TUTI

Fakultat fir Medizin
Urologische Klinik und Poliklinik

Identification of molecular mechanisms induced by
CDK4/6 inhibition

Qi Pan

Vollstiandiger Abdruck der von der Fakultat fiir Medizin der Technischen
Universitat Miinchen zur Erlangung des akademischen Grades eines
Doktors der Medizin

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Jiirgen Schlegel
Priifer der Dissertation:

1: Prof. Dr. Jirgen Gschwend

2: Prof. Dr. Roland M. Schmid

Die Dissertation wurde am 19.03.2018 bei der Fakultat fiir Medizin der
Technischen Universitit Miinchen eingereicht und durch die Fakultat fiir
Medizin am 13.11.2018 angenommen.



AFFIDAVIT

[ hereby declare that the dissertation titled

Identification of molecular mechanisms induced by CDK4/6 inhibition prepared under

the guidance and supervision of Univ.-Prof. Dr. Jurgen E. Gschwend at the Department

of Urology

and submitted to the degree-awarding institution of: The Faculty of Medicine of TUM is
my own, original work undertaken in partial fulfillment of the requirements for the
doctoral degree. [ have made no use of sources, materials or assistance other than those
specified in § 6 (6) and (7), clause 2.

[ X ] I have not employed the services of an organization that provides dissertation
supervisors in return for payment or that fulfills, in whole or in part, the obligations
incumbent on me in connection with my dissertation.

[ X ]I have not submitted the dissertation, either in the present or a similar form, as part
of another examination process.

[ ] The complete dissertation was published in

the degree-awarding institutian:

has approved prior publication of the dissertation.

[ X ] I have not yet been awarded the desired doctoral degree nor have I failed the last
possible attempt to obtain the desired degree in a previous doctoral program.

[ ]I have already applied for admission to a doctoral program at the school or college of

at (university)

by submitting a dissertation on the topic

With the result:

[ am familiar with the publicly available Regulations of the Award of Doctoral Degrees of
TUM, in particular § 28 (Invalidation of doctoral degree) and § 29 (Revocation of
doctoral degree). | am aware of the consequences of filling a false affidavit.

[X]Iagree [ ]Idonotagree
that my personal data is stored in the TUM alumni database.

PAN Ri é‘}%ﬁ\

Munich, 5.3.2018



Abstract

The CDK4/6-RB1-E2F pathway, which regulates the transition of cell cycle from G1
to S phase, is frequently disrupted in advanced bladder cancer (BC). Our previous
work has characterized this pathway as a potential therapy target using CDK4/6
inhibitors. In this project, we further studied molecular mechanisms induced by
CDKA4/6 inhibitor (PD-0332991) and their implication on therapy response in BC. A
prerequisite for response to CDK4/6 inhibitors is the expression of RB1, since RB1-
negative cells, which are either RB1 mutant or established via RB1 knockdown, were
non-responsive to treatment. On the other hand, therapy response of RB1 positive
cells to PD-0332991 correlated with a synchronous robust decrease in protein level
of both total and phosphorylated RB1. Even though the de-phosphorylation of RB1 is
not a prerequisite for its further degradation, both transcriptional repression and
MDM2-dependent proteasomal degradation are involved in its down-regulation upon
CDKA4/6 inhibition, which is also an indicator of therapy response. Silencing of MDM2
partially interfered with therapy response in a time-dependent manner. Besides,
analysis on the functional and biochemical effects of prolonged CDK4/6 inhibition
revealed a partial recovery of cell cycle progression and re-phosphorylation of RB1
under prolonged treatment, accompanied by a precise differential regulation on
protein levels of E2F family.
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1. Introduction

1.1 Bladder cancer
1.1.1 Epidemiology

Bladder cancer (BC) ranks the eleventh most commonly diagnosed cancer worldwide
(Torre et al., 2015). In 2012 the worldwide age-standardized incidence and mortality
rates (per 100,000 person/years) are 9.0 and 3.2 for men, respectively. In the female
population worldwide, the above two rates are only 2.2 and 0.9 (Torre et al., 2015).
The incidence and mortality rates of BC vary across different regions worldwide
because of differences in risk factors, methods of diagnosis, and availability of

diagnosis and therapy (Burger et al., 2013).
1.1.2 Etiology

The most important risk factor for BC is tobacco smoking, responsible for about 50%
of cases (Burger et al., 2013; Chavan, Bray, Lortet-Tieulent, Goodman, & Jemal,
2014). Carcinogens such as aromatic amines and polycyclic aromatic hydrocarbons
from tobacco are excreted through urine. Occupational exposure to the above
carcinogens is another main risk factor for BC, making up for approximately 10% of
all cases. Such occupational exposures take place mainly in industries involved in
paint, metal, dye and petroleum products (Burger et al., 2013; Colt et al., 2014).
Schistosomiasis, a chronic endemic cystitis due to recurrent infection on bladders
with a parasitic trematode, also contributes to most of cases in northern Africa
(Burger et al., 2013). Exposure to ionizing radiation is also a risk factor (Burger et al.,
2013). Other factors, like family history, fluid intake, hair dye use and dietary habit,
seem to have little or uncertain impact on the incidence of BC so far (Burger et al.,
2013; Egbers et al.,, 2015; Vieira et al., 2015). However, genetic predisposition
determines susceptibility to other risk factors and therefore influents the incidence of
BC. For example, there is a correlation between increased incidence of BC and
variation in genes that encodes urea transporters or decarboxylase protein
complexes (Cheng, Andrew, Andrews, & Moore, 2016; Garcia-Closas et al., 2011).
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1.1.3 Classification of BC

Tumor, node, metastasis (TNM) classification system (Richie et al., 1998) is applied
for staging of BC. Histological grading of non-muscle-invasive bladder urothelial
carcinomas is performed according to 2004 WHO grading system (Humphrey, Moch,
Cubilla, Ulbright, & Reuter, 2016) and consists of three types, papillary urothelial
neoplasm of low malignant potential (PUNLMP), low-grade (LG) papillary urothelial
carcinoma and high-grade (HG) papillary urothelial carcinoma, according to their
potential for invasion and aggressiveness. Papillary tumors invading to the mucosa
and the lamina propria are classified as stage Ta and T1, respectively. Flat, high-
grade tumors that are confined to the mucosa are classified as CIS (Tis). These
tumors are classified as non-muscle invasive bladder cancer (NMIBC), which make
up 75-80 % of cases at initial diagnosis (Witjes et al., 2014). The remaining 25% are

muscle invasive bladder cancer (MIBC) with classification of stage T2-4 (Fig 1).

.......................................................................................

o Ta Tl :
' A WSt ok Bladder lumen !
| 8 W W gy :
e il <5 o S 5 JREgts

Urothelium |
E— Lamina propria !

Muscularis i
propria

— Perivesical fat ;

Urethra — \ E . Gradel | Grade 2 , Grade3 , 1973 WHO

PUNLMP Low grade i High grade ) 2004 WHO/ISUP

Figure 1: Staging and grading of bladder cancer (Sanli et al., 2017)
1.1.4 Standard therapy for BC

The standard therapy for NMIBC is a combination of transurethral resection of the
bladder (TURB) and subsequent intravesical chemotherapy or immunotherapy.
Although these patients with NMIBC are expected to have a long-term survival, they
face a high risk of five-year recurrence (31-78%) as well as five-year progression to
MIBC (1-45%), especially among T1 and Tis (Sathe et al., 2015; Witjes et al., 2014).
In fact, the majority of cancer specific deaths are from MIBC. Radical cystectomy
combined with necessary pelvic lymph node resection is the standard treatment for
MIBC. However, these cases of advanced BC with regional lymph node invasion or

12



distant metastasis have a quite poor five-year disease specific survival of 14-
31%(Sathe et al., 2015). Unfortunately, few therapeutic alternatives with satisfactory
therapy response in advanced BC are available, beside cisplatin based
chemotherapy regimens. However, it has shown very limited benefits for advanced
BC, with a median survival of approximately 14 months. Also, since its approval 30
years ago, it has not been greatly improved or been replaced by other therapies
(Witjes et al., 2014), though targeting the immune checkpoint could be a promising
therapy in a small ratio of advanced patients (Netto, 2016). Therefore better therapy
strategies for advanced BC are urgently required.

1.2 Targeting the CDK4/6-RB1 pathway in BC
1.2.1 The CDK4/6-RB1 pathway regulates G1/S phase transition

A complete cell cycle progression requires transitions of four phases, Gap 1 (G1),
synthesis (S), Gap 2 (G2) and mitosis (M), which is sequentially initiated and
regulated by a complex of signal pathways. These regulatory pathways are
aberrantly activated or inactivated in cancer (U. Asghar, Witkiewicz, Turner, &
Knudsen, 2015). As major regulators of cell cycle progression, cyclin dependent
kinase (CDK) family, which consists of CDK1, CDK2, CDK4 and CDK®6, form
complexes with different cyclin proteins, such as cyclin D, E, A and B, and
phosphorylate downstream targets of which phosphorylations are required for
transitions of respective phases (S. Lim & Kaldis, 2013; Peyressatre, Prevel,
Pellerano, & Morris, 2015). Generally the CDKs are constitutively expressed
throughout the cell cycle, while their partners, the specific cyclins, are expressed and
degraded periodically at restricted phases. As a result, accumulation of specific
cyclins and their binding to related CDKs ensure a orderly and timely cell cycle
progression (Satyanarayana & Kaldis, 2009). On the other hand, two groups of
structural proteins, INK4A inhibitors and CIP/KIP inhibitors, down-regulate activities
of CDKs (S. Lim & Kaldis, 2013; Peyressatre et al., 2015).
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Figure 2: CDK4/6-RB1 pathway (Pan et al., 2017)

RB1 is phosphorylated by complex of CDK4/6 and cyclin D. Phosphorylated

RB1 dissociates from transcription factors E2F family, permitting the transcription of
E2Fs target genes and cell cycle progression from the G1 to the S phase. Activity of
CDKA4/6 is also regulated via mitogenic signaling pathways, inhibitor of CDK4 (INK4)
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and p53 dependent checkpoint. Small molecule inhibitors of CDKA4/6 inhibit
phosphorylation of RB1 and transition from G1 to S phase.

The transition of cell cycle from G1 phase into S phase is initiated by the activation of
CDK4 and CDK6 of which structures and functions are highly homologous. The
activation of CDK4/6 requires the formation of a complex with their partners cyclin D
proteins. Cyclin D proteins that are made up of three subtypes, cyclin D1-3, can
accumulate immediately upon mitogenic stimuli (U. Asghar et al., 2015) (S. Lim &
Kaldis, 2013; Satyanarayana & Kaldis, 2009). Inhibitor of CDK4 (INK4) family,
including p16INK4A, p15INK4B, p18INK4C and p19INK4D, are negative regulators
of CDK4/6. They interact with CDK4/6 and inhibit their activity, either by reducing
their binding with cyclin D1 or by directly occupying their catalytic domains (Sherr &
Roberts, 1999).

