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Abstract

By Nahid Sultana
University of the Pacific
2023

Breast cancer is the second most common type of cancer in the world. Hormone receptor
(HR) positive breast cancer (BC) is a prevalent disease accounting for approximately 2 million new
cases globally. Almost 70-80% of breast cancer patients are women with a positive score for the
estrogen receptor (ER). Triple-negative breast cancer (TNBC) which have a negative score for
estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor
type 2 (HER2) is considered an aggressive histological breast cancer subtype with limited
treatment options.

Frequently, doxorubicin (DOXO)-based chemotherapy is utilized in this patient population
due to the lack of available molecular targets. While DOXO is an effective chemotherapeutic
agent, its efficacy is limited due to acquired drug resistance and cardiotoxicity. Therefore, the
identification of other treatment options for TNBC is needed. TNBC is a heterogeneous
malignancy, with 70% of cases classified as a basal subtype as they look similar to the epithelial
cells of the outermost basal layer of the breast’s milk ducts. This further complicates the search
for an effective molecular target. Doxorubicin and other anthracycline derivatives are frequently
used as part of the adjuvant chemotherapy regimen for triple- negative breast cancer (TNBC).

Although effective, doxorubicin is known for its off-target and toxic side effect profile, particularly
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with respect to the myocardium, often resulting in left ventricular (LV) dysfunction and congestive
heart failure when used at cumulative doses exceeding 400 mg/m?.

Ribonucleotide reductase (RR) is a rate limiting enzyme in DNA synthesis consisting of two
subunits RRM1 and RRM2. Both RRM1 and RRM2 are encoded by different genes in their
chromosomes. Their mRNAs are also differentially expressed throughout the cell cycle. Didox
inhibits ribonucleotide reductase subunit 2 (RRM2) which ultimately blocks DNA synthesis. We
have observed that the ribonucleotide reductase subunit 2 (RRM2) is significantly over-expressed in
estrogen receptor (ER)—negative cells as compared with ER-positive breast cancer cells. Here, we
inhibited RRM2 in ER-negative breast cancer cells as a target for therapy in this difficult-to-treat
population. We observed that through the use of didox (3,4-dihydroxybenzohydroxamic acid), a
ribonucleotide reductase inhibitor, the reduction in RRM2 was accompanied by reduced NF«xB
activity in vitro. When the ribonucleotide reductase inhibitor didox was used in combination with
the chemotherapeutic drug doxorubicin, we observed significant downregulation of NFkB proteins
in TNBC. As well, we observed that protein levels of mutant p53 were significantly reduced by
didox or combination therapy in vitro. Xenograft studies showed that combination therapy was found
to be effective in vivo, resulting in a significantly reduced tumor volume as compared with
doxorubicin monotherapy. In addition, the use of didox was also found to ameliorate the toxic
myocardial effects of doxorubicin in vivo as measured by heart mass, LV diameter, and serum
troponin T protein levels which are released by heart during muscle damage. The data present a
novel and promising approach for the treatment of TNBC that merits further clinical evaluation in
humans.

Hormone receptor positive breast cancers of all stages are selectively treated with endocrine

therapy targeting estrogen receptor (ER) activity. But success is limited by the development of
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acquired resistance owing to long-term therapy. The cyclin D1 and cyclin dependent kinase 4/6
(CDK4/6) complex causes phosphorylation and subsequent inactivation of retinoblastoma (Rb)
tumor suppressor protein which promotes progression of the cell cycle from G1 to S phase. This
observation led to the development of the first CDK4/6 inhibitor Palbociclib (Ibrance; Pfizer) which
induces cell cycle arrest at G1 phase in cancer cells. Intrinsic and acquired drug resistance
development, have impacted the therapeutic success rate despite promising clinical outcomes. This
situation necessitates the development of potential combination strategies to overcome drug
resistance. The combination of didox with palbociclib is a potential strategy to target ER positive
and ER negative/triple-negative breast cancer. In our recent study, we confirmed that didox in
combination with palbociclib significantly lowers the growth of ER positive and ER negative breast
cancer cells along with their palbociclib resistant counterparts compared to no treatment or
palbociclib treatment alone. We confirmed that ER positive MCF7 and ER negative MDA-MB-468
parental breast cancer cells exhibit lower ICso values of palbociclib drug as compared to their
palbociclib resistant counterparts. Here, we are reporting that didox alone or in combination with
palbociclib decreases cell cycle proteins in ER positive MCF7 and ER negative MDA-MB-468
parental and palbociclib resistant breast cancer cells. This finding opens a novel approach for
targeting both ER positive as well as ER negative breast cancer treatment. We are also reporting that
didox treatment alters cyclin D1 (CCND1) and RRM2 expression in MCF7 and MDA-MB-468
breast cancer cells along with their palbociclib resistant counterparts. Additionally, we observed that
didox alone or in combination with palbociclib alters the cell cycle of MCF7 and MDA-MB-468
parental and palbociclib resistant breast cancer cells. Our data present a novel and promising

approach for the treatment of ER positive and ER negative breast cancer that involves inhibition of
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RRM2, NFkB, and the CDK4/6-cyclin D1/pRb axis that merits further clinical investigation in

human models.
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CHAPTER 1: INTRODUCTION

Breast cancer is recognized as the second leading cause of death for women worldwide
(1). As a heterogenous disease it is categorized into different subtypes (1,2). The subtypes are
luminal A, luminal B, human epidermal growth factor receptor type 2 (HER2) positive, basal-like
and normal like (3,4). All these subtypes can be divided further. Luminal A and luminal B are
considered as hormone receptor positive breast cancer as they have high levels of estrogen
receptor (ER) and progesterone receptor (PR). Luminal B has a positive score for HER2. Luminal
A has low levels of Ki67 which is a cell proliferation marker but luminal B has high levels of Ki67
(5). Normal-like breast cancer shares similar characteristics with luminal A with slight difference
in genetic makeup (6). Both normal-like breast cancer and luminal A have similar classical
immunohistochemistry marker expression like ER positive, PR positive, HER2 negative and low
Ki67. Overall gene expression pattern of normal-like breast cancer is same as normal breast tissue.
Owing to their similarity, luminal A and normal-like breast cancer are difficult to be distinguished.
There is one finding which shows a difference in expression of long non-coding RNAs in normal-
like and luminal breast cancer (7). However, normal-like breast cancer can be better prognosed
than luminal A subtype (8,9). Basal-like breast cancer is also known as triple-negative breast
cancer (TNBC) as they possess a negative score for estrogen, progesterone and HER?2 receptors
(2,3,10). TNBC can be further categorized into four subtypes such as basal-like 1, basal-like 2,
mesenchymal and luminal androgen receptor. 80% of TNBC have similar traits as basal-like
subtypes (5,11). ER overexpressing breast cancer are the most common and prevalent type as they
have diverse gene mutations and they usually require multiple treatments (6). HER2

overexpressing breast cancer is 2-20% prevalent (12). Among all breast cancer subtypes, TNBC is
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the most difficult to treat breast cancer due to its negative score for all three-hormone receptor and
lack of specific druggable targets. Overall, heterogeneity of breast cancer makes the treatment
development process quite complex, intriguing and challenging (1,10).

Except for skin cancer, breast cancer is the most common cancer in women in the United
States which is about 30% or 1 in 3 of new female cancers every year (13). In 2023, the
American Cancer Society estimates about 297,790 new cases of invasive breast cancer in
women in the U.S. alone. Among them 55,720 new cases will be of ductal carcinoma in situ
(DCIS). 1 in 8 women in the U.S. will be diagnosed with breast cancer in her lifetime and
every 2 minutes one new confirmed case is added as well. Total of 43,700 women death is
estimated from breast cancer (13). Even though breast cancer is rare in men, it is estimated
that about 2,710 men will be diagnosed with breast cancer in the U.S. and 530 will die from
breast cancer (14). Epidemiological studies coupled different factors to address risk
development or progression to breast cancer (15,16). There are several risk factors of breast
cancer development among them menopause, first childbirth and late age for marriage are
strongly associated with breast cancer development (17, 18, 19, 20, 21). Other risk factors for
breast cancer are family history, delayed puberty, lactation failure, hormone replacement
therapy, use of contraceptive, obesity, alcohol consumption, smoking and environment
toxicants (18).

Estrogen receptor (ER) positive breast cancer tend to grow slower than those that are
ER negative. The physiological function of the estrogenic compounds such as estradiol are
largely controlled by estrogen receptor subtypes alpha (ERa) and beta (ERB) (19). ERa plays
a major role in the progression of human breast cancer. ERa66 is the classical ERa of 66kDa

which is often referred to as ER. Cancer cells that have high levels of ERa66 are called ER
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positive whereas cells lacking ERa66 are termed ER negative. According to clinical evidence
it is suggested that approximately 40% of ERa66 positive breast cancers also express ERa36.
Patients expressing ERa36 are less likely to be benefited from antihormone therapy
tamoxifen (20).

According to the National Comprehensive Cancer Network, hormone receptor
positive but HER2 negative breast cancer are treated with adjuvant endocrine therapy. The
principal systematic treatment for non-metastatic hormone receptor positive breast cancer e.g.
tamoxifen when tumor size is less than 0.5 cm. If tumor size is equal to or more than 0.5 cm,
then adjuvant chemotherapy followed by endocrine therapy will be provided. Adjuvant
endocrine therapy such as tamoxifen for 5 years with or without ovarian suppression or
aromatase inhibitor which lowers estrogen levels by stopping aromatase enzyme e.g.
anastrozole for 5 years will be given to premenopausal breast cancer patients at diagnosis
(21). Postmenopausal women are treated with tamoxifen for 2-3 years or aromatase inhibitor
for 2-3 years or tamoxifen for additional 5 years (21, 22). Treatment for TNBC includes
chemotherapy with doxorubicin or cyclophosphamide followed or preceded by paclitaxel
every 2 weeks or weekly paclitaxel or capecitabine (21, 22). However, the preferred regimen
for hormone receptor ER/PR positive but HER2 negative breast cancer is an aromatase
inhibitor with CDK4/6 inhibitor such as palbociclib, ribociclib or abemaciclib as first line
therapy. Second line therapy for this class of cancer is treatment with the estrogen receptor
antagonist fulvestrant with an CDK4/6 inhibitor if it was not previously used (23,24).

