D5S H-219 2 H-219

=
< « .
0 2 =]

I53) e
% =
o Fe
T T T T T T °

E oz ¥ 2 8 °
¥-D85 T ¥-D88 H-219 5 H-2719

L =
! &=

4 «

o |F 2 -
o |N 5 .
= S [z

[v] ¢ :

=} .

— D R o
H g g g H ° 3 H H = z =
¥-D88 T ¥-D8S H-219 = H-279
=
« .
= g rs
o~ iy
— < .
¢ 55
T T T T T T °
a g g % ¥ =
-85 1 ¢-D88 H-219 7 H-279
=
X % 5
[v] 2 [
2 5 -
= :

T
0

BLZ-A = BL2-A

BL2-A : BLZ-A

BLZ-A 2 BL2-A

BL2-A : BL2-A

BLZ-A = BL2-A

172

»
4
z
H

5 @
i 5
4s
Z= x
a c 2
YR
25
= o
T T T T

wnos

DNA>dn
251
—_—
T T
s00k  Lom

=2n

ONA;
39.9

T
npig
W-ETd T Y-ET

600 = DNA<2n
076 n:
—
HRR

400+
200

wnos

1om

00K

DNA=2n
395

H

T re T T T T°
npig
V€T V-ET wnod,

oM

300K

DNA=2n
401

500 =f
400 =
200

npig
M-ETH 1 Y-ETY wno>3
z z
o
i %
EE Lz
3 H

W-ETY T Y-ETY

wno3

inducible 76NE6-EKO cells overexpressed with

LMW-E in a time course manner. Inducible 76 NEG-EKO-LMW-E cells were treated with

100ng/mL doxycycline for 12 to 48 hours followed by cell cycle analysis by PI staining and

BrdU incorporation. Vehicle (DMSO) treated cells were used as mock control (uninduced).
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Figure 23. Cell cycle analysis for inducible 76NF2V-EKO cells overexpressed with FL-
cycE in a time course manner. Inducible 76NF2V-EKO-FL-cycE cells were treated with
100ng/mL doxycycline for 12 to 48 hours followed by cell cycle analysis by Pl staining and

BrdU incorporation. DMSO treated cells were used as mock control (uninduced).
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Figure 24. Cell cycle analysis for inducible 76NF2V-EKO cells overexpressed with

LMW-E in a time course manner. Inducible 76NF2V-EKO-LMW-E cells were treated with

100ng/mL doxycycline for 12 to 48 hours followed by cell cycle analysis by Pl staining and

BrdU incorporation. DMSO treated cells were used as mock control (uninduced).
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Figure 25. Quantitation of ratio of cells in different cell cycle phases in the inducible
76NE6-EKO and 76NF2V-EKO cell lines. We used “DNA content=2n, BrdU incorporation
low” for the gating of GO/G1 phase, “DNA content=2n; BrdU incorporation high” for early S
phase, “2n<DNA content<4n; BrdU incorporation high” for middle S phase, “DNA content=4n;
BrdU incorporation high” for late S phase, “DNA content=4n; BrdU incorporation low” for G2/M
phase, and 2n<DNA content<4n; BrdU incorporation low” for rested S phase (RS). The results
showed FL-cycE led to 20% cells arrested in S phase (RS gating, red colored bars) after 24
hours overexpression in 76NE6-EKO cells (panel A) and 48 hours overexpression in 76NF2V-
EKO cells (panel B), while LMW-E overexpression led to no more than 5% cells arrested in S

phase in either 7T6NEG6-EKO (panel C) or 76NF2V-EKO (panel D) background.
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These data revealed that without induced overexpression of FL-cycE or LMW-E, the
cells within RS gating remain low (less than 4 %), in both 7T6NE6-EKO and 76NF2V-EKO.
Induction of FL-cycE led to an increase of cells in the RS group to 20% in 76NE6-EKO (starting
from 24 hours) and 76NF2V-EKO (starting from 48 hours) cells. On the other hand, the ratio
of RS cells only slightly increased (to around 5%) in LMW-E overexpressing 76NE6-EKO and

76NF2V-EKO cells at any of the time points examined.

Collectively, our results suggest that while FL-cycE and LMW-E both drive cell cycle
progression from GO0/G1 to S phase, 20% of the cells in S phase were arrested by the

overexpression of FL-cycE but not LMW-E.

2.4.6 Overexpression of FL-cycE but not LMW-E led to DNA damage accumulation
Previous studies suggest that induction of DNA damage may cause the cells to arrest
at S phase'. To interrogate if FL-cycE and LMW-E have different abilities to induce DNA
damage, we quantitated DNA lesions in cells by immunofluorescent (IF) assay using the DNA
damage markers y-H2AX and 53BP1. For these experiments, cells were induced to express
FL-cycE or LMW-E by 100ng/mL doxycycline for 0-48 hours, followed by IF assays. We
compared the ratio of y-H2AX positive cells (nuclear foci>5) and 53BP1 positive cells (nuclear
foci>5) between each time point in the inducible 76NE6-EKO FL-cycE or LMW-E cells (Figure
26). The results suggest that compared to un-induced cells (48 hours vehicle treatment), 12
hours of induction of FL-cycE or LMW-E both led to 3-fold increase of the ratio of y-H2AX
positive cells. For 53BP1 positive cells, the fold change was 4.3-fold for FL-cycE and 2.5-fold
for LMW-E (Figure 26B). Comparing the 24 hour time point with 12 hour time point, we found
that FL-cycE overexpressing led to 4.2-fold increase of y-H2AX positive cells and 3.8 fold
increase of 53BP1 positive cells. LMW-E overexpressing increased 2.5 fold of y-H2AX positive
cells and 3.1 fold of 53BP1 positive cells between 24 hours induction versus 12 hours

induction (Figure 26B). These results suggest both FL-cycE and LMW-E promote DNA
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damage in an inducible manner, while higher DNA damage intensity was observed in FL-cycE

overexpressing cells compared with LMW-E overexpressing cells.

The accumulation of DNA damage by FL-cycE but not LMW-E were more clearly
shown in later time points. At 36 hours post induction, FL-cycE overexpression caused 66%
of total cells to be y-H2AX positive, and 65% to be 53BP1 positive. At 48 hours post induction
of FL-cycE, 76% of total cells were positive for y-H2AX positive, and 77% for 53BP1 positive.
LMW-E overexpression for 48 hours remained at similar levels to the 36-hour time point,

showing 38% or 36% of total cells were y-H2AX or 53BP1 positive respectively (Figure 26B).

Consistent results were observed in the 76NF2V background, where 36 hours of FL-
cycE overexpressing increased the ratio of y-H2AX positive cells to 49% and 53BP1 positive
cells to 48%, and 48 hours of FL-cycE overexpressing increased the ratio of y-H2AX positive
cells to 57% and 53BP1 positive cells to 72%. In LMW-E overexpressing cells the ratio of y-
H2AX positive cells and 53BP1 positive cells were between 25% to 35% in the 36 hours and
48 hours induction groups, which is significantly less than FL-cycE overexpressing cells
(Figure 27A and 27B). Consistent results were also obtained by measuring DNA breaks in
individual cells using the comet assay. We compared the 76NE6-EKO cells with or without 48
hours overexpression of FL-cycE or LMW-E induced by 100ng/ml doxycycline. Our data
suggested that DNA damage indexed by the migration and the fraction of total DNA in the
comet tail (termed tail moment) in 76NEG-EKO cells with FL-cycE overexpression was 7.1-
fold higher than in un-induced cells, and was 3.0-fold higher than in LMW-E—overexpressing

cells (Figure 28).

These results suggest that both FL-cycE and LMW-E can induce DNA damage in
76NEG6-EKO or 76NF2V-EKO background. However, the DNA damage accumulation was
more significantly when FL-cycE was induced, compared with LMW-E overexpression
settings.
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Figure 26. Time course analysis of DNA damage markers y-H2AX and 53BP1 foci in the
inducible 76NE6-EKO cell lines. Doxycycline (100 ng/mL) was used to induce FL-cycE or
LMW-E, and un-induced control (Dox 0 hours) was treated with DMSO for 48 hours. A.
Representative images of immunofluorescent y-H2AX and 53BP1 foci in inducible 76NE6-
EKO cells overexpressed with FL-cycE or LMW-E in a time course manner (scale bar = 10
pum). B and C. quantification of y-H2AX-positive (panel B, nuclear foci > 5) and 53BP1-positive
cells (panel C, nuclear foci > 5; n = 3, cell number > 600, mean with standard deviation, **p <

0.01, ***p < 0.001, and ****p < 0.0001, n.s. indicates not significant, student t test.)
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Figure 27. Time course analysis of DNA damage markers y-H2AX and 53BP1 foci in the
inducible 76NF2V-EKO cell lines. Doxycycline (100 ng/mL) was used to induce
overexpression of FL-cycE or LMW-E, and un-induced control (Dox 0 hours) was treated with
DMSO for 48 hours. A. Representative images of immunofluorescent analysis of y-H2AX and
53BP1 foci in inducible 76NF2V-EKO cells overexpressed with FL-cycE or LMW-E in a time
course manner (scale bar = 10 uym). B and C. quantification of y-H2AX-positive cells (panel
B, nuclear foci > 5) and 53BP1-positive cells (panel C, nuclear foci > 5) at the indicated time

points (n = 3, cell number > 600, mean with standard deviation, student ¢ test.)
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Figure 28. Confirmation of FL-cycE induced higher DNA damage than LMW-E by comet

assay. Comet assay was performed to measure DNA breaks in 76NE6-EKO cells after 48

hours of doxycycline treatment to induce overexpression of LMW-E or FL-cycE (panel A, scale

bar = 100 uym), and the intensity of DNA damage was quantified by tail moment (panel B, cell

number > 100, n = 3, mean with standard deviation, ****p < 0.0001; n.s. indicates not

significant; Student t test.)
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2.4.7 Overexpression of LMW-E induced genomic instability in hMECs

Next, we tested the hypothesis that LMW-E overexpression drives genomic instability
in hMECs. To this end we examined chromosomal damage mediated by either FL-cycE or
LMW-E by evaluating the changes in the metaphase chromosomes. The metaphase spread
assays were performed at the Molecular Cytogenetics Facility at M.D. Anderson Cancer
Center. The results showed doxycycline-induced expression of LMW-E and FL-cycE can both
induce significant chromosomal structural aberrations in 76NE6-EKO cells (Figure 29A, B).
However, more than 2-fold of chromosomal breaks were observed in FL-cycE overexpressing
cells (1.94 breaks per metaphase), compared with LMW-E overexpressing cells (0.9 breaks
per metaphase; Figure 29C). Chromosome fusions in LMW-E overexpressing cells (0.26 per

metaphase) were 1.5-fold of FL-cycE overexpressing cells (0.17 per metaphase; Figure 29D).

In addition, we found LMW-E overexpressing caused abnormal nuclear phenotypes in
the inducible hMECs. We induced expression of LMW-E or FL-cycE for 36 hours and analyzed
the ratio of cells showing abnormal nuclear phenotypes, such as micro-nuclear and multi-
nuclear. For each of the conditions, we examined more than 750 cells and concluded that
LMW-E overexpression lead to 3.5-fold increase of cells with micro-nuclear and 8.4-fold

increase of multi-nuclear cells (Figure 30).

These results collectively suggest that overexpression of FL-cycE and LMW-E both
induced DNA damage and chromosomal abnormalities in hMECs. However, FL-cycE
overexpression cells lead to S phase cell cycle arrest with inhibited DNA replication, while
LMW-E overexpressing cells continue proliferating with damaged DNA, leading to

accumulated genomic instability.
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Figure 29. Chromosome structural aberrations were induced after overexpression of

FL-cycE or LMW-E in hMECs. A. Representative images of chromosomal structural

aberrations found in 76NEG-EKO cells after 48 hours of treatment with doxycycline to induce

overexpression of empty-vector, FL-cycE or LMW-E. B-D. Quantification of chromosomal

aberration

frequency(B),

chromosomal

break

frequency(C),

chromosomal

fusion

frequency(D) in inducible 76NE6-EKO cells under the indicated expression conditions (n = 2,

metaphases examined per condition = 35).
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Figure 30. LMW-E overexpression induced abnormal nuclear phenotypes in hMECs.
Abnormal nuclear phenotypes (including micro-nuclear and multinuclear) were observed after
36 hours of induced expression of LMW-E in inducible 76NE6-EKO cells. A. Representative
images of nuclear abnormalities found in 76NE6-EKO cells after 36 hours of treatment with
doxycycline to induce FL-cycE or LMW-E overexpression and B. quantification of the ratio of
cells containing micronuclear (arrow-head) and/or multinuclear (star) abnormalities in
inducible 76NE6-EKO cells under the indicated expression conditions (n = 3, cell number >

750, mean with standard deviation, ***p < 0.001, Student ¢ test.)
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2.5 Conclusion

In this chapter, we show the generation of the in vitro model system containing
doxycycline inducible system to express FL-cycE (aa1-410) or LMW-E (aa40-410)
(schematics shown in Figure 5) in cyclin E knock-out 76NE6 (p53 deficient) and 76NF2V (p53
proficient) background. By comparing the effect of LMW-E and FL-cycE on cell proliferation,
cell viability, cell cycle distribution, we find overexpression of FL-cycE in both 76NEG-EKO
and 76NF2V-EKO background inhibit cell growth, reduce DNA replication in S phase, induce
S phase cell cycle arrest and reduce cell viability. Both FL-cycE and LMW-E can also induce
DNA damage in the 76NEG-EKO or 76NF2V-EKO at early time points. However, the DNA
damage accumulate over time in cells overexpressed with FL-cycE but not LMW-E. LMW-E
overexpressing cells, which can proliferate with damaged DNA, harbor elevated aberrant
chromosomal structures and enhanced nuclear abnormalities including micro-nuclear and
multi-nuclear phenotypes. These results support our hypothesis that LMW-E overexpression
promotes genomic instability in human mammary epithelial cells independent of endogenous
FL-cycE. LMW-E and FL-cycE overexpression result in different effects on cell growth and

viability, featured by distinct S phase DNA replication activity and DNA damage.
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Chapter Three: Common and specific transcriptional

signatures induced by LMW-E and FL-cycE in hMECs

3.1 Introduction

In Chapter two, we present data on the generation of the cellular model in cyclin E
knock-out background that capable to express empty vector, FL-cycE, or LMW-E when
treated with doxycycline. By comparing the effect of LMW-E and FL-cycE, we find the
phenotypes such as cell proliferation, cell viability, and cell cycle distributions are differentially

regulated by the overexpression of FL-cycE or LMW-E.

Previous studies from our laboratory have revealed different biochemical features of
LMW-E and FL-cycE. Compared to FL-cycE, LMW-E hyper-activates CDK2 and the LMW-E-
CDK2 protein kinase is resistant to p21 and p27 inhibition®. Additionally, LMW-E is less
susceptible than FL-CycE to FBW7 mediated ubiquitination and degradation, and may
activate CDK2 throughout the cell cycle®”. These features might lead to a unique regulatory
pattern downstream of LMW-E overexpression, which can be interrogated by comparing the

transcriptional profiles between the cells with or without LMW-E induction (Figure 31).

Additionally, comparing the pathways altered by LMW-E and FL-cycE, we seek to
know why the S phase DNA replication and DNA damage are differentially regulated by LMW-
E and FL-cycE, as we reported in Chapter two. This is important to determine essential down-
stream factors that facilitate LMW-E overexpressing cells to proliferate with damaged DNA,
and determine how the cells survive with aberrant chromosomal structures and enhanced
nuclear abnormalities. Moreover, other pathways differentially regulated by LMW-E and FL-
cycE, and/or those potentially fueling cancer development, may also provide druggable

targets for the treatment of LMW-E overexpressing breast cancers.
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3.2 Schematics of model system
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Figure 31. Schematics of experimental models to compare the effect of LMW-E versus
FL-cycE on transcriptional profiles of hMECs. Inducible 76NEG-EKO cells treated for 36
hours in the presence or absence of doxycycline to induce the expression of empty-vector,
FL-cycE or LMW-E. RNA-sequencing is performed to determine the differentially expressed
genes (DEGs) between induced and un-induced cells, followed by gene-set enrichment

analysis (GSEA), based on which the effect of LMW-E versus FL-cycE were also compared.
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3.3 Materials and methods

Total RNA for RNA-sequencing were extracted from inducible 76NE6-EKO treated
with 36 hours with 100ng/mL doxycycline to induce the expression of FL-cycE or LMW-E,
empty vector cells, not harboring any transgenes, were used as negative controls. Cells
cultured in the absence of doxycycline (DMSO, 36hours) were used as reference control.
RNA extraction was performed by using RNeasy Kit (Qiagen, Cat. No.: 74004) according to
manufacturer’s protocol and quality control was performed by agarose gel electrophoresis
both in lab and at Novogene before library preparation. Library construction was performed

by Novogene (htips://en.novogene.com/landing-page/amea-rnaseq/). Briefly, mRNA from the

total RNA was purified using poly-T oligo-attached magnetic beads. The mRNA was first
fragmented randomly by addition of fragmentation buffer. Then, the first strand cDNA was
synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-).
Second strand cDNA synthesis was subsequently performed using DNA Polymerase | and
RNase H. Double-stranded cDNA was purified using AMPure XP beads. Remaining
overhangs of the purified double-stranded cDNA were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of 3' ends of DNA fragments, NEBNext
Adaptor with hairpin loop structure was ligated to prepare for hybridization. In order to select
cDNA fragments of preferentially 150~200 bp in length, the library fragments were purified
with AMPure XP system (Beckman Coulter). Finally, the PCR amplification and purification of
PCR products by AMPure XP beads was performed to generate the libraries, which were then

fed into illumina machines for RNA sequencing.