The active CDK4/6-cyclin D1 complex induces the phosphorylations of the
retinoblastoma (RB) protein family including RB1, p107 and p130 (U. Asghar et al.,
2015; Giacinti & Giordano, 2006; Peyressatre et al., 2015). The function of RB1 relies
on its phosphorylation status. In quiescent cells, hypophosphorylated RB1 of high
activity combines tightly to transcriptional factor E2F family members (E2Fs), with
recruitment and assembly of other co-repressors, and suppresses the transcriptional
activity of E2Fs. However, upon the phosphorylating from CDKA4/6, the inactive
phosphorylated RB1 detaches from E2Fs and initiates the transcription of their target
genes required for the transition of cell cycle into S stage, including cyclin A, cyclin E,
CDK2, DHFR (dihydrofolate reductase), MCM (minichromosome maintenance) family
(Giacinti & Giordano, 2006). Therefore, inhibition of CDK4/6 represses the
phosphorylation of RB1 and transcriptional activity of E2Fs, theoretically preventing

the cell cycle progression into S phase (Fig 2).

Beside the CDK4/6-RB1 pathway, cell cycle checkpoint dominated by p53 is also
playing a role in arresting cell cycle before S phase. Cell cycle checkpoints are
surveillance mechanisms that ensure the genomes to be passed accurately to the
next generation. When genotoxic stresses cause DNA damages, the checkpoints are
able to detect them and further arrest the cell cycle to allow time for repairing the

damaged DNA before they are passed to the daughter cells (Abraham, 2001). Upon
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DNA damage, the activation of p53 is due to its improved stability, which is attributed
to the phosphorylation directly or indirectly by kinase ATM (Ataxia telangiectasia
mutated) or ATR (Ataxia Telangiectasia and Rad3 related), a pair of DNA damage
sensors. Mouse double minute 2 homolog (MDM2) is an important negative regulator
of p53. As an ubiquitin ligase, it causes the ubiquitination and subsequent
degradation of p53 via proteasome. Thus, increased levels or aberrantly activation of
MDM2, which are common in cancer, would inactivate the tumor suppressive
function of p53, such as apoptotic induction and cell cycle arrest. On the other hand,
the phosphorylation on p53 interrupts the interaction between MDM2 and p53, and
thereby prevents p53 from being degraded (Abraham, 2001; Moll & Petrenko, 2003).
The accumulation of p53, as a transcriptional activator, increases the transcription of
cyclin dependent kinases inhibitor, p21 (Kipl) (el-Deiry et al., 1993). P21 suppresses
the activity of CDK2 and thereby prevents the cell cycle progression into S phase
(Sherr & Roberts, 1999). P14 (ARF) is also encoded by gene INK4A and functions as
a cell cycle negative regulator. However, unlike p16 that is involved in the CDK4/6-
RB1 pathway, p14 arrests G1/S phase in a p53 dependent manner. It binds to MDM2
and induces a rapid degradation of MDM2, resulting in concurrent the stabilization
and accumulation of p53 (Pomerantz et al., 1998). Besides p53 and pl4, some
additional MDM2 interacting partners have been identified. For instance, MDM2 also
interacts with RB1 through its C-pocket domain and suppresses RB1 function by
interfering with formation of the RB1-E2F-DNA complex, which indicates a crosstalk
between the RB1l-dependent and p53-dependent pathway in regulating G1/S
transition. Thus, more functions of MDM2 independent of p53 remained further
identified.

1.2.2 Disruption of the CDK4/6-RB1 Pathway in Cancer results in uncontrolled

cell growth

Cell cycle deregulation is a common feature of cancer cells that leads to uncontrolled
cell proliferation. This includes the disruption of the CDK4/6-RB1 signaling pathway
and an uncontrolled G1/S transition of the cell cycle. One of the common
mechanisms is inactivation of RB1 through molecular alterations such as loss of
function mutations or deletions. RB1 was the first tumor suppressor identified and its
inactivation is considered to be a hallmark feature of retinoblastoma and small cell

lung cancer (Knudsen & Knudsen, 2008). Some viral oncoproteins, such as the E7
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from the human papilloma virus (HPV), can also directly bind to RB1 and release
E2F from the RB1-E2F complex. This interaction between E7 and RB1 acts as
another style of RB1 inactivation, which is mainly observed in HPV associated
cancers such as cervical carcinoma (Knudsen & Knudsen, 2008; Munger et al.,
2001).

The CDKN2A gene locus encodes for the CDK4/6 inhibitor proteins p15INK4B and
pP16INK4A, as well as the tumor suppressor pl4ARF. Copy number loss, loss of
function mutations as well as epigenetic silencing of pl6INK4A is commonly
observed in several tumor entities (Liggett & Sidransky, 1998; Witkiewicz, Knudsen,
Dicker, & Knudsen, 2011). pl6INK4A loss is also frequently observed in
premalignant lesions, suggesting that it is an initial mechanism to enable cellular
transformation (Liggett & Sidransky, 1998). Some tumors and premalignant lesions
also demonstrate an elevated expression of pl6INK4A that is often mutually
exclusive with loss of RB1 function, suggesting that it is a mechanism to compensate
for the cell cycle deregulation induced by RB1 loss (U. Asghar et al., 2015; Collado et
al., 2005; LaPak & Burd, 2014; Liggett & Sidransky, 1998; Witkiewicz et al., 2011).
On the contrary, elevated p16INK4A expression in the presence of functional RB1 is
observed in some premalignant lesions, which might reflect a protective response to
oncogene induced senescence and DNA damage in order to limit cell proliferation
(Collado et al., 2005; Liggett & Sidransky, 1998; Serrano, Lin, McCurrach, Beach, &
Lowe, 1997).

The amplification and overexpression of cyclin D1 are frequently observed in breast
cancer, esophageal, lung, liver, bladder cancer and so on, but both have no
correlation to each other and can exist independently (Buckley et al., 1993; Jiang et
al., 1992; Tashiro, Tsuchiya, & Imoto, 2007). Cyclin D1 nuclear export initiates once
its Thr-286 residue is phosphorylated. However, in primary esophageal carcinoma
samples the mutation of Thr-286 widely existed, which convert this residue into a
non-phosphorylatable one. The unphosphorylated cyclin D1 constitutively locates in
the nuclei and add its oncogenetic potential (Benzeno et al., 2006). In addition, the
amplification of CDK4 has been mainly reported in sarcomas (Khatib et al., 1993;
Park et al., 2014).
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1.2.3 Target therapy in bladder cancer

From 1990s, target therapy was introduced to cancer treatment. The principle of
these therapies is to block the cellular molecular pathway that is necessary for
cancer viability and development. A growing number of targeted therapies have been
approved by FDA for cancer therapy, such as Trastuzumab for HER2 positive breast

cancer and Imatinib for Philadelphia chromosome positive leukemia.

Programmed death ligand 1 (PD-L1) antibody that targets the immune checkpoint
was granted food and drug administration (FDA) approval for treating metastatic BC
(Netto, 2016). According to an initial study, this antibody was only efficacious in
tumors that express PD-L1, which represented only 27% of patients in this cohort.
Hence, despite promising results from immunotherapy, other novel treatment

strategies are still required to target a higher proportion of BC.

Unfortunately, beside PD-L1 antibody, until now no other target therapy has been
approved by FDA or performed in phase Il for BC treatment, though more and more
target therapies whose efficiency have been validated in other cancers are being
studied in all stages of clinical trials for BC (Ghosh, Brancato, Agarwal, & Apolo,
2014). The majority of trials where specific inhibitors were used to activate or
inactivate certain cell signaling pathways have demonstrated limited efficiency
(Ghosh et al., 2014). Most of these trials were conducted without including pre-
stratification of patients based on specific biomarkers. For example, in non-small-lung
cancer, the therapeutic effectiveness of Gefitinib, an epidermal growth factor receptor
(EGFR) inhibitor, depends on the existence of EGFR mutation (Mok et al., 2009).
Given the molecular heterogeneity existed in BC, this might be a major drawback in

their trial design (Carneiro et al., 2015).
1.2.4 CDK4/6 is a potential therapeutic target in bladder cancer

A better understanding of molecular biology in these aggressive BCs will help to
identify novel target therapies. The Cancer Genome Atlas (TCGA) has recently
published a more comprehensive insight into the genetic landscape of invasive BC.
MIBCs were classified as different subtypes or clusters based on their genetic

backgrounds. Individualized target therapies might be developed for these subtypes.
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Whole-exome sequencing of 131 invasive BC samples were analyzed for their
somatic mutation and DNA copy-number data. Three main pathways involved in cell
cycle regulation, chromatin remodeling and kinase signaling were identified
dysregulated frequently in BC (Taylor et al., 2014). Genetic alterations involved cell
cycle regulation, such as RB1, CDKN2A, P53 and CCND1 were existed in 93% of
invasive BC (Taylor et al., 2014). These alterations may indicate a disruption of
balanced cell cycle regulatory mechanism in BC and thus provide a biological rational
for therapeutic targeting. CDK4/6-RB1 pathway is a leading pathway that regulates
the progression of cell cycle from G1 phase to S phase, and can be targeted by
selective CDK4/6 inhibitor. Inspiringly, CDK4/6 inhibition, as a combinatory therapy
with endocrine therapy, has been approved to improve the survival in women with
hormone receptor-positive metastatic breast cancer, and is therefore approved by
FDA for breast cancer therapy (Cristofanilli et al., 2016; Hortobagyi et al., 2016). We
have discussed current pre-clinical and clinical developments of CDK4/6 inhibitors in
cancer therapy, their potential application in BC therapy and the challenges to be

solved in a published review (Pan et al., 2017).
1.2.5 Targeting the CDK4/6-RB1 pathway in cancer

Several ATP-competitive small molecules have been developed in order to inhibit the
catalytic function of CDKs (U. Asghar et al., 2015; Dickson, 2014; Peyressatre et al.,
2015). However, first generation inhibitors such as Favopiridol are non-selective and
can inhibit CDK1, CDK2, CDK4, CDK6, CDK7 and CDK9 (Dickson, 2014). This non-
specificity might be responsible for the limited efficacy and high toxicity in clinical
trials (U. Asghar et al., 2015; Peyressatre et al., 2015). Next generation CDK4/6
inhibitors are highly selective and include PD-0332991 (Pfizer) (Fry et al., 2004), LY-
2835219 (Eli Lilly) (Tate et al., 2014) and LEEO11 (Novartis) (Rader et al., 2013). All
these inhibitors are proposed to inhibit CDK4/6 activity at nanomolar concentrations,

and are highly specific.