Uncontrolled cellular growth is considered the most common hallmark of cancer. This
process is dependent on the sufficient supply of the dNTPs. Ribonucleotide reductase plays

the most important role in maintaining dNTP pools. It is the rate limiting enzyme required for
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conversion of NTPs to dNTPs. Ribonucleotide reductase enzyme is composed of two
subunits RRM1 and RRM2. Both of the subunits play a significant role in the development of
cancer. There are many known ribonucleotide reductase targeted agents available for cancer
treatment. The majority of them are nucleotide analogs such as gemcitabine. RRM1 targeting
drugs are antimetabolites, which function by preventing cancer cell growth by interfering
with DNA synthesis such as 5-flurouracil. There are also specific targeted therapies available
for RRM2 such as hydroxyurea or the iron chelator triapine (23). The hydroxyl-
benzohydroxamic acid derivatives didox is RR enzyme inhibitor, free radical scavenger and
iron chelator which can complex with iron to inhibit RRM2. Didox has exhibited synergistic
effects with approved chemotherapies. Didox worked synergistically with temozolimide to
impair brain cancer cell growth (24-27). Phase 1 and phase 2 studies of didox have
previously been completed (30). Even though didox showed tolerable dosing and toxicity, it
did not warrant phase 3 clinical study due to its lack of efficacy due to the small sample size
of these studies. In the phase 2 study 14 patients with advanced breast cancer were treated
with didox 6 grams for 36 hours by intravenous infusion over 3 weeks. But no patient
responded even though toxicity was minimal (31). There is still scope for this drug to be
evaluated in combination studies with antimetabolite such as cytosine arabinoside using other

schedules of didox treatment (30, 31).
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Figure 1

Structure of hydroxyurea (left) and didox(right) (30)
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According to chemical composition and function, chemotherapeutic drugs can be
divided into several groups, among which alkylating agents directly cause DNA damage to
repress tumor cell division. Other chemotherapeutic drugs interfere with the synthesis of
DNA and RNA by substituting for the normal building blocks while inhibiting normal DNA
synthesis, replication, and transcription. Doxorubicin is an FDA approved chemotherapeutic
drug, with proven ability to combat rapidly dividing cells and slow progression of cancer.
The nonselective mechanism of action of doxorubicin limits its efficacy due to toxicity
development. It possesses aglycone and sugar moieties where aglycone is comprised of a
tetracyclic ring with quinine-hydroquinone adjacent groups with methoxy substitute short
side chain and carbonyl group. Doxorubicin acts by binding to DNA-associated enzymes, as
it intercalates inside the base pairs of the DNA double helix. It binds to multiple molecular
targets such as topoisomerase enzymes I and II, causing cytotoxic effects as it may target
ribonucleotide reductase in healthy cells, in addition with antiproliferation by DNA damage.

Unfortunately, doxorubicin is not a targeted therapy for cancer as it affects the growth of

many other types of cells in the body. This results in depression of immune system due to
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reduction in immune cell numbers paving the path of microbial infection, fatigue, and
decreased healing time. The greatest risk factor of doxorubicin treatment is cardiotoxicity as

measured by increased heart mass or enlargement of the heart (31,32).

Figure 2
Structure of doxorubicin (33)
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Palbociclib is an FDA approved small-molecule inhibitor of CDK4 and CDK6 cyclin
dependent kinases in the cell cycle. It is indicated for the treatment of hormone receptor
positive but HER2- breast cancer. CDK4/6 cyclin dependent kinases are activated by binding
D type cyclins and promoting the progress of cell cycle G1-S phase. Cyclins of class D which
are D1, D2 and D3 are the regulators of the cyclin dependent kinases CDK4/6 and together
they form active complexes. CCNDI1 gene or cyclin D1 is the transcriptional target of the
estrogen receptor and overexpression of D type cyclins is one the breast cancer growth
pathways. Multiple oncogenic signals promote expression of cyclin D1 to form a complex

with either CDK4 or CDKG®6 to drive cell proliferation. Selective inhibition of CDK4/6 by
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palbociclib results in the loss of phosphorylation of the tumor suppressor Rb protein which
retains an inhibitory effect on the E2F transcription factor for blocking progression from G1-
S phase. Palbociclib works synergistically with endocrine therapies such as letrozole and
fulvestrant. Palbociclib is given at a dose of 25-150 mg/day in a 3-week dose schedule to
breast cancer patients. Yet, there is no strong evidence that supports the use of palbociclib in
TNBC. However, one preclinical study reported that the luminal androgen receptor subgroup
of triple-negative breast cancer was highly sensitive to CDK4/6 inhibition. As well, there was
a study in 2017 (NCT02605486) on androgen receptor positive TNBC showing effective
treatment with the combination of palbociclib and the anti-androgen bicalutamide (36, 37,

38).

Figure 3

Chemical structure of palbociclib (37)
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Nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB) is a family of

transcription factors regulating a large array of genes which are involved in multiple
processes of the immune and inflammatory system (38). It is comprised of five structurally
related members which include NFxB1 (also named p50), NFxB2 (also named p52), RelA
(also named p65), RelB and c-Rel. All NFkB members are responsible for mediating
transcription of target genes by binding to specific DNA element (39). The primary
mechanism of NFkB activation is the degradation of inhibitory IkB proteins through site
specific phosphorylation and activation of the NFkB complex (40). Previously, our lab
showed that RRM2 is associated with increased NF«kB activity and that didox is a potent

inhibitor of NFxB activation (41).

Figure 4

NFkB pathway (38)
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In our first study, we aim to show that the ribonucleotide reductase inhibitor didox,
which functions as a powerful free radical scavenger and iron chelator, can alleviate the non-
selective cytotoxic effects of doxorubicin on non-cancerous tissue, including cardiotoxicity
and can potentiate doxorubicin's efficacy against malignant cells. Didox in combination with
doxorubicin can effectively treat TNBC by enhancing tumor inhibition and minimizing
doxorubicin-induced heart damage. We hypothesize that didox alone or in combination with
doxorubicin can downregulate cell growth, apoptotic and NFkB signaling protein levels in
TNBC. We also hypothesize that mutant p53 is a valid therapeutic target in TNBC as it can
downregulate mutant p53 levels and thus enhance tumor inhibition.

In the second study, we hypothesize that the combination of didox with palbociclib is
a potential strategy to target ER positive and ER negative/triple negative breast cancer.
Previously, we have shown that didox can significantly halt malignant breast cancer cell
division in combination with doxorubicin by targeting RRM2, mutant p53 and NFkB
regulatory proteins. Here we also aim to confirm, the ICso of palbociclib in palbociclib
sensitive as well as resistant ER positive MCF7 and ER negative MDA-MB-468 breast
cancer cells along with examining the effect of didox on cell cycle, growth signaling,
apoptotic and NF«B signaling proteins alone or in combination with palbociclib. Lastly, we
aim to measure the effects of didox and palbociclib treatment on the cell cycle profile of

MCF7 and MDA-MB-468 parental and palbociclib resistant breast cancer cells.
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CHAPTER 2: MOLECULAR TARGETING OF RRM2, NFkB, AND MUTANT TP53 FOR
THE TREATMENT OF TRIPLE-NEGATIVE BREAST CANCER

2.1 Introduction

Falling under the basal-like classification, triple-negative breast cancer (TNBC) is
defined as lacking three specific receptor types: estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor type 2 (HER2). Although the
HER2+ and HR+ cancer types may be effectively treated with targeted anti-HER2 e.g.
trastuzumab or hormonal treatments, the basal-like and TNBC groups are much more
challenging to treat due to their general lack of essential receptors for drug targeting (1).

Although definitive targets for TNBC remain elusive, there are certain
immunotherapies or targeted therapies that may improve patient survival. Poly (ADP-ribose)
polymerase (PARP), programmed cell death protein 1 (PD-1) and its ligand (PD-L1),
receptor tyrosine kinase targets (such as VEGF, EGFR, FGF/FGFR) which function by
inhibiting angiogenesis, and MEK and AKT cell growth pathways are among the most
common current targets for the treatment of TNBC (2-6). However, some of these treatment
modalities encompass major drawbacks and toxicities with some patients failing to respond to
treatment, whereas others have a response that is short lived with resistant growth
subsequently occurring, and others seem promising, but trials end with no available published
data. In addition, the cost of the therapeutics for these patients is particularly high despite
only minor increases in overall patient survival rates (7—10). In this study, we focus on
improving the toxicity of current chemotherapy as well as enhancing the standard of care for
patients with TNBC.

Specific activity of ribonucleotide reductase (RR), which is an enzyme that catalyzes
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the rate-limiting step in DNA synthesis converting ribonucleotides into deoxyribonucleotides,
has been previously correlated with tumor growth rates (11). RR is present as a heterodimeric
tetramer consisting of two subunits, RRM1 and either RRM2 or pS3R2 (12). Overexpression
of RRM2 has been linked to higher proliferation and invasiveness of malignant cells (7, 13).
Previously, we have shown that RRM2 is upregulated in ER-negative as well as tamoxifen-
resistant ER-positive breast cancers (14, 15). Others have also shown the upregulation of
RRM2 in breast cancer, as well as suggesting it to be a possible prognostic indicator (8, 16—
20).

The tumor suppressor protein p53 (TP53 or p53) prevents tumorigenesis by
maintaining genome integrity and preventing the proliferation of cells with a damaged
genome (21). In response to cellular stresses such as DNA damage, oncogene expression, or
ribosome dysfunctions, p53 becomes post translationally modified, stabilized, and activated.
Once activated, p53 triggers transcription of an important number of direct target genes
mainly implicated in cell-cycle arrest (such as CDKN1A/ p21), DNA repair, apoptosis, and
senescence as well as to enhance metabolic changes and antioxidant responses (22).
However, mutated p53 may actually contribute to tumor progression by a loss of tumor
suppression as well as a gain of oncogenic activity (23). Somatic mutations in the TP53 gene
occur in almost every type of cancer at rates up to 50% and are more frequent in advanced
stage or in cancer subtypes with aggressive behavior (23). In particular, the TP53 gene was
found to be mutated in approximately 80% of TNBC, and high levels of p53 in TNBC have
been associated with poor prognosis (24). The synthetic antioxidant and potent RR inhibitor
didox (3,4- dihydroxybenzohydroxamic acid) was originally developed as an antineoplastic

and antiproliferative agent to improve upon the activities of hydroxyurea (25). Didox (DDX)
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is a bifunctional compound that possesses both iron-chelating and free-radical scavenging
functions and has proven enhanced efficacy when used in combination with DNA-targeting
agents (9, 25, 26). Specifically, the use of DDX has been shown to display synergism when
used in combination with the DNA agent doxorubicin (DOXO) by inactivating nuclear
transcription factor NFkB, increasing intercellular DOXO concentrations, and facilitating
apoptosis (27). In addition, DDX displays a favorable side effect profile when used at
therapeutic concentrations (28).