Raw data in FASTQ format were obtained from Novogene and then analyzed by The
University of Texas MD Anderson Cancer Center Biostatistics Department. In brief, the
dataset was initially filtered using counts-per-million (CPM) > 0.5 to remove the lowest

expressed genes. We took log2 to generate the RNAseq count data from N=15960 highly
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expressed genes. Trimmed Mean of the M-values (TMM) normalization was then performed
to eliminate composition biases among the sample groups'*. Following the voom
transformation on normalized logCPM, we performed Limma liner model to compare the gene
expression changes between LMW-E, and FL-cycE samples that were cultured in the

presence versus absence of doxycycline'®

. We used the cut-off p-values at 0.05 for statistical
significance and the p-value were adjusted by Benjamini-Hochberg Procedure’®. Based on
the t-statistic and adjusted p-value, the gene set enrichment analysis (GSEA) were then

performed by using the following R-package:

https://bioconductor.org/packages/devel/bioc/manuals/fgsea/man/fgsea.pdf

3.4 Results

3.4.1 Differentially expressed genes induced by FL-cycE or LMW-E in hMECs

The gene expression in inducible 76NE6-EKO hMECs with or without doxycycline
(100ng/mL, 36 hours) treatment were estimated by the abundance of transcripts (count of
sequencing) that mapped to the human genome. The results revealed that within the 15960
genes successfully mapped to human genome, 207 genes were significantly up-regulated,
and 132 genes were down regulated by FL-cycE. In inducible LMW-E cells, 1248 genes were
up-regulated, and 1039 genes were down regulated by the overexpression of LMW-E. These
results suggest LMW-E overexpression, compared with FL-cycE, resulted in more abundant

transcriptional changes in inducible 76NE6G-EKO cells.

Next, we aim to compare the differentially expressed genes induced by LMW-E
overexpression or FL-cycE overexpression (Table 2 and Figure 32), which may explain why
overexpression of LMW-E and FL-cycE lead to different phenotypes in inducible hMECs. From
the list of most variable genes we have observed that CCNE1 (the gene that encode Cyclin

E) was the most differentially altered (and up-regulated) gene in both doxycycline treated
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inducible 76NE6-EKO FL-cycE and 76NE6-EKO LMW-E cell lines, suggesting the successful
induced expression of FL-cycE or LMW-E. Interestingly, for the rest of top ranked variable
genes found in LMW-E overexpression cells compared to un-induced cells, we did not observe
noticeable changes between FL-cycE dox+ and FL-cycE dox- cells (adjusted p < 0.05 and
log2 fold change >1or <-1). The names for these genes are listed in Table 2, and the LogFC,
p-value and adjusted p-values from the comparison between LMW-E dox + versus LMW-E

dox-, and FL-cycE dox+ versus FL-cycE dox- are also specified (Table 2).

To investigate if the products (proteins) of these genes may contribute to the different
phenotypes observed between LMW-E and FL-cycE overexpressing cells. Such phenotypes
were characterized in Chapter 2, showing that FL-cycE but not LMW-E inhibits S-phase DNA
replication, enhances DNA damage accumulation, and reduces cell viability. We performed a
preliminary search for the functions and biological features of their encoding proteins in

database (https://www.uniprot.org, Table 3). The results show the top two genes (except

CCNET1) upregulated by LMW-E, C170rf53 and RAD51, are encoding DNA binding-proteins
involved in DNA damage repair. Further literature studies reveal both of them are required for

the cell survival under replication stress®-115:137:138

, suggesting they may contribute to and are
required for the cell survival under cyclin E induced replication stress. This hypothesis will be
experimentally tested in Chapter 5. Additionally, we found the majority of the genes in the list
are involved in DNA replication, such as pre-replication complex components CDC6, CDT1,
MCM5 and MCM?7, DNA replication initiator GINS71, chromatin assembly regulator ASF1B,
CHAF1A, CENPW, and NCAPH. We also found transcription factor E2F1 and E2F2 which drive
the expression of DNA replication genes, and TIMELESS which is also involved in DNA
replication, DNA damage repair and circadian clock. In chapter 4 of this study, we will examine

the role of pre-replication complex, with a focus on CDC6, in LMW-E and FL-cycE

overexpressing cells. Spindle assembly and G2/M checkpoints may also be regulated by
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(Table 3).
Gone LMW-E dox + versus LMW-E dox - | FL-cycE dox + versus FL-cycE dox -
Name logFC P.Value | adj.P.Val | logFC P.Value adj.P.Val
CCNE1 3.12 3.27E-20 | 5.22E-16 242 2.43E-19 3.88E-15
C170rf53 2.33 4.63E-12 | 4.10E-09 0.46 0.0003353 0.02504753
RAD51 2.19 1.15E-12 1.53E-09 0.33 | 0.00216223 0.07607565
CDC6 1.92 1.95E-14 1.55E-10 -0.16 0.1038252 0.4709405
PKMYT1 1.90 5.55E-14 | 2.21E-10 0.19 | 0.03827059 0.3127141
SHCBP1 1.85 5.49E-13 | 8.76E-10 0.49 2.54E-05 0.00405604
MCM5 1.68 3.95E-12 | 3.71E-09 -0.36 | 0.00083335 0.04318069
ASF1B 1.68 428E-13 | 7.58E-10 0.21 0.0156161 0.2078187
CDT1 1.65 4.86E-14 | 2.21E-10 0.00 0.9700753 0.9920012
E2F1 1.65 2.54E-12 | 2.70E-09 -0.06 0.4427765 0.8003956
CHAF1A 1.64 2.21E-12 | 2.52E-09 0.02 0.8489793 0.9649489
CENPW 1.64 5.27E-12 | 4.43E-09 0.62 2.39E-07 0.00024064
GINS1 1.57 3.89E-13 | 7.58E-10 0.12 0.1069682 0.4758116
NCAPH 1.53 1.04E-12 1.51E-09 0.12 0.2041425 0.6030194
E2F2 1.53 3.25E-12 | 3.24E-09 0.56 6.57E-06 0.00160121
MCM7 1.46 3.61E-13 | 7.58E-10 0.02 0.8076163 0.9521019
CKS1B 1.42 7.18E-14 | 2.29E-10 0.31 | 0.00047106 0.03068639
TIMELESS 1.22 2.21E-12 | 2.52E-09 0.21 | 0.00716547 0.14318211
CcDC20 1.10 4.04E-13 | 7.58E-10 0.31 | 0.00011077 0.01219204

LMW-E, suggested by the function of SHCBP1, CENPW and PKMYT1 shown in the list

Table 2. Summary of the top ranked variable genes between LMW-E dox + versus dox
— in inducible 76NE6-EKO cells. For each of the genes, the logFC of expression, p-value,
and adjusted p-value (adj.P val) by comparing LMW-E dox + versus LMW-E dox - as well as

FL-cycE dox + versus FL-cycE dox - are listed.
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Gene Name Protein Name | Function suggested by Uniprot Potential
database therapeutic
agents

C170rf53 Homologous DNA-binding protein involved in
recombination | homologous recombination that acts by
OB-fold protein | recruiting the MCM8-MCM9 helicase

complex to sites of DNA damage to
promote DNA repair synthesis.

RADS51 DNA repair DNA-binding protein involved in homology | RADS1 inhibitor
protein RAD51 | search and homologous strand exchange. | CYT-0851, B02
homolog Exhibits DNA-dependent ATPase activity.

CDC6 Cell division DNA-binding protein involved in the
control protein | initiation of DNA replication. Participates
6 homolog in checkpoint controls.

PKMYT1 Membrane- Negative regulator of entry into mitosis PKMYT1
associated (G2 to M transition). Mediates inhibitor RP-
tyrosine- and phosphorylation of CDK1 predominantly 6306
threonine- on 'Thr-14". Also involved in Golgi
specific cdc2- fragmentation.
inhibitory
kinase

SHCBP1 Testicular In association with HSPA2, participates in
spindle- the maintenance of spindle integrity during
associated meiosis in male germ cells.
protein
SHCBP1L

MCM5 DNA Component of the MCM2-7 complex
replication (MCMs), the putative replicative helicase
licensing factor | essential DNA replication initiation and
MCM5 elongation in eukaryotic cells.

ASF1B Histone Cooperates with chromatin assembly
chaperone factor 1 (CAF-1) to promote replication-

ASF1B dependent chromatin assembly.

CDT1 DNA DNA replication licensing factor,
replication cooperates with CDC6 and the origin
factor Cdt1 recognition complex (ORC) during G1

phase of the cell cycle to promote the
loading of the mini-chromosome
maintenance (MCM) complex onto DNA to
generate pre-replication complexes (pre-
RC).

E2F1 Transcription Transcription activator that binds the
factor E2F1 promoter region of a number of genes

whose products are involved in cell cycle
regulation or in DNA replication.

CHAF1A Chromatin Core component of the CAF-1 complex, a
assembly complex that is thought to mediate
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factor 1 subunit
A

chromatin assembly in DNA replication
and DNA repair.

confer substrate specificity upon the
complex. Is regulated by MAD2L1: in
metaphase the MAD2L1-CDC20-APC/C
ternary complex is inactive and in
anaphase the CDC20-APC/C binary
complex is active.

CENPW Centromere Component of the CENPA-NAC

protein W (nucleosome-associated) complex, a
complex that plays a central role in
assembly of kinetochore proteins, mitotic
progression and chromosome segregation

GINS1 DNA Component of the GINS complex, plays
replication an essential role in the initiation of DNA
complex GINS | replication, and progression of DNA
protein PSF1 replication forks.

NCAPH Condensin Regulatory subunit of the condensin
complex complex, a complex required for
subunit 2 conversion of interphase chromatin into

mitotic-like condense chromosomes.

E2F2 Transcription Transcription activator that binds the
factor E2F2 promoter region of a number of genes

whose products are involved in cell cycle
regulation or in DNA replication.

MCM7 DNA Component of the MCM2-7 complex
replication (MCMs) , the putative replicative helicase
licensing factor | essential DNA replication initiation and
MCM7 elongation in eukaryotic cells.

CKS1B Cyclin- Binds to the catalytic subunit of the cyclin
dependent dependent kinases and is essential for
kinases their biological function.
regulatory
subunit 1

TIMELESS Protein Plays an important role in the control of
timeless DNA replication, maintenance of
homolog replication fork stability, maintenance of

genome stability throughout normal DNA
replication, DNA repair and in the
regulation of the circadian clock.

CDC20 Cell division Required for full ubiquitin ligase activity of | CDC20 inhibitor
cycle protein the anaphase promoting Apcin
20 homolog complex/cyclosome (APC/C) and may

Table 3. Functional information of proteins encoded by genes in Table 2. The

information was summarized from online uniprot database ( https://www.uniprot.org).

Potential therapeutic agents targeting the genes in the list were also listed.
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Figure 32. Volcano diagrams showing the overall distribution of differentially

expressed genes induced by FL-cycE or LMW-E. A. FL-cycE dox+ versus dox- cells , and

B. LMW-E dox+ versus dox- cells (panel B). CCNE1 (gene encoding Cyclin E) is the most

upregulated gene in both FL-cycE dox+ and LMW-E dox+ cells. CDC6, RAD51, and C170rf53

were also identified to be upregulated by LMW-E. The roles of CDC6, RAD51, and C170rf53

in LMW-E overexpression cells will be discussed in chapter 4 and 5. The threshold of

differential expression genes is adjusted p value < 0.05 and log2 fold change (FC) >1 or <-1.
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3.4.2 KEGG and HALLMARK gene-sets enriched by FL-cycE or LMW-E in hMECs
To further understand the impact of LMW-E and FL-cycE on signaling pathways in the
inducible 76NEG-EKO cells, gene set enrichment analysis (GSEA) for KEGG pathways were

performed using the differentially expressed gene induced by FL-cycE or LMW-E (Figure 33).

Five KEGG gene-sets were positively enriched in FL-cycE dox+ cells, compared with
uninduced dox- cells. These gene-sets represent homologous recombination, p53 signaling
pathway, cell cycle, oocyte meiosis and spliceosome pathways (Figure 33A). Because these
five gene-sets were also up-regulated in LMW-E dox+ cells (Figure 33B), they may feature
the common functions of FL-cycE and LMW-E. From the gene-sets specifically upregulated
in LMW-E dox+ cells, we find DNA replication, pyrimidine metabolism, and purine metabolism,
supporting our hypothesis that LMW-E but not FL-cycE facilitates DNA replication. We also
observed that several DNA repair pathways, such as mismatch repair, nucleotide excision
repair, and base excision repair were only positively enriched in LMW-E dox+ cells (Figure

33B), but not FL-cycE dox+ cells, suggesting LMW-E may upregulate DNA damage repair.

Additionally, because cell cycle pathway is the 1 ranking pathway enriched in LMW-
E dox+ cells, but only ranked 3™ in FL-cycE dox+ cells, we further examined how FL-cycE or
LMW-E overexpression changed the cell cycle genes expression in inducible 76NE6-EKO
cells (Figure 34). The results show at 36 hours post overexpressing of FL-cycE or LMW-E
(the time point when we harvested total RNA for RNA-sequencing), the majority of G2/M
genes were upregulated by both FL-cycE and LMW-E. In detail, FL-cycE and LMW-E strongly
upregulated CDK1 and cyclin B. While PLK1, MPS2, MAD2, BUBR1, BUB1, BUB2, and
CDC20 were weakly upregulated by FL-cycE, they were strongly induced by LMW-E. In
addition, LMW-E but not FL-cycE promoted the expression of PKMYT1 and WEET, the

negative regulator of G2-M transition, suggesting an activated G2/M checkpoint in LMW-E
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overexpressing cells and potential therapeutic targets for LMW-E overexpressing cells (Table

3, and previously reported WEE1 as druggable target® ).

For the S phase genes, we found LMW-E but not FL-cycE strongly induced CDK2
and cyclin A expression, as well as CDC7 and DBF4, which are involved in replication
activation. Additionally, CHK1, CHK2, CDC25A and CDC25C expression were all induced by
LMW-E (Figure 34). In FL-cycE overexpressing cells, the expressions of S phase genes were
not much changed (Figure 34). These results are in line with FL-cycE induced “rested S
phase”, observed in chapter two. Most strikingly, for the G1 phase genes, the MCM complex
components were strongly upregulated by LMW-E but down-regulated by FL-cycE,
suggesting FL-cycE and LMW-E may differentially regulate DNA licensing. Gene expression
status in DNA replication pathway suggest that LMW-E induced the overexpression of DNA
polymerase complex a, & and €, and DNA ligase LIG1. In addition to the DNA pre-replication
complex members CDC6, CDC45, MCMs (MCM2, 3, 4, 5, 6, and 7) and its protein kinase
CDC7-DBF4, we also observed the LMW-E up-regulated clamp protein PCNA and its loader
RFC complex (Figure 35). These results strongly suggest LMW-E but not FL-cycE promote

DNA replication, and this will be experimentally examined in Chapter 4.

Next, we performed GSEA for HALLMARK pathways using the differentially expressed
genes induced by FL-cycE or LMW-E (Figure 36). We observed that gene-sets associated
with the E2F-targets, G2M checkpoints, spermatogenesis, UV response up, mitotic spindle,
and IL2-STATS5 signaling were positively enriched by both FL-cycE and LMW-E induction,
while DNA repair gene-set was only upregulated by LMW-E induction. We selected top 10
DNA repair gene-set members upregulated by LMW-E and summarized their LogFC, p-value

and adjusted p-values in Table 4 and listed their functional information in Table 5.
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Figure 33. GSEA for KEGG pathways using data of the differentially expressed genes
induced by FL-cycE or LMW-E. Gene-sets in red bars are up-regulated in FL-cycE dox+
cells (panel A) or LMW-E dox+ cells (panel B), compared with their own dox- controls, and
blue bars indicate down-regulated gene-sets. Only the significantly enriched pathways

(adjusted p value <0.05) are shown in the bar-graph.
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Figure 34. Expression status for KEGG DNA replication pathway members using data
of the differentially expressed gene induced by FL-cycE or LMW-E. Genes labeled in red
are up-regulated in FL-cycE dox+ cells (panel A) or LMW-E dox+ cells (panel B), compared
with their own dox- controls. Genes labeled in green indicate down-regulation induced by FL-

cycE (panel A) or LMW-E(panel B).
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DNA ligase Lig1, DNA pre-replication complex members CDC6, CDC45, MCMs and protein

kinase CDC7-DBF4, as well as DNA clamp protein PCNA and its loader RFC complex.

LMW-E dox + versus LMW-E dox -

FL-cycE dox + versus FL-cycE dox -

Gene Name logFC P.Value adj.P.val logFC P.Value adj.P.val
RADS51 2.19 1.15E-12 1.53E-09 0.33 0.00216223 0.07607565
ZWINT 1.38 1.63E-10 5.31E-08 0.22 0.01805183 0.2237846

FEN1 1.29 8.88E-11 3.49E-08 0.14 0.07231864 0.4037011
LIG1 1.28 3.84E-10 8.63E-08 0.07 0.4132822 0.780306
RFC3 1.23 1.49E-07 1.03E-05 0.31 0.00751017 0.14406531
PRIM1 1.10 4.00E-06 0.00015891 -0.14 0.284263 0.6856336
POLA2 1.08 4.25E-08 3.63E-06 0.03 0.7712624 0.9387721
RFC2 1.06 1.55E-07 1.06E-05 0.00 0.9903804 0.9971901
RFC4 1.05 6.76E-09 8.11E-07 -0.05 0.5982077 0.8789164
RFC5 1.03 4.27E-09 5.82E-07 0.07 0.3945042 0.7667077

Table 4. Summary of the top 10 upregulated DNA repair gene-set members induced

by LMW-E. For each of the genes, the logFC, p-value, and adjusted p-value by comparing

LMW-E dox + versus LMW-E dox - as well as FL-cycE dox + versus FL-cycE dox - are

listed.
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Figure 36. GSEA for HALLMARK pathways using data of the differentially expressed
genes induced by FL-cycE or LMW-E. Gene-sets in red bars were up-regulated in FL-cycE
dox+ cells (panel A) or LMW-E dox+ cells (panel B), compared with their own dox- controls,
and blue bars indicate down-regulated gene-sets. Only the significantly enriched pathways

(adjusted p value <0.05) are shown in the bar-graph.
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Gene Protein Name Function suggested by Uniprot database
Name
RADS51 DNA repair DNA-binding protein involved in homology search and homologous
protein RAD51 strand exchange. Exhibits DNA-dependent ATPase activity.
homolog
ZWINT ZW10 Part of the MIS12 complex, required for kinetochore formation and
interactor spindle checkpoint activity, targeting ZW10 to the kinetochore at
prometaphase.
FEN1 Flap Structure-specific nuclease with 5'-flap endonuclease and 5'-3'
endonuclease exonuclease activities involved in DNA replication and repair.
1
LIG1 DNA ligase 1 DNA ligase that seals nicks in double-stranded DNA during DNA
replication, DNA recombination and DNA repair.
RFC3 Replication Subunit 3 of Replication factor C (RFC), a complex that opens the sliding
factor C clamp and loads it onto the DNA chain, critical for DNA synthesis.
subunit 3
PRIM1 DNA primase Catalytic subunit of the DNA primase complex and component of the
small subunit DNA polymerase alpha complex
POLA2 DNA Subunit of the DNA polymerase alpha complex, plays an essential role
polymerase in the initiation of DNA synthesis
alpha subunit B
RFC2 Replication Subunit 2 of Replication factor C (RFC), a complex that opens the sliding
factor C clamp and loads it onto the DNA chain, critical for DNA synthesis.
subunit 2
RFC4 Replication Subunit 4 of Replication factor C (RFC), a complex that opens the sliding
factor C clamp and loads it onto the DNA chain, critical for DNA synthesis.
subunit 4
RFC5 Replication Subunit 5 of Replication factor C (RFC), a complex that opens the sliding
factor C clamp and loads it onto the DNA chain, critical for DNA synthesis.
subunit 5

Table 5. Functional information of proteins encoded by genes in Table 4. The

information was summarized from online uniprot database ( https://www.uniprot.org).
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3.5 Conclusion

In this chapter, we performed RNA sequencing to compare the transcriptional
alterations induced by FL-cycE versus LMW-E. The results show the genes associated with
KEGG cell cycle gene-set and HALLMARK E2F targets gene-set were enriched in both FL-
cycE and LMW-E overexpressing cells (Figure 37), consistent to the observation that FL-cycE
and LMW-E promotes G1/S transition. However, there were specific differences between the
genes induced by LMW-E or FL-cycE. For example, the enrichment plots for KEGG DNA
replication and HALLMARK DNA repair gene-sets showed significant enrichment for LMW-E
expression (p = 0.0017 and p = 0.0015, respectively) but not for FL-cycE expression (p = 0.41

and p = 0.99, respectively (Figure 38).