These CDK4/6 inhibitors have been tested pre-clinically in in vitro and in vivo models
of hematological cancers (Divakar et al., 2015; Marzec et al., 2006; Sawai et al.,
2012; L. Wang et al., 2007) and solid tumors including breast cancer (Dean et al.,
2012; Dean, Thangavel, McClendon, Reed, & Knudsen, 2010; Finn et al., 2009;
Kovatcheva et al., 2015; Vora et al.,, 2014; Witkiewicz, Cox, & Knudsen, 2014),
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melanoma (Mahgoub et al., 2015; Menu et al., 2008; Yadav et al., 2014; Young et al.,
2014), glioma (Barton et al., 2013; Michaud et al., 2010; Wiedemeyer et al., 2010),
pancreatic cancer (Franco, Witkiewicz, & Knudsen, 2014; Heilmann et al., 2014; F.
Liu & Korc, 2012; Witkiewicz et al., 2015), hepatocellular carcinoma(Rivadeneira et
al., 2010), lung adenocarcinoma(Fry et al., 2004; Puyol et al, 2010),
sarcoma(Kennedy et al., 2015; Kovatcheva et al., 2015; Olanich et al., 2015; Perez,
Munoz-Galvan, Jimenez-Garcia, Marin, & Carnero, 2015a; von Witzleben et al., 2015;
Zhang et al., 2014), ovarian cancer (Konecny et al., 2011), renal cancer(Logan et al.,
2013), prostate cancer (Comstock et al., 2013), bladder cancer (Sathe et al., 2015),
neuroblastoma (Rader et al., 2013) and chordoma (von Witzleben et al., 2015). Most
studies showed, upon CDK4/6 inhibition, a consistent molecular and functional
phenotype that a reduction in expression of total and phosphorylated RB1 as well as
transcription of E2Fs target genes correlated with a GO/G1 arrest and cytostatic
effect. In addition, all these studies demonstrated that presence of RB1 is a pre-

requisite for therapy response and RB1 negative cells are non-responsive.

Our group evaluated the potential of CDK4/6 inhibition as a target therapy in BC. The
effect of PD-0332991 was tested on 10 BC cell lines and a three-dimensional tumor
xenograft model using the chicken chorioallantoic membrane (CAM) (Sathe et al.,
2015). Only RB1 positive BC cell lines are responsive to the treatment of PD-
0332991, with the cell cycle being arrested in G1 phase. We also observed a
synchronous reduction in both total and phosphorylated RB1 upon treatment. This
decrease in total RB1 was partially due to a reduction in its transcription. These
results suggest that CDK4/6 inhibition has the potential to be an effective therapeutic
strategy in BC. However, several areas need further investigation in order to enable

an effective transition from experimental models to clinical success.
1.2.6 Molecular mechanism of CDK4/6 inhibition

The mechanism how CDKA4/6 inhibition regulates cancer growth is via an induction of
GO/G1 cell cycle arrest. This is achieved by blocking kinase activity of CDK4/6 on
RB1. Decreased level of phosphorylated RB1 upon CDKA4/6 inhibition has been
observed consistently in many pre-clinical studies. However, in most studies
including leukemia, breast cancer, myeloma, glioma, pancreatic cancer, ovarian

cancer, bladder cancer and chordoma (Barton et al., 2013; Dean et al., 2010; Finn et
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al., 2009; Franco et al., 2014; Konecny et al., 2011; F. Liu & Korc, 2012; Menu et al.,
2008; Miller et al., 2011; Sathe et al., 2015; Sawai et al., 2012; von Witzleben et al.,
2015; Witkiewicz et al., 2015), this is also accompanied by a synchronous reduction
in total RB1 protein level. Though the status of RB1 is a key determinant of therapy
response to CDK4/6 inhibitors, this observation on reduction of total RB1 and its
possible mechanism behind have been neither described nor discussed clearly. This
implies that a better understanding of total and/or phosphorylated RB1 protein level
in CDK4/6 inhibition will contribute to a better understanding of genetic determinants
that are crucial for therapy response. Our group has shown a downregulation of RB1
transcription upon CDK4/6 inhibition (Sathe et al., 2015). It was reported RB1 and
other RB family members (p107 and 130) auto-regulate their transcription (Burkhart
et al., 2010; Gill et al., 1994; Hamel, Gill, Phillips, & Gallie, 1992). In vitro and in vivo,
RB1 gene product p110 is able to bind to the promoter of RB1 and suppress its
transcription, while loss of RB1 generally increases its own transcription (Burkhart et
al.,, 2010; Gill et al., 1994; Hamel et al., 1992). Compared to p110, p1l30 can
positively regulation RB1 promoter activity (Burkhart et al., 2010). However,
depending on cell specific context, p110 may either negatively or positively regulate
its own promoter (Burkhart et al., 2010).

We then addressed whether RB1 protein is degraded via proteasome upon CDK4/6
inhibition. The addition of MG-132, a proteasome inhibitor, did not prevent RB1
degradation upon CDKA4/6 inhibition, indicating that the reduction of RB1 was not
predominantly via proteasome-dependent degradation. However, another recent
study showed a rescue of RB1 degradation using a high concentration of MG-132
(2uM) in melanoma (Yoshida, Lee, & Diehl, 2016). MG-132, as a non-specific
proteasome inhibitor, has high cytotoxicity. So a much lower concentration of MG-
132 (100 nM) was applied in our model since it did not exhibit robust cytotoxicity in
cell viability assays but should be enough to inhibit proteasome activity according to
the literature (Tsubuki, Saito, Tomioka, Ito, & Kawashima, 1996). The very different
concentration of MG-132 used in the two studies can account for the contradictory
observations on rescue of RB1 reduction. Therefore, further studies introducing more
specific proteasome inhibitors and other methods to manipulate this pathway is
required to validate this inconsistency.
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1.2.7 Functional effects of CDK4/6 inhibition

All published reports have demonstrated that CDK4/6 inhibitors are capable of
arresting cells in the GO/G1 phase. Hence it is important to investigate whether the
cell cycle arrest induced by CDK4/6 inhibition, when the inhibitors are removed, is
reversible or permanent. The permanent and irreversible cell cycle arrest was first
described and defined as senescence by Hayflick in 1965 (Hayflick & Koprowski,
1965). Senescent cells are detected by the presence of several molecular markers
and features including a large morphology, growth arrest, senescence-associated [3-
Gal (SA-B-Gal) staining, senescence-associated heterochromatin foci (SAHF), and
markers of the DNA damage response (DDR) (Bernardes de Jesus & Blasco, 2012)
(Campisi & d'Adda di Fagagna, 2007; Collado & Serrano, 2010; Kuilman,
Michaloglou, Mooi, & Peeper, 2010).

It has been reported that prolonged CDK4/6 inhibition (>3 days) induced senescence
in a subpopulation of cancer cells in vitro and in vivo (Heilmann et al.,, 2014;
Kovatcheva et al., 2015; Michaud et al., 2010; Wiedemeyer et al., 2010) (Acevedo et
al., 2016a; Perez, Munoz-Galvan, Jimenez-Garcia, Marin, & Carnero, 2015b;
Yoshida et al., 2016) (Bourdeau & Ferbeyre, 2016). However, since the induction of
senescence is insufficient, the remaining senescence-resistant subclones are able to
restore cell cycle progression upon the removal of CDK4/6 inhibition. The latest
studies in vivo demonstrating that chronic CDK4/6 inhibition failed to maintain a
persisting cell cycle arrest on tumor cells even after the initial stable disease also
support the observation (Herrera-Abreu et al., 2016; Yoshida et al., 2016). Although
CDKA4/6 inhibition merely induced a partial senescence in the examined tumors, the
resistance to senescence existed in other subclones probably is due to activation of
other oncogenic pathways and might be overcome by additional specific inhibitors.
For instance, extended CDK4/6 inhibition induce 80% of melanoma cells to undergo
senescence, while the remaining proportion escape senescence because of a re-
activation of mMTORC1 pathway via induction of Raptor. Both Raptor knockdown and
MTOR inhibitor rapamycin can overcome its resistance to senescence(Yoshida et al.,
2016). The latest studies also reveal a CDK4/6 dependent epigenetic pathway
through which cancer cells can escape a complete senescence. And the CDK4/6

inhibition can re-sensitize the cells to induction of senescence through an autophagy
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dependent degradation of DNMT1 (DNA methyltransferase 1) (Acevedo et al., 2016b;
Bourdeau & Ferbeyre, 2016).

Early adaption, not resistance, to CDK4/6 inhibition was also observed in leukemia,
breast cancer and liposarcoma cells (Herrera-Abreu et al., 2016; Zhang et al., 2014)
(L. Wang et al., 2007). Under prolonged CDK4/6 inhibition for 48 hours or longer,
these sensitive cells of functional RB1 underwent a partial recovery of cell cycle
progression, compared to those upon 24 hours of treatment. The adaption to
prolonged CDK4/6 inhibition has been demonstrated to be supported by a
compensative activation of CDK2 pathway, probably due to increased adaptive PI3K
signaling (Herrera-Abreu et al., 2016) or down-regulation of p27 (Kip) (L. Wang et al.,
2007). In addition, cancer cells acquired a loss of RB1 to evolve into resistant clones
during long term treatment (Herrera-Abreu et al., 2016). Therefore, if these inhibitors
are only able to function maximally during a very short time window (24 hours), a 3
week on / 1 week off regime used for CDK4/6 inhibitors in the clinic might not be
ideal for tumor suppression. Novel combination or sequential therapy strategies are

required for improved efficiency.

Interestingly, other effects induced by CDK4/6 inhibition such as apoptosis and
epithelial-mesenchymal transition (EMT) have been also reported in some
carcinomas (Barton et al., 2013; Konecny et al., 2011; F. Liu & Korc, 2012; Sawai et
al., 2012; Yadav et al., 2014), but few explanation was addressed to these effects.
LY2835219 induced robust apoptosis in tumor deprived vemurafenib-resistant
melanoma cells, while no apoptosis was observed in the parental vemurafenib-
sensitive cells (Yadav et al., 2014). Also, prolonged treatment with PD-0332991 for 5
days induced a modest apoptosis among ovarian cancer cell lines (Konecny et al.,
2011). EMT induced by CDKA4/6 inhibition fueled the invasion of SMAD-4 wild-type
pancreatic cancer cell through activating TGF-B pathway (F. Liu & Korc, 2012).
Further studies are required for evaluating these phenotypes to reveal their

implications in therapy response to CDK4/6 inhibitors.
1.2.8 Biomarkers for personalizing CDK4/6 target therapy

The therapy response to CDK4/6 inhibition is likely to be regulated via a complex of

molecular mechanisms. A comprehensive Identification of these underlying
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mechanisms contributes to a development of potential biomarkers that can be
applied for pre-stratification of patients who will benefit from the therapy, based on
the genetic landscape of their tumors. Pre-clinical studies have consistently
suggested mainly based correlation studies in RB1 positive and negative cell lines
that RB1 expression is a pre-requisite for sensitivity to CDK4/6 inhibition (Comstock
et al., 2013; Fry et al., 2004; Konecny et al., 2011; Michaud et al., 2010; Sathe et al.,
2015; von Witzleben et al., 2015; Young et al., 2014) and that primary sensitive cells
with an acquired loss of RB1 develop into resistant cells (Herrera-Abreu et al., 2016;
Witkiewicz et al., 2015).