We hypothesize that through the inhibition of RRM2, mutant p53, and the suppression
of the NFkB pathway, DDX will work synergistically with DOXO in order to halt malignant
TNBC cell division in vivo. We also hypothesize that this combination therapy has the
potential to reduce anthracycline-associated cardiomyopathy as indicated by in vivo increased
heart mass and left ventricle diameter. Measurement of troponin T levels which is indicative
of heart muscle damage will confirm cardiac protective properties of DDX. In addition, we
aim to show that DDX therapy is effective in targeting or altering expression of proteins in
NFkB (IKKa, IKK, pIkBa, IkBa, p52, P-p65, p65, p100, p105, RelB, c-Rel), growth
(pAKT, AKT, RRM2), apoptotic (BclXL, Bcl2, caspase 3, PARP, cleaved-PARP, p21,
Pp53S392, Pp53 S15, p53) pathways and DNA damage (pH2AX and H2AX). Our data will
present a novel and promising approach for the treatment of TNBC

2.2 Materials and Methods
2.2.1 Treatments

DDX was synthesized and kindly provided by Dr. Howard L. Elford, Molecules for

Health (25). DOXO hydrochloride for cell experiments was obtained through VWR. DOXO

hydrochloride (2 mg/mL) for in vivo experiments was obtained from APP Pharmaceuticals,
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LLC. All the compounds were dissolved in 0.9% sterile saline solution, filtered through a

0.45-mm syringe filter, and stored at 4°C in the dark for a maximum of 1 week.

2.2.2. Cell culture and treatment doses

MDA-MB-468, MDA-MB-231, BT20, MCF7, and ZR751 cells were routinely
purchased from the ATCC every 6 months. Cells were maintained in advanced DMEM/F12
(Fisher) supplemented with 5% FBS, 1% L-glutamine, 1% streptomycin, and penicillin. Cells
were treated with 600 mmol/L DDX, 100 nmol/L DOXO, or a combination of 600 mmol/L
DDX and 100 nmol/L DOXO in phenol-red—free, serum-free, DMEM/F12 for 24 hours and
compared against a control sample consisting of no treatment (NT). In the dose-dependent

study, DDX concentrations between 30 and 900 mmol/L were used.

2.2.3 Western blot analysis

Cells and tumor samples were disrupted in RIPA buffer (Sigma), and lysates were
clarified by centrifugation for 15 minutes at 15,000 X g. After the protein concentration was
determined, an equal amount of total protein for each sample was loaded for Western blotting.
RRM2 (Sigma), pH2AX, BclXL, Bcl2, caspase 3, PARP, cleaved-PARP, p21, Pp53S392, Pp53
S15, p53, IKKa, IKKp, plkBa, IkBa, p52, P-p65, p65, p100, p105, RelB, C-Rel, AKT, pAKT,
GAPDH (Cell Signaling Technology), apoptosis sampler kit (Cell Signaling Technology),
NF«xB family members sampler kit (Cell Signaling Technology), NFkB pathway sampler kit
(Cell Signaling Technology), and pH2AX (Millipore) were detected and visualized once
incubated with secondary donkey anti-rabbit or goat anti-mouse IgG antibody conjugated with
IR Dye 800CW or 680RD (LI-COR Biosciences) for 1 hours at room temperature. Membranes

were subsequently washed and visualized using a LI-COR Odyssey Imaging System.
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2.2.4 Xenograft studies

All animal procedures were approved by the Institutional Animal Care and Use
Committee of the University of the Pacific. A total of three experiments were performed:
MDA-MB-468 was injected subcutaneously into the flank of nude female mice (27-33 tumors/
group/study). As indicated, mice received vehicle (intraperitoneal, sterile water), DOXO
(intravenous, 2—10 mg/kg weekly), DDX (intraperitoneal, 425 mg/kg daily), or a combination
of both. For the DDX injections, solutions were made daily and injected fresh. Tumor volumes
were measured using the ellipsoid formula of [4/3p(r1)2(r2)], where r1 < r2. Body weights
were taken weekly with no changes in body weight observed in the DDX group. Tumors were
collected and weighed at study termination, snap-frozen in liquid nitrogen, and stored at -80°C
for Western analysis. Whole hearts were also harvested at the end of the study, their mass
measured, and either snap-frozen for Western analysis. Blood samples were also collected
postmortem and centrifuged (14,000 rpm X 10 minutes, 4°C) in order to obtain individual
serum samples.

2.2.5 Troponin T studies

Serum samples were assayed for troponin T in duplicate using an ELISA (Enzyme-Test
cTnT). Troponin T assay was from LSBIO and performed by the National Mouse Metabolic
Phenotyping Center at the University of California, Davis. Data can be found at https://www.
mmpc.org/shared/phenotype/showAssay.aspx?id1/41004.

2.2.6 Statistical analysis
Data was analyzed using unpaired two sample t-test of GraphPad Prism software. Results

are presented as mean + SEM. p-value < 0.05 was considered statistically significant.
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2.3 Results

2.3.1 DDX inhibits NFxB protein expression in a dose- dependent manner

DDX has been shown to display synergism when used in combination with DOXO by
downregulating the activation of the nuclear transcription factor NFkB, we wanted to
determine the concentrations of DDX that would decrease NFxB—related proteins in TNBC
cells. Therefore, DDX concentrations ranging from 30 to 900 mmol/L were used to treat
MDA-MB-468 cells for 24 hours. DDX reduces the expression of RRM2 and the NF«xB
proteins p52 and p100 as well as the related proteins IKKP and RelB. Interestingly, DDX also
reduced the total p53 and S15 phosphorylated p53. Caspase 3 was also downregulated as
DDX exposure increased (Fig. 5A).

MDA-MB-468 cells were exposed to varying treatment times of 600 mmol/L DDX
(15 minutes—24 hours) and compared with control (24 hours of NT). Treatment with DDX
reduced the expression of p53 beginning as early as 6 hours and more significantly at the 12-
and 24-hour time points, compared with vehicle control. Total IkBa remains unchanged as
didox-timed exposure was increased. Total H2AX expression progressively increased
through the 24-hour DDX period, and phosphorylated H2AX only expressed a band at 24
hours of DDX treatment (Fig. 5C).
2.3.2 DDX downregulates cell growth signaling pathways in vitro

To evaluate the effect of DDX and DOXO combination therapy on the IKK (IKKa,
IKKp, plkBa, IkBa), NFkB (p52, P-p65, p65, p100, p105, RelB, C-Rel), growth receptor
(AKT, pAKT) signaling, and apoptosis (BcIXL, Bcl2, caspase 3, PARP, cleaved-PARP, p21,
Pp53S392, Pp53 S15, p53) pathways, MDA-MB-468 cells were treated with vehicle (NT),

600 mmol/L DDX, 100 nmol/L DOXO, and 600 mmol/L DDX and 100 nmol/L DOXO for 24
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hours. IKK signaling proteins were all downregulated with DDX treatment in the DDX alone

as well as DDX & DOXO groups (Fig. 6). Downregulation in the NFkB p52, p65, p100,
pl105, RelB, and C-Rel proteins was observed in the DDX and DDX & DOXO groups.
Similarly, both total AKT and p53 were downregulated in the DDX and DDX & DOXO
groups compared with NT and DOXO alone. Phosphorylation of AKT and total p21
expression remained consistent across all groups, whereas phosphorylated p53 (both S392
and S15) were downregulated in both the DDX and DDX & DOXO groups (Fig. 6).
2.3.3 Administration of daily DDX in combination with DOXO reduces tumor growth and
ameliorates DOXO-induced cardiotoxicity in vivo

Nude mice were injected with TNBC MDA-MB-468 cells in order to determine the
effects of the DDX/DOXO combination in vivo. Tumors were allowed to reach an average
size of 64 mm3 before treatments began (day 0). In the vehicle (NT) treatment group, mice
tumor volumes reached an average tumor volume of 217 mm? at the 31-treatment day mark,
whereas DOXO-treated mice saw an average 3 tumor volume of only 68 mm. Animals
treated with the DDX/DOXO combination were significantly smaller tumors that had an
average tumor volume of 16 mm? (Fig. 7A). All animals survived until takedown at
posttreatment day 31. Tumors were collected, weighed, and snap-frozen at study end. Tumors
of mice that had been treated with DDX and DOXO displayed significantly smaller masses
than their DOXO-treated counterparts (P < 0.05, Fig. 7B).

To evaluate animals for DOXO-induced cardiac damage, serum from NT, DDX, and
DDX & DOXO treated animals was collected and analyzed for troponin T. Increased levels
of troponin T were observed in the DOXO group as compared with that of NT and DDX &

DOXO-treated animals. There were no statistically significant differences in troponin T
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levels between the NT and DDX & DOXO groups (P > 0.05, Fig. 7C). At the end of the

study, the hearts of all mice were collected, weighed, and sectioned. DOXO-treated hearts
displayed a significant increase in heart mass when compared with all other treatment groups
(P <0.05, Fig. 7D). Left ventricular thickness also appeared enlarged in the DOXO group
compared with other treatment groups (Fig. 7E). There were no significant differences
between the NT and DDX & DOXO treated heart masses or left ventricle diameters (P >

0.05).

2.3.4 DDX reduces mutant p53 expression but not WT p53

Examination of signaling pathways revealed that total and phosphorylated p53 protein
levels are decreased in MDA-MB-468 cells after DDX treatment (Figs. 5A and B, 6). To
determine if this is an isolated cell type effect, a panel of breast cancer cell lines with WT
p53 [MCF7, A3B5 (MCF7-overexpressing AKT), and ZR-75-1] and mutant p53 (BT20,
MDA-MB-231, and MDA-MB- 468) were analyzed for expression level of total and
phosphorylated p53. DDX treatment resulted in downregulation of total p53 (as well as total
mutant p53) in all three TNBC cell lines with mutant p53 (Fig. 8, bottom). The effect of DDX
on decreasing phosphorylated p53 was more in MDA-MB-468 and BT20 cells as compared
with MDA-MB-231 cells. In contrast, in breast cancer cell lines with WT p53, total p53
remained unchanged after DDX treatment. Yet, phosphorylated p53 was reduced with DDX

treatment in breast cancer cell lines with WT p53 (Fig. 8, top).
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Figure 5

Didox inhibits NFxB protein expression in a dose-dependent manner. Protein expression in
MDA-MB-468 cells decreases as DDX concentration increases from 30 to 900 mmol/L (A).
Western blot analysis of cellular and apoptotic proteins of MDA-MB-468 cells treated with
vehicle (NT) and 600 mmol/L DDX (varied treatment times from 15 minutes to 24 hours; B).