By comparing the specific gene expression changes mediated by LMW-E with those
altered by FL-cycE, we identified CDC6, RAD51, and C170rf53 genes, which are essential to
DNA replication and damage repair in response to replication stress, were strongly

upregulated by LMW-E but not FL-cycE.

These results led to the hypothesis that LMW-E—-mediated upregulation of CDCS6,
RADS51, and C170rf53 may be required for replication stress tolerance and cell viability in the

cells overexpressed with LMW-E.
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Figure 37. KEGG cell cycle gene-set and HALLMARK E2F targets gene-set were
enriched in both FL-cycE and LMW-E overexpressing cells. A. Enrichment plot for KEGG
cell cycle gene set in LMW-E dox+ group compared to LMW-E dox- group (upper panel) and
FL-cycE dox+ group compared to FL-cycE dox- group B. Enrichment plot of HALLMARK E2F
targets gene set in LMW-E dox+ group compared to LMW-E dox- group and FL-cycE dox+

group compared to FL-cycE dox- group.
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A KEGG DNA REPLICATION
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Figure 38. KEGG DNA replication and HALLMARK DNA repair gene-sets were
specifically enriched in LMW-E overexpressing cells. A. Enrichment plot for KEGG DNA
replication gene-set in LMW-E dox+ group compared to LMW-E dox- group and FL-cycE dox+
group compared to FL-cycE dox- group. B. Enrichment plot of HALLMARK DNA repair gene-
set in LMW-E dox+ group compared to LMW-E dox- group and FL-cycE dox+ group compared

to FL-cycE dox- group.
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Chapter Four: LMW-E but not FL-cycE facilitated pre-

replication complex assembly

4.1 Introduction

In normal dividing cells, DNA replication is tightly coordinated with the cell cycle to
ensure that the genome is faithfully duplicated®. Cyclin E, in complex with cyclin-dependent
kinase 2 (CDK2), promotes G1/S transition and the initiation of DNA replication. The first step
in replication initiation is the loading of hexametric mini-chromosome maintenance 2-7
(MCM2-7) complex, recruited by CDT1 and CDC6 to the origin recognition complex (ORC) at
replication origins. This process is termed as pre-replication complex (pre-RC) assembly or

replication licensing®®°

. The precise role of cyclin E in replication licensing is a subject of
debate. Both promoting and inhibiting effect have been reported in different experimental
systems® %, Replication licensing peaks at G1, and is inhibited at S phase to prevent re-

replication®®.

Activation of oncogenes, such as cyclin E, HRAS, and MYC, cause replication fork
stalling, often referred as replication stress®®. Depletion of nucleotide pools and collision
between replication machinery with transcription complexes are proposed models for cyclin E

100,101 It is

induced replication stress, although the detailed mechanisms remain unknown
worth noting that cyclin E is shown to be stabilized at replication origin under replication stress,
and chromatin bound cyclin E exhibits low molecular weight bands in western blotting .

However, whether or not LMW-E is a product from FL-cycE under replication stress, or if

LMW-E directly regulates proteins at replication origin (such as MCMs) is currently unknown.

In pre-cancerous cells, replication stress serves as a tumor barrier. Fork stalling may

lead to fork collapse and under-replicated DNA region, activating DNA damage responses

h105,106

and S phase checkpoint, which in turn cause senescence or cell deat . In fact,
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overexpression of cyclin-E in MCF10A (an immortalized non-tumorigenic mammary epithelial

cell line) stalls replication fork, inhibits cell growth and causes cell death or senescence’*®'%.

Previous reports also suggest excessive replication licensing in G1 provides dormant
replication origins in S phase. Under normal conditions, these dormant origins are not
activated during DNA synthesis, but they serve as back-up origins important for completing
DNA replication in response to the stalling of an activated replication fork nearby, thereby
promoting cell survival under replication stress®. Our analyses from RNA sequencing using
inducible 76NEG-EKO cell lines revealed that LMW-E may trigger the expression of DNA
replication genes including pre-replication complex factors (see Chapter 3). We thus
hypothesize that the replication licensing might be up-regulated by LMW-E, while down-
regulated by FL-cycE, which lead to the different cell viability observed in FL-cycE and LMW-
E overexpressing cells (see Chapter 2). In this chapter, we set out to examine the roles of
LMW-E versus FL-cycE in regulating DNA replication and pre-replication complex loading to

chromosomes (Figure 39).

4.2 Schematics of model system

Inducible 76NE6-EKO -
+DOX
FL-cycE
- — DNA replication
- DOX )
SN Essential
- factors for
LMW-E over-
expressing
cell survival
+DOX DNA replication
— complex assembly _
LMW-E
- DOX "

Figure 39. Schematics of experimental models to examine the roles of LMW-E versus

FL-cycE in regulating DNA replication and pre-replication complex assembly.
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4.3 Materials and methods

Western blot

Cell lysates were prepared and subjected to western blot analysis as previously
described (Chapter 2). We used the following primary antibodies: cyclin E (HE-12; Santa Cruz
Biotechnology, SC-247); CDC6 (180.2; Santa Cruz Biotechnology, SC-9964); CDK2, (BD
Biosciences-Transduction Laboratories, 010146); CHK1 (G-4; Santa Cruz Biotechnology, SC-
8408); phospho-CHK1 Ser345 (Cell Signaling, #2348); RPA32 (Cell Signaling, #22085);
phospho-RPA32 Ser4/8 (Bethyl, A300-245a); phospho-RPA32 Ser33 (Bethyl, A300-246a);
MCM2 (Cell Signaling, #4007); MCM4 (Cell Signaling, #12973); MCM7 (Cell Signaling,
#3735); Rad51 (H-92; Santa Cruz Biotechnology, SC-8349); C170rf53 (Sigma, HPA023393);
and Vinculin (Sigma, V9131). Densitometry was performed by using Imaged software, the

value for each band was normalized to the first visible band in the same gel.

Isolation of chromatin-bound proteins from subcellular fractions

Cell fractionation assays were performed using the protocol provided by Abcam
(https://www.abcam.com/protocols/subcellular-fractionation-protocol). Briefly, the freshly
harvested cell pellets were resuspended using fractionation buffer (20mM HEPES ph7.4,
10mM KCI, 2mM MgCI2, 1mM EDTA and 1mM EGTA, supplemented with 1 x protease
inhibitor cocktail), followed by passing the cell suspension through #27gauge needle 10 times
until the cells are fully lysed. After washing three times with fractionation buffer followed by
centrifugation (1,000 x g at 4 °C for 5 min), the nuclei fraction (pellet) was harvested. The
isolation of chromatin-bound proteins from nuclear fraction were performed by washing the
nuclear pellets with solubilization buffer (10 mM Tris-HCI pH8.0, 200 mM NaCl, 1 mM EDTA,
1 mM EGTA, supplemented with 1 x protease inhibitor cocktail). After centrifugation (16,000
x g at 4 °C for 10 min), the soluble proteins in the supernatant were collected. The insoluble
chromatin fractions were homogenized in RIPA buffer (50mM Tris-HCI pH 7.6, 150mM NacCl,

93



1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and mixed with fresh protease
inhibitor cocktail), and sonicated on ice in 30 seconds on, 30 seconds off intervals for 5

minutes. The resultant homogenates were then subjected to western blot analysis.
Immunoprecipitation and immunoblotting

The total cell lysates were prepared in ice-cold lysis buffer (5mM EDTA; 150mM NaCl;
50mM Tris, pH 8.0; 1% Triton X-100; 0.1% SDS and protease inhibitor cocktail) and placed
on ice. After 15 minutes of lysis, brief sonication is performed followed by centrifugation at
13000rpm at 4° C for 15 minutes. We used 1000ug of cell extract for each immunoprecipitation
with polyclonal antibodies to cyclin E generated in lab™? CDC6 (180.2; Santa Cruz
Biotechnology, SC-9964), or normal mouse IgG (Santa Cruz Biotechnology, SC-2025). After
antibody incubation at 4° C overnight, the protein A- or protein G-coated beads (CalBiochem)
were added and incubated at 4° C for 1 hour. The beads were subjected to centrifugation at
8000rpm at 4° C for 30 seconds, and washed in ice-cold lysis buffer for four times (3 minutes
each). The resultant immune-precipitates were subjected to western blotting with the indicated

antibodies for each experiment.
Specific siRNAs and smart pool siRNAs

All siRNAs (specific siRNAs and smart pool siRNAs) used in this study are products
from Dharmacon (Horizon Discovery). The transfection was performed by using
Lipofectamine 3000 (Thermofisher) according to manufacturer’s protocol. The knock-down
efficiency of specific sSiRNAs and smart pool siRNAs were examined by western blot analysis
for target proteins using total cell lysates harvested 48 - 72 hours post transfection of siRNAs.

The target sequence for each siRNAs used in this chapter is listed as follows:

CDC6 siRNA#1: GAGAUCAGGUUCUGGACAA, #2: GGAAACGUCUGGGCGAUGA;
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CDC6 siRNA smart pool: GAGAUCAGGUUCUGGACAA, GCUACUGGAUUGCCUUAAA,

GGAAACGUCUGGGCGAUGA, UCAAUUCUGUGCCCGCAAA
Immunofluorescence staining

Immunofluorescence (IF) staining were performed using the primary antibodies: anti-
y-H2AX (Millipore, 05-636) and anti-53BP1 (Novus, NB100-304), based on protocol
described previously (Chapter 2). The images were taken using Zeiss LSM880 Confocal at
63X objective magnification and examined by Zeiss Zen software. More than 600 cells were

analyzed for each group, and cells with five or more foci were considered positive.
DNA fiber assay

Cells were plated into a p100 plate (1.5 x 10°) on day 0, such that by the end of the
experiment (48 hours from seeding) that the confluency is a 50%. One hour before harvesting,
cells were pulse labeled with 50 uM iodo-deoxyuridine (IdU) for 30 minutes and with 100 M
chloro-deoxyuridine (CldU) for 30 minutes after the removal of IdU (the chase period). 400,000
labeled cells were collected and diluted 1:10 with 1mL unlabeled cells. 3pl of cell mixture were
mixed with 7pl of lysis buffer (200mM Tris-HCI, pH7.5, 50mM EDTA, 0.5% SDS) on glass
slides (Fisherbrand Superfrost Plus) and incubated for 5 minutes at room temperature. After
the DNA were spread on slides tilted at 30 degrees, the samples were air dried and fixed in
methanol/acetic acid (3:1) for 15 minutes, denatured with 2.5M HCI for 1 hour and then
neutralized by washing in PBS. Following the washes, the slides were blocked in 5% BSA for
1 hour and incubated in primary antibodies: rat anti-bromodeoxyuridine (1:500; detects CldU;
Abcam ab6326) and mouse Anti-BrdU (1:1000; detects IdU; BD Biosciences 347580) for
overnight at 4°C, followed by secondary antibody incubation (Alexa Fluor 594 or 660 EMD

Millipore diluted at 1:1000) for 2 hours. The mounted slides were examined by Zeiss LSM880
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Confocal at 63X objective magnification and DNA fiber length was measured by Zeiss Zen

software (>100 fibers per group).

4.4 Results

4.4.1 LMW-E facilitated replication stress tolerance

To directly test if FL-cycE or LMW-E causes replication stress, we examined the
effects of FL-cycE or LMW-E on the fork speed by DNA fiber assay. Inducible 76NE6-EKO
cell lines were treated with doxycycline for 0, 24, and 48 hours, followed by pulse-labeling
with the thymidine analog iododeoxyuridine (IdU) for 30 minutes and chase-labeling with the
thymidine analog iododeoxyuridine (CldU) for 30 minutes. The DNA fibers were then allowed
to spread out, followed by CldU and IdU detection by immunostaining using specific
antibodies. We compared the length of the DNA fibers and calculated the replication fork
speed by the total labeling time for each fiber. The results suggested that without doxycycline
induction, the replication fork speeds were very similar between inducible FL-cycE and LMW-
E cells, for which the mean values were 54um/hour and 58um/hour respectively (Figure 40 A
and B). Following 24 hours of induction, the mean fork speed in the FL-cycE cells dropped to
31 um /hour (p value<0.0001). Similarly, LMW-E overexpression for 24 hours led the fork
speed drop to 34 um /hour (p value<0.0001). These finding suggest the changes between the
fork speeds at 0-hour time point and 24-hour time point were comparable between LMW-E
and FL-cycE expressing cells. Both FL-cycE or LMW-E overexpression resulted in 40%
decrease of the fork speed, indicating similar amount of replication stress were induced by

FL-cycE and LMW-E at 24 hour-time point.

However, the changes between the fork speeds at 24-hour time point and 48-hour
time point were significantly different in FL-cycE and LMW-E cells. The mean fork speed
continued to drop over time to 8 um /hour in FL-cycE overexpressing cells, whereas in LMW-

E overexpressing cells the fork speed remained relatively constant at 28 ym /hour. FL-cycE
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expressing cells show a 74% reduction of the fork speed compared to 24-hour time point.
LMW-E expressing cells showed only an 18% reduction (Figure 40). These data suggest that
both FL-cycE and LMW-E expression can slow-down the speed of replication fork traverse,
one of the key features of replications stress. However, while replication stress continued to

accumulate in FL-cycE cells, LMW-E cells exhibited relative mild replication stress in later

time point.
A Inducible 76NE6-EKO B Inducible 76NE6-EKO
FL-cycE
ns.
*
100 1

80 - 8
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Figure 40. LMW-E prevented replication stress accumulation in inducible 76NE6-EKO
cells. DNA fiber assay using inducible 76NEG-EKO cells under the indicated expression
conditions (panel A) and the calculated replication fork speed (panel B). Both FL-cycE and
LMW:-E reduced replication fork speed to a similar level at 24 hours post induction. At 48 hours
post induction, the fork progression was further attenuated in FL-cycE overexpressing cells.
LMW-E cells exhibited relative mild replication stress at 48 hours post induction (n = 3, fiber
number > 150, mean with standard deviation, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001; n.s. indicates not significant; Student { test)



Under replication stress, the stalled replication fork may be followed by uncoupling of
DNA polymerases from the MCMs complex. This leads to the coating of RPAs on exposed
ssDNA, and further activates ATR-CHK1 pathway, resulting in phosphorylation of RPAs®.
We thus examined the effect of LMW-E and FL-cycE on the proteins associated with
replication stress responses, following time of FL-cycE or LMW-E induction (0, 12, 24, 36 and
48 hours). Western blot analysis was performed to detect the phosphorylation of CHK1 and
RPA. The results revealed that ATR-dependent phosphorylation of CHK1 (Ser 345) were
upregulated by both FL-cycE and LMW-E, suggesting both FL-cycE and LMW-E induced
replication stress. However, phosphorylation of RPA (Ser 33 and Ser4/8) was strongly
induced by FL-cycE but not LMW-E, indicating un-resolved replication stress in FL-cycE
overexpressing cells (Figure 41A). Particularly, at 48 hours post induction of FL-cycE or LMW-
E. the level of RPA pS4/8 and pS33 were at least 10-fold higher in FL-cycE overexpressing
cells compared with LMW-E cells. Consistent results were also observed in 76NF2V-EKO
cell lines (Figure 41B), in which phosphor-RPA signals continued to increase in FL-cycE cells,
while initially increased but then decreased in LMW-E overexpressing cells. These data
collectively suggested that replication stress accumulated in FL-cycE cells but resolved in

LMW-E overexpressing cells.

To test whether LMW-E actively mediates tolerance from replication stress, we treated
cells with hydroxyurea (HU) as an external agent to induce replication stress in 76NEG-EKO
cells with or without prior induction of LMW-E. These cells were initially grouped by
doxycycline treatment to induce LMW-E (dox=100ng/mL, 24 hours) and DMSO for un-induced
controls. Following 24 hours of induction, HU were added to the culture media at a final
concentration of 5mM and each of the LMW-E induced or uninduced groups were
subsequently cultured for 3 hours in the presence or absence of HU. These cells were then

subjected to DNA fiber assays as described earlier. The results showed that 24 hours of LMW-
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E induction prior to 3 hour of HU treatment can partially rescue the replication stress induced
by HU (Figure 42). Collectively, these results suggest that both FL-cycE and LMW-E can
induce replication stress. However, LMW-E but not FL-cycE facilitated replication stress
tolerance. In FL-cycE overexpressing cells replication stress continue to accumulate, which

may lead to subsequent DNA damage beyond repair.