However, few studies that attempted to confirm the role of RB1 in therapy response
by manipulating RB1 expression in cells have contradictory findings. We have
demonstrated that introduction of recombinant RB1 protein in RB1 negative BC cells
fails to re-sensitize them to CDK4/6 inhibitors (Sathe et al., 2015). Similar confusion
has been also observed that reconstitution of exogenous RB1 in RB1 negative breast
cancer and retinoblastoma cell lines was unable to reverse their malignant
phenotypes(Muncaster, Cohen, Phillips, & Gallie, 1992). On the other hand, although
RB1 positive liposarcoma cells turned resistant to CDK4/6 inhibition after siRNA
mediated silencing of RB1 expression (Zhang et al., 2014), similar effect was not
observed in RB1 positive breast cancer and hepatoma cells (Dean et al.,, 2010;
Rivadeneira et al., 2010). These seemingly contradictory findings might be explained
by different mechanisms for regulating cell cycle progress between RB1 positive and
negative cells. For example, RB1 deficient cells rely on alternative mechanism to
regulate the G1/S transition, which is independent of the CDK4/6-RB1 pathway (H.
Liu et al., 2015). Hence, reconstitution of RB1 in these cells failed to convert the
regulatory mechanism for G1/S transition to a RB1 dependent way, so that CDK4/6
inhibition has no effect on cell cycle progression. Conversely, acute silencing
expression of RB1 with siRNA in RB1 positive cells failed to mimic the identical
disrupted molecular pathways that are existed in intrinsic RB1 negative cells.
Moreover, this acute loss of RB1 is compensated by other RB family members such
as pl07 and pl30 (Dean et al., 2010; Rivadeneira et al.,, 2010). These potential
mechanisms make it quite challenging to directly evaluate the role of RB1 expression
in the therapy response to CDK4/6 inhibition.
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In addition to RB1, loss of p16INK4A, overexpression of cyclin D1 and amplification
of CDK4 correlated with sensitivity to CDK4/6 inhibitors in different models (Barton et
al., 2013; Finn et al., 2009; Konecny et al., 2011; Puyol et al., 2010; von Witzleben et
al., 2015; Wiedemeyer et al., 2010; Young et al., 2014). Increased expression of
E2F2 renders breast cancer and hepatoma resistance to CDK4/6 inhibition (Dean et
al., 2010; Rivadeneira et al., 2010). Compensatory activation of the CDK2 pathway
via up-regulation of cyclin D1, E or A and down-regulation of p21 and p27 has also
been demonstrated to contribute to therapy resistance (Dean et al., 2010; Franco et
al., 2014; Herrera-Abreu et al., 2016; L. Wang et al., 2007). Reduced level of MDM2
improved therapy response to PD-0332991 via a more thorough induction of
senescence (Kovatcheva et al., 2015). Ectopic activation of mitogenic pathways, like
MTOR and MEK pathways, was observed in breast and pancreatic cancer with
acquired resistance to CDK4/6 inhibition (Franco, Balaji, Freinkman, Witkiewicz, &
Knudsen, 2016; Knudsen & Witkiewicz, 2016).

Preliminary correlation analyses from tumors treated with CDK4/6 inhibitors in clinical
trials also demonstrated potential biomarkers. In advanced breast cancer, estrogen
receptor (ER) positive and HER2 negative expression status was significantly
associated with response to PD-0332991 in combination with hormone therapy.
However, additional biomarkers such as amplification of CCND1 or loss of CDKN2A
were not predictive of therapy response (DeMichele et al., 2015; Finn et al., 2015).
Abemaciclib mono-therapy was also recently tested in a variety of solid tumors
(Patnaik et al., 2016). In this trial, responses were also observed in HER2 negative
breast cancer, with no clear correlation to CDKN2A, CDKN2B, CCDN1, RB1, CCNE1,
PIK3CA or PTEN status. In a trial examining ribociclib monotherapy in a variety of
solid tumors, CCDN1 amplified and CDKN2A/CDKN2B co-deleted tumors had a
trend towards a longer duration of treatment response. However, no clear correlation
emerged between therapy response and molecular alterations in RB1, CDKNZ2A,
CDKN2B and CCND1 (Infante et al., 2016). Hence, the present evidence suggests
that there are distinct subsets of patients that respond to CDK4/6 inhibitors. However,
until now the ER positive / HER2 negative breast cancer is the only clinically reliable
biomarker to predict the response to CDK4/6 inhibition. Other markers which are

potential in preclinical trials have never been confirmed in patients. Investigations
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relying on genomic analyses of tumor tissues from patients can promisingly fuel the

development of a personalized target therapy strategy.
1.2.9 Combination therapy with CDK4/6 inhibitors

Combination therapy of CDK4/6 inhibitors with other agents has the potential to
improve efficacy or to overcome resistance. This strategy can be used to improve
responses seen with standard chemotherapy regimens. However, various
chemotherapy agents are effective only in specific cell cycle stages (Valeriote & van
Putten, 1975). This can lead to either antagonistic, additive or synergistic effects in
combination with CDK4/6 inhibitors. Such effects are quite complicated and can be
tumor type, chemotherapy option and therapy sequence dependent. We have
observed that combination of PD-0332991 and cisplatin have a synergistic effect on
BC cells (Sathe et al.,, 2015), but an antagonistic effect on pancreatic ductal
adenocarcinoma cell (Franco et al., 2014). Additive or synergistic interactions were
observed when a combinative CDK4/6 inhibition was given concomitantly with
carboplatin or paclitaxel in ovarian cancer cells, while 24 hours of CDK4/6 inhibition
before the following chemotherapy caused a antagonistic effect (Konecny et al.,
2011). In most pancreatic ductal adenocarcinoma cell lines, CDK4/6 inhibition
weakened gemcitabine-mediated toxicity but increased the cytotoxicity of 5-FU
(Franco et al., 2014).

CDK4/6 inhibitors have also been combined with different target therapies. A
synergistic effect was observed with a combination of PD-0332991 and endocrine
therapy in ER positive and HER2-amplified breast cancer cell lines (Finn et al., 2009).
The combination therapy not only cooperate for the inhibition of cell cycle
progression and block compensatory mitogenic pathways that could contribute to
therapeutic resistance (Herrera-Abreu et al., 2016; Knudsen & Witkiewicz, 2016) but
also increase the responsiveness to ER antagonism (Yang et al., 2016). Consistently,
this was also reflected in clinical trials where patients receiving a combination of
hormone therapy and PD-0332991 had better survival as compared to those
receiving single hormone therapy (Cristofanilli et al., 2016; Hortobagyi et al., 2016). It
has been demonstrated that increased activity in PI3K-mTOR pathway contributes to
the resistance to CDKA4/6 inhibitors (Franco et al., 2016; Heilmann et al., 2014;
Yoshida et al., 2016). As a result, pl6INK4A deficient pancreatic ductal
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adenocarcinoma (PDAC) cells were sensitized to CDK4/6 inhibition by using an
MTOR inhibitor (Heilmann et al., 2014). Also, melanoma cells escaped senescence
under prolonged CDK4/6 inhibition via re-activation of mMTORC1 pathway, and mTOR
inhibitor rapamycin can prevent its resistance to senescence (Yoshida et al., 2016).
In KRAS mutant colorectal cancers and non-small cell lung cancer cells as well as
neuroblastoma with hyperactivated RAS-MAPK signaling, a combination of CDK4/6
inhibitor and MEK inhibitor has been proved more effective pre-clinically (Lee et al.,
2016; Tao et al., 2016) (Hart et al., 2016).

1.3 Outlook

CDK4/6 inhibitors have demonstrated efficiency in various tumor entities in pre-
clinical and clinical studies, with an established safety profile. The FDA has recently
granted breakthrough therapy approval for all three CDK4/6 inhibitors in the
treatment of HER2 negative, hormone receptor positive metastatic breast cancer
(Cristofanilli et al., 2016; Hortobagyi et al., 2016; Sledge et al., 2017). We have
demonstrated that CDK4/6 inhibition is a promising strategy in BC to limit cellular
proliferation and tumor growth, which is being further tested clinically. The
combination of PD-0332991 and cisplatin is being investigated in a phase | clinical
trial for patients with unresectable BC (NCT02897375). Meanwhile, amplification of
CDKA4/6 or cyclinD1-3 and presence of RB1 are being tested for potential biomarkers
predicting therapy response in a phase Il clinical trial (NCT02465060). Although
CDK4/6 is a promising target in BC, further research is required to improve its
delivery in clinic. This includes a thorough understanding of the molecular
mechanisms that mediate the response to CDK4/6 inhibition. Another major area that
requires investigation is the identification of biomarkers of response and resistance to
these inhibitors, which will aid in the development of personalized therapy. More
efforts should also be focused on determining effective treatment schedules as well
as potential combination therapy strategy that so as to improve therapy efficiency

and minimize the acquisition of resistance.
1.4 Aims and objectives of this project

Since the CDK4/6-RB1-E2F pathway is one of the most frequently altered signal
pathways in advanced BC according to TCGA, we have evaluated the potential of

this target therapy using a CDK4/6 inhibitor, PD-0332991, in the therapy for BC pre-
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clinically. We observed that all therapy responsive BC cell lines are RB1 positive.
Also, apart from the phosphorylation of RB1, its total protein level is also decreased
among these responsive cell lines upon CDK4/6 inhibition, which is poorly studied
and interpreted. In the current completed phase Il clinical trials, there is no evidence
that the presence of RB1 is a reliable biomarker to predict therapy response to
CDK4/6 inhibitors, which also indicates a high complexity of molecular mechanisms
underlying CDK4/6 inhibition. So a more thorough understanding of the regulatory
network induced by CDK4/6 inhibition is urgently required for optimizing its
therapeutic strategy. In this project, we aimed to:

a) Characterize molecular mechanisms induced by CDK4/6 inhibition

b) Analyze the effects of these molecules on therapy response

c) Characterize the implication of RB1 expression and degradation in therapy

response

d) Analyze the therapy response to prolonged CDK4/6 inhibition
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2. Materials

2.1 Equipments and machines

Equipments and machines

Manufacturer

Autoclave Sytec DX-65

Systec GmbH, Linden, Germany

Biological Herasafe

KS12

safety cabinet

Thermo Scientific, Waltham, MA, USA

Analytical balance AT250

Mettler Toledo, GielRen, Germany

Analytical balance Sartorius 2254

Sartorius, Gottingen, Germany

Automatic  film  processor Curix Agfa Healthcare, Mortsel, Belgium
CP1000

BD FACSCalibur Flow Cytometry BD Biosciences, San Jose, CA, USA
System

BVC professional laboratory fluid

aspirator

Vacuubrand Gmbh, Wertheim, Germany

Centrifuge ROTINA 35R

Hettich, Tuttlingen, Germany

Centrifuge 5810R

Eppendorf GmbH, Hamburg, Germany

Chemidoc™ XRS Imaging System

BioRad, Hercules, CA, USA

Cryogenic Freezing Container, 1 Deg
C

Nalgene, Rochester, NY, USA

CO2 incubator HERA Cell240

Thermo Scientific, Waltham, MA, USA

Electrophoresis Power Supply EPS
601

Amersham Pharmacia Biotech., Uppsala,

Schweden

Heating and drying oven Heraeus
FunctionLine B6

Thermo Scientific, Waltham, MA, USA

Heating block thermostat BT100

Kleinfeld

Germany

Labortechnik, Gehrden,

Ice machine Manitowoc

Manitowoc Ice, Manitowoc, WI, USA

Intellimixer RM-2L EImi  Ltd. Laboratory  Equipment,
Calabasas, CA, USA
Magnetic Stirrer Heidolph Instruments GmbH,