Here, n=3.
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Figure 6

DDX decreases protein expression through the inhibition of NFkB in vitro. Western blot
analysis of cellular and apoptotic proteins of MDA-MB-468 cells treated with vehicle (NT),
600 mmol/L DDX, 100 nmol/L DOXO, and combination of 600 mmol/L DDX & 100 nmol/L

DOXO, n=3.
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Figure 7

Addition of DDX reduces TNBC tumor growth and ameliorates DOXO-induced cardiotoxicity.
Mice bearing MDA-MB- 468 tumors displayed reduced tumor growth with DDX and DOXO
treatment when compared with doxorubicin alone (DOXO), didox alone (DDX), or NT. The
experiment was performed three times independently and representative experiment shown
(A). All animals survived until takedown at posttreatment day 31. Tumor weights in the DDX
& DOXO group are significantly reduced when compared with the DOXO group, *, P < 0.05
by unpaired two-sample t test (B). Troponin T levels are significantly higher in the DOXO
group, whereas the DOXO & DDX group displays significantly reduced troponin T levels, *,

P < 0.05 by unpaired two-sample t test (C). Heart masses are reduced in the DOXO & DDX
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group when compared with the DOXO group, *, P < 0.05 by unpaired two- tailed t test (D).

Representative whole heart and left ventricular (LV) cross- sections displaying enlarged

DOXO- treated hearts versus DDX & DOXO- treated hearts (E). Results are in averages + SEM,

n=3.
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Figure 8

DDX suppresses expression of mutant p53 but not WT p53 proteins. Western blot analysis of
RRM?2 and p53 proteins of cells which possess WT p53 such as MCF7, A3B5, and ZR-75-1
(top) and mutant p53 such as BT20, MDA-MB-231, and MDA-MB-468 (bottom). Cells were
treated with vehicle (NT), 600 mmol/L DDX, 100 nmol/L DOXO, and combination of 600
mmol/L DDX & 100 nmol/L DOXO for 24 hours. All samples were analyzed in triplicate,

n=3.
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2.4 Discussion

Effective targets for this particularly virulent TNBC subtype are largely unknown.
Here, we have demonstrated that coupling an RRM2 inhibitor with traditional anthracycline
therapy is effective in the inhibition of TNBC tumors. Several studies have linked RRM2
overexpression in breast cancer to increased cell proliferation and invasiveness as well as
conferring chemoresistance (8, 16, 20). We have previously observed that RRM?2 is
upregulated in TNBC subtypes when compared with ER-positive breast cancers, thus
potentially providing a rationale for the targeting of RR.

NF«xB and associated NFxB genes have been purported to be key regulators in TNBC
(30-32). Responsible for cellular proliferation, survival, and apoptosis, NFkB is activated by
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor (IkB) kinases and
tightly conserved through transcriptional regulation (33, 34). NFxB activation has been
established as a poor prognostic predictor for patients with TNBC treated with adjuvant
anthracycline chemotherapy in addition to playing a role in DOXO chemoresistance (30-32).
Specifically, DOXO was shown to induce NFkB—dependent gene expression of migration,
cell adhesion, and metastasis-related NFxB target genes (31). We have found that the RR
inhibitor DDX has the potential to alter the expression of several NFxB proteins [NFxB1
(p105/p50) and NFxB2 (p100/p52)] that aid malignant cell survival and proliferation.
Significantly decreased expression of RelB, NFkB1 (p105), NFkB2 (p100), and C-Rel was
also present in the DDX and DOXO combination therapy tumors. Both IKKf and total IkBa
were similarly repressed in the combination therapy group (Fig. 6).

WT p53 is widely acknowledged as the “guardian of the genome” and is responsible

for a variety of tumor-suppressive effects, including DNA repair, cell-cycle arrest, and
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apoptosis (33-35). However, p53 is often found in a mutated form in a variety of breast
cancers, including 80% of TNBC, and is linked to poor prognosis in these patients (36—39).
In one study, mutated p53 mediated the DOXO induction of NFkB regulated gene
transcription in TNBC (31). In addition, it has been previously noted that RRM?2 levels are
increased in the presence of mutant p53 (40). Therefore, the elimination of mutant p53 is of
particular therapeutic interest in TNBC. Similarly, reduction in mutant p53 is observed in two
additional mutant p53 cell lines, BT20 and MDA-MB-231 along with MDA-MB-468, when
treated with DDX in vitro (Fig. 8). Interestingly, this effect is observed in a dose- and time-
dependent manner in vitro in MDA-MB-468 cells (Fig. 5A and B). Total and phosphorylated
mutant p53 displayed decreased levels of expression in the combination therapy group in
vivo, indicating further suppression of the prosurvival pathway known to be present in MDA-
MB-468 cells (Fig. 7A).

We hypothesize that MDA-MB-468 cells rely heavily on the dysregulation/activation
of the PI3K pathway due to their mutated form of PTEN and p53, in order to increase cellular
proliferation and oncogenesis. As given in Fig.9A, PTEN and p53 cooperate to control
cellular proliferation in normal breast tissue. However, in the presence of PTEN and p53
mutations (as in the MDA-MB-468 cells; Fig. 9B), levels of AKT and RRM2 are increased,
promoting cellular proliferation. Because DDX is able to inhibit both mutant p53 and RRM2
possibly by targeting NFkB activation, decreased cellular proliferation in the presence of

DOXO was observed in the MDA-MB-468 cell line.
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Figure 9

The interplay between PTEN, AKT, p53, and RRM?2 and their roles in regulating cellular
proliferation in normal breast tissue (A), aberrations in the PI3K/AKT/mTOR pathway led to
downstream effects in TNBC (B). Additional components and pathways have been omitted for

simplification.
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Here we observed that the addition of daily DDX to DOXO therapy was superior to
DOXO monotherapy in the suppression of MDA-MB-468 tumor growth in vivo (Fig. 7A).

End tumor masses in the DDX & DOXO group were statistically smaller as compared with



46
DOXO monotherapy (Fig. 7B, P < 0.05). In a previous phase II clinical study, DDX alone

was administered as an infusion once every 3 weeks to patients with advanced breast cancer,
with no signs of efficacy (41). Because DDX has a half-life of less than 45 minutes, it is not
surprising that the dosing interval used in the clinical study resulted in a lack of a response,
as we observed favorable efficacy outcomes when administering DDX daily in xenograft
models.

In addition to its chemotherapeutic synergism potential, DDX is well known for its
favorable safety profile (9). Here, we have demonstrated that the addition of DDX
ameliorates the detrimental off-target effects of DOXO toxic metabolites on the myocardium.
Presumably, DOXO injures the heart by generating damaging free radicals through iron-
catalyzed redox cycling (42). We observed that overall heart mass in the DOXO monotherapy
group was statistically increased when compared with the NT and DDX monotherapy groups,
whereas the addition of DDX to DOXO was sufficient to protect against this hypertrophy
(Fig. 7E). Troponin T levels, which are a known indicator of cardiac damage, were elevated
in the DOXO monotherapy group when compared with the NT and DDX and DOXO
combination group (Fig. 7D). Total heart and left ventricle cross-sections displayed
enlargement with DOXO monotherapy as compared with combination therapy (Fig. 7F). The
observed cardioprotective benefits of DDX are likely due to its iron-chelating characteristic
that may protect against iron perturbations likely due to the DOXO alcohol metabolite
doxorubicinol as well as its free radical scavenging characteristic that may protect against the
oxidant activity likely due to DOXO deoxyaglycone and DOXOI hydroxyaglycone (43).
Specifically, DDX was shown to offer cardio protection against DOXO-mediated injury

through its ability to scavenge free radicals (44).
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In summary, our findings regarding therapeutically targeting RRM2, NF«kB, and

mutant p53 in TNBC complement the current breast cancer landscape. We have found
evidence that increased levels of RRM2 and, as a consequence, greater NFxB activation may
be a hallmark of TNBC tumors, giving rise to their aggressive and difficult- to-treat nature.
Reduced RRM2 and NF«B pathway protein expression, as well as the overturn of the
prosurvival mutant p53 using DDX, results in reduced tumor size. We have observed that the
addition of DDX also reduces the cardiotoxicity associated with anthracycline use, as
evidenced by reduced heart mass and troponin T levels. Ultimately, our data add to the
rationale that inhibitors of RRM2, NF«kB, and mutant p53 may be used to supplement
traditional chemotherapies and offer improved efficacy and reduced toxicity.

One of the limitations of this study is that protein expression by western blotting was
not quantified by normalization which would add significant difference in protein expression.
In addition, cardiac function can be evaluated by echocardiography by using a Vevo 2100
high resolution imaging system. There are still many topics which needs to be explored in the
future. Firstly, the effects of RRM2 on the NFkB activation and mechanism involved needs
further investigation. RRM2 knockdown studies can be performed to evaluate the effect of
DDX in absence of RRM2 in TNBC. Next, TNBC cell lines with RRM2 can be established to
clarify whether RRM2 overexpression has a consistent impact on cell cycle. Finally, reactive
oxygen species (ROS) measurement should be performed to investigate free radical

scavenging properties of DDX in TNBC.
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CHAPTER 3: TARGETING RRM2 AND CYCLIN D1-CDK 4/6 AXIS FOR PALLBOCICLIB

RESISTANT BREAST CANCER TREATMENT

3.1 Introduction

The cell cycle is a series of regulated events orchestrated by specific enzymes and
proteins. Cyclins and cyclin dependent kinases (CDKs) are the key regulatory machinery known
as cell cycle checkpoints that can speed, slow, or even halt the process. CDKs form a complex
with cyclins during each phase of the cell cycle. During G1 phase, CDK4/6 bind with cyclin D1
to form an active kinase complex, which phosphorylates retinoblastoma protein 1 (RB1) to
counteract its inhibitory effect on the transcription factor E2F causing G1-S phase shift (1, 2).
Uncontrolled cell growth owing to an abnormal cell cycle is one of the hallmarks of cancer (3).
In cancer cells, the CDK4/6-cyclin D1-RB1-E2F axis is regarded as the most dysregulated cell
cycle pathway (1).

Endocrine treatment is an effective first-line therapy for targeting ER+, HER2- breast
cancer. But success is limited by development of acquired resistance due to long-term therapy.
Cyclin D and CDK4/6 complex mediated retinoblastoma (Rb) tumor suppressor protein
phosphorylation and subsequent inactivation drives the cell cycle from G1 into S phase for DNA
synthesis. This observation led to the development of the first CDK4/6 inhibitor palbociclib
which induces cell cycle arrest at G1 phase in cancer cells (4). Palbociclib is a specific CDK4/6
inhibitor, which decreases the phosphorylation of RB and subsequently inhibits cancer cell
growth (5). Additional efficacy was observed when given in combination with selective estrogen
receptor degrader (SERD) fulvestrant or aromatase inhibitor (Al) letrozole (6). Unfortunately,

despite the success rate of cell cycle checkpoint CDK4/6 inhibitors, 10% of breast cancer
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patients develop intrinsic resistance while many later presents with acquired resistance after 24-

28 months or less when used as first or second line therapy (7).