A Inducible 76NE6-EKO cells B Inducible 76NF2V-EKO cells
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Figure 41. Replication stress markers accumulated in FL-cycE overexpression cells but
resolved in LMW-E overexpressing cells. Western blot analysis of replication stress
markers phosphorylation of CHK1 (pS345) and of RPA (Ser 33 and Ser4/8) in inducible
76NEG6-EKO cells(A) and 76NF2V-EKO cells(B) with or without overexpression of LMW-E or
FL-cycE. Cells were treated with 100ng/ml doxycycline in a time course manner to induce the
expression of LMW-E or FL-cycE. Uninduced control (Dox 0) were treated with DMSO for 48
hours. The results suggested phosphor-RPA signals continued to increase in FL-cycE cells,
while initially increased but then decreased in LMW-E overexpressing cells. Densitometry
were performed by using ImageJ software, the value for each band was normalized to the first

visible band in the same gel.
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Figure 42. LMW-E overexpression rescued the replication stress induced by
hydroxyurea. DNA fiber assay were performed to measure the replication fork speed in
inducible 76NE6-EKO LMW-E cells. The cells were initially grouped into those overexpressing
LMW-E (100 ng/mL doxycycline for 24 hours; Dox+) or not (DMSO for 24 hours; Dox-). This
was followed by adding hydroxyurea (HU, 5mM, 3 hours) or vehicle (water) into the culture
media. Representative DNA fibers (A) and calculated fork speed (B) are shown. (n = 3, fiber
number > 100, mean with standard deviation). For all statistical analyses, *p < 0.05, and ****p

< 0.0001; n.s. indicates not significant; Student { test.

4.4.2 LMW-E facilitated pre-replication complex assembly

In the process of DNA replication, CDC6 promotes replication licensing by recruiting
the loading of MCMs complexes to the chromatin. Excess MCMs loading are required for cells
to survive replicative stress®*°. Western blot analysis confirmed that induction LMW-E
upregulated CDC6 protein in 7T6NE6-EKO cells by 1.6-fold, while induction of FL-cycE resulted
in a 30% decrease in CDC6 expression (Figure 43). These results suggest differentially

regulated replication licensing might be responsible for the distinct replication stress intensity
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between LMW-E versus FL-cycE overexpressing cells. We also observed LMW-E
overexpression upregulated RAD51 and C170rf53. Compared with FL-cycE overexpressing
cells, the protein level of RAD51 and C170rf53 are 100% higher in LMW-E overexpressing

cells. These results also confirmed our findings by RNA-sequencing (Table 2).

Inducible 76NE6-EKO
Empty vector FL-cycE LMW-E
Dox = T - ¥ = ¥

CyclinE

CDC6

C170rf53

RADS1

Vinculin

Figure 43 LMW-E upregulated CDC6, RAD51 and C170orf53. Western blotting analysis of
cyclin E (FLcycE or LMW-E) and DNA pre-replication complex factor CDC6 in inducible
76NE6-EKO with or without doxycycline (100ng/mL, 24 hours). LMW-E upregulated CDC6
protein in 76NE6-EKO cells by 1.6-fold, while induction of FL-cycE resulted in 30% decrease
in CDC6 expression. LMW-E overexpression also increased the level of RAD51 and

C170rf53, 100% higher than those in FL-cycE overexpressing cells.
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To examine the effect of FL-cycE and LMW-E on MCMs loading to DNA, we induced
FL-cycE or LMW-E by treating the 76NE6-EKO and 76NF2V-EKO cells with 100ng/ml
doxycycline for 24 hours, followed by cell fractionation to isolate the chromatin bound fraction
of the cells. Western blotting results revealed that induced expression of LMW-E promoted
chromatin loading of MCM2, 4 and 7, approximately 3-fold of un-induced cells (Figure 44A).
We also observed that chromatin bound MCM4 and 7 were down-regulated by FL-cycE
overexpressing by 50% (Figure 44A). These results suggest LMW-E but not FL-cycE promote
the chromatin loading of MCMs complex. Consistent results were also observed in 76NF2V-
EKO cell lines (Figure 44B). Induced expression of LMW-E promoted chromatin loading of
MCM2, 4 and 7, respectively 2-fold, 4-fold and 1.3-fold of un-induced cells. Chromatin bound
MCM2, 4 and 7 were down-regulated by FL-cycE overexpressing by 50 percent. These results

suggest the LMW-E mediate MCMs loading to DNA, while FL-cycE inhibit their loading.

Interestingly, western blotting results also show higher level of LMW-E than FL-cycE
(> 5-fold), in the chromatin bound fraction of inducible hMECs, suggesting LMW-E but not FL-
cycE strongly binds to chromatin (Figure 44). To further validate this, we performed cell
fractionation assay in MDA-MB-157 cells which endogenously express both FL-cycE and
LMW-E. In MDA-MB-157 cells, we find 20% higher levels of FL-cycE than LMW-E in total cell
lysates, while the LMW-E level in chromatin-bound fraction is 3-fold higher than the chromatin
binding FL-cycE (Figure 45). These data suggest LMW-E but not FL-cycE is the major form

of cyclin E that binds with chromatin.
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Figure 44. LMW-E but not FL-cycE was recruited to chromatin and promoted pre-
replication complex loading. Western blotting analysis of cyclin E (FLcycE or LMW-E) and
DNA pre-replication complex proteins using protein samples from cell nuclear soluble fraction
and non-soluble (chromatin bound) fraction. The data using inducible 76NE6-EKO cells (panel
A) and inducible 76NF2V-EKO cells (pane B) treated with or without doxycycline (100ng/ml,
24 hours) were shown respectively. Increased chromatin loading of MCM2, 4, and 7 were
induced by LMW-E over-expression, and decreased chromatin loading of MCM2, 4, and 7
were observed in FL-cycE settings. In addition, higher level of LMW-E than FL-cycE were

observed in the chromatin bound fraction from both cell lines.
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Figure 45. Validation of higher chromatin bound LMW-E level than FL-cycE using
fractionated MDA-MB-157 cells. In Western blot analysis of the ratio of cyclin E (FL-cycE
or LMW-E) in MDA-MB-157 total cell lysates of and fractionated lysates, we found 20% higher
of FL-cycE than LMW-E(T1, see figure 5 for the schematics of cyclin E isoforms) in total cell
lysates, while the LMW-E(T1) level in chromatin-bound fraction was 3-fold higher than the

chromatin binding FL-cycE.

4.4.3 LMW-E but not FL-cycE strongly bind to CDC6

To examine the CDC6 binding capacity of LMW-E and FL-cycE, we co-transfected
HEK293T cells with expression plasmids encoding CDC6 and FL-cycE (or the empty vectors
for each of the plasmid as negative controls) and examined the binding between CDC6 and

FL-cycE by co-immunoprecipitation (IP)/WB. In parallel, plasmids encoding CDC6 and LMW-
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E (or empty vector controls) were co-transfected to examine the binding between CDC6 and
LMW-E. These co-IP/WB were performed using anti-CDC6 antibody as bait, and the protein
level of FL-cycE or LMW-E (by subsequent western blots with cyclin E) were compared in the
anti-CDC6 pull-down precipitates in each setting. The result showed that while the level of
CDCE6 in the pull-down precipitates were similar between FL-cycE and LMW-E groups, 2.6-
fold more LMW-E protein was bound to CDC6 compared to FL-cycE (Figure 46). These results

suggest that LMW-E binds more efficaciously to CDC6 than FL-cycE.

To further confirm the different binding capacity between LMW-E versus FL-cycE to
endogenous CDK®6, we induced the LMW-E (or FL-cycE) in 7T6NEG-EKO cells and repeated
the IP/western analysis. Total protein lysates were harvested 24 hours post induction of FL-
cycE or LMW-E and normalized according to the level of CDC6. We performed co-IP with
anti-cyclin E followed by western blotting with CDC6 or cyclin E. The data revealed that while
the total FL-cycE is 40% higher than total LMW-E (in cyclin E co-IP/cyclin E WB), the level of
CDC6 pulled down by FL-cycE is only one third of the CDC6 pulled down by LMW-E (in cyclin
E co-IP/CDC6 WB; Figure 47). These results further confirmed LMW-E but not FL-cycE

strongly interacts with CDC&6.

4.4.4 CDC6 is required for LMW-E mediated replication stress tolerance

To further asses the role of CDC6 in LMW-E mediated replication stress tolerance,
siRNAs targeting CDC6 (or non-target control siRNA) were used to deplete CDC6 in the
inducible 76NE6-EKO-LMWE cells. We performed western blotting to evaluate the knock-
down efficiency of CDC6. The results suggest CDC6 smart pool siRNA, CDC6 single specific
siRNA#1, and single specific siRNA#2, respectively reduce the level of CDC6 to 40%, 50%

and 60%, compared to the non-targeted siRNA control (Figure 48 and 49).
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Figure 46. Analysis of the binding between cyclin E (FL-cycE or LMW-E) and CDC6 in
plasmids transfected HEK293T cells. These cells were transfected with indicated plasmids
to express CDC6, FL-cycE or LMW-E. After 48 hours in culture, the cell lysates were collected
followed by co-IP using anti-CDC6 as bait. The level of Cyclin E and CDC6 in immuno-
precipitates and total cell lysates were analyzed by western blot using indicated anti-bodies.
Densitometry results show the level of LMW-E is 40% less than FL-cycE in total cell lysates,

while LMW-E is 160% higher than FL-cycE in anti-CDC6 co-IP samples.
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Figure 47. Analysis of the binding between induced cyclin E (FL-cycE or LMW-E) and
endogenous CDC6 in inducible hMECs. Inducible 76NE6-EKO cells were treated with
100ng/ml doxycycline to induce the expression of FL-cycE or LMW-E for 24 hours, followed
by co-IP using anti-cyclin E as bait and WB using indicated anti-bodies. Non-induced cells
(DMSO treated) and co-IP using IgG were served as negative controls. Densitometry results
showed similar level of CDC6 in total cell lysates of induced FL-cycE or LMW-E groups, while

the level of CDC6 in the LMW-E co-IP sample was 270% higher than in FL-cycE co-IP sample.
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Figure 48. Effect of CDC6 knock-down by CDC6 siRNA smart pool. Western blot analysis
of the level of CDC6 in inducible 76NE6-EKO LMW-E cells transfected with siRNA smart pool
targeting CDC6 or non-target (NT) siRNA control. These cells were transfected with indicated
siRNAs, followed by 24 hours treatment of 100ng/mL doxycycline to induce LMW-E
overexpression. Densitometry results show the level of CDC6 in CDC6 siRNA transfected

cells is 70% less than that in NT siRNA transfected cells.

Upon confirmation of the knock down efficiency, we then examined if CDC6 is required
for i) LMW-E mediated MCMs loading to DNA (Figure 50), ii) LMW-E loading to DNA (Figure
50), iii) DNA damage intensity in inducible 76NE6-EKO cells with or without LMW-E
overexpression (Figure 51), and iv) cell viability of inducible 76NE6-EKO cells with or without

LMW-E overexpression (Figure 52).
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We first tested the effect of CDC6 depletion on the MCMs loading to chromatin in
inducible 76NEG-EKO-LMW-E cells with or without LMW-E induction. These cells were
transfected with CDC6 siRNAs or non-target siRNA, followed by 24 hours treatment of
100ng/ml doxycycline to induce LMW-E or DMSO for uninduced controls. Western blot
analysis using total cell lysates showed level of MCM2, MCM4 and MCM? in total cell lysates
remained relatively constant with or without knock-down of CDC6 (Figure 49). Next, we
performed western blot using chromatin bound fraction to compare the MCMs loading to DNA.
In the absence of LMW-E, CDC6 knock down slightly reduced the MCMs loading to DNA.
Particularly, the transfection of CDC6 siRNA resulted in an average reduction of 30%, 20%
and 50% respectively for the level of MCM4, MCM7 and MCM2 loading to DNA (Figure 50).
When LMW-E was induced, in the non-target siRNA transfected cells, the level of chromatin
loaded MCM4, MCM7 and MCM2 increased to 2.1-fold, 1.4-fold and 1.2-fold of uninduced
control, consistent with previous observations that LMW-E-upregulate MCMs loading to DNA
(Figure 50 and Figure 44). In CDC6 knock-down groups, the chromatin loading of MCM4,
MCM7 and MCM2 were significantly reduced, which was at 70%, 80%, and 55% percent of
control respectively (Figure 50). These results suggest that LMW-E mediated MCMs loading
require the presence of CDCB. In the same experiment, we also observed that CDC6 knock-
down diminished the chromatin bound LMW-E, suggesting CDC6 is also needed for the

recruitment of LMW-E to the chromatin (Figure 50).
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Figure 49. Effect of CDC6 knock-down by CDC6 specific siRNAs. Western blot analysis
of CDC6 and MCMs complex components in LMW-E induced 76NE6-EKO cells transfected
with siRNAs targeting CDC6 or non-target(NT) siRNA control. These cells were transfected
with indicated siRNAs, followed by 24 hours treatment of 100ng/mL doxycycline to induce
LMW-E overexpression. Densitometry results show the level of CDC6 in CDC6 siRNAs
transfected cells is ~50% less than that in NT siRNA transfected cells. The level of Cyclin E
(LMW-E), MCM2, 4 and 7 were comparable between the cells transfected with CDC6 siRNAs

or NT siRNA.
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Figure 50. CDC6 is required for LMW-E loading to chromatin and LMW-E mediated
MCMs loading. Western blot analysis of the level of CDC6 and MCM complex components
in the chromatin bound fraction of LMW-E induced 76NEG6-EKO cells transfected with siRNAs
targeting CDC6 or non-target siRNA control. These cells were transfected with indicated
siRNAs, followed by 24 hours treatment of 100ng/ml doxycycline to induce LMW-E
overexpression. Densitometry results show in the chromatin bound fraction of LMW-E
overexpressing cells, transfection of CDC6 siRNA lead to an average reduction of MCM4,
MCM7 and MCM2 at 70%, 80%, and 55% percent of control, respectively.
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To assess if CDC6 is required for LMW-E mediated replication stress tolerance, we
examined the effect of CDC6 on DNA damage intensity following LMW-E induction in 76NEG-
EKO. To this end, we knocked down CDC6 with smart-pool siRNA and quantitated DNA
damage using y-H2AX and 53BP1 IF foci. Results revealed that y-H2AX positive cells
increased from 2% to 12% and 53BP1 positive cells increased from 4% to 16% upon CDC6
knock-down in cells without LMW-E over-expression. These results suggest CDC6 is
important for DNA damage control in normal dividing cells. In the non-target siRNA control
groups, after 24 hours of induced expression of LMW-E, the ratio of y-H2AX positive cells and
53BP1 positive cells both reached about 20-25%. In the CDC6 knocked-down groups, the
ratio of y-H2AX positive cells and 53BP1 positive cells increased to 40% of total cell
population, after LMW-E was overexpressed for 24 hours, which are both ~60% higher
compared to the LMW-E overexpressing cells without knock-down of CDC6 (Figure 51).
These results suggest CDC6 plays an essential role in managing DNA damage in LMW-E

overexpressing cells.

We also found that following siRNA knock-down of CDCB6, cell viability was decreased
by 30% in cells without LMW-E induction, and further decreased by 50% in cells with LMW-E
induction (Figure 52), suggesting CDC6 is required for the cell survival upon LMW-E over-
expression. Given that LMW-E positively regulates the level of CDC6 (Figure 43), our data
collectively support the hypothesis that CDC6 serves as an essential LMW-E down-stream

effector in tolerating replication stress.
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Figure 51. Depletion of CDC6 increased DNA damage in LMW-E overexpressing cells.
DNA damage assay by y-H2AX and 53BP1 foci in inducible 76NEG-EKO cells, with or without
CDC6 knockdown and/or induction of LMW-E overexpression. A. Representative images of
immunofluorescent y-H2AX and 53BP1 foci (scale bar = 10 um). B. The ratio of cells positive
for y-H2AX and 53BP1 foci (foci > 5) was then calculated (cell number > 400, mean with

standard deviation, **p < 0.01, ***p < 0.001, Student ¢ test.)
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Figure 52. Depletion of CDC6 reduced viability of LMW-E overexpressing cells. Analysis
of cell viability by MTT assay in inducible 76NE6-EKO cells transfected with siRNAs targeting
CDC6 or non-targeting (NT) controls. These cells were treated with or without 100 ng/mL

doxycycline for 48 hours to induce LMW-E overexpression. ****p < 0.0001, Student f test.

4.5 Conclusion

In this chapter, we show that LMW-E facilitates replication stress tolerance, so that
replication stress only accumulates in FL-cycE overexpressing cells but not LMW-E
overexpressing cells. We determined that replication licensing is one of the mechanisms that
is differentially regulated by LMW-E and FL-cycE. Such processes depend on the pre-
replication complex component CDC6, which is upregulated by LMW-E. We also find that
LMW-E, but not FL-cycE, strongly binds to CDC6. Subsequently, LMW-E is recruited to the
chromatin and promotes MCMs loading to DNA. Knock-down of CDC6 blocks the chromatin
loading of LMW-E and LMW-E mediated MCMs loading, increases y-H2AX and 53BP1

positive cells in LMW-E overexpressing cells. And decreases cell viability.

Our data collectively support the hypothesis that LMW-E but not FL-cycE plays an
active role in facilitating replication stress tolerance. We next asked if one of the mechanisms
that LMW-E facilitates replication stress tolerance, is through promoting DNA repair in Chapter

5.
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Chapter Five: LMW-E but not FL-cycE facilitated DNA
damage repair

5.1 Introduction

Using the CCNET1 knock-out, FL-cycE or LMW-E inducible hMECs, we have
demonstrated that DNA replication and DNA damage intensity are phenotypically different
between cells expressing FL-cycE versus those overexpressed LMW-E. Additionally, FL-
cycE but not LMW-E expression result in reduced DNA replication in S phase and increased
DNA damage intensity. Consistently, RNA sequencing results suggest LMW-E but not FL-

cycE induction can upregulate the DNA replication and repair pathways.

In this chapter, we aim to test the hypothesis that DNA damage repair is differentially
processed by LMW-E and FL-cycE. To this end we compared the intensity of DNA damage
markers, and the expression of replication stress proteins induced by FL-cycE or LMW-E
expressed individually or co-expressed in U20S cells. Cells expressing empty vector were
used as negative controls (schematics shown in Figure 53). The rationale to use U20S cells
is twofold. First, U20S cells are well characterized as a cellular model to study DNA damage,
due to their lack of onco-virus proteins such as SV40-large T antigen that disrupts DNA
damage responses’"'*°. Second, previous reports suggest overexpression of cyclin E can
induce replication stress and DNA damage in U20S cells, but which isoform of cyclin E is not
specified in these studies'®'?. To directly compare the function of FL-cycE and LMW-E in
DNA repair efficiency, U20S stable cell line harboring DNA double strand break repair

reporter (EJ5-GFP) was also used'*.

From the list of genes upregulated by LMW-E (Table 2), we first selected RAD51
based on its well-established role in DNA damage repair, particularly in response to replication

stress (see section 1.8 of Chapter 1). The stalling of replication forks may result in the
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exposure of single strand DNA (ssDNA). RPA proteins then bind to the exposed ssDNA and
activate ATR-CHK1 signaling pathway. This step further promotes the phosphorylation of
RPA and the recruitment of RAD51 proteins, which replace RPA on ssDNA to facilitate lesion

repair by stabilizing or remodeling of the stalled fork®'"° .