Schwabach, Germany
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Microcentrifuge 5430R

Eppendorf GmbH, Hamburg, Germany

Mini-PROTEAN Tetra Cell gel system

BioRad, Hercules, CA, USA

Mini Trans-blot cell transfer system

BioRad, Hercules, CA, USA

Mini Protean System

BioRad, Hercules, CA, USA

Minishaker IKA® MS2

IKA Works Inc., Staufen, Germany

Multilabel plate reader VICTOR™ X3

Perkin Elmer, Waltham, MA, USA

Microplate reader Vmax Kinetic

Molecular Devices, Sunnyvale, CA, USA

Microscope camera AxioCam ERc 5s

Carl Zeiss, Oberkochen, Germany

Microscope AxioVert.135

Carl Zeiss, Oberkochen, Germany

Microscope AxioVert.Al

Carl Zeiss, Oberkochen, Germany

Micropipettes PIPETMAN P2, 10, 20,
200, 1000

BD Biosciences, San Jose, CA, USA

Neubauer chamber

LO Laboroptik, Lancing, England

Orbital shaker K15

Edmund Bihler GmbH,

Germany

Hechingen,

pH Meter 691

Metrohm, Filderstadt, Germany

Power supply PowerPac HC

BioRad, Hercules, CA, USA

PerfectBlue Gelsystem Mini M

PEQLAB Biotechnologie GmbH,

Erlangen, Germany

Spectrophotometer Nanodrop 2000c

Thermo Scientific, Waltham, MA, USA

Thermal cycler C1000™ CFX96™

Bio-Rad, Hercules, CA, USA

Thermal cycler iCycler iQ ™ Real-time

PCR detection system

BioRad, Hercules, CA, USA

Thermal cycler MJ Research PTC-200

BioRad, Hercules, CA, USA

Vortex-Genie® 2

Scientific Industries, Inc., Bohemia, NY,
USA

Water bath W350

Table 1: Equipments and machines

2.2 Disposable equipments

Disposable equipments

Memmert, Schwabach, Germany

Source

Amersham hybond-P PVDF-Membrane

GE-Healthcare, Buckinghamshire,
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England

Cell culture plates 96 well, 24 well, 12

well, 6 well, 10 cm

Coming Incoporated, Coming, NY, USA

Chromatography paper Whatman GE  Healthcare,  Buckinghamshire,
England

Conical bottom polystyrene tubes Elkay, Hampshire, United Kingdom

Conical tubes 15ml, 50ml Falcon Greiner GmbH, Frickenhausen,
Germany

Cryogenic vials 1.8 ml Nunc Sigma-Aldrich Chemie GmbH, Munich,
Germany

Hard-Shell PCR Plates 96-well

BioRad, Hercules, CA, USA

Lens cleaning paper

The Tiffen company, Hauppauge, NY,
USA

Microscope coverslips

Thermo Scientific Waltham, MA, USA

Microscope slides Superfrost plus

Thermo Scientific Waltham, MA, USA

Needles 27 Gauge

BD Biosciences, San Jose, CA, USA

PCR reaction tube 0.5 ml

Biozym Scientific, Oldendorf, Germany

PCR sealers Microseal ‘B’ Film

BioRad, Hercules, CA, USA

Pipette tips with and without filter

Sarstedt, Nuembrecht, Germany

Reaction tubes 0.5ml, 1.5ml, 2ml

Sarstedt, Nuembrecht, Germany

Serological pipettes Greiner Bio-One International AG,
Kremsmuenster, Austria
Silicone sheet, 0.5mm thick Sahlberg GmbH&Co., KG, Munich,

Germany

Sterile filter Nalgene 0.25um, 0.45um

Thermo Scientific, Waltham, MA, USA

Syringes 1ml Omnifix

B. Braun Melsungen AG, Melsungen,

Germany

Ultracentrifugation  tube  Ultra-Clear

25x89 mm

Beckmann&Coulter GmbH, Krefeld,

Germany

X-ray film CEA RP New

Table 2: Disposable equipments
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2.3 Chemicals/reagents

Chemicals/reagents

Manufacturer

2-mercaptoethanol

Sigma-Aldrich Chemie GmbH, Munich,
Germany

70 % Ethanol

BriiggemannAlcohol Heilbronn GmbH,

Heilbornn, Germany

Acetic acid

Merck Chemicals GmbH, Hessen, Germany

Agarose

Thermo Scientific, Waltham, MA, USA

Ammonium persulfate (APS)

Sigma-Aldrich  Chemie GmbH, Munich,
Germany

Ampicillin

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Boric acid

Sigma-Aldrich  Chemie GmbH, Munich,
Germany

Bovine serum albumin (BSA)

Sigma-Aldrich, St. Louis, MO, USA

Bromophenol blue

Serva Electrophoresis GmbH, Heidelberg,

Germany

Calcium chloride

Merck Chemicals GmbH, Hessen, Germany

Chlorophorm

Sigma-Aldrich  Chemie GmbH, Munich,
Germany

Citric acid

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Color Prestained Protein Standard,
Broad Range (11-245 kDa)

New England Biolabs GmbH, Frankfurt,
Germany

COMPLETE™, Mini protease

inhibitor cocktail

Roche, Basel, Switzerland

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich Chemie GmbH, Munich,
Germany

Dithiothreitol (DTT)

Cell-Signaling, Cambridge, England

DNA ladder (100 bp and 1000 bp)

New England Biolabs GmbH, Frankfurt,
Germany

DNA loading buffer (6 x)

Thermo Scientific, Waltham, MA, USA

Dulbecco's Modified Eagle's Medium

Biochrom, Merck Millipore, Berlin, Germany
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(DMEM)

E. coli, DH10B

PD Per Sonne Holm, Experimental Urology,
Klinikum rechts der Isar, TUM

Ethanol absolute

Merck Chemicals GmbH, Hessen, Germany

Ethidiumbromide 10 mg/ml

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Ethylenediaminetetraacetic acid
(EDTA), 0.5 M

AppliChem, Darmstadt, Germany

FastAP phosphatase

Thermo Scientific, Waltham, MA, USA

Fetal Bovine Serum (FBS)

Biochrom, Merck Millipore, Berlin, Germany

Formaldehyde (36.5 — 38 %)

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Fugene HD

Promega Corporation, Madison, WI, USA

Glycine

Sigma-Aldrich Chemie GmbH, Munich,
Germany

GoTag ® gPCR master mix

Promega, Madison, WI, USA

GoTag ® Green PCR master mix

Promega, Madison, WI, USA

HEPES

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Hydrogen chloride (HCI)

Merck Chemicals GmbH, Hessen, Germany

Hydrogen peroxide

Merck Chemicals GmbH, Hessen, Germany

Isocitrate monohydrate

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Isopropanol

Sigma-Aldrich Chemie GmbH, Munich,
Germany

L-Glutamin 200mM

Sigma-Aldrich  Chemie GmbH, Munich,

Germany

Lipofectamine RNAimax

Invitrogen, Carlsbad, CA, USA

Luminol

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Magnesium Chloride

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Methanol

Sigma-Aldrich Chemie GmbH, Munich,

Germany
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Non-essential amino acids (NEAA)

Biochrom, Merck Millipore, Berlin, Germany

Opti-MEM

Biochrom, Merck Millipore, Berlin, Germany

p-Coumaric acid

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Penicillin/Streptomycin

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Phosphate buffered saline (PBS)

Biochrom, Merck Millipore, Berlin, Germany

Phosphotase inhibitor Mix I

Serva Electrophoresis GmbH, Heidelberg,

Germany

Phusion High-Fidelity PCR Master Thermo Scientific, Waltham, MA, USA

Mix

Polybrene

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Potassium chloride

Merck Chemicals GmbH, Hessen, Germany

Potassium hexacyanoferrate(ll)

trinydrate

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Potassium hexacyanoferrate(lll)

Sigma-Aldrich Chemie GmbH, Munich,
Germany

Puromycin

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Restriction enzyme buffers

New England Biolabs GmbH, Frankfurt,
Germany

Restriction enzymes

New England Biolabs GmbH, Frankfurt,

Germany

Roswell Park Memorial Institute
medium (RPMI)

Biochrom, Merck Millipore, Berlin, Germany

Rotiphorese® gel 30

Carl Roth, Karlsruhe, Germany

Select agar

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Skimmed milk powder

Nestlé, Vevey, Switzerland

Sodium acetate

Merck, Darmstadt, Germany

Sodium azide

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Sodium chloride

Merck Chemicals GmbH, Hessen, Germany
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Sodium dodecyl sulfate (SDS)

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Sodium orthovanadate

Sigma-Aldrich Chemie GmbH, Munich,
Germany

Sodium phosphate dibasic

Merck Chemicals GmbH, Hessen, Germany

Sulforhodamin B (SRB)

Sigma-Aldrich  Chemie GmbH, Munich,
Germany

T4 DNA Ligase

Thermo Scientific, Waltham, MA, USA

Tetramethylethylenediamine
(TEMED)

Carl Roth, Karlsruhe, Germany

Trichloroacetic acid

Sigma-Aldrich Chemie GmbH, Munich,

Germany

Tris(hydroxymethyl)-aminomethan

Merck Chemicals GmbH, Hessen, Germany

Triton X100 Sigma-Aldrich Chemie GmbH, Munich,
Germany

Trypan blue Biochrom, Merck Millipore, Berlin, Germany

Trypsin/EDTA Biochrom, Merck Millipore, Berlin, Germany

Tween-20 Serva Electrophoresis GmbH, Heidelberg,
Germany

X-Gal Sigma-Aldrich  Chemie GmbH, Munich,

Table 3: Chemicals/reagents

2.4 Commercial kits or assays

Commercial kits or assays

Germany

Source

CellTiter-Blue® Cell Viability Assay

Promega, Madison, WI, USA

Click-iT™ EdU Alexa Fluor™ 488

Imaging Kit

Thermo Scientific, Waltham, MA, USA

High capacity = cDNA
transcription kit

reverse

Thermo Scientific, Waltham, MA, USA

HiSpeed® Plasmid Midi Kit

Qiagen, Hilden, Germany

mirVANA miRNA isolation kit

Thermo Scientific, Waltham, MA, USA
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Pierce™ BCA Protein Assay Kit