Figure 10
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Deregulation of cell signaling molecules and activation of several escape pathways could
be the mechanism behind progression of resistance in breast cancer. This paves the pathway for
designing novel therapeutic strategies to improve patient outcomes (8). Here we focus on
circumventing palbociclib resistance by targeting estrogen receptor positive (ER+) and estrogen
receptor negative (ER-) breast cancers with a unique ribonucleotide reductase subtype I (RRM?2)
enzyme inhibitor.

Tumor growth is dependent on the activity of ribonucleotide reductase (RR) which is the

rate limiting enzyme to catalyze ribonucleotides to deoxyribonucleotides during DNA synthesis
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(9). RR is a tetramer composed of two dissimilar subunits RRM1 and RRM2. Whereas RRM 1

contains allosteric regulatory sites for maintenance and balancing of deoxyribonucleotide
triphosphate pools, RRM2 contains a binuclear iron center and a tyrosyl free radical for the
enzymatic conversion of ribonucleotides to deoxyribonucleotides. The cell cycle regulates
mammalian RR where RRM2 subunit is made in the late G1 phase before DNA replication, and
it disappears in late S or early G2 phase (10). Overexpression of RRM2 is associated with higher
proliferation and invasiveness of malignant cancers (11). In our previous study, we have shown
that RRM2 is upregulated in ER- as well as tamoxifen resistant ER+ breast cancers (12-14).
Other studies have demonstrated RRM2 as a potential prognostic indicator in breast cancer
treatment (15-20).

The free radical scavenger didox (3,4-dihydroxybenzohydroxamic acid) upon
introduction to RRM2, chelates its iron (III) from the radical center, impeding conversion of
ribonucleotides to deoxyribonucleotides (21). In addition to RR inhibition, didox also possess
synthetic antioxidant properties. This drug was originally developed as an antineoplastic and
antiproliferative agent improving the activities of hydroxyurea (21, 22). As well, it improves the
efficacy of DNA-targeting agents when used in combination (14, 22, 23).

The NF-kB transcription factor functions as a nuclear factor which binds to the enhancer
element of the immunoglobulin kappa light-chain of activated B cells (IkB) (24). Constitutive
activation of NF-kB signaling can lead to various disorders as it regulates more than 500 genes
responsible for proliferation, invasion, angiogenesis, metastasis, cellular transformation, and
inflammation (25, 26). Upregulation of NF-kB in breast cancer primarily leads to cell
proliferation, survival, metastasis and resistance to radiotherapy and chemotherapy (27, 28). Cell

cycle progression and uncontrolled cell proliferation through upregulation of the expression of
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the cell cycle proteins cyclin D1 and CDK with NF-kB activation has been reported in some
studies (29, 30).

In this study, we hypothesize that through the inhibition of RRM2, cyclin D1 and the
NF«B pathway as well as upregulation of pH2AX, a DNA damage signaling protein, DDX with
PLB can significantly halt ER+ and ER- breast cancer growth along with their PLB resistant
counterparts. We also want to delineate that this combination therapy has the potential to arrest
the cell cycle at G1 in both ER+ and ER- breast cancer along with their PLB resistant
counterparts. In addition, in ER- breast cancer cells with mutant p53, we aim to show that DDX
therapy effectively targets and downregulates mutant p53 in a time dependent manner with no
effect on total levels of wild type p53. Our data will present a new approach for the treatment of
ER+ and ER- breast cancer and their PLB resistant counterparts.

3.2. Materials and Methods

3.2.1 Cell culture and drug treatment

MCF7 and MDA-MB-468 cells were purchased from ATCC every 6 months. Cells were
maintained in advanced DMEM/F12 (Thermo Fisher Scientific) supplemented with 5% FBS, 1%
L-glutamine and 1% streptomycin and penicillin. Didox (DDX) was synthesized and kindly
provided by Dr. Howard L. Elford, Molecules for Health. Palbociclib (PLB) was purchased from
Sigma Aldrich. Didox was dissolved in 0.9% sterile saline solution and Palbociclib was
dissolved in 0.1M HCI. All compounds were filtered through a 0.2uM syringe filter and stored at
-10°C in the dark for a maximum of 1 week. Cells were treated with DDX, PLB, or a
combination of DDX and PLB in phenol red free, serum free DMEM/F12 media (Thermo Fisher

Scientific).
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3.2.2 Establishment of the palbociclib resistant cell lines

Palbociclib drug resistant cells were developed by culturing in media mentioned above
containing increasing doses of palbociclib 0.1 - 4 umol/L. Cells were subcultured at almost 95%
confluency with an increment of 25% drug concentration. The resistant cells were established

after 6 months and maintained in 1 pmol/L palbociclib.

3.2.3 IC50 determination
ICso values were normalized to those of their no treatment controls and analyzed in

GraphPad Prism by non-linear regression to obtain the 1Cso values.

3.2.4 Western blot analysis

Cells were lysed with the cell lysis buffer (Cell Signaling Technology) and lysates were
clarified by centrifugation for 10 minutes at 14,000 rpm. After protein quantification with BCA
assay, 50ug of each sample was resolved by SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Blots were blocked with blocking buffer (LI-COR
Biosciences) for 1 hour at room temperature, incubated with primary antibody (1:1000 dilution)
overnight at 4°C, followed by incubation with secondary goat anti-rabbit or goat anti-mouse IgG
antibody (1:10000 dilution) conjugated with IR Dye 800CW or 680RD (LI-COR Biosciences) at
room temperature for 60 minutes. Membranes were subsequently washed, visualized, and
quantified using Li-COR Odyssey Fc and CLX imaging system and image studio software. The
following antibodies were used: RRM2 (Sigma Aldrich), Cell Cycle Regulation Antibody
Sampler Kit II, NFkB pathway sampler kit, NFkB Family Member Antibody Sampler Kit,
Phospho-p53 Antibody Sampler Kit, Rb Antibody Sampler Kit, Akt Isoform Antibody Sampler

Kit, Phospho-Akt Pathway Antibody Sampler Kit and GAPDH (Cell Signaling Technology).
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3.2.5 Real time-quantitative polymeric chain reaction (RT-qPCR) analysis

Total RNA was isolated using RNeasy (QIA-GEN) according to the manufacturer’s
protocol. 1ug RNA was converted to cDNA using RevertAid first strand cDNA synthesis kit
(Thermo Fisher Scientific). RT-qPCR reactions were performed using human predesigned
CCNDI1 (1:20) and Tp53 (1:20) probe-based primers (Integrated DNA Technology). Fold change
was determined using the comparative 222 method and RPL13A housekeeping gene (Integrated

DNA Technology).

3.2.6 Cell Cycle Analysis

Cells were grown in 100 mm cell culture dishes and incubated with drugs for 24 hours.
Cells were then harvested (1 X 10° cells) with trypsin, washed with HBSS, resuspended in 200
ul PBS, fixed in 1 ml ice cold 70% ethanol, and stored overnight at -20°C. Afterwards, fixed
cells were strained, centrifuged, and washed with 0.25 ml 1% PBS, resuspended with 200 pl cell
cycle reagent (Luminex), and incubated in the dark for 30 mins at room temperature. Cell cycle
phase analysis was done using the Guava Muse flow cytometer and cell analyzer software with
cell cycle kit (MCH100106) from Luminex according to manufacturer’s protocol.
3.2.7 Cellular proliferation assay

For cell proliferation studies, 1000 cells were plated in into each well of 96 well plates in
phenol red free, serum free DMEM/F12 media supplemented with 2% charcoal stripped serum
(CSS, Thermo Fisher Scientific) and incubated at 37°C for 24 hours before treatment with DDX,
PLB, or a combination of DDX and PLB in phenol red free, serum free DMEM/F12 media.
Treatment media was replenished on days 2, 4 and 6. CellTiter Glo 2.0 solution (Promega) was

added to each well according to the manufacturer’s protocol and luminescence was measured.
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3.2.8 NFkB activity assay

40,000 cells were seeded in 96 well plate and incubated overnight. Next day, NF-xB
(CSS-013L Cignal reporter assay kit, QIA-GEN) was transfected using Fugene HD transfection
reagent (Promega) according to the manufacturer’s protocol. After 24 hours, cells were treated
with DDX 30 - 900pumol/L and luminescence was measured using Dual luciferase reagent
(Promega).

3.2.9 Statistical Analysis

Data was analyzed using unpaired two sample t-test of GraphPad Prism software. Results

are presented as mean + SEM. p-value < 0.05 was considered statistically significant.

3.3 Results
3.3.1 Resistance to palbociclib (PLB) alters expression of proteins involved in cell growth
and cell cycle regulatory pathways

Here, we seek to evaluate the effect of palbociclib resistance on cell cycle, apoptosis,
growth signaling, NFkB & IKK signaling in Rb sensitive (MCF7) and Rb deficient (MDA-MB-
468) parental and palbociclib (PLB) resistant breast cancer cells. With palbociclib resistance we
observed that pRb (S807), Rb, cyclin D1, p21, p105, RelB, IKKa, ERo and RRM?2 levels are
downregulated in untreated MCF7 cells (Rb sensitive). Interestingly, upon palbociclib treatment
we observed that resistant cells expressed elevated p21, p100, p105, RelB, ERo and RRM?2
levels when compared to NT group of MCF7 PR cells. Interestingly, pRb (S807) level remained
unchanged with PLB treatment in MCF7 PR cells (Fig. 11A).

Next, we examined the inhibition of ribonucleotide reductase on our parental and
resistant breast cancer cells by using the ribonucleotide reductase inhibitor didox alone or in

combination with palbociclib. Cell cycle regulatory proteins cyclin D1, Rb and pRb S807 along
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with IKK and NF«xB signaling proteins p100, p105, RelB, cRel and IKK[3 were downregulated

with DDX and combination treatment. Yet, pIKKo/f was significantly increased with DDX
combination in both parental and palbociclib resistant MCF7 cells. DDX alone or in combination
with PLB also caused an increase in the DNA damage signaling protein pH2AX indicating DNA
damage due to PLB (Fig. 11A, B).