Additionally, our RNA sequencing results showed that LMW-E upregulates C170rf53
(Table 2), a less studied gene functioning in DNA damage repair'®’. Previous studies have
shown that C170rf53 is required for survival when cells are treated with Mitomycin C, an
external replication stress agent. C170rf53 functions as a ssDNA- and RPA-binding protein
that interacts with the MCM complex to promote homologous recombination (HR) and/or inter-

strand crosslink (ICL) repair>""38,

Understanding the (different) consequences of LMW-E versus FL-cycE expression on
DNA damage repair may provide the rationale for targeting DNA damage repair pathways in
LMW-E overexpressing breast tumors. Characterizing the dependence of RAD51 and/or
C170rf53 on the DNA damage repair and cell viability of LMW-E overexpressing cells may

also shed light on potential therapeutic targets.
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5.2 Schematics of model system
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siRAD51 vs. siNT IF: y-H2AX and 53BP1
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Figure 53. Schematics of experimental models to examine the roles of LMW-E versus
FL-cycE in regulating DNA damage repair. To compare the effect of LMW-E and FL-cycE
on DNA damage repair, U20S cells were transfected to express empty-vector, FL-cycE,
LMW:-E, or to co-express of FL-cycE and LMW-E. After 48 hours, intensity of DNA damage
markers, and the level of replication stress proteins were compared. Stable U20S cell line
harboring DNA double strand break repair reporter was also used to measure the DNA repair
efficiency(A). We also performed siRNA knock-down experiments to examine the role of
RAD51 and C170rf53 in DNA damage and cell viability of inducible 76NE6-EKO-LMW-E cells
(B).
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5.3 Materials and Methods

Specific siRNAs and smart pool siRNAs

All siRNAs (specific siRNAs and smart pool siRNAs) used in this study were provided
by Dharmacon (Horizon Discovery). The transfection was performed by using Lipofectamine
3000 (Thermofisher) according to manufacturer’s protocol. The knock-down efficiency of
specific siRNAs and smart pool siRNAs were confirmed by western blot analysis for target
proteins using total cell lysates harvested 72 hours post transfection of the following siRNAs.
RAD51 siRNA#1: UAUCAUCGCCCAUGCAUCA, #2: CUAAUCAGGUGGUAGCUCA;
RAD51 siRNA smart pool: UAUCAUCGCCCAUGCAUCA, CUAAUCAGGUGGUAGCUCA,
GCAGUGAUGUCCUGGAUAA, CCAACGAUGUGAAGAAAUU. C170rf53  siRNA#1:
UGGAUUAUUUCCUCGGAUA, #2: CUGGGAAGUCUGUCCGCAA. C170rf53 siRNA smart
pool: UGGAUUAUUUCCUCGGAUA, CUGGGAAGUCUGUCCGCAA,

GCAGUGAGGCCAUACCAAU, CCAUCCACAAAGCGGGUAU.

Cell viability assay

Cell viability is measured by the MTT assay in a 96-well plate as previously described
(Chapter 2). Briefly, 12 hours following siRNA transfection, 1500 inducible 76NEG-EKO cells
were plated into each well of 96-well plates. After the cell confluency reaches 20%, the cells
were treated with 100ng/mL doxycycline to induce LMW-E overexpression. DMSO was used
as uninduced control. 48 hours later, the cells were incubated in 100 pl of 2.5 mg/mL MTT in
serum-free media for additional 4 hours at 37°C. The MTT precipitants were solubilized in
100uL DMSO at room temperature on a horizontal shaker for 30 min. The reading was
quantified using a spectrophotometer (Victor3, Perkin-Elmer) for the absorbance at

wavelength of 590 nm.

Western blot analysis
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Cell lysates were prepared and subjected to western blot analysis as previously
described in chapter 2. We used primary antibodies against cyclin E (HE-12; Santa Cruz
Biotechnology, SC-247); CDC6 (180.2; Santa Cruz Biotechnology, SC-9964); CHK1 (G-4;
Santa Cruz Biotechnology, SC-8408); phospho-CHK1 Ser345 (Cell Signaling, #2348); RPA32
(Cell Signaling, #22085); phospho-RPA32 Ser4/8 (Bethyl, A300-245a); phospho-RPA32
Ser33 (Bethyl, A300-246a); Rad51 (H-92; Santa Cruz Biotechnology, SC-8349); C170rf53
(Sigma, HPA023393); and Vinculin (Sigma, V9131). All bands on on western blots
corresponding to individual proteins were quantitated by densitometry and presented as a
ratio of the first band. Vinculin was used for loading control. Densitometry is performed by

using Imaged software.

Immunofluorescence staining

Immunofluorescence (IF) staining were performed using primary antibodies: y-H2AX
(Millipore, 05-636) and 53BP1 (Novus, NB100-304), based on the protocol described in
Chapter 2. The images were taken by Zeiss LSM880 Confocal at 63X magnification and
examined by Zeiss Zen software. More than 600 cells were analyzed per group. Cells with

five or more foci were considered positive.

5.4 Results

5.4.1 LMW-E but not FL-cycE promoted DNA damage repair

U20S cells were transfected with plasmids expressing empty vector, LMW-E, FL-
cycE, or co-transfected with LMW-E and FL-cycE. 48 hours post transfection, total cell lysates
were collected, and subjected to western blot analysis to detect replication stress markers
such as phospho-CHK1 and phospho-RPA32, as well as to determine the expression status
of cyclin E, CDC6, C170rf53, and RADS51. Vinculin was used as the loading control. The

results (Figure 54) showed that both the overexpression of FL-cycE or LMW-E upregulated
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the level of CHK1 pS345, to approximately 5-fold of empty vector control. This result
suggested both FL-cycE and LMW-E induced replication stress in U20S cells. We then
examined the replication stress marker RPA32pS4/8 and RPA32pS33 in cells transfected with
LMW-E or FL-cycE, with empty vector controls. RPA32pS4/8 and RPA32pS33 were both
strongly induced by FL-cycE over-expression, respectively showing 6.4-fold and 4.5-fold
increase, compared with empty vector control. LMW-E overexpression only moderately
enhanced the level of RPA32 pS4/8 to 2.6-fold, and RPA32 pS33 to 1.1-fold of empty vector
control. Hence, the replication stress marker was 3 to 5 times stronger in FL-cycE
overexpressing U20S cells than LMW-E overexpressing cells. Of note, in cells that were co-
overexpressed with FL-cycE and LMW-E (lane 4, Figure 54), we observed the rescue effects
of LMW-E on the RPA phosphorylation mediated FL-cycE. Specifically, the level of RPA32
pS4/8 in cells with FL-cycE and LMW-E co-expression was 30% less than the cells with FL-
cycE overexpression alone, and that of RPA32 pS33 was 90% less (Figure 54). These results
suggest that, in U20S cells, the replication stress induced by FL-cycE is stronger than LMW-
E. However, LMW-E co-expression can partially rescue the replication stress induced by FL-

cycE.

In the same experimental system, we also observed a 50% decrease of CDC6 by FL-
cycE, while LMW-E alone increased the CDCE6 level to 2.3-fold (Figure 54). This is similar to
the previous observation in inducible 76NE6-EKO cells (Figure 43). In U20S cells, co-
expression of LMW-E and FL-cycE upregulated the levels of CDC6 to 2.1-fold, compared to
the empty vector control, which was 4-fold of the level of CDC6 in cells with FL-cycE
expressing alone. This suggest LMW-E played a dominant role over FL-cycE in regulating
the level of CDC6. The western blot results also confirmed that LMW-E upregulates the
RAD51 and C170rf53 levels in U20S cells (Figure 54). These results consistently show that

LMW-E but not FL-cycE promote the expression of CDC6 and replication stress tolerance.
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Additionally, the rescue effect of LMW-E on FL-cycE expressing cells suggest that while LMW-
E and FL-cycE may differentially regulate replication stress, LMW-E plays a dominant role in

stabilizing the DNA damage.

CyclinE

RPA32 pS4/8

2
m

RPA32 pS33

RPA32

CHK1 pS345

CHK1

CDCé6

RADS1

C170rf53

Vinculin

Figure 54. LMW-E promoted the expression of CDC6, RAD51 and C170rf53, facilitating
replication stress tolerance in U20S cells. Western blot analysis of the effect of LMW-E
and FL-cycE on replication stress markers in U20S cells. U20S cells were transfected with
the indicated plasmids, followed by western blot to identify the level of CHK1 pS345, RPA32
pS4/8 and RPA32 pS33. The level of CDC6, Rad51 and C170rf53 were also examined by
western blot to validate the RNA-sequencing results.
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We then analyzed the DNA damage intensity by y-H2AX and 53BP1 foci in U20S cells
transfected with empty vector, FL-cycE, and LMW-E. The results suggested that after 48
hours expression of FL-cycE, 22% of cells were DNA damage positive, while for LMW-E
overexpression cells the value was around 10% (Figure 55). Of note, U20S cells co-
expressing LMW-E and FL-cycE exhibited 40% lower DNA damage positive cells compared
to FL-cycE overexpressing cells (Figure 55). These results also revealed that DNA damage
induced by FL-cycE is 100% more than LMW-E, and that LMW-E co-expression can partially

rescue the DNA damage induced by FL-cycE (Figure 55B).

To further confirm if LMW-E promoted DNA damage repair, we used the U20S cell
line stably expressing a NHEJ-I-Scel-based chromosomal break reporter (EJ5-GFP) '3, In
this system, double strand breaks can be induced by I-Scel expression, and end joining

between two distal tandem I-Scel recognition sites may restore an GFP expression cassette.

The DNA damage repair efficiency is then estimated by the ratio of GFP positive cells. Our
result suggested that in the empty vector or FL-cycE overexpressing cells, there were low
percentage (1.5%) of GFP positive cells, suggesting very little double strand break repair
efficiency. However, upon overexpression of LMW-E, there was a significant increase in GFP
positive cells (7%). When both FL-cycE and LMW-E were co-overexpressed, the GFP positive
cells are also significantly increased as compared to FL-cyc E alone (to 4%) (Figure 56).
These results suggest that LMW-E but not FL-cycE promotes the efficiency of double strand
break repair. The enhanced DNA repair by LMW-E + FL-cycE co-overexpression (~4.3-fold

increase), indicated the role of LMW-E on DNA repair is dominant over FL-cycE.

Collectively, our result support the hypothesis that LMW-E but not FL-cycE plays a
dual role in regulating DNA damage repair. LMW-E overexpression 1) leads to DNA damage
by inducing replication stress, and 2) facilitates DNA repair, and in doing so contributes to
replication stress tolerance by reducing DNA double strand breaks.
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Figure 55.
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LMW-E overexpression induced less DNA damage than FL-cycE, and

partially rescued FL-cycE induced DNA damage in U20S cells A. Representative images

of y-H2AX and 53BP1 foci in U20S cells 48 hours post transfected with empty-vector, FL-

cycE, LMW-E or FL-cycE +LMW-E plasmids. (scale bar = 10 uym). B. The ratio of cells positive

for y-H2AX and 53BP1 foci (foci > 5) was then calculated (cell number > 300, mean with

standard deviation, student t test.)
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Figure 56. LMW-E promoted DNA repair in U20S cells, and played a dominant role when
co-expressed with FL-cycE. Overexpression of LMW-E promoted DNA damage repair.
U20S-EJ5-GFP were transfected with empty-vector, FL-cycE, LMW-E or FL-cycE +LMW-E
plasmids, followed by transfection of I-Scel plasmid. The cells were harvested 48 hours post
transfection and subjected to FACS analysis of GFP expression (R2 gating). Representative
data are shown in (A), quantification of the experiments is shown in (B). Mean with standard

deviation, n=3, ***p<0.001, student t-test.

5.4.2 RAD51 and C170rf53 are required for DNA damage repair and cell viability in
LMW-E overexpressing hMECs.

To examine if RAD51 and/or C170rf53 are essential LMW-E downstream factors in
facilitating DNA double strand break repair, we knocked down RAD51 or C170rf53 using

siRNA transfection in the inducible 76NE6-EKO cells. Following LMW-E induction and siRNA
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transfections, we subjected the cells to western blot analysis to evaluate the knock-down
efficiency. These results showed that RAD51 smart pool siRNA, RAD51 single specific
siRNA#1, and single specific sSiRNA#2, all resulted in >80% knock down efficiency of RAD51.
C170rf53 smart pool siRNA, C170rf53 single specific sSiRNA#1, and single specific SIRNA#2,

respectively lead to >90%, 60% and 40% knock-down of C170rf53 expression (Figure 57).

We next examined the consequences of RAD51 or C170rf53 depletion on DNA
damage markers by y-H2AX and 53BP1 foci enumeration in the inducible 76NE6-EKO cells
with or without LMW-E induction. After knock-down of RAD51, we observed an increase of y-
H2AX positive cells from 2% to 12% and 53BP1 positive cells from 4% to 16% in 76NE6-EKO
cells without LMW-E induction, respectively. These results suggest that RAD51 is important
for DNA damage control in normal dividing cells. Following 24 hours of induced expression of
LMW-E, the ratio of y-H2AX positive cells and 53BP1 positive cells both reached 20-25% in
the non-targeted siRNA control group, which is consistent to the positive regulatory role of
LMW-E on DNA damage by inducing replication stress. However, when RAD51 was knocked
down, the ratio of y-H2AX positive cells and 53BP1 positive cells following LMW-E induction
further increased to 40% of total cell population (Figure 58). Similar results were observed in
the when we knocked down C170rf53, suggesting depletion of C170rf53 increased DNA

damage by 2-3 fold in LMW-E induced cells compared to uninduced cells (Figure 59).

Following siRNA knock-down of RAD51 or C170rf53, cell viability is also decreased in
RAD51 or C170rf53 deficient LMW-E overexpressing cells by 63% or 50% respectively,
compared to non-target siRNA treated cells (Figure 60). Given that LMW-E positively
regulates the level of RAD51 and C170rf53, our data altogether support the hypothesis that
RAD51 and C170rf53 serve as essential LMW-E down-stream effectors in the DNA damage

repair process.
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Figure 57. Effect of RAD51 and C170rf53 knock-down by siRNAs.

A and B. These cells were transfected with smart pool siRNA (A) or single specific siRNAs(B)
targeting RAD51, NT siRNAs were used as control, followed by 24 hours treatment of
100ng/mL doxycycline to induce LMW-E overexpression. The Densitometry results show the
RAD51 protein level in RAD51 siRNA transfected cells are 80 — 90% less than that in NT
siRNA transfected cells. C and D. These cells were transfected with smart pool siRNA (C) or
single specific siRNAs(D) targeting C170rf53, NT siRNAs were used as control, followed by
24 hours treatment of 100ng/ml doxycycline to induce LMW-E overexpression. The
Densitometry results showed the C170rf53 protein level in C170rf53 smart pool siRNA
transfected cells were 90% less than that in NT siRNA transfected cells. Single specific

siRNAs against C170rf53 also reached 40 — 60% knock-down efficiency.
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Figure 58. Depletion of RAD51 increased DNA damage in LMW-E overexpressing cells.
DNA damage assay by using immunofluorescent y-H2AX and 53BP1 foci in inducible 76NEG6-
EKO cells, with or without RAD51 knockdown and/or induction of LMW-E overexpression. A.
Representative images y-H2AX and 53BP1 foci in inducible 76NE6-EKO cells, with or without
RAD51 knockdown and/or induction of LMW-E overexpression (scale bar = 10 um). B. The
ratio of cells positive for y-H2AX and 53BP1 foci (foci > 5) was then calculated (cell number >
400, mean with standard deviation, student ¢ test).

127



A non-target siRNA pool

DAPI
Dox -
3P DAPI
Dox + :
siC170rf53 siRNA smartpool
DAPI
Dox -
53BP DAPI LS
Dox + s
B y-H2AX positive cells (foci>5) 53BP1 positive cells (foci>5)
p=0.0031 p=0.038
60— 60 ®NT siRNA pool
p<0.001 p<0.001  Jc170rf53 siRNA
smart pool
a0 P<0001 o 40 P<0.001 °
[ ] ®
3 — 3 o’ *—s
[§] ® L4 ° ® o '_= ]
= 20| o ° = 20+ o o
o N ﬁ‘.. r
o ° D
0 T | | | 0—*¢ T T T
Dox - + + Dox - + - +

Figure 59. Depletion of C170rf53 increased DNA damage in LMW-E overexpressing
cells. DNA damage assay by using immunofluorescent y-H2AX and 53BP1 foci in inducible
76NEG6-EKO cells, with or without C170rf53 knockdown and/or induction of LMW-E
overexpression. A. Representative images y-H2AX and 53BP1 foci in inducible 76NEG-EKO
cells (scale bar = 10 um). B. The ratio of cells positive for y-H2AX and 53BP1 foci (foci > 5)

was then calculated (cell number > 400, mean with standard deviation, student t test).
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Figure 60. Depletion of RAD51 or C170rf53 reduced viability of LMW-E overexpressing
cells. Analysis of cell viability by MTT assay in inducible 76NE6-EKO-LMWE cells after
transfection of specific siRNAs targeting RAD51(panel A) or C170rf53(panel B), followed by
100ng/ml doxycycline induced LMW-E overexpression for 48 hours. Non-target siRNA and
DMSO (dox-) were used as controls. The results suggest, compared with non-target siRNA
transfected cells, cell viabilities in RAD51 or C170rf53 deficient LMW-E overexpressing cells

decreased by 63% or 50% respectively. (****p < 0.0001, Student t test.)

5.5 Conclusion

In this chapter, we show that LMW-E but not FL-cycE facilitated DNA damage repair.
Specifically, overexpression of LMW-E resulted in less DNA damage marker intensity and
enhanced DNA repair efficiency in U20S cells, compared with FL-cycE overexpression

setting. When LMW-E was co-expressed with FL-cycE, it reduced DNA damage marker and
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enhanced DNA repair, partially rescuing the DNA damage induced by FL-cycE. These results
also help explain why DNA damage accumulates in inducible hMECs with FL-cycE but not
LMW-E overexpressing condition. Additionally, data in U20S cells confirmed that LMW-E
overexpression upregulated RAD51 and C170rf53 as is observed in inducible 76NE6-EKO
cells. To investigate the role of RAD51 and C170rf53 in LMW-E overexpressing hMECs, we
examined the DNA damage markers and cell viability, with or without siRNA mediated knock-
down of these genes. We observed a dramatic increase of y-H2AX positive cells and 53BP1
positive cells after depletion of RAD51 or C170rf53, following the induction of LMW-E in
76NE6-EKO cells. Data from MTT assay also suggested that RAD51 or C170rf53 were

required for the cell viability of when LMW-E was induced in 76NE6-EKO cells.