Thermo Scientific, Waltham, MA, USA

QIAprep® Spin Miniprep Kit

Qiagen, Hilden, Germany

QIAquick gel extraction kit

Table 4: Commercial kits or assays

2.5 Buffer

Buffer

Qiagen, Hilden, Germany

Components

0.2 M Citric acid/sodium phosphate
buffer

36.85 ml of 100 mM citric acid
63.15 ml of 200 mM sodium phosphate
dibasic

pH=6
0.5 % (W/V) SRB staining solution 0.5 % SRB in 1 % acetic acid
1 % SDS Protein lysis buffer 1% SDS

(REFERENCE)

10 mM Tris/HCI, pH=7.2

1 mM sodium orthovanadate

1 Complete Mini-Protease Inhibitor tablet
and 100 ul of phosphatase inhibitor were

added to 10 ml of lysis buffer before use

10 x SDS page running buffer (10 x
TGS)

25 nM Tris
192 mM Glycine
0.1 % w/v SDS

10 x TBE 1M Tris

1 M Boric acid

0.02 M EDTA
10 x TBS 0.5 M Tris-HCI, pH=7.6
10 x Transfer buffer 25 nM Tris

192 mM Glycine
20 % Methanol

100 % TCA

0.3 M TCA in 22.7 ml dH20

2 X HBS

8 g sodium chloride
0.38 g potassium chloride
0.1 g sodium phosphate dibasic
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5 g hepes

1 g glucose

Add deioneizd water to 500ml, adjust pH to
7.05

4 x Protein loading buffer

0.25 M Tris-HCI, pH=6.8

8 % SDS

0.04 % Bromophenol blue

40 % Glycerine

The above solution and 1 M DTT were

mixed with a ratio of 5 to 1 before use

Chemiluminescence reagent

Chemiluminescence reagent part A and B

were mixed with a ratio of 1 to 1 before use

Chemiluminescence reagent part A

0.1 M Tris-HCI, pH=8.5
2.5 mM Luminol

0.4 mM p-Coumaric acid

Chemiluminescence reagent part B

0.1 M Tris-HCI, pH=8.5
0.18 % hydrogen peroxide

Immunoblotting  antibody  dilution
buffer

5 % BSA and 0.02 % sodium azide in TBS-
T

Immunoblotting blocking solution

5 % skimmed milk powder in TBS-T

SA-BGal staining solution

2 ml of 0.2 M Citric acid/sodium phosphate
buffer

05 ml of 100 mM Potassium
hexacyanoferrate(ll)

05 ml of 100 mM Potassium
hexacyanoferrate(lll)

300 ul of 5 M sodium chloride

20 ul of 1 M Magnesium Chloride

0.5 ml of fresh-made 20 mg/ml

6.18 ml of deionized water

Separating gel buffer

1.5 M Tris-HCI, pH=8.8

Stacking gel buffer

0.5 M Tris-HCI, pH=6.8

TBS-T

Table 5: Buffer

0.1 % Tween-20in 1 x TBE
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2.6 Antibodies

Antibodies Dilution Source

CDK2, 2546 1:1000 CST, Beverly, MA, USA

cyclin D1, 2978 1:1000 CST, Beverly, MA, USA

cyclin E2, 4132 1:1000 CST, Beverly, MA, USA

E2F1 1:200 Santa Cruz Biotechnology, INC., Dallas,
TX, USA

E2F2, ab138515 1:2500 Abcam, Cambridge, UK

E2F3,PG37 1:100 Thermo Scietific, Waltham, MA, USA

E2F4, WUF10 1:100 Thermo Scietific, Waltham, MA, USA

E2F5, sc-999 1:100 Santa Cruz Biotechnology, INC., Dallas,
TX, USA

GAPDH, 2118 1:1000 CST, Beverly, MA, USA

HA-Tag (6E2), 2367 1:1000 CST, Beverly, MA, USA

MDM2, AF1244 1 ug/mi R&D Systems, Minneapolis, MN, USA

pl07, ab209546 1:1000 Abcam, Cambridge, UK

p130, ab76234 1:1000 Abcam, Cambridge, UK

p21, 2947 1:1000 CST, Beverly, MA, USA

p27, 3686 1:1000 CST, Beverly, MA, USA

Peroxidase conjugated 1:10000 Dianova GmbH, Hamburg, Germany

anti-mouse 1gG, 715-

036-150

Peroxidase conjugated 1:10000 Dianova GmbH, Hamburg, Germany

anti-rabbit 1gG, 711-

036-152

pRb (Ser780), D59B7  1:1000 CST, Beverly, MA, USA

Rb, 554136 2 ug/mi BD Bioscience, San Jose, CA, USA

Table 6: Antibodies
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2.7 Primers

All primers were synthesized by Life Technologies (Darmstadt, Germany) and

dissolved in DNase-free water to 10 uM stock solutions.

Target gene Forward primer Reverse primer
RB1 AGCAACCCTCCTAAACCACT TGTTTGAGGTATCCATGCTA
TCA
GAPDH TGGCATGGACTGTGGTCATG ACTGGCGTCTTCACCACCA
AG TGG

Table 7: Primers for RT-gPCR

Primers for cloning and sequencing pCMV HA hRB-C42

Name Primer sequence

RB1 866 Fw CCAGACCCAGAAGCCATTGAAATC

RB1 866 EcoRV Rev GAGATGGATATCCTAATCTGCTTCAT
CTGATCCTTC

RB1 3’'UTR EcoRV Fw GGTGATGATATCGGACAAACCACAA
CTAGAATGC

RB1 3'UTR Rev GTGAGCGGATAACAATTTCACAC

Table 8: Primers for cloning and sequencing pCMV HA hRB-C42

2.8 Plasmid

Plasmids Source

pcDNA 3.1 V5 His TOPO Life Technologies, Darmstadt,Germany

pRK5-HA-Ubiquitin-WT from Ted Dawson (Addgene plasmid # 17608) (K. L.
Lim et al., 2005)

pRK5-HA-Ubiquitin-K48R  from Ted Dawson (Addgene plasmid # 17604) (K. L.
Lim et al., 2005)

pCMV HA hRB-wt from Steven Dowdy (Addgene plasmid # 58905)
(Narasimha et al., 2014)
pCMV HA hRB-C42 Cloned by Qi Pan

pCMV HA hRb delta CDK  from Steven Dowdy (Addgene plasmid # 58906)
(Narasimha et al., 2014)

psPAX2 from Didier Trono (Addgene plasmid # 12260)
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pMD2.G from Didier Trono (Addgene plasmid # 12259)

scramble shRNA from David Sabatini (Addgene plasmid # 1864)
(Sarbassov, Guertin, Ali, & Sabatini, 2005)

pLKO-RB1-shRNA-19 from Todd Waldman (Addgene plasmid # 25640)
(Michaud et al., 2010)

pLKO-RB1-shRNA-63 from Todd Waldman (Addgene plasmid # 25641)

(Michaud et al., 2010)
Table 9: Plasmids

2.9 siRNA
Target gene Sequence of siRNA Source
MDM2 CTCTGTCTTAAATGAGAAGTA Qiagen, Hilden, Germany
MDM2 AATCATCGGACTCAGGTACAT Qiagen, Hilden, Germany
Negative Stealth RNAI™ siRNA Negative Life technologies, Darmstadt,
control Control Hi GC Duplex #2 Germany
E2F1siPOOL pools of 30 siRNAs sSiTOOLs Biotech,
Planegg/Martinsried, Germany
Negative ctrl pools of 30 siRNAs siTOOLs Biotech,
siPOOL Planegg/Martinsried, Germany

Table 10: siRNA

2.10 Small molecule inhibitors

Small molecule inhibitors Source

Roscovitine Sigma-Aldrich Chemie GmbH, Munich, Germany
PD-0332991 Sigma-Aldrich Chemie GmbH, Munich, Germany
MG-132 Sigma-Aldrich Chemie GmbH, Munich, Germany
Epoxomicin Sigma-Aldrich Chemie GmbH, Munich, Germany

Table 11: Small molecule inhibitors
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3. Methods

3.1 Cell culture

Bladder cancer cell lines T24 (from American type culture collection, Manassas, VA,
USA) and RT112 (from Leibniz Institute German collection of microorganisms and
cell culture, Braunschweig, Germany) were cultured in RPMI medium containing 10%
FBS, 1% NEEA and 1% penicillin/streptomycin at 37 °C in 5 % CO2. HEK 293T (a gift
from Dr. Per Sonne Holm, Department of Urology, TUM, Munich, Germany) were
cultured in DMEM medium containing 10% FBS, 1% NEEA and 1%
penicillin/streptomycin at 37 C in 5 % CO2. Cells were passaged before reaching
confluence. All buffer and medium for cell culture were pre-warmed to 37 ‘C before
use. Cells were washed with PBS buffer and then incubated with trypsin at 37°C for 1
— 5 minutes. Once the cells rounded up and dissociated, fresh medium was added
immediately to take the cells into suspension and neutralize the trypsin. Cells were
centrifuged at 300 RCF for 5 minutes, resuspended and seeded into new 10 cm
plates with a dilution of 1:10 to 1:2.

Counting of cells: Cell suspension was diluted in equal volume of trypan blue and cell
number was counted in Neubauer chamber. Only unstained cells were counted as

viable cells.

For preservation of cells, their pellets were resuspended in freezing medium that
made up of 10 % DMSO and 50 % FBS. 1 ml of freezing medium containing 5 x 10°
cells were transferred into cryovials and stored in freezing containers at -80 ‘C for 24
hours before they were transported to liquid nitrogen for long term stock. To thaw
frozen cells, the cryovial was incubated at 37 C in a water bath for an immediate
thawing of frozen medium. Cells were washed and then resuspended with 10 ml

fresh medium before they were seeded into a 10 cm plate.
3.2 Treatment of Cells

PD-0332991 were dissolved in deioneizd water and stored as 10 uM stock solutions

at -20C. MG-132 and epoxomicin were dissolved in DMSO and stored respectively

as 100 uM and 10 uM stock solution at -20 ‘C. 0.5-1x10%, 0.5-1x10° 0.5-1x10* or
41



500-1000 cells were seeded in 10 cm, 6 well, 12 well or 96 well plates respectively
one day before treatment. Concentrations of inhibitors were made fresh in pre-
warmed medium. For inhibitors dissolved in DMSO, highest DMSO concentration

was used as a control.
3.3 Cell viability

The sulforhnodamine B (SRB) assay was used for cell viability assay. 5 000 to 20 000
cells were seeded into 12-well plates one day before treatment. After a period of
incubation time, cells were fixed with 10% (wt/vol) trichloroacetic acid for 1 hour on
ice. Then the plates were rinsed gently with tap water and air-dried. The fixed cells
were stained with 500 ul of 0.05% (wt/vol) SRB solution for 20 minutes. The plates
were rinsed five times with 1% (vol/vol) acetic acid to remove the unbound dye. The
plates were air-dried, followed by adding 1ml of 10 mM Tris-base to each well. The
plates were shaked gently for 10 minutes to thoroughly solubilize the bound dye. The
dissolved dye solution was diluted to 1:5 with 10mM Tris-base buffer in 96-well plates.
The absorbance at 560 nm (or 510 nm if reading values were too high) was

measured in a microplate reader.
3.4 Cell cycle analysis

Edu incorporation assay was used for cell cycle analysis. Click-it EdU Alexa Fluor
488 flow cytometry kit was used according to manufacturer’s protocol. Briefly, cells
were incubated with10 uM Edu for 2 hours and then fixed with pre-cold 75 % ethanol
at -20 C for at least 1 hour. Flow cytometry was performed by using fluorescence-
activated cell sorting (FACS) and CellQuest software. FlowJo software (FlowJo LLC,
Ashland, OR, USA) was used for analysis of data.