Although, MDA-MB-468 ER- cells are Rb-deficient, here we have found that DDX
treatment actually brings Rb levels back in MDA-MB-468 parental and palbociclib resistant
breast cancer cells. We also found upregulation of cyclin D1, AKT and RRM2 with palbociclib
resistance in MDA-MB-468 breast cancer cells compared parental cells. Upon DDX treatment
we observed downregulation of the cell cycle regulatory proteins cyclin D1, cyclin A2, and
cyclin E2 along with the NFkB signaling proteins p100, p105, and RelB and the apoptotic
proteins p53, pp53 (S392), and mutant p53 in MDA-MB-468 cells along with its palbociclib
resistant counterpart (Fig. 11C). DDX increased the DNA damage signaling protein pH2AX
expression in MDA-MB-468 parental PLB resistant cells (Fig. 11C). DDX did not reduce wild
type p53 in MCF7 parental or PLB resistant cells (Fig. 11A). Yet, mutant p53 and phosphor p53
S392 went down in DDX and DDX+PLB treated group in both parental and PLB resistant
MDA-MB-468 cell (Fig.11C). Upregulation of cyclin D1, AKT and RRM2 were only observed
in MDA-MB-468 PLB resistant NT group but not in parental MDA-MB-468 cells (Fig. 11C).

To examine the effect of treatment on cellular growth in our parental and resistant breast
cancer cells, we conducted cell proliferation assays. Here, we are reporting that DDX in
combination with PLB significantly decreases cellular proliferation of ER+ MCF7 (Fig, 12A)

and ER- MDA-MB-468 (Fig. 12B) breast cancer cells along with their palbociclib resistant
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counterparts (Fig. 12C, D). ICso values of PLB drug were higher for PLB resistant breast cancer

cells compared to parental cells (Fig. 12E).

3.3.2 Inhibition of ribonucleotide reductase alters cell cycle regulatory and NFxB pathway
expression in a dose dependent manner

Based on the proliferation assays, we determined to use the ER+ MCF7 (Rb active) and
the ER- MDA-MB-468 (Rb deficient) parental and PLB resistant breast cancer cell lines. In
order to determine the optimal concentration of DDX we conducted dose dependent western blot
analysis on cell cycle regulatory, apoptotic and NF«kB pathways using DDX concentrations
varying between 30 to 600 umol/L in MCF7 and MDA-MB-468 parental and PLB resistant cells.
DDX reduced expression of cell cycle regulatory proteins cyclin D1, phosphorylated Rb S807
and NF«B regulatory RelB and IKBa but increases pH2AX level in MCF7 parental and PLB
resistant cell lines (Fig. 13A). Interestingly, DDX also reduced cyclin D1, cyclin E2, NFxB
regulated p100 and mutant p53 while increasing Rb, pRb S807 and cRel expression in MDA-
MB-468 parental and PLB resistant cell lines (Fig. 13B). We observed the most alterations in the
mentioned proteins at the highest DDX dose in both MCF7 and MDA-MB-468 parental and PLB
resistant cell lines.

To determine whether palbociclib resistance leads to transcriptional changes, we assessed
the mRNA expression of RRM2 and CCND1 in ER+ and ER- parental and PLB resistant breast
cancers. Results show more than a 2.8-fold increase of RRM2 and 2.2-fold increase of CCND1
expression in PLB resistant as compared to parental ER+ MCF7 breast cancer cells (Fig. 13C,
D). ER- MDA-MB-468 breast cancer cells exhibited approximately 4-fold greater expression of
RRM2 and 19-fold higher expression of CCNDI1 as compared to MCF7 cells (Fig. 13C, D). As

ER- MDA-MB-468 breast cancer cells already have higher levels of RRM2 and CCND1
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expression, we do not observe additional increase in PLB resistant MDA-MB-468 cells (Fig.
13C, D). To determine the effect of inhibiting RR on these observed increases in gene
transcription, cells were treated with DDX for six and twelve hours, RRM2 expression is
downregulated in a time dependent manner in MCF7 PLB resistant as well as MDA-MB-468 and
MDA-MB-468 PR cells (Fig. 13C). Reduced CCNDI1 expression was also observed in the ER-
cells with DDX treatment both at six and twelve hours (Fig. 13D).

To examine whether NF«kB is activated in PLB resistant cells, we performed an NFxB
activity assay. When comparing MCF7 untreated cells to MDA-MB-468 cells, we observed 24-
fold greater NFkB activity. We also observed a small increase in palbociclib resistant MCF7
cells but not MDA-MB-468 cells (Fig. 13E). RRM2 inhibition reduced NF«B activity by 60% -
80% in both ER+ and ER- cells as well as their palbociclib resistant counterparts in a dose
dependent manner (Fig. 13E).

3.3.3 Inhibition of ribonucleotide reductase causes cell cycle arrest at G1 phase

To further understand whether palbociclib resistance may lead to cell cycle changes, we
used flow cytometry and also evaluated the effect of DDX alone and in combination with
palbociclib on the cell cycle profile of breast cancer cell lines. We are reporting that the
development of palbociclib resistance in ER+ MCF7 and ER- MDA-MB-468 breast cancer cells
yielded a shift in their cell cycle profile (Fig. 14A, B). As palbociclib treatment is known to
induce G1 cell cycle arrest in Rb sensitive cells, we observed a significant increase in the
percentage of cells in G1 phase in the parental MCF7 (Rb sensitive) but not MDA-MDB-468
(Rb deficient) breast cancer cells (Fig. 14A, B). However, MCF7 palbociclib resistant cells

exhibited a reduced G1 cell cycle arrest as compared to parental MCF7 cells. Interestingly,
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MDA-MB-468 PR cells exhibited a lower percentage of G1 cells both untreated as well as with

PLB treatment (Fig. 14D).

Next, to determine whether RR inhibition would have an additive effect on G1 arrest,
cells were treated with DDX alone or in combination with PLB. Upon treatment with DDX, we
observed an increase in percentage of G1 cells from 36.8% (NT) to 46.6% (DDX alone) to
58.4% (DDX+PLB) in MCF7 cells. Similarly, in the MCF7 palbociclib resistant counterpart, the
G1 cell cycle shift was 46.9% with DDX and 56.1% with combination therapy as compared with
39.6% of NT (Fig. 14A, B). Additionally, we also observed significantly higher G1 cell cycle
arrest in MDA-MB-468 and MDA-MB-468 PR cells treated with DDX alone and with the
combination of DDX and PLB compared to no treatment. G1 cell cycle shifted to 53.6% with
DDX and 53.4% with combination therapy from 37.6% NT in MDA-MB-468 cell. On the other
hand, palbociclib resistant MDA-MB-468 cells G1 phase shifted from 20.8% of NT to 34.4%
with DDX alone and 30.8% with combination treatment (Fig. 14C, D). There appears to be no
additive benefit of PLB treatment on G1 arrest in the parental or palbociclib resistant Rb

deficient MDA-MB-468 cells.

3.3.4 Inhibition of ribonucleotide reductase suppresses mutant pS3 expression in a time
dependent manner in ER- breast cancer with p53 mutation

In order to further elucidate the effect of RR inhibition on p53 modulation in parental as
compared to palbociclib resistant cells, we conducted protein and gene expression analysis in a
time dependent manner. DDX treatment resulted in a downregulation of mutant p53 over time as
compared to NT (Fig. 15A, B). This decrease in protein levels of mutant p53 was observed as

early as 6 hours and was significantly lowered by 24 hours.
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To determine whether the reduction in mutant p53 protein levels was due to

transcriptional regulation, we conducted quantitative p53 expression analysis. We observed that
ER- MDA-MB-468 PR and ER+ MCF7 cells had significant downregulation of p53 mRNA
when treated with DDX for 6h, 12h and 24h (Fig. 15C, E). Alternatively, pS3 mRNA levels are
not significantly altered in MDA-MB-468, BT-20 and MDA-MB-231 cells treated with DDX

compared to NT (Fig. 15A, E & F).

Figure 11

Resistance to palbociclib alters expression of proteins involved in cell growth and cell cycle
regulatory pathways. Western blot analysis of cellular and apoptotic proteins of MCF7 and
MCEF7 palbociclib resistant (PR) (A), Quantification of MCF7 and MCF7 PR protein expression
(B), western blot analysis of MDA-MB-468 and MDA-MB-468 PR (C) cells treated with vehicle
(NT), 600pmol/L DDX (didox), 1pmol/L PLB (palbociclib), and combination of 600umol/L

DDX + Iumol/L PLB. Results are in averages £ SEM, n=3. Comparisons between groups were

made by unpaired two-sample t test. Significant differences when *P<0.01; MCF7 NT vs DDX
& D+P OP<0.02; MCF7 PR NT vs DDX & D+P, #P<0.02; MCF7 NT vs DDX & D+P,
OP<0.04; MCF7 PR NT vs DDX & D+P, %P<0.05; MCF7 NT vs D+P, = P<0.05; MCF7 PR

NT vs D+P, #P<0.05; MCF7 NT vs D+P treatment.
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Figure 12

Didox decreases ER+ MCF7 and ER- MDA-MB-468 parental and palbociclib resistant cell
proliferation in vitro. All proliferation experiments performed in triplicate. The combination of
30umol/L DDX and lumol/L PLB decreases cellular proliferation over 1umol/L PLB or

30umol/L DDX or Vehicle (NT) in MCF7, MCF7 PR, MDA-MB-468 and MDA-MB-468 PR
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breast cancer cells. ICso values of drug palbociclib and didox in all cell lines (D). Results are in

averages = SEM, n=3. Comparisons between groups were made by unpaired two-sample t test. *

P<0.04; significant difference between NT and D+P treated breast cancer cell lines. %% P<0.03;

significant difference between PLB and D+P treated breast cancer cell lines.
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Figure 13

DDX inhibits cell cycle regulatory proteins and RRM?2 in a dose dependent manner in both
parental and PLB resistant ER+ and ER- breast cancer cell lines as well as CCNDI and RRM?2
genes. Western blot analysis of cellular and apoptotic proteins in MCF7 (A) and MDA-MB-468
(B) cells treated with vehicle (NT), 30umol/L DDX, 100umol/L DDX, and 600pmol/L. DDX for
24 hours. RT-qPCR of RRM2 mRNA in all cell lines (C) and CCND1 fold changes with didox
100 pmol/L for 6hr and 12hr compared to NT in ER+ and ER- breast cancer and their PLB
resistant counterparts (D). Promoter analysis of NF«B in all breast cancer cells treated with DDX
at a dose ranging from 30umol/L to 1mmol/L for 6 hrs (E). All experiments are done in

triplicate. Data are presented as mean + SEM, n=3. Comparisons between groups were made by

unpaired two sample t test. % P=0.002; significant difference between MCF7 and MCF7 PR
breast cancer cell lines. %% P=0.0001; significant difference between MCF7 and MDA-MB-468
and MDA-MB-468 PR breast cancer cell lines. *k P<0.01 and >k > P<0.0003; significant
difference between MCF7 and MCF7 PR, MDA-MB-468, MDA-MB-468 PR breast cancer cells.
<&P<0.0003 and @ P<0.002; significant difference between MDA-MD-468 NT vs DDX
treatment 6h and 12h, MDA-MB-468 PR NT vs DDX treatment 6h and 12hr. % P<0.03, MCF7
PR NT vs DDX treatment 12h. AP<0.0003; significant difference between MDA-MD-468 NT
vs DDX treatment 6h and 12h,  P<0.0002, MDA-MB-468 PR NT vs DDX treatment 6h and
12hr. » P<0.05, MCF7 NT vs DDX treatment 100umol/L & 600 umol/L. © P<0.003; significant
difference between MCF7 PR NT vs DDX treatment 100umol/L & 600umol/L, ¥ P<0.003,
MDA-MB-468 NT vs DDX treatment 100umol/L & 600umol/L, VP<0.0007 MDA-MB-468 PR