In summary, our data collectively support the hypothesis that LMW-E, but not FL-cycE,
facilitates DNA damage repair, and that LMW-E plays a dominant role over FL-cycE. LMW-E
overexpression upregulates RAD51 and C170rf53. These genes serve as essential down-

stream effectors in the DNA damage repair and survival of LMW-E overexpressing cells.
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Chapter Six: LMW-E overexpressing cells are sensitive to
inhibitors targeting the ATR-CHK1-RAD51 pathway

6.1 Introduction

By comparing the effect of LMW-E with FL-cycE in inducible cyclin E knock-out
hMECs, we observed FL-cycE but not LMW-E overexpressing resulted in DNA damage
accumulation and loss of cell viability. Using U20S cells and DNA damage repair reporter
system, we have determined LMW-E facilitates DNA damage repair and can partially rescue
the DNA damage induced by FL-cycE over-expression. These results suggest targeting DNA

damage repair pathways may lead to reduced cell viability in LMW-E overexpressing cells.

We have determined that LMW-E overexpression led to replication stress and
activated ATR-CHK1 pathway, evidenced by reduced fork speed (Figure 40) and enhanced
phosphorylated CHK1(Figure 41). RNA sequencing and subsequent western blot analysis
show that LMW-E overexpression upregulate RAD51(Figure 33, 42 and 53), which functions
down-stream of ATR-CHK1 pathway and promote fork restart and damage repair®''¢""7. We
have also confirmed that depletion of RAD51 can increase DNA damage and reduce cell

viability in 76NE6-EKO cells induced for LMW-E expression (Figure 58 and 60).

In this chapter, we aim to test the effect of inhibiting ATR-CHK1-RADS1 pathway in
hMECs and breast cancer cells with or without LMW-E over-expression. We will use RAD51
inhibitor BO2, CHK1 inhibitor Rabusertib and ATR inhibitor Ceralasertib (descripted in chapter
1), and evaluate the DNA damage and cell viability. Results from these experiments may
establish ATR-CHK1-RAD51 pathway as therapeutic targets in LMW-E "9" breast cancer

(Figure 61).
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6.2 Schematics of model system.
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Figure 61. Model systems to test the effect of inhibiting ATR-CHK1-RAD51 pathway in
cells with or without LMW-E overexpression. To evaluate the effect of inhibitors for RAD51,
CHK1, or ATR in cells with or without LMW-E over-expression, we used inducible 76NE6-
EKO-LMW-E cells with or without doxycycline treatment to mimic the condition of pre-
cancerous mammary cells with or without LMW-E over-expression. We also used MDA-MB-
231 breast cancer cells, engineered to express empty vector or LMW-E. For each inhibitor
(RAD51 inhibitor BO2, CHK1 inhibitor Rabusertib and ATR inhibitor Ceralasertib), we evaluate
the half maximal inhibitory concentration (IC50) on cell viability by MTT assay and compare
the value between LMW-E dox+ and dox — conditions. The level of DNA damage markers (y-
H2AX foci and 53BP1 foci), replication stress and DNA damage signal (phosphor-CHK1) and

apoptosis marker (cleaved PARP) were also assessed.
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6.3 Materials and methods

Inhibitors

We used the RAD51 inhibitor BO2 (Selleckchem, Catalog No.S8434), CHK1 inhibitor
Rabusertib (LY2603618, Selleckchem, Catalog No.S2626), and ATR inhibitor Ceralasertib

(AZD6738, Selleckchem, Catalog No.S7693).
Western blot analysis

Cell lysates were prepared and subjected to western blot analysis as previously
described in chapter 2. We used primary antibodies against cyclin E (HE-12; Santa Cruz
Biotechnology, SC-247); phospho-CHK1 Ser345 (Cell Signaling, #2348); RPA32 (Cell
Signaling, #22085); PARP (Cell Signaling, #9542); and Vinculin (Sigma, V9131). All bands on
on western blots corresponding to individual proteins were quantitated by densitometry and
presented as a ratio of the first band. Vinculin was used for loading control. Densitometry is

performed by using ImageJ software.

Immunofluorescence staining

Immunofluorescence (IF) staining were performed using primary antibodies: y-H2AX
(Millipore, 05-636) and 53BP1 (Novus, NB100-304), based on the protocol described in
Chapter 2. The images were taken by Zeiss LSM880 Confocal at 63X magnification and
examined by Zeiss Zen software. More than 600 cells were analyzed per group. Cells with

five or more foci were considered positive.
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6.4 Results

6.4.1 LMW-E overexpressing increased the inhibitory effect of RAD51 inhibitor B02,
CHK1 inhibitor rabusertib, and ATR inhibitor ceralasertib on cell viability

In this chapter we set out to test the hypothesis that small molecule inhibitors targeting
Rad51 and ATR-CHK1 pathway would specifically reduce the cell viability in LMW-E
overexpressing cells. To this end we used two different model systems: 1) the 76NEG-EKO
and 2) MDA-MB-231 breast cancer cells overexpressing LMW-E. The 76NE6-EKO cells
induced to express LMW-E were examined for cell viability following treatment with the RAD51
inhibitor B02, CHK1 inhibitor rabusertib and ATR inhibitor ceralasertib. For these
experiments, 76NEG-EKO cells were cultured in media containing DMSO (Dox-) or 100ng/mL
doxycycline (Dox+, to induce LMW-E expression) for 24 hours, followed by 96 hours treatment
with Rad51 inhibitor B02, CHK1 inhibitor rabusertib, or ATR inhibitor ceralasertib(Figure 62).
These inhibitors were added to the media containing doxycycline (to induce LMW-E over-
expression) or DMSO (control). Following 96 hours of treatment, cells were processed for
MTT assay and dose response curves generated and IC50 values determined (Figure 62).
Results revealed that upon induction of LMW-E all agents examined could more specifically
inhibit cell proliferation when LMW-E was induced as evident with lower IC50 values (Figure
64). The IC50 of CHK1 inhibitor rabusertib is 5-fold higher (p value=0.0071) in the un-induced
control group compared with LMW-E overexpressing cells. For ATR inhibitor ceralasertib and
Rad51 inhibitor B02, the IC50s are 3-fold higher (p value=0.0085) and 60% higher (p
value=0.0117), respectively, in cells without LMW-E overexpression than cells with LMW-E
overexpression. These data suggest that LMW-E expression significantly increased the

sensitivity of these inhibitors.

Next, we used the TNBC line MDA-MB-231, stably expressing empty-vector or LMW-

E to examine the sensitivity to CHK1 inhibitor rabusertib, ATR inhibitor ceralasertib, and
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Rad51 inhibitor BO2 in a breast cancer cell line (Figure 63). Consistent results to those of
76NE6-EKO cells were observed. Specifically, following 96 hours of inhibitor exposure, results
from MTT assay show that the IC50s of all drugs examined is higher in empty vector
overexpressing MDA-MB-231 cells than LMW-E overexpressing cells. Similar to the findings
in inducible 76NE6-EKO cell lines, the most dramatic change is observed in the cells treated
with CHK1 inhibitor (Figure 63A). LMW-E overexpression resulted in  63% (p value=0.0016)
decrease of IC50 of CHK1 inhibitor rabusertib. We observed 50% (p value=0.031) and 34%
(p value=0.037) decrease respectively for the IC50 ATR inhibitor ceralasertib, and Rad51
inhibitor BO2 when we compared the IC50 of the MDA-MB-231 empty vector cells to the LMW-
E overexpressing cells (Figure 63 B and C). These results suggest that LMW-E
overexpressing also significantly increased the sensitivity to CHK1 inhibitor rabusertib, ATR

inhibitor ceralasertib, and Rad51 inhibitor B02 in TNBC cells.

6.4.2 RAD51 inhibitor B02, CHK1 inhibitor rabusertib, and ATR inhibitor ceralasertib
induced DNA damage in cells overexpressed with LMW-E

We next set out to interrogate if the treatment of cells with the three DNA damage
repair inhibitors differentially induce DNA damage based on the LMW-E status of the cells. To
this end, we compared the ratio of cells positive for y-H2AX and 53BP1 foci as the markers
for DNA damage in each of the treated cells as compared to untreated cells, as a function of
LMW-E expression. For these experiments, 76NE6-EKO cells were cultured in media
containing DMSO (Dox-) or 100ng/ml doxycycline (Dox+, to induce LMW-E expression) for 24
hours, and continued for 24 hours treatment with additional Rad51 inhibitor BO2 (3uM), CHK1
inhibitor rabusertib (70nM), or ATR inhibitor ceralasertib (125nM). The results show that in
LMW-E overexpressing cells: the ratio of y-H2AX and 53BP1 positive cells is 120% higher
when treated with Rad51 inhibitor B02, and 60% higher in cells treated with CHK1 inhibitor

rabusertib, compared to cells without drug exposure.
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Figure 62. Dose response curves of CHK1 inhibitor rabusertib (panel A), ATR inhibitor
ceralasertib (panel B), and Rad51 inhibitor B02 (panel C) in inducible 76NE6-EKO with
or without LMW-E over-expression. Inducible 76NE6-EKO cells were cultured in media
containing DMSO (Dox-) or 100 ng/mL doxycycline (Dox+, to induce LMW-E overexpression)
for 24 hours, followed by the treatment of RAD51 inhibitor (B02), CHK1 inhibitor (rabusertib),
or ATR inhibitor (ceralasertib). After 96 hours of inhibitor exposure, cells were subjected for
cell viability assay (MTT) to calculate the half-maximal inhibitory concentration (IC50) of CHK1
inhibitor rabusertib (panel A), ATR inhibitor ceralasertib (panel B), and RAD51 inhibitor B02
(panel C). IC50s showing the mean value from 3 biological repeats and 4 technical repeats,

p value from student f test.
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Figure 63. Dose response curves of CHK1 inhibitor rabusertib, ATR inhibitor
ceralasertib, and RAD51 inhibitor B02 in MDA-MB-231 cells stably express empty
vector or LMW-E. MDA-MB-231-emtpy vector or MDA-MB-231-LMW-E cells were subjected
to cell viability assay (MTT) to calculate the half-maximal inhibitory concentration (IC50) for
96 hours treatment of CHK1 inhibitor rabusertib (panel A), ATR inhibitor ceralasertib (panel
B), and Rad51 inhibitor BO2 (panel C). IC50s showing the mean value from 3 biological

repeats and 4 technical repeats, p value from student ¢ test.

In cells treated with B02, LMW-E overexpression resulted in 56% increase of y-H2AX
and 53BP1 foci positive cells, compared with the cells without LMW-E induction. Similarly, in
cells treated with rabusertib or ceralasertib, LMW-E induction resulted in 70% and 25%
increase of y-H2AX and 53BP1 foci positive cells, respectively (Figure 64).
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We then performed DNA damage assay in MDA-MB-231 cell lines engineered to
stably express empty-vector or LMW-E. We compared the ratio of y-H2AX and 53BP1 positive
cells in each cell line with or without 48 hours treatment of Rad51 inhibitor B02 (13uM), CHK1
inhibitor rabusertib (260nM), or ATR inhibitor ceralasertib (1uM). The results showed in LMW-
E overexpression cells, the ratio of y-H2AX and 53BP1 positive cells is 1.2-fold higher in cells
treated with B02, 4-fold higher in cells treated with rabusertib, and 6-fold higher in cells treated
with ceralasertib, compared cells without drug exposure. Additionally, In the CHK1 inhibitor
rabusertib treated LMW-E overexpressing cells, the ratio of y-H2AX positive cells and 53BP1
positive cells are 1.56-fold and 2.35-fold of empty vector cells, respectively (Figure 65). These
results suggest blocking DNA damage repair pathways by small molecule inhibitors increase
the DNA damage in LMW-E overexpressing hMECs and breast cancer cell line.
Overexpression of LMW-E also increase the sensitivity of MDA-MB-231 cells to CHK1 inhibitor

rabusertib.

To examine the effect of ATR-CHK1-RAD51 inhibitors on DNA damage responses
and cell apoptosis, we next performed western blot to analyses of phospho-CHK1, cleaved
PARP in the inducible 76NEG-EKO-LMWE cell lines. As expected, the phosphorylation of
CHK1 at S345 were blocked by ATR inhibitor in both inducible 76NEG-EKO-LMW-E cells as
well as MDA-MB-231 cells. CHK1 inhibitor promoted CHK1 pS345 MDA-MB-231 cell lines but
not inducible 76NE6-EKO-LMWE cell lines. The results also show that when LMW-E was
induced, treatment of cells with RAD51 inhibitor led to 1.5 times increase of cleaved PARP, a
marker for apoptosis'** (Figure 66A). Similarly, BO2 treatment of MDA-MB-231 LMW-E
overexpressing cell line showed a 5-fold increase of cleaved PARP, when compared to the
LMW-E overexpression cells without drug exposure (Figure 66B). These data suggest RAD51

inhibitor BO2 may induce apoptosis in LMW-E overexpressing hMECs and breast cancer cells.
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Figure 64. Treatment of Rad51 inhibitor B02, CHK1 inhibitor rabusertib, or ATR inhibitor
ceralasertib enhanced DNA damage in inducible 76NE6-EKO-LMW-E cells. Inducible
76NE6-EKO-LMW-E cells were cultured in media containing DMSO (Dox-) or 100ng/ml
doxycycline (Dox+, to induce LMW-E expression) for 24 hours, and continued for 24 hours
treatment with additional Rad51 inhibitor BO2 (3uM), CHK1 inhibitor rabusertib (70nM), or ATR
inhibitor ceralasertib (125nM). A. representative images for DNA damage assay examined by
immunofluorescence for y-H2AX foci and 53BP1 foci (scale bar=10um). B and C. quantitation
of the ratio of y-H2AX- positive cells (B, foci > 5) and 53BP1-positive cells (C, foci > 5). Cell

number > 400, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, Student ¢ test.
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Figure 65. Treatment of Rad51 inhibitor B02, CHK1 inhibitor rabusertib, and ATR
inhibitor reralasertib induced DNA damage in MDA-MB-231 stable cell lines. MDA-MB-
231 empty vector or LMW-E stable cell lines were treated with Rad51 inhibitor B02 (13uM),
CHK1 inhibitor rabusertib (260nM) or ATR inhibitor ceralasertib (1uM) for 48 hours, followed
by immunofluorescence assay for y-H2AX foci and 53BP1 detect the DNA damage. A.
Representative images of y-H2AX foci and 53BP1 foci (scale bar=10um). B and C.
quantitation of the ratio of y-H2AX- positive cells (B, foci > 5) and 53BP1-positive cells (C, foci

> 5). Cell number > 400, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, Student ¢ test.
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Figure 66. Western blot analysis for DNA damage and apoptosis marker in inducible
76NE6-EKO-LMW-E cells and MDA-MB-231 stable cell lines. The result showed RAD51
inhibitor B02 treatment induced cleaved PARP, the apoptotic marker, in inducible 76NEG6-

EKO-LMW-E cells and MDA-MB-231cells when LMW-E were overexpressed.
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6.5 Conclusion

In this chapter, we used small molecule inhibitors targeting ATR-CHK1-RADS51
pathway to investigate the potential therapeutic targets when LMW-E is expressed. We
applied inducible 76NEG-EKO cells with or without doxycycline to induce LMW-E, as well as
TNBC lines MDA-MB-231 that were engineered to stably express empty vector or LMW-E as
our model systems. Based on cell viability measured by MTT assay, we have determined that
LMW-E overexpression significantly decreased the IC50s of RAD51 inhibitor B02, CHK1

inhibitor Rabusertib, and ATR inhibitor Ceralasertib.

Treatment of these drugs also led to significantly enhanced DNA damage in LMW-E
overexpressing cells, as shown by increased ratio of cells positive for y-H2AX- and 53BP1
foci. RAD51 inhibitor BO2 treatment led to increased level of apoptosis marker- cleaved PARP
in LMW-E overexpressing cells. These findings are consistent in both hMEC model 76NEG6-
EKO-LMW-E cells and TNBC model MDA-MB-231-LMW-E stable cell lines. Based on these
findings, ATR-CHK1-RAD51 pathway may serve as druggable target in LMW-E "9 breast
cancers. Among the drugs tested in this chapter, CHK1 inhibitor Rabusertib is the most
effective (lowest IC50). RAD51 inhibitor B02 specifically induced apoptosis in LMW-E
overexpressing cells, and may benefit from apoptosis modulators to maximize the killing

effect.
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Chapter Seven: LMW-E predicts genomic instability in

early-stage breast cancers

7.1 Introduction

Thus far, we have established that LMW-E overexpression in human mammary
epithelial cell lines promote genomic instability featured by aberrant chromosomal structures
and abnormal nuclear phenotypes. Mechanistically, overexpression of LMW-E, similar to but
independent of its precursor FL-cycE, promotes replication stress and DNA damage repair. In
this chapter, we aim to translate our findings to breast cancer patients by interrogating if there

is an association between LMW-E status and genomic instability in their tumors.

To this end, we used the tumor samples from a retrospective cohort of 725 stage I/l
breast cancer patients, who were all treated at MD Anderson Cancer Center and for whom
we have comprehensive clinical and pathological annotation and follow up. These tumors
were previously analyzed by immunohistochemistry (IHC) for the status of LMW-E and by
high-density molecular inversion probe (MIP) array'* based targeted sequencing to calculate

copy number (CN) gains and losses.