3.4 Immunoblot
3.4.1 Lysis of cells

Entire experiment was performed on ice. Cells were washed twice with pre-cold PBS.
500 ul or 100 ul of 1% SDS lysis buffer was added to 10 cm or 6 well plates,
respectively. Cell lysates were transferred to microcentrifuge tubes. 27 gauge

needles and syringes were used for shearing DNA until viscosity was invisible. The
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samples were centrifuged at 33 000 RCF for 30 minutes at 4 C. The supernatants

were used for further experiments or stored at -80 C.

3.4.2 Protein quantification and sample preparation

BCA protein assay was used to measure protein concentration of lysates according
to manufacturer’s protocol in 96-well plates. Briefly, 10 ul of protein samples or a
series of protein standards were mixed with 90 ul of working reagent and incubated

for 30 minutes at 37 ‘C. Absorbance at 560 nM was detected and the protein

concentration of the protein samples was calculated based on the reading values of
protein standards. All samples were diluted to equal protein concentration with lysis
buffer and then mixed with 4 x protein loading buffer containing DTT. Samples were

heated at 100 C for 10 minutes for denaturation and can be stored at -20 C.

3.4.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Separating and stacking gel solutions were prepared as described in Table. After
complete polymerization, 10 ul of molecular weight markers or 40 ul of protein
samples were loaded into the wells of SDS- PAGE gel. Electrophoresis was
performed at 90 V for 20 minutes and then continued at 150 V until the loading front

moved to the bottom of gels.

Ingredient 8 % 10 % 12 %
H20 [ml] 4.78 4.12 3.45
1.5M Tris pH 8.8[ml] 2.5 2.5 2.5
30% acrylamide/Bis-acrylamide solution [ml] 2.67 3.33 4
10% APS [ul] 50 50 50
TEMED [pl] 10 10 10
Total [ml] 10 10 10

Table 12: Recipe for separation gel

Ingredient

H20 [ml] 3.07
0.5M Tris pH 8.8 [ml] 1.25
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30% acrylamide/Bis-acrylamide solution [ml] 0.65

10% APS [ul] 25
TEMED [pl] 5
Total [ml] 5

Table 13: Recipe for stacking gel

3.4.4 Transferring the protein to the membranes

The gels were incubated in 1 x transfer buffer for 10 minutes and the PVDF
membranes were incubated in methanol for 5 minutes. After incubation, the PVDF
membrane was washed extensively in the transfer buffer. The gels and membranes
were assembled into transfer sandwiches. Then they were inserted into cassettes
and placed into transfer tanks, with the membranes on the cathode and the gels on

the anode. Transfer was performed at 4 °C for 1 - 2 hours at 100 V.

3.4.5 Immunodetection

The membranes were blocked with blocking buffer for 1 hour at room temperature,
followed by an incubation with primary antibody solution overnight at 4 C. The
primary antibody was collected for further use (up to 5 times). Membranes were
washed with TBST buffer three times and then incubated with secondary antibody
solution for 1 hour at room temperature. The membranes were washed with TBST
buffer three times and incubated with Chemiluminescence reagent for 2 minutes.
Chemiluminescent signals were captured using autoradiography films. Image J

software was applied for the quantification of target bands.
3.5 Transfection of siRNA or DNA

Transfection of siRNA was performed using Lipofectamine RNAiMax according to
manufacturer’s protocol. Briefly, 0.5 x 10° or 1 x 10° cells were reverse transfected in
6-well plates with a final SIRNA concentration of 1 nM. Transfection of DNA was
performed using Fugene HD according to manufacturer’s protocol. Briefly, 1 ug of
DNA mixed with 3 ul of Fugene reagent were applied to cells in 6-well plates.
Medium were changed after 24 hours of transfection. All SIRNA/DNA and transfection

reagent complexes were prepared in Opti-MEM.
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3.6 Construction of expression plasmids
3.6.1 Preparation of competent bacteria

E.coli. DH10B was incubated with 5 ml of LB medium in a shaker at 37 C for 12-16
hours. 100 ul of this culture was incubated with 100 ml of LB medium in a shaker at
37 °C for 2-3 hours, followed by an incubation on ice for 30 minutes. After a
centrifugation for 10 minutes at 4 'C with 3000 RCF, DH10B was resuspended in 35
ml of pre-cold 0.1 M CaClz. The above incubation and centrifugation were performed
again. DH10B were resuspended in 1 ml of pre-cold 0.1 M CaCl2 containing 10 %

Glycerol. Competent DH10B were aliquoted in pre-cold tubes and stored at -80 C.

3.6.2 Isolation of plasmid DNA

DNA extraction was performed according to manufacturer’s protocol. In brief, the
single colonies of transformed DH10B were expanded in LB medium containing
selective antibiotic with vigorous shaking for 12-16 hours at 37 C. 5 ml (miniprep Kkit)

or 50 ml (midiprep kit) of the bacteria culture was used for further DNA extraction
respectively. DNA was dissolved in deionized water and the concentration was

detected using NanoDrop 2000c. DNA solution was stored at -20 C.

3.6.3 Amplification of inserted sequence

PCR components were mixed in 20 ul of reaction consisted of Phusion Master Mix
(Thermo Scientific, Waltham, MA, USA), 10 ng of plasmid, 0.5 uM forward and
reverse primers according to manufacturer’s protocol. The cycling condition was set
up as follows: 1) 98 ‘C for 30 seconds. 2) 98 C for 10 seconds, 62 ‘C for 10 seconds

and 72 °C for 15 seconds /kb in 35 cycles. 3) 98 C for 60 seconds.

3.6.4 Restriction digestion

For analysis of plasmid map or acquisition of specific DNA fragments, 1 ug DNA was
digested with 1ul of required enzymes in 10 ul of compatible buffer at 37 C overnight.

The reaction was heated at certain temperature for 30 minutes for inactivation of
enzyme activity. For confirming DNA sequence of plasmids, sequencing was carried
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out by GATC Biotech AG, Constance, Germany. The outcomes from the sequencing
were analyzed by Vector NTI Software (Thermo Scietific, Waltham, MA, USA).

3.6.5 Agarose gel electrophoresis

Agarose was dissolved in TBE buffer using microwave to form 0.8 - 2% agarose gels
containing 0.5 ug/ml ethidium bromide. DNA was mixed with 6 x loading dye and
loaded into gels. Electrophoresis was performed in TBE buffer at 70 V until the DNA
was shifted into the gel and continued at 120 V. UV transillumination and Chemidoc

XRS system were used to visualize and record DNA fragments of interest.
3.6.6 Gel extraction, dephosphorylation, ligation and transformation

Following electrophoresis, digested plasmids and inserted DNA fragments were
isolated using the Qiaquick gel extraction kit according to manufacturer’s protocol.
FastAP phosphatase was used to dephosphorylate the ends of digested plasmids
according to the manufacturer's manual. The dephosphorylation was performed at
37 C for 10 minutes, followed by a heat inactivation at 65 °C for 15 minutes. For
ligation, 80 fmol of the inserted fragments and 16 fmol of the digested plasmids were
incubated with 1 ul of T4 DNA ligase in 10 ul of reaction at room temperature for 1
hour. 50 ul of competent DH10B was thawed on ice before transformation. 5 ul of the
ligation system was added to the competent DH10B and incubated on ice for 10 min,
followed by an immediate incubation at 42 C for 45 seconds. After another
incubation on ice for 10 minutes, the competent DH10B was mixed with pre-warmed
500 ul of LB medium and incubated in a shaker at 37 “C for one hour. 100 — 500 ul of
the culture were evenly distributed onto pre-warmed LB agar plates containing

selective antibiotic and incubated at 37 ‘C overnight.

3.6.7 PCR screening of clones

PCR mixture was prepared with GoTaq Green PCR master mix. Each single colony
was picked using a sterile pipette tip and dipped into 20 ul of GoTaq Green PCR
master mix containing 0.5 uM forward and reverse primers. The same tip was dipped
into 5 ml of fresh LB medium containing the selection antibiotic in 15ml tubes. Each
transformed clone was expanded with vigorous shaking for 12 - 16 hours at 37 C.
After amplification of target DNA fragments by PCR, the samples were loaded into
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agarose gel for electrophoresis. The correctly transformed clones were screened
based on the size of the amplified DNA fragments. The identities of these clones

were further confirmed using restriction digestion and eventually sequencing.
3.6.8 Cloning strategy for pCMV HA hRB-C42

pCMV HA hRB-C42 encodes a C-terminal 42 amino acids truncated RB1 protein.
The C-terminal cDNA sequence of truncated RB1 and DNA sequence of 3' UTR
were amplified using plasmid pCMV HA hRB-WT as a template. The primers for the
former are RB1 866 Fw (CCAGACCCAGAAGCCATTGAAATC) and RB1 866 EcoRV
Rev (GAGATGGATATCCTAATCTGCTTCATCTGATCCTTC). The ones for the latter
are RB1 3UTR EcoRV Fw (GGTGATGATATCGGACAAACCACAACTAGAATGC)
and RB1 3'UTR Rev (GTGAGCGGATAACAATTTCACAC). These two fragments
were ligated into the inserted fragment after their digestion by restriction enzyme
EcoRV. The inserted fragment was then ligated into the backbone of pCMV HA

hRB-WT using the same restriction enzyme sites Nhel (Fig 3).

CMV promoter 261..836

HA Tag 1113..1142
pCMV HA hRb-C42

6205 bp
1712 ECORV (2)

4031 Nhel (2)

3834 EcoRV (2) RB1-C42 1176..3833

3140 Nhel (2)

Figure 3: The map of pCMV HA hRB-C42

47



3.7 Knockdown of RB1 — generation of stable tranduced cell lines
3.7.1 Production of lentivirus

1.5 million HEK 293T cells were seeded into 10 cm plates for lentiviral production
and transfected 24 hours after seeding. For each 10 cm plate, 20 ug of transfer DNA,
15 ug of psPASX2 and 6 ug of pMD2.G plasmids were transfected using 2.5 M CaCl:
and 2 x HBS as described previously (Salmon & Trono, 2007). Medium was changed
6 hours after transfection and virus supernatant was collected at 48 hours. This

supernatant was sterile filtered with a 0.45 um PVDF filter and stored at 4 C for 1

week and at -80 C for long term stock.