NT vs DDX treatment 600umol/L.
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Figure 14

DDX alters the cell cycle and causes cell cycle arrest in MCF7 and MDA-MB-468 parental and
palbociclib resistant breast cancer cells. Cell cycle analysis by flow cytometry of MCF7 and
MCF7 PR (A), MDA-MB-468 and MDA-MB-468 PR (B) cells treated with NT, DDX
100pmol/L, PLB 1umol/L and combination of DDX and PLB for 24 hours. Difference between
percent gated at GO/G1 in MCF7 and MCF7 PR (C), MDA-MB-468 and MDA-MB-468 PR (D)

with same treatment conditions as before. Data are presented as mean + SEM, n=3. Comparisons

between groups were made by unpaired two sample t test. % P< 0.009, %% P< 0.01; significant
difference between NT and DDX, NT and D+P treated breast cancer cells. % P<0.02, %% P<

0.0002; significant difference between MCF7 and MCF7 PR, MDA-MB-468 and MDA-MB-468

PR breast cancer cells treated with PLB.
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Figure 15

DDX decreases mutant p53 in a time dependent manner. (A) Western blot analysis of MDA -
MB-468 parental cells treated with vehicle (NT) and 600pmol/L DDX in a time dependent
manner for 24 hrs shows decrease in mutant p53 and WT p53. (B) Quantification of total p53
expression in MDA-MB-468 parental cells treated with vehicle (NT) 24 hr, DDX 600umol/L 15
min, 1 hr, 3 hr, 6 hr, 9 hr, 12 hr and 24 hr. RT-qPCR of four different variants of Tp53 gene in
parental breast cancer cell lines MDA-MB-468, MCF7, BT-20 and MDA-MB-231 treated with
vehicle (NT), DDX 600umol/L and samples were collected at 24 hr NT, 6 hr DDX, 12 hr DDX
and 24 hr DDX. RT-qPCR of p53 mRNA in MDA-MB-468 (C) and MDA-MB-468 PR (D) cells
treated with didox 100 pmol/L for 6hr,12hr and 24hr. Data are presented as mean + SEM, n=3.
Comparisons between groups were made by unpaired two sample t test. % P<0.05, Significant
difference between MDA-MB-468 p53:GAPDH NT vs 24hr treated with didox 600umol/L.
#*P<0.04, OP<0.02, *kP<0.05, AP<0.002; significant difference p53 6686 NT vs DDX
treatment 12h & 24h, p53 3122 NT vs 12h & 24h, p53 3224 NT vs 12h & 24 h DDX, p53 9752

NT vs 12h & 24h DDX in MDA-MB-468 PR cells. %P<0.009 p53 6686 NT vs DDX 24h,

©P<0.02 p53 3122 NT vs DDX 24h, 00P<0.003 p53 3224 NT vs DDX 24h, ¢P<0.05 p53 9752

NT vs DDX 24h.
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3.4 Discussion

The development of acquired and de novo palbociclib resistance in breast cancers
remains a management challenge in clinical oncology for the treatment of hormone receptor
positive and HER2 negative breast cancer. Limited data exist regarding the role of CDK4/6 and
cyclin D1 interaction in the development of palbociclib resistance, and effective targets for
palbociclib resistant ER+ and ER- breast cancers are largely unknown. To date, there are no
studies to examine the feasibility of a combination of CDK4/6 inhibitor, palbociclib, with an
RRM?2 inhibitor for treating both ER+ and ER- palbociclib resistant breast cancer. In addition,
this combination strategy might have the possibility of avoiding the development of palbociclib
resistance.

Multiple studies have reported a direct link between overexpression of RRM2 in breast
cancers to increased cell proliferation, invasiveness, as well as drug and chemotherapy resistance
(12, 13, 29, 31). Previously, we found that RRM2 is upregulated in ER- and drug resistant breast
cancer cells rationalizing our hypothesis of targeting ribonucleotide reductase for ER+ as well as
ER- breast cancer treatment (12,13,14). Our current study shows increased expression of RRM2
and CCND1 mRNA in ER+ MCF7 PR and ER- MDA-MB-468 PR cells compared to parental
cells (Fig. 13C, D). We also observe an upregulation of RRM2, cyclin D1 and total AKT protein
level in ER- palbociclib resistant breast cancer cells (Fig. 11C) which suggests a possible
mechanism of resistance development. Inhibition of ribonucleotide reductase by DDX alone or
in combination with palbociclib decreases RRM2, cyclin D1 and pRb levels in MCF7 ER+
breast cancer cells. Although, the exact mechanism underlying palbociclib resistance is largely
unknown, this study demonstrates that inhibition of RRM2 by DDX circumvents emergence of

palbociclib resistance.
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NF«B signaling has a unique importance in breast cancer as it regulates a myriad of key
regulatory genes necessary for cell proliferation, invasion, metastasis, and angiogenesis. Some
studies have reported that NFxB suppression can re-sensitize resistant breast cancer cells to
treatment (32-34). We have demonstrated that DDX alters expression of various NF«B proteins
p105 and p100 halting the aid of these proteins in cancer cell survival and proliferation. DDX
alone or in combination with PLB significantly decreased expression of RelB, cRel, IKKf, p105
and p100 in vitro (Fig. 11A, C). We have also observed that NFkB promoter activity decreases
by 20-70% beginning at a concentration of 100uM DDX in ER+ and ER- breast cancer cells
along with their palbociclib resistant counterparts (Fig. 13E). This supports the role of DDX not
only as an inhibitor of ribonucleotide reductase but also as an inhibitor of NFkB activation
perhaps at higher concentrations.

Cyclin D1 plays a crucial role in regulating the progress of cell cycle progression during
transition from G1 to S phase. The cyclin D1 gene (CCND1) is amplified in approximately 20%
of breast carcinoma (35). Intensive studies have been conducted to ascertain cyclin D1 as a
biological marker in breast cancer (36). Dysregulation of cyclin D1 function or gene expression
causes loss of normal cell cycle control during cancer development (35-38). This is the first
report to examine the potential of an RR inhibitor DDX in combination with a CDK4/6 inhibitor
palbociclib for the treatment of ER+ and ER- breast cancer with or without palbociclib
resistance. We observed that DDX inhibited cyclin D1 expression alone or in combination with
palbociclib in parental and palbociclib resistant ER+ and ER- breast cancer cells (Fig. 11A, 11C,
13A and 13B).

The function of cyclin D1 is to form a complex with CDK4/6 and activate or upregulate

pRb allowing for progression of the cell cycle to next DNA synthesis phase. Downregulation of
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pRb is the mechanism by which PLB functions (39). It was previously reported that PLB

treatment decreases the palbociclib effectors, pRb and total Rb levels, resulting in G1 arrest in
breast cancer (40, 41). Our study confirms that upon the development of PLB resistance, PLB
treatment loses its effect of reducing Rb protein levels as seen in PLB resistant ER+ breast
cancer MCF7 cells (Fig. 11A). Interestingly, we have observed that DDX treatment has the same
inhibitory function on pRb and likely total Rb as does PLB treatment in not only MCF7 cells but
also in the PLB resistant counterpart (Fig. 11A).

In the ER- parental and palbociclib resistant MDA-MB-468 (Rb deficient) breast cancer
cells, DDX also downregulated cyclin E2 and cyclin A2 and unexpectedly restored the presence
of the cell cycle repressor Rb which is an integral part of the cell cycle checkpoint inhibiting
progression past G1 (Fig. 11C and 13B). The ability to restore Rb to Rb-deficient breast cancers
may improve the efficacy of PLB treatment when given in combination with ribonucleotide
reductase inhibitors such as DDX.

Here, we demonstrate a comprehensive analysis of the impact of RR inhibition by DDX
in combination with the CDK4/6 inhibitor palbociclib on the cell cycle in parental and
palbociclib resistant ER+ and ER- breast cancer cells. This data reveals that DDX reduces
protein levels of RRM2, NFkB and cyclin D1, and Rb resulting in the significant accumulation
of cells at G1 phase of the cell cycle arrest in the cell cycle (Fig. 14A-D). We also demonstrate
that palbociclib treatment alone fails to cause cell cycle arrest at G1 phase in both ER+ and ER-
palbociclib resistant breast cancer cells (Fig. 14C, D). These data are consistent with the
inhibitory effects of DDX on the cell cycle. The unique mechanism of action of DDX with
palbociclib to block the progression of the cell cycle supports a strategy for combination

therapies for patients with ER+ and ER- parental and palbociclib resistant breast cancer. In
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addition, we observed a significant increase in pH2AX levels in DDX treated ER+ and ER-

breast cancer which confirms the DNA damaging effect of the drug (Fig. 11A, 11C).

Our previous study showed downregulation of mutant p53 with DDX treatment without
any negative impact on wild type p53 in triple-negative breast cancer (14). In this study, we are
showing that DDX has a similar inhibitory effect on mutant p53 in the parental ER- MDA-MB-
468 breast cancer cells and the palbociclib resistant counterpart cells in a time dependent manner
(Fig. 11B). This inhibitory effect was nonexistent in ER+ breast cancer with wild type p53 and
its palbociclib resistant counterpart (Fig. 11A).

In summary, our findings strongly support the hypothesis that DDX in combination with
palbociclib can potentially treat ER+ and ER- breast cancer and perhaps prevent palbociclib
resistance by targeting RRM2, NF«kB, cyclin D1 and pRb. Also, DDX successfully targets
mutant p53 in ER- breast cancer with no possible inhibition of wild type p53. We also found
evidence that RRM2 and cyclin D1 levels are upregulated in ER- palbociclib resistant breast
cancer giving rise to a difficult to treat breast cancer population. Reduced expression of RRM2,
cyclin D1, NFkB protein as well as elevated level of pH2AX results in decrease breast cancer
growth and survival. We have also observed that the addition of DDX also halts cell cycle
progression at G1. Ultimately, our data suggests a strategy to target RRM2, NFkB protein, and
cyclin D1 to supplement traditional therapies while offering improved efficacy for breast cancer
treatment.