By sub-grouping the samples according to their LMW-E-positive or negative status,
we performed bio-informatics analysis to determine the association between LMW-E and
genomic instability as a function of CN gains and losses for each chromosomal region.
Together with other clinical and pathological features, we set out to test the hypothesis that
LMW-E status independently predicts genomic instability and clinical outcome in early stage

breast cancer patients (Figure 67).
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7.2 Schematics of model system
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Figure 67. Schematics for association analysis between LMW-E status and genomic
instability in breast cancer patient(n=725). We use a retrospective cohort of 725 patients
with stage I-1l breast cancer to examine if LMW-E levels predicts genomic instability. For each
sample, we have the status of LMW-E (positive or negative) and MIP copy number data. We
further applied an index for genomic instability (G2I) to stratify the patient cohort into genomic
instability high and low groups and determined the association between LMW-E and genomic

instability status by univariate logistic regression and multi-variate logistic regression models.
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7.3 Materials and Methods

Patients and tissue samples

The study was approved by the Institutional Review Board of The University of Texas
MD Anderson Cancer Center. The patients for this study include a retrospective cohort of 725
patients with stage I-1l breast cancer treated at MD Anderson (Houston, TX) between 1985
and 1999°%'%°_ Clinical information, including patient age, T category, nodal status, tumor
grade, subtype, and low molecular weight cyclin E (LMW-E) status, was abstracted from a
previous report®®. In brief, to determine the status of LMW-E, the formalin-fixed, paraffin-
embedded (FFPE) breast tumor samples were deparaffinized, rehydrated, and treated with
3% hydrogen peroxide and methanol to block the peroxidase activity and nonspecific protein-
protein interactions. Antigen retrieval was performed by applying 0.01mM citric acid-based
buffer at pH 6.0 for 15 min before immunostaining, followed by 1-hour blocking. The staining
cyclin E was performed by using rabbit polyclonal antibody to cyclin E (Santa Cruz, C-19, sc-
198) and the signals were detected by VECTASTAIN Elite ABC kit (PK6101 and PK6102;
Vector Laboratories). For each tumor sample, LMW-E status was assigned as follows: LMW-
E negative (no staining or just nuclear staining), LMW-E positive (nuclear + cytoplasmic or

just cytoplasmic staining).
Molecular inversion probe-based arrays for copy number measurement

Raw data of molecular inversion probe (MIP)-based arrays from tumor DNA isolated
from patient tissues in formalin-fixed, paraffin-embedded blocks (n = 725) and matched non—
tumor-bearing lymph node formalin-fixed, paraffin-embedded blocks (n = 129 cases) were
abstracted from a previous report'*®. In brief, the MIP assay was performed by the
Affymetrix™ MIP laboratory, and the laboratory was blinded to all sample and subject
information. Data from the MIP assay data, we generated the raw copy number data consisted
of total copy number and B-allele frequencies for 201,032 molecular inversion probe arrays.
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Among the 725 samples, 683 were diploid, 25 were triploid, and 17 were tetraploid tumors.
By using the allele-specific copy number analysis of tumors (ASCAT) algorithm provided by

Van Loo et al.,®

we obtained 48,623 intervals to generate the copy number gains and losses
for each of the sample (within each interval, the copy number did not change for any of the

samples).
Genomic instability index (G2l)

The G2I algorithm was performed on copy number data using previously reported R
scripts by Bonnet et al "’. G2l used copy number data for a two-parameter index representing
the overall level of genomic alteration and the number of altered genomic regions. The overall
level of genomic alteration (A) is computed as the mean value of the altered probes divided
by total probes. The number of altered regions (N) is computed by altered genomic regions
along the genome. For a given sample i, if Ai < a1 and Ni < n1, then the genomic instability
index = 1; if Ai > a3 and Ni > n3, then the genomic instability index = 3; otherwise genomic

instability index = 2. The algorithm g2i.learn was provided by Bonnet et al'*’.
Statistical analysis

Univariable and multivariable logistic regression were performed to determine whether
LMW-E status and other clinical information, including patient age, T category, lymph node
status, nuclear grade, and tumor subtype (based on estrogen receptor and progesterone
receptor status), were associated with genomic instability as determined by the G2l scores. If
the G2l score is 1 or 2, the genome is considered stable. If the G2l score is 3, then the genome

is considered unstable.

Univariable and multivariable regression analyses using the Cox proportional hazards
model were performed to determine whether age, T category, nodal status, tumor grade,

subtype, chemotherapy, radiotherapy, endocrine therapy, G2I score, and LMW-E status were
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associated with breast cancer freedom from recurrence. Freedom from recurrence is modified
from guidelines reported by Hudis et al'*® for recurrence-free survival calculating only
recurrences (locoregional or distant) and not including deaths as events, regardless of cause
of death. The Kaplan—Meier method was used to calculate 15-year freedom from recurrence
for each factor. Differences in survival between LMW-E—positive and LMW-E—negative

samples were evaluated using the log-rank test.

7.4 Results

7.4.1 LMW-E status and patient characteristics

To study the association of LMW-E status and genomic instability in breast cancer, we
analyzed a retrospective cohort of 725 patients with stage I-Il breast cancer. This cohort
contains 158 (22%) had HER2+ breast cancer, 420 (58%) had ER+/PR+ breast cancer, and
140 (20%) had TNBC (Figure 68). Samples from each patient were represented by spots on
a tissue microarray slide and all slides were stained for cyclin E using C-terminal antibody to
determine the status of LMW-E. In particular, LMW-E negative samples show no staining or
just nuclear staining, and LMW-E positive samples show nuclear plus cytoplasmic staining or
just cytoplasmic staining®. Three pathologists independently scored each sample for its

nuclear and cytoplasmic scoring of cyclin E3%€°

. Comparing the LMW-E status with breast
cancer subtypes, the result show LMW-E—positive (n = 427) contained a higher proportion of
HER2+ and TNBC subtypes than LMW-E—-negative subgroup (n = 298) (Figure 68), and
breast cancer subtypes (HER2+, ER+/PR+, or TNBC), nuclear grade (|, Il, or Ill), and nodal
status (negative or positive) represented statistically distinct LMW-E status (Table 6). We used
freedom from recurrence (FFR) as a measure of outcome for the patients in this cohort,
The Kaplan-Meier FFR curves suggest LMW-E-positive subgroup exhibit significantly

increased recurrence compared with the LMW-E—negative subgroup (Figure 69). These

results suggest although the patient in our cohort were distinct in pathological features such
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as breast cancer subtypes, nuclear grade levels, nodal status, and tumor metastasis, LMW-E
status may predict the clinical outcome of the early stage breast cancer patients independently

of these other factors.
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Figure 68. The distribution of breast cancer subtypes in LMW-E-negative subgroup
(n=298) and LMW-E-positive subgroup (n=427) in our cohort of 725 patients with stage
I and Il breast cancer. Higher proportion of HER2+ and TNBC subtypes were observed in

LMW-E-positive subgroup compared with the LMW-E—negative subgroup.
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Odds ratio | p- Odds ratio | p-
(95% value | (95% value
LMW-E -, | LMW-E +, Overall confidenc confidenc
n (%) n (%) p-value e interval) e interval)
Subtype 6.61E-23
ER+/PR+ 0.26 (0.17- | 1.78E-
234 (55.7) | 186 (44.3) Reference 0.4) 11
Her2+ 3.83 (2.5- 1.78E-
39 (24.7) 119 (75.3) 5.9) 11 Reference
TNBC 7.52 (4.5- 7.36E- | 1.96 (1.05- | 0.028
20 (14.3) 120 (85.7) 13.3) 19 3.77) 9
NA
5 2
Nuclear
grade 1.15E-13
| 38 (59.4) 26 (40.6) Reference
1 1.47 (0.83-
174 (49.9) | 175 (50.1) 2.6) 0.175
M 4.96 (2.7- 3.60E-
60 (22.6) 205 (77.4) 9.3) 08
NA
26 21
Nodal
status 0.0032
Negative Reference
194 (45.9) | 229 (54.1)
Positive 1.6 (1.16- 0.003
100 (34.6) | 189 (65.4) 2.21) 2
NA
4 9

Table 6. Association of low molecular cyclin E (LMW-E) status with tumor

characteristics in early stage breast cancer samples (n

725).

Clinical information,

including tumor subtypes, tumor grade, nodal status, and low molecular weight cyclin E (LMW-

E) status, was abstracted from a previous report®®. Fisher's exact tests were performed to

compare the ratio of each clinical feature in LMW-E-positive subgroup and LMW-E-negative

subgroup.
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Figure 69. Kaplan-Meier survival curves showing the association between LMW-E
status and freedom from recurrence (FFR) in a cohort of 725 patients with stage | and
Il breast cancer. The subgroup of our cohort that was LMW-E—positive (n = 427) showed
significantly increased tumor recurrence and worse clinical outcomes compared with the

LMW-E-negative subgroup(n=298; p=2.584 X 10 '2).

7.4.2 LMW-E status is associated with copy number variations (CNVs) in breast
cancer patients

The CNVs in the 725 breast cancer samples were determined by Molecular inversion
probe (MIP) based arrays'*®. The raw copy number data consist of total copy number and B-
allele frequencies for 201,032 MIPs. We applied the ASCAT algorithm to simultaneously
estimate the normal contamination percentage and tumor ploidy. Among the 725 samples
there are 683 diploid, 25 triploid, and 17 tetraploid tumors. Based on the MIP copy number

data, we estimated integer A and B allele counts across the genome. We assigned copy
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number gains (or losses) when the total copy number (A+B allele counts) is greater (or less)
than the ploidy. For each sample we obtained a list of segments and an associated gain (or
loss) frequency. The results revealed that the CNV frequency in LMW-E—positive subgroup is

significantly higher than LMW-E—negative subgroup (Figure 70).
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Figure 70. Comparison of copy number variation (CNV) frequency in LMW-E-negative
and LMW-E—positive subgroups in our patient cohort. LMW-E positive samples (n=427)

show significantly higher CNV frequency compared with LMW-E negative samples (n=298).

To identify the gains and losses associated with LMW-E status, we used Bonferroni
correction (p-value cutoff=0.05, number of tests=48623) to determine the significantly different
regions between LMW-E—positive and LMW-E—negative subgroups (Figure 71). Both LMW-
E-positive and negative subgroups show recurrent gains of the 1q (arm), 8p11-q24, 14q11.2,
and 20q13 and losses at 8p23-p12, consistent with features in breast cancer CNVs regardless
of LMW-E status'*. Specifically, regions with CN gains containing oncogenes such as JUN
(1p32), FOXC1 (6p25), CCNE2 (8922), WNT5B (12p13), CCND2 (12p13), FOXM1 (12p13),
and ERBB2 (17q12), as well as regions with CN loss containing TP53 (17p13), were strongly

associated with LMW-E—positive tumors. CN gains in CCNET (cyclin E1) were also associated
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with LMW-E—positive tumors (p = 0.0023) (Figure 71). Considering upregulated DNA
replication and DNA repair pathways are enriched in LMW-E overexpressed mammary
epithelial cells, we next interrogated if such alterations at genetic level are also associated
with LMW-E positive breast tumors. Our analysis revealed that LMW-E—positive tumors
harbored significantly higher CN gains in genes involved in the DNA pre-replication complex
(such as CDC6, MCMs, POLE3, POLE4) (Figures 71 and 72) and DNA damage repair (such
as RAD51B, RAD51AP1, RAD52, and RAD54B) (Figure 71) and non-homologous end joining

pathway genes (such as DCLRE1C, DNTT, NHEJ1, XRCC5, and LIG4; Figure 73).
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Figure 71. Association plot demonstrating the frequency of copy number variations
(CNVs) in LMW-E—-negative (n = 298) and LMW-E—positive (n = 427) tumors compared
with normal tissue control. The colored patches highlight significantly different CN gains

(red) and losses (blue) in LMW-E—positive tumors compared with LMW-E—negative tumors.
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7.4.3 LMW-E positive status predicts genomic instability

Previous studies established an index of genetic instability based on two parameters linked
to the overall level of genomic alteration and the number of altered regions, which can be
calculated by CNVs across the genome'’. To examine the association between LMW-E
status and genomic instability, we used the genomic instability index (G2l), to stratify our
patient cohort (n = 725) into subgroups of stable genomes (G2l = 1; n = 137), intermediately

stable genomes (G2I = 2; n = 425), and unstable genomes (G2l = 3; n = 163; Figure 74).

RePLeATON 11 'a"'\ I
| e ‘ ] :ll '/I','l'lw l:” | |I!I”f M ( |q| H e
] nonTec ;ul Mu] ﬁ\l i ||‘4 1l ‘I il ( ’ I || H Rrcd. oot
| Siee L I |'|'|\|”f|| :H | ‘IH} |: [ ' | ‘ gg:'% §§§%2§§§§
il ...iuﬁllﬂ g '}I oo J 'r* S5
II\| )“\lhl‘Hll Iw \II ’l ‘I’lll “I ll\ j" I‘ I | \ \ (
. "';'..i‘”' I
th f".".ﬂ i f ll' l. l“'"“ e
| lwl]u“ll.mml‘l i ‘{ ; | ” A= - |
|IIllhl Illl‘l‘fl H"WHH/ I)‘l ‘IIHIII ’ \ IIH FMII “ 1|”| Il:vc

Figure 72. Association heatmap demonstrating the gains(red) and losses(blue) of
genes in KEGG DNA replication pathway in LMW-E—positive (n = 427) subgroup
compared with LMW-E—negative (n = 298) subgroup. The copy nhumber gains and losses
of genes in KEGG DNA replication pathway were compared between LMW-E positive
samples versus LMW-E negative samples. Genes that showed significantly gains in LMW-E-
positive sub-group were labeled red, and genes showed significant losses in LMW-E-positive

sub-group were labeled blue, both with p-values listed.
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Figure 73. Association heatmap demonstrating the gains(red) and losses(blue) of

genes in KEGG non-homologous end joining (NHEJ) pathway in LMW-E—positive (n =
427) subgroup compared with LMW-E-negative (n = 298) subgroup. The copy number
gains and losses of genes in KEGG non-homologous end joining pathway were compared
between LMW-E positive samples versus LMW-E negative samples. Genes that showed
significantly gains in LMW-E-positive sub-group were labeled red, and genes showed

significant losses in LMW-E-positive sub-group were labeled blue, both with p-values listed.

We observed significantly different distribution of samples grouped by LMW-E status
and genomic stability status (Fisher test, p = 4.9 x10™'%). Most tumors (>84%) with unstable
genomes (G2l = 3) were LMW-E—positive (Figure 75). These results suggest LMW-E positive

status is also associated with higher genomic instability in patient samples.
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Figure 74. Association plot showing copy number variation (CNV) frequency stratified
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by genomic instability index (G2I): stable genomes (G2l =1, n = 137), intermediately stable

genomes (G2l = 2, n = 425), and unstable genomes (G2l = 3, n = 163).
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Figure 75. Distribution of LMW-E-negative tumors and LMW-E-positive tumors
stratified by genomic instability index (G2l). The proportions of genome stability status
were compared between LMW-E—negative and LMW-E—positive subgroups using the Fisher
test. The results suggest LMW-E positive subgroup contain more genomic unstable samples
(G2I=3, 31%) than LMW-E negative subgroup (9%). Within the unstable samples, 84% belong

to LMW-E positive subgroup. (p = 4.9 x10™).
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To directly examine if LMW-E status predicts genomic instability, we further assigned
the high G2l score (G2I=3) as the positive parameter for genomic instability, and low and
medium G2I scores (1 and 2) as the negative reference. We initially used univariate logistic
regression model to calculate the odds ratio, confidence interval and p-value for the
association from LMW-E status and multiple clinical and pathological features (age, T stage,
nodal status, tumor grade, tumor subtypes, chemotherapy, radio therapy, and endocrine
therapy) to the genomic instability status. The results suggest that variables such as positive
LMW-E status, T stage=2, and TNBC subtype, are strongly associated with genomic instability

of breast cancers (p<0.01, Table 7).

Next, we subjected significant factors from the univariate analysis, to multivariate
logistic regression model to determine which of the factors are independent variables. To this
end, we calculated the odds ratio, confidence interval and p-value for the association from the
selected features, LMW-E status, T stage, and tumor subtype, to genomic instability (Table
8). The results show that LMW-E status is an independent factor that strongly correlates with
(p=7.38E-06) genomic instability in breast tumors (stage l/ll, n=725). Collectively, these
results have established the positive correlation between LMW-E expression and genomic
instability in early stage breast tumors, and that LMW-E could be used as an independent

predictor for genomic instability in breast cancer patients.

Additionally, positive LMW-E status, unstable genome, together with age, tumor T
stage, nodal status, and TNBC status were shown to significantly correlated with poor FFR
and clinical outcome in univariate cox regression model (Table 9). Multivariate cox regression
model further suggest that LMW-E could be used as an independent predictor for genomic

instability and poor clinical outcome in breast cancer patients (Table 10).
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Confidence

Variable Odds ratio interval (95%) | p-value
Age

<50 Reference

50-75 0.8 0.56-1.15 0.231574
>=75 0.68 0.34-1.39 0.293686
T stage

1 Reference

2 2.16 1.51-3.08 2.19E-05

Nodal status

Negative Reference

Positive 0.73 0.51-1.06 0.096754

Tumor grade

1 Reference

2 0.57 0.31-1.05 0.070566
3 0.91 0.49-1.67 0.759247
Tumor

subtype

non-TNBC Reference

TNBC 74 4.93-11.1 4.26E-22

LMW-E status

Negative Reference

Positive 4.94 3.15-7.76 3.71E-12

Table 7. Univariate logistic regression model results for the status of genomic
instability in early stage breast cancer samples (n=725). The results suggest that variables
such as positive LMW-E status, T stage=2, and TNBC subtype, are strongly associated with

genomic instability of breast cancers.
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Confidence
Variable Odds ratio interval (95%) | p-value
T stage
1 Reference
2 1.6 1.06-2.43 0.026626
Tumor
subtype
non-TNBC Reference
TNBC 4.32 2.7-6.91 1.06E-09
LMW-E status
Negative Reference
Positive 3.08 1.88-5.04 7.38E-06

Table 8. Multivariate logistic regression model using variables (selected from
univariate logistic regression model) for the status of genomic instability in early stage
breast cancer samples (n=725). The results show that LMW-E status is an independent

factor that strongly predicts (p=7.38E-06) genomic instability in breast tumors.

Confidence
Variable Hazard ratio interval (95%) p-value
Age
<50 Reference
50-75 0.62 0.46-0.83 0.001385
>=75 0.46 0.22-0.94 0.033363
T stage
1 Reference
2 2.23 1.65-3 1.41E-07
Nodal status
Negative Reference
Positive 1.97 1.46-2.64 7.85E-06
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Tumor grade

1 Reference
2 0.86 0.5-1.47 0.580861
3 1.3 0.76-2.23 0.33044

Tumor subtype

non-TNBC Reference

TNBC 1.42 1.01-2 0.044061
Chemotherapy

no Reference

yes 1.5 1.12-2.01 0.006838
Radiotherapy

no Reference

yes 0.98 0.73-1.32 0.901789

Endocrine therapy

no Reference
yes 0.49 0.36-0.67 1.14E-05
LMW-E status

Negative Reference

Positive 3.44 2.38-4.98 4.91E-11
Genomic

instability

Low Reference

High 1.39 1.01-1.93 0.045544

Table 9. Univariate cox regression model results for Freedom From Recurrence (FFR).

The result suggests positive LMW-E status, unstable genome, together with age, tumor T

stage, nodal status, and TNBC status were significantly correlated with poor FFR.
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Confidence

Variable Hazard ratio interval (95%) p-value
Age

<50 Reference

50-75 0.68 0.48-0.95 0.023361
>=75 0.49 0.23-1.06 0.069608
T stage

1 Reference

2 1.93 1.4-2.66 5.37E-05

Nodal status

Negative Reference

Positive 1.94 1.4-2.69 7.22E-05

Tumor subtype

non-TNBC Reference

TNBC 0.83 0.55-1.25 0.373222
Chemotherapy

no Reference

yes 0.74 0.52-1.06 0.102078

Endocrine therapy

no Reference

yes 0.53 0.37-0.77 0.000888

LMW-E status

Negative Reference

Positive 2.99 1.99-4.5 1.36E-07

Genomic instability

Low Reference

High 0.94 0.65-1.36 0.733382

Table 10. Multivariate cox regression model results using variables selected from
univariate cox regression model for Freedom From Recurrence (FFR). The results show
that LMW-E positive status is an independent factor that strongly predicts (p=1.36E-07) tumor

recurrence and worse clinical outcome in early stage breast cancers.
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7.5 Conclusion:

In this chapter, we have successfully established the positive correlation between
LMW-E and enhanced genomic instability in early-stage breast cancer. By analyzing a cohort
of 725 stage I/1l breast tumor samples, our results show positive LMW-E status independently

predicts genomic instability, regardless of these clinical and pathological features.

In addition, by comparing the genomic gains and losses between LMW-E-positive and
LMW-E-negative subgroups, we find LMW-E positive tumors show higher copy number
variation frequency. We have identified that LMW-E—positive tumors harbored significantly
higher CN gains in genes involved in the DNA pre-replication complex (such as CDC6, MCMs,
POLES3, POLE4) and DNA damage repair (such as RAD51B, RAD51AP1, RAD52, RAD54B,
DCLRE1C, DNTT, NHEJ1, XRCC5, and LIG4). Additionally, gains in oncogenes such as JUN,
FOXC1, CCNE2, WNT5B, CCNE2, FOXM1, and ERBB?2, as well as loss of TP53, are strongly

correlated with LMW-E—positive tumors.

Lastly, we find LMW-E positive status is significantly associated with tumor recurrence
regardless of breast tumor subtypes and other clinical features. Our result indicate that LMW-
E could be used as an independent predictor for genomic instability and poor clinical outcome

in breast cancer patients.
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Chapter Eight: Conclusions and future directions

8.1 Major findings
In this study, we have established a previously unknown function of the 44kDa low
molecular weight cyclin E (LMW-E), a tumor driving protein initially identified by our lab in

breast cancer patients and cell lines®°

and also found in other types of tumors in a variety of
studies™*">*. Although LMW-E is originated from the 50 kDa full-length cyclin E(FL-cycE) by
post-translational cleavage mediated by elastase family of serine proteases, we have found
LMW-E promote genomic instability by a mechanism distinct from its precursor FL-cycE.
Importantly, we have determined the role of LMW-E is independent of FL-cycE (in the
endogenous cyclin E knock-out cellular model), and is dominant over FL-cycE (in the LMW-E
and FL-cycE co-expressing models). In this chapter, we will summarize the phenotypic
similarities and differences induced by LMW-E or FL-cycE in human mammary epithelial cell
lines; the over-lapping and distinct biological pathways regulated by LMW-E or FL-cycE; and
the mechanisms by which LMW-E is likely to acquire its gain-of-function phenotype, diverse
from FL-cycE, to facilitate cell viability under replication stress conditions. Next, we will
illustrate the essential down-stream factors required for LMW-E mediated replication stress
tolerance, and the specific small molecule inhibitors effectively targeting LMW-E
overexpressing cells. Lastly, we will present the clinical significance of LMW-E as an

independent bio-marker to predict genomic instability and tumor recurrence in early stage

human breast cancer patients.

We generated the CCNE1 knock-out human mammary epithelial cell (hMEC) models
using 76NE6 (p53 deficient) and 76NF2V (p53 proficient) cell lines, and subsequently
established doxycycline inducible empty-vector, FL-cycE (aa1-410) or LMW-E (aa40-410)
lines on the EKO background. We find that overexpression of FL-cycE but not LMW-E inhibit

cell growth and cell viability. Both FL-cycE and LMW-E can slow down DNA replication fork
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speed and induce DNA damage at early time points (12-24 hours post induction). However,
FL-cycE overexpression further stalls replication forks with accumulated DNA damage in later
time point (36-48 hours post induction), leading to cell cycle arrest and chromosome
breakages. LMW-E overexpressing cells are able to proceed DNA replication and proliferate
with relatively mild DNA damage, resulting in less chromosome breakages, more fusions and
increased nuclear abnormalities including micro-nuclear and multi-nuclear phenotypes in the
36-48 hour later time points. These results support the hypothesis that LMW-E overexpression
promotes genomic instability in human mammary epithelial cells without the need of

endogenous FL-cycE.

Through our RNA sequencing analysis, we compared the transcriptional alterations
induced by FL-cycE versus LMW-E in the first 36 hours following induction of each transgene.
Results show the genes associated with cell cycle and E2F targets pathway are enriched in
both FL-cycE and LMW-E overexpressing cells, consistent to the observation that FL-cycE
and LMW-E similarly promotes G1/S transition®>. However, LMW-E overexpressing cells
showed increased enrichment of gene sets associated with multiple types of DNA damage
repair pathways, such as mismatch repair, nucleotide excision repair, base excision repair.
Furthermore, LMW-E but not FL-cycE result in upregulation of genes involved in DNA
replication, particularly the DNA polymerases and components of pre-replication complex and
its regulators. These results suggest that the LMW-E deregulation of DNA replication and DNA
damage repair are potential mechanisms for the phenotypical differences in LMW-E and FL-

cycE overexpressing hMECs.

By cell fractionation assay, we showed that LMW-E facilitates (and FL-cycE inhibits)
pre-replication complex (pre-RC) assembly, also termed replication licensing (Figure 76). By
examining the effect on DNA damage marker and damage repair reporters, we conclude that

LMW-E but not FL-cycE promotes DNA damage repair. From the list of genes upregulated by
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LMW-E revealed by RNA-sequencing, we selected CDC6, RAD51 and C170orf53 and
confirmed that LMW-E promotes their expression by western blot. We also knocked down
each of these factors individually to examine if their depletion can turn LMW-E phenotype to
that of Fl-cycE. The results show depletion of CDC6, RAD51 or C170rf53 in LMW-E
overexpressing hMECs, lead to increased DNA damage and reduced cell viability. We also
find that LMW-E, but not FL-cycE, strongly binds to CDC6. LMW-E is then recruited to the
chromatin, and promotes MCMs loading to DNA. Knock-down of CDC6 blocks the chromatin
loading of LMW-E and LMW-E mediated MCMs loading. These data collectively support the
hypothesis that LMW-E, but not FL-cycE, facilitates replication licensing and DNA damage
repair. CDC6, RAD51, and C170rf53 serve as essential down-stream effectors in these
processes and are required for the viability of LMW-E overexpressing cells, such that when
any of them is depleted, LMW-E cells respond to replicative stress by cell death, similar to

those observed with FL-cycE cells.

The essential role of RAD51 as well as the increased CHK1 phosphorylation provide
the rationale to target ATR-CHK1-RAD51 replication stress pathway in LMW-E
overexpressing cells. We used RAD51 inhibitor B02, CHK1 inhibitor rabusertib and ATR
inhibitor ceralasertib, and evaluated their effect on the DNA damage and cell viability in
hMECs (inducible LMW-E) and breast cancer cell line (LMW-E stable overexpression). Our
results show that LMW-E overexpression significantly decreased the half maximal inhibitory
concentrations (IC50s) of these inhibitors. Treatment of these drugs at IC50 concentration
led to significantly enhanced DNA damage in LMW-E overexpressing cells. Among the drugs
tested, CHK1 inhibitor rabusertib was the most effective. RAD51 inhibitor BO2 specifically

induced apoptosis in LMW-E overexpressing cells.

Lastly, we used a retrospective cohort of 725 stage I/ll breast cancer patients with

previously analyzed LMW-E status (positive versus negative) and high-density molecular
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inversion probe (MIP) data to calculate copy number (CN) gains and losses as a function of
LMW-E expression. We find LMW-E-positive subgroup show significantly higher CN gains
and losses compared with LMW-E-negative subgroup. We applied the genomic instability
index measured by the overall level of CN variations and the number of altered genomic
regions, and found the positive correlation between LMW-E and enhanced genomic instability
in early stage breast cancer (Figure 76). We used univariate logistic regression model to
determine LMW-E status as well as other clinical and pathological features associated with
genomic instability, and further determined that LMW-E independently predicts genomic

instability by multivariate analysis.

In addition, by comparing the genomic gains and losses between LMW-E-positive and
LMW-E-negative subgroups, we find LMW-E—positive tumors harbored significantly higher CN
gains in oncogenes (such as JUN, FOXC1, CCNE2, WNT5B, CCNE2, FOXM1, and ERBB?2)
and genes involved in the DNA pre-replication complex (such as CDC6, MCMs, POLES3,
POLE4) and DNA damage repair (such as RAD51B, RAD51AP1, RAD52, RAD54B,
DCLRE1C, DNTT, NHEJ1, XRCC5, and LIG4). Loss of tumor suppressor TP53 is strongly
correlated with LMW-E—positive tumors. This is in line with the data showing LMW-E positive
status significantly associates with tumor recurrence regardless of breast tumor subtypes and
other clinical features. This result also indicate that LMW-E could be used as an independent

predictor for genomic instability and poor clinical outcome in breast cancer patients.
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Figure 76. Summary of major findings. LMW-E overexpression promotes genomic
instability in human mammary epithelial cells and associates with genomic instability in early
stage breast tumors. FL-cycE overexpression leads to accumulation of replication stress, DNA
damage, and ultimately cell death. Mechanistically, LMW-E upregulates the expression of
CDC6, RAD51, and C170rf53. LMW-E, but not FL-cycE, facilitates replication stress tolerance
by promoting pre-replication complex assembly in a CDC6 dependent manner and DNA
damage repair in a RAD51- and C170rf53-dependent manner. Targeting the RAD51 or ATR-
CHK1 pathway with small molecule inhibitors significantly decreased viability of LMW-E—
overexpressing cells. In breast tumor samples, positive LMW-E status independently predicts

genomic instability and tumor recurrence.
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8.2 Future directions

8.2.1 Comprehensive characterization of genetic alterations in LMW-E driven breast
tumor development
Overexpression of LMW-E drives tumor transformation of mammary epithelial cells,

and causes spontaneous mammary tumor in mice®®'%°,

Current study has associated the
oncogenic role of LMW-E with replication stress and genomic instability. An emerging
hypothesis from these results suggest certain genetic alterations might be associated with
LMW-E over-expression. Indeed, our MIP based copy number variation analysis have
revealed that LMW-E—positive tumors harbored significantly higher CN gains in oncogenes
such as JUN, FOXC1, CCNE2, WNT5B, CCNE2, FOXM1, and ERBBZ2 and loss of tumor
suppressor gene TP53. However, our current approach only covers the copy number
variations and does not identify mutations in the genome. Moreover, not all the alterations in
the cancer genome have equal impact for the cancer initiation and progression. Therefore,

comprehensive characterization of genetic alterations is needed to provide deeper

understanding for the patterns of oncologic genetic alterations in LMW-E—positive tumors.

To investigate LMW-E-specific genetic alterations associated to breast cancer
development, we will apply two different model systems, both can be sub-grouped into LMW-
E-positive and LMW-E-negative for bio-informatic comparisons which will be described later
in this chapter. The first system is a cohort containing 152 cases of Stage 0 (DCIS) breast
cancer samples with matched Stage I/ll breast cancer samples. We will continue to collect
metastatic samples when available. We have the IHC images of these matched samples to
stratify them into LMW-E-positive and LMW-E-negative subgroups, as well as clinical and
pathological information to examine other associated features such as age, breast tumor

subtypes and treatment.
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The second model system is the doxycycline-inducible LMW-E transgenic mouse
model. In particular, this mouse model harbors the DNA sequence encoding human LMW-E
driven by the tetracycline response element (TRE), and the reverse tetracycline-controlled
trans-activator (rtTA) controlled by mouse mammary tumor virus (MMTV) promoter. This
allows the mammary tissue specific and doxycycline inducible LMW-E expression, that is
shown to drive abnormal mammary gland development, extensive ductal hyperplasia,
mammary tumorigenesis and Lung metastases. We also generated and maintained the
inducible LMW-E transgenic mice in Ccne1-WT versus Ccne1-knock-out background, and
p53** versus p53*" background to determine the role of endogenous Cyclin E and P53 tumor

suppressor in LMW-E driven breast tumors.

Samples from these models will be grouped by LMW-E status (LMW-E-positive versus
LMW-E-negative), and by longitudinal cancer progression status (stage 0, and stage /Il for
human breast cancer samples; and mammary gland, ductal hyperplasia, mammary tumor,
and statistic lesions for LMW-E transgenic mice models). We will perform whole exome
sequencing (WES) and determine the somatic mutations in each of the samples, and we
expect to identify the specific altered genes for each LMW-E subgroups and frequently altered
genes for each tumor progression status. Mutation frequency, distributions of copy number
variation classes (single copy gain, high-level amplification, hemizygous deletion,
homozygous deletion) and patterns of co-occurrence and mutual exclusion of genomic
aberrations will also be analyzed and compared across the sample sub-groups. The statistical
methods and bioinformatics algorithms are provided by Bailey et al. in their investigation for
cancer driver genes and mutations across different cancer types'® and Cha et al. in their

study for genetic alterations in metastatic breast cancer across various metastatic sites.

Results from these analyses may reveal the (secondary) genetic alterations that are

fueled by LMW-E mediated genomic instability, passively selected during the course of tumor
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development. Such genetic alterations may serve as early bio-markers to track disease
progression. If they are functionally important for tumor development, these genetic features
may also be applied as therapeutic targets for LMW-E positive breast cancers. Additionally, if
we find enhanced microsatellite instability (MSI) associated with certain subgroup in our

cohort, this may imply potential response to immune checkpoint therapy 1%,

8.2.2 Functional comparison of LMW-E and FL-cycE for DNA replication complex
assembly and activation in a cell free system

By comparing LMW-E and FL-cycE the inducible cellular model deficient in
endogenous cyclin E, we generated results providing a better understanding of the distinct
roles that FL-cycE and LMW-E isoforms. Our finding that LMW-E, but not FL-cycE, is recruited
to chromatin in a CDC6-dependent manner to promote MCMs loading, suggest that LMW-E
may directly regulate DNA pre-replication complex (pre-RC) assembly. However, our current
experimental system cannot exclude the indirect effect of LMW-E versus FL-cycE for their
expression to induce different transcription landscape in the cells. Additionally, the role of
LMW-E versus FL-cycE in DNA firing remains unknown. We are also curious to know whether
the CDK activity (and which CDK) is required for the process of DNA licensing and/or DNA

firing regulated by LMW-E versus FL-cycE.

To test these hypotheses and gain insight into the biochemical mechanism by which
LMW-E and FL-cycE regulate DNA replication, we will apply the cell-free system developed
by Coverley et al. to study the DNA replication based on G1 nuclei, G1 cytosol and
recombinant proteins®. We will use the cyclin E knock-out 76NEG-EKO cells as the donor of
the nuclei, and prepare nuclei and extracts from the G1 cells, which are collected by cell

sorting with FUCCI cell cycle sensor'®.

Initially, we will examine whether LMW-E (and FL-cycE) directly affect pre-RC
assembly by incubating recombinant LMW-E (or FL-cycE) with G1 nuclei extract. Second, we

170



will test the capacity of recombinant LMW-E and FL-cycE to activate DNA replication (DNA
firing) in G1 nuclei. Third, we will apply CDK2 depletion versus put-back to investigate
whether CDK2 (or other type of CDKs) are required for the pre-RC assembly and/or DNA
replication activation. We will use Cyclin A-CDK2, the well-established kinase complex in DNA

|97

replication as positive control”’. Results from these experiments may reveal the detailed

mechanisms by which LMW-E (or FL-cycE) regulate DNA replication.

In the following experiments, we will also test the effect of LMW-E on DNA replication
when incubated with nuclei collected from other phases of cell cycle. Results from these
experiments might shed a light on whether LMW-E overexpression causes un-scheduled

160,161
)

licensing in S phase'®, unscheduled DNA synthesis and re-replication in mitosis and

other types of replication deregulations'®? that are associated with cancer development.

8.2.3 Targeting the G2/M cell cycle check points in LMW-E"9" breast cancer

Our cell cycle analysis suggests both LMW-E and FL-cycE overexpression induce a
G2/M accumulation after 48 hours induction. Alterations of G2/M checkpoints were also
observed in our RNA-sequencing results from LMW-E overexpression cells, particularly for
the overexpression of PKMYT1 and WEE1. These results suggest an intact G2/M checkpoint
is required for LMW-E overexpression cells to maintain minimum genomic integrity for cell
survival, targeting G2/M checkpoint may specifically target LMW-E overexpressing breast

cancer cells by inducing mitotic catastrophe.

We will first confirm if LMW-E induces G2/M cell cycle arrest by synchronizing and
releasing the cells from G0/G1, with or without LMW-E overexpression, and track the DNA
content and DNA synthesis in a time course manner. During this time course, we will collect
cell lysates to analyze the level of cyclin A, cyclin B, p21, p27 and the level of phosphorylated

and total CDK2 and CDK1. Results from these experiments will provide cell cycle progression
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(or arrest) with correspondent information on level and activity of S phase and G2/M cyclin-

CDKs.

Next, we will use the inhibitors for WEE1 and PKMYT1, two protein kinase important
for G2/M cell cycle arrest by phosphorylation CDK1 essential for repair of DNA from replicative
stress mediated by cyclin E'®*'%* We will perform the experiments in the following groups:
inducible hMECs and breast cancer cell lines with or without LMW-E induction; a panel of
breast cancer cell lines grouped by LMW-E-negative or LMW-E-positive status, LMW-E""
breast cancer cell lines before and after CCNE1 knock-down. We will first evaluate the
therapeutic potentials of these drugs by DNA damage assay and cell viability assay in the cell
lines, and use in vivo xenograft and transgenic mouse model systems to design most effective

treatment strategies targeting LMW-E"" breast tumors.

Collectively, successful completion of these experiments will be a step toward to
develop a biomarker (LMW-E) driven, personalized therapeutic strategy for LMW-E"9" breast

tumors patients.
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