Restoration of Rb in MDA-MB-468 (Rb deficient) ER- breast cancer cells after DDX
treatment appears to re-sensitize the cancer cells to palbociclib therapy. However, the exact
mechanism of this effect is still unknown. Future studies need to be performed to provide a path

for the development of new drug molecules targeting restoration of Rb status in ER- Rb deficient
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breast cancer. Another limitation of this study is that all western blot data were not quantified by

normalization method. Differences in band intensity of the protein expression upon Western blot
was used as a measurement of difference in protein expression.

Future studies showing the effects of DDX alone or combination with palbociclib in ER+
and ER- breast cancer as well their palbociclib resistance counterparts in vivo would add
valuable insights to this study. In addition, Western blot analysis of mouse tumors with and

without DDX and palbociclib treatment as well as the combination should be performed.
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CHAPTER 4: SUMMARY

Triple-negative breast cancer (TNBC) which is characterized by the absence of estrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor type 2
(HER?2) is a highly aggressive type of cancer associated with poor prognosis. TNBC accounts for
10 - 15% of all new cases of breast cancer. It is heterogenous in nature (70% basal-like) and
currently does not have effective targeted therapies available. Dose-dense chemotherapeutic
agents such as doxorubicin with cyclophosphamide are used in combination and are the regimen
of choice for TNBC. However, doxorubicin has limited efficacy as a therapeutic agent alone
owing to the development of acquired drug resistance along with its potent cardiotoxic effects.

Ribonucleotide reductase (RR) is the rate limiting enzyme required for the conversion of
ribonucleotide to deoxyribonucleotide in DNA synthesis during cell proliferation. Didox (3,4
dihydroxybenzohydroxamic acid) is a unique RR inhibitor with iron chelating and free radical
scavenging properties. We have previously identified that ribonucleotide reductase subtype 2 is
upregulated in TNBC cells and is a key contributor to acquired drug resistance. We found that
didox not only inhibits RRM2, but it also reduces mutant p53 protein levels. Through this
inhibition, we found that didox works synergistically with doxorubicin to inhibit TNBC tumor
growth while also minimizing doxorubicin induced cardiac damage in mice.

The mitotic cell cycle is a highly sophisticated process where cells proliferate through
sequential activation of several downstream cyclin-CDK complexes known as checkpoints.
Cancer cells proliferate in a deregulated state through bypassing these checkpoints. The
retinoblastoma (Rb) tumor suppressor protein controls a key cell cycle checkpoint during G1-S

phase transition in the absence of mitotic growth signals. Cancer cell overcome Rb growth
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suppression through phosphorylation and inactivation of Rb by complexes of D-type cyclins and

cyclin dependent kinase (CDK)4/6.

Palbociclib (Ibrance; Pfizer) is an FDA approved selective CDK4/6 inhibitor for the
treatment of estrogen receptor (ER) positive, HER2 negative advanced breast cancer. Despite
the advances of such targeted therapy, patients develop resistance with long-term treatment. This
circumstance demands novel combination treatment strategies to delay cancer progression and
improve patient survival. A potential strategy is the combination of a unique ribonucleotide
reductase subunit 2 (RRM?2) inhibitor with palbociclib.

The RR inhibitor didox in combination with palbociclib significantly lowers the growth
of ER positive and ER negative breast cancer and their palbociclib resistant counterparts as
compared to no treatment or palbociclib treatment. We also confirmed that ER positive MCF7
and ER negative MDA-MB-468 parental breast cancer cells exhibit ICso values of palbociclib
that are lower than their palbociclib resistant counterparts. Inhibition of RRM2 decreases cell
cycle proteins alone or in combination with palbociclib in ER positive MCF7 and ER negative
MDA-MB-468 parental and palbociclib resistant breast cancer cells. This finding opens a novel
approach for targeting both ER positive as well as ER negative breast cancer treatment.

RR inhibition alters cyclin D1 (CCND1), RRM2, pRb and pH2AX expression in MCF7
and MDA-MB-468 breast cancer along with their palbociclib resistant counterparts.
Additionally, DDX alone or in combination with palbociclib alters the cell cycle of MCF7 and
MDA-MB-468 parental and palbociclib resistant breast cancer cells as well as G1 cell cycle
arrest. However, palbociclib resistant MCF7 and MDA-MB-468 cells are less resistant to
palbociclib dependent G1 cell cycle arrest. Both ER positive MCF7 and ER negative MDA-MB-

468 breast cancers show elevated expression of RRM2 and CCND1 which can be decreased with
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RR inhibition. As well, NFxB activity is significantly decreased with RR inhibition in both ER

positive MCF7 and ER negative MDA-MB-468 breast cancer cells including their palbociclib
resistant counterparts. Finally, didox targets mutant p53 in both ER negative parental and
palbociclib resistant MDA-MB-468 breast cancer cells but not wild type p53 in ER positive
breast cancer cells MCF7 as well as its palbociclib resistant counterpart.

Neutropenia (lowering of neutrophils in blood) is the dose-limiting toxicity in patients
with metastatic breast cancer. One of the limitations of this study is the measurement of
palbociclib dose limiting toxicity. By characterizing palbociclib-induced neutropenia through
absolute neutrophil count in mouse model would give an insight of palbociclib toxicity. Another
limitation of the study is that most Western blot data were not quantified by normalization
method. A third limitation of the study is the measurement of changes in cyclin dependent kinase
4/6 protein levels during the development of the resistant cell lines which would have explained
the palbociclib dose dependent effect on cancer cells during resistance development.

For future studies, measuring the combination index of palbociclib and didox would help
us to better understand whether synergy occurs. Since didox functions as a free radical
scavenger, it would be helpful to measure reactive oxygen species (ROS) levels in breast cancer
cells treated with didox alone and in combination with palbociclib. It will give us a better
understanding regarding the functions of didox as a free radical scavenger. Lastly, evaluation of
protein expression of RRM2, cyclin D1 and Rb in an in vivo model would add valuable insights
regarding palbociclib resistance and effect of didox treatment.

This study presents a novel and promising approach for the treatment of breast cancer
that involves inhibition of ribonucleotide reductase that merits further clinical investigation in

human models.
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Appendix
List of IDT Primers
Gene name Exon location Product Assay name
RPL13A - PrimeTime Std qPCR assay Hs.PT.49a.21531404
TP53 1-2 PrimeTime Mini qPCR assay Hs.PT.58.39676686
TP53 3-4b PrimeTime Mini qPCR assay Hs.PT.58.123122
TP53 5-6 PrimeTime Mini qPCR assay Hs.PT.58.38763224.¢
TP53 11-11 PrimeTime Mini qPCR assay Hs.PT.58.39489752.¢
CCND1 1-2 PrimeTime Mini qPCR assay Hs.PT.56a.4930170
CCND1 4-5 PrimeTime Mini qPCR assay Hs.PT.56a.3857509
CCND1 2-3 PrimeTime Mini qPCR assay Hs.PT.56a.23166104
CCND1 3-3 PrimeTime Mini qPCR assay Hs.PT.56a.39100953.g
RRM2 8-9 PrimeTime Mini qPCR assay Hs.PT.53a.19811647
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List of Primary Antibody
Product Catalog no. Isotype Company Dilution Factor

Rb (4HT) 9309 Mouse Cell Signaling 1:1000
IgG2A Technology

Phospho-Rb (S807) 8516 Rabbit IgG | Cell Signaling 1:1000
Technology

RRM2 SAB2701764 | Rabbit IgG | Sigma Aldrich 1:1000

p53 (7F5) 2527 Rabbit IgG | Cell Signaling 1:1000
Technology

Phospho-p53 (S392) 9281 Rabbit IgG | Cell Signaling 1:1000
Technology

Phospho-p53 (T81) 2676 Rabbit IgG | Cell Signaling 1:1000
Technology

Phospho-p53 (S15) 9286 Mouse IgG | Cell Signaling 1:1000
Technology

Phospho-p53 (S6) 9285 Rabbit IgG | Cell Signaling 1:1000
Technology

Phospho-p53 (S9) 9288 Rabbit IgG | Cell Signaling 1:1000
Technology

Phospho-p53 (S20) 9287 Rabbit IgG | Cell Signaling 1:1000
Technology

AKT (C67E7) 4691 Rabbit IgG | Cell Signaling 1:1000

Technology
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Phospho-AKT (S473) 4060 Rabbit IgG | Cell Signaling :1000
Technology

Phospho-AKT (T308) 13038 Rabbit IgG | Cell Signaling :1000
Technology

IKKa (3G12) 11930 Mouse IgG | Cell Signaling :1000
Technology

IKKB (D30C6) 8943 Rabbit I[gG | Cell Signaling :1000
Technology

Phospho-IKKa/f3 2697 Rabbit IgG | Cell Signaling :1000
Technology

IkBa (L35A5) 4814 Mouse IgG | Cell Signaling :1000
Technology

Phospho-IkBa 2859 Rabbit IgG | Cell Signaling :1000
Technology

RelB (C1E4) 4922 Rabbit IgG | Cell Signaling :1000
Technology

c-Rel (D4Y6M) 12707 Rabbit IgG | Cell Signaling :1000
Technology

p105/p50 12540 Rabbit IgG | Cell Signaling :1000
Technology

p100/p52 4882 Rabbit IgG | Cell Signaling :1000

Technology
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Cyclin E2 4132 Rabbit IgG | Cell Signaling :1000
Technology

Cyclin B1 12231 Rabbit IgG | Cell Signaling :1000
Technology

p21 2947 Rabbit IgG | Cell Signaling :1000
Technology

Cyclin D1 55506 Rabbit IgG | Cell Signaling :1000
Technology

ER 8644 Rabbit IgG | Cell Signaling :1000
Technology

GAPDH 97166 Mouse IgG | Cell Signaling :1000
Technology

H2AX 7631 Rabbit IgG | Cell Signaling :1000
Technology

Phospho-H2AX 9718 Rabbit IgG | Cell Signaling :1000

Technology
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Product Catalog no. Isotype Company Dilution Factor
IRDye 800CW 925-32211 Goat anti-Rabbit LI-COR 1:10000
IRDye 680RD 925-68071 Goat anti-Rabbit LI-COR 1:10000
IRDye 800CW 925-32210 Goat anti-Mouse LI-COR 1:10000
IRDye 680RD 025-68070 Goat anti-Mouse LI-COR 1:10000




	Targeting ribonucleotide reductase for breast cancer treatment
	Recommended Citation

	rev3 - Sultana