3.7.2 Transduction of cells with lentivirus

0.1, 1.5 and 4 million cells were seeded for viral transduction in 6-well, 10 cm and 15
cm plates respectively. Transduction was conducted using 8 ug/ml polybrene 24
hours after seeding. 1 ug/ml puromycin was applied to the cells 24 hours after
transduction and selection pressure was continued for 7 days. Passaging of cells and
medium changes were conducted as necessary. After selection, single clone was

expanded in 96-well plates.
3.8 SA-BGAL staining

The assay was performed in 12-well plates as previously described (Debacg-
Chainiaux, Erusalimsky, Campisi, & Toussaint, 2009). Subconfluent cells were
washed gently twice with PBS and then fixed with 2% formaldehyde 0.2%
glutarahdehyde solution for 5 minutes at room temperature. The fixed cells were
washed with PBS twice and then incubated with 500 ul of fresh made staining

solution at 37 C for 12 - 16 hours. During the incubation, the plates should be sealed

with parafilm and protected from light. Also, the exact and stable pH value was
crucial for the reaction so that the incubator was not supplied with CO2. The stained
cells were washed twice with PBS and once with methanol. The positive cells were
observed and captured with phase contrast microscopy and software Zen Lite 2012

(Carl Zeiss, Oberkochen, Germany).
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3.9 Real-time reverse transcription polymerase chain reaction (RT-gPCR)
3.9.1 RNA extraction

Extraction of total RNA from adherent cells in 6-well plates was performed using the
mirVANA miRNA isolation kit according to manufacturer’s protocol. The purified RNA
was stored at -80 ‘C before use. Dissolved in Rnase-free water, RNA concentration
and quality was detected using Nanodrop 2000c. The ratio between absorbance in
260 nM and that in 280 nM (A260/A280) was used to evaluate the extent of protein
contamination in RNA samples. The values between 1.8 and 2.0 were accepted for

further applications.
3.9.2 cDNA synthesis

2 ug of total RNA from the above extraction was set as template for reverse
transcription in a 20 ul of volume using High capacity cDNA reverse transcription kit

according to manufacturer’s protocol.
3.9.3 Quantitative polymerase chain reaction (qPCR)

The reaction for gPCR was prepared in a 10 ul of GoTag gPCR Master mix with 50
ng of cDNA, 0.5 uM of forward and reverse primers. Each PCR reaction was run in
triplicate in a CFX96 Real-Time PCR detection system. The cycling condition was set
as follows: 94 C for 2 minutes, 94 C for 15 seconds, 60 ‘C for 30 seconds and 72 C

for 1 minute for 40 cycles. For quality control of the reaction, the melting curve from
each reaction was examined first for the number of peaks. Then the amplified DNA
products were loaded into agarose gel for electrophoresis to ensure the correct size

of products and no formation of primer-dimer.
3.9.4 Relative quantification of gene transcription

Housekeeper gene GAPDH was used to normalize the transcription of target genes.
The AACT method was used for relative guantification of gene transcription as
follows (Livak & Schmittgen, 2001):

ACT=CT (gene of target) — CT (GAPDH)

AACT= ACT (treated sample) —ACT (control)

Relative gene expression = 2 -AACT
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4. Result

4.1 The role of RB1 in therapy response to CDK4/6 inhibition
4.1.1 Biochemical and functional effects of CDK4/6 inhibition

To elucidate the role of RB1 in therapy response to CDK4/6 inhibitors, biochemical
effects of CDK4/6 inhibition on RB1 was investigated. Treatment of cells with PD
0332991, a selective CDK4/6 inhibitor, caused a synchronous reduction of both total
RB1 protein and phosphorylated RB1 in T24 and RT112 cells (Fig 4A), which
correlated with robust G1 phase arrest and decrease in S (Edu positive) and G2/M
phase entry(Fig 4B).

A T24 RT112
PD-0332991 1uM 0 4 8 24 0 4 8 24 (hour)
-
ph-RB1 D S s ..-
RB1T S W o - -_

B T24 RT112
* *
10000% 1 77777 w0000 - T
90.00% 1 90.00%
80.00% | 80.00% -
70.00% - 70.00% 4
60.00% - 60.00% -
" = G0/G1
50.00% 1 [ Som 50.00% 1 1 S
40.00% - oo 20.00% =
30.00% - 30.00% A
20.00% - 20.00% -
10.00% 10.00% -
0.00% 0.00% - z
B R ] :
PD-0332991 PD-0332991

Figure 4: Decrease of total and phosphorylation of RB1 upon CDK4/6 inhibition

correlates with therapy response.

(A) T24 and RT112 cells were treated with 1000 nM PD-0332991 for indicated time
points. The protein level of downstream targets were detected by immunoblot. Hyper-
(upper bands) and hypo- (lower bands) phosphorylated RB1 could be distinguished
by 6% gel electrophoresis and detection with an RB1 antibody. (B) Treated with 1000

nM PD-0332991 for 24 hours, cell cycle progression was detected by Edu
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incorporation. The graphs show the values +/- S.E. from three different experiments.

1T 3]

indicating p<0.05, two-tailed Student's T test.

4.1.2 Effects of CDK4/6 inhibition on RB1-knockdown cells

The above observations that down-regulation of RB1 correlated with therapy
response to CDKA4/6 inhibition seems to be contradictory to the concept that
presence of RB1 is a prerequisite for therapy response. This proned us to examine
the requirement of RB1 for therapy response. RB1-knockdown cell lines were
established by transducing T24 with a lentivirus encoding for small haipin RNAs,
shRB1-19 or shRB1-63, directed against RB1 mRNA. Three clones transduced with
each of the shRNAs were analyzed for their RB1 expression level and therapy
response to PD-0332991. All clones transduced with shRB1-19 and shRB1-63
showed a stable and robust decrease in RB1 expression of approximately 95%,
compared to control (Fig 5A). Upon 24 hours of PD-0332991 treatment, RB1-
knockdown cells still maintained a high proportion of cells that enter into S phase
(30%) and G2/M phase (12%), compared to control (less than 1% in S and G2/M
phases) (Fig 5B), indicating a loss of therapy response after silence of RB1. Also,
incubated with PD-0332991 for 3 days, cell viability of these RB1-knockdown cells
was not influenced as significantly as that of control (Fig 5C). These findings
indicated that the expression of RB1 is required for therapy response to CDK4/6

inhibition.
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Figure 5: The expression of RB1 is required for therapy response.

(A) T24 cells were transduced with two different lentivirus shRNAs, shRB1-19 and
shRB1-63, to repress RB1 expression. For each shRNA, the expression level of RB1
in three clones was detected by immunoblotting. (B) These clones were treated with
1000nM PD-0332991 for 24 hours and the proportion of cells in cell cycle phases
were detected by Edu incorporation assay. (C) These clones were treated with 0, 500,
1000nM PD-0332991 for 72 hours and cell viability were detected by SRB staining.
The graphs show the values +/- S.D. from three different clones. “*” indicating p<0.05,
two-tailed Student's T test.

4.1.3 Effects of CDK4/6 inhibition on RB1 transcription

If therapy response requires expression of RB1, why is there a robust reduction of
RB1 that correlates with therapy response upon CDK4/6 inhibition? We tried to
explain this observation by first studying mechanisms that are involved in RB1 down-
regulation upon CDK4/6 inhibition. We first confirmed previous data in which we have
shown that CDKA4/6 inhibition suppresses RB1 transcription (Sathe et al., 2015).
Treating T24 and RT112 with 1uM PD-0332991 inhibited transcriptional level of RB1

in a time-dependent manner with a reduction of 60% and 66% respectively at 24 hour
(Fig 6).
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Figure 6: RB1 transcription is downregulated upon CDK4/6 inhibition.

T24 and RT112 cells were treated with 1000 nM PD-0332991 for indicated hours.
The RB1 mRNA levels were detected by RT-gPCR. The graphs show the values +/-
S.E. from three different experiments. “*” indicating p<0.05, two-tailed Student’'s T

test.

4.1.4 The role of proteasome pathway in RB1 down-regulation upon CDK4/6
inhibition

Next we addressed if protein degradation also contributed to RB1 downregulation
upon CDK4/6 inhibition. Considering that many cellular proteins are degraded by the
ubiquitin-dependent proteasome pathway (Lub et al.,, 2015), we evaluated
biochemical effects when using proteasome inhibitors upon PD-0332991 treatment.
First, dose response curves for cell viability of T24 and RT112 treated for 24 hours
with MG-132 and epoxomicin, which are established proteasome inhibitors, were
measured. Treatment with either of proteasome inhibitors can decrease the cell
viability in a dose-dependent manner, and T24 cells are more sensitive to

proteasome inhibition than RT112 cells (Fig 7).

Next, cells were treated with either MG-132 or epoxomicin using different
concentrations in combination with PD0332991 (1uM) and expression level of RB1
protein was detected by immunoblotting of total cell lysates. A partial rescue in the
reduction of RB1 protein level could be observed in a dose-dependent manner (Fig
8A-B). Rescue of RB1 protein correlated with concentrations of the inhibitors used,
when cell viability was affected by up to 20-60% (compare to Fig.7). Interestingly, an

additional suppression of RB1 transcription was observed after treatment with
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epoxomicin (Fig 8C), excluding the possibility that proteasome inhibition rescues
down-regulation of RB1 upon PD-0332991 treatment by activating its transcription.
Taken together, these observations indicated a partial involvement of a proteasome-

dependent degradation mechanism of RB1 upon CDK4/6 inhibition.
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Figure 7: Dose response assay for cell viability of T24 and RT112 treated with

proteasome inhibitors.

(A)(B) T24 and RT112 cells were treated with either MG-132 or epoxomicin of
indicated concentrations. Cell viability was detected after 24 hours of the treatment.
The graphs show the values +/- S.E. from three different experiments.

Generally, the mechanism of proteasome-mediated degradation of proteins relies on
ubiquitination of target proteins. And only those proteins with a poly-ubiquitination
formed on lysine 48 (K48) of ubiquitin can be recognized and degraded by the 26S
proteasome (Lub et al., 2015). In order to confirm the above observation, plasmids
encoding for either wild type ubiquitin (pRK5-HA-Ubiquitin-WT (Ubi-WT) or ubiquitin
mutated in lysine 48 to alanine (pRK5-HA-Ubiquitin-K48R (Ubi-K48R) were used (K.
L. Lim et al., 2005). The recombinant Ubi-K48R competes with endogenous wild-type
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ubiquitin and prevent target proteins from poly-ubiquitination. 2 days after
transfection, expression of recombinant ubiquitin was detected in immunoblots via its
HA-tag (Fig 8D). However, exogenous Ubi-K48R had no evident effect on RB1
degradation after PD-0332991 treatment (Fig 8E). The probably explanation could be
either that this degradation is ubiquitin independent but still proteasome dependent or
that the level of the recombinant Ubi-K48R were insufficient to competitively inhibit

activity of endogenous wild-type ubiquitin.
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Figure 8: RB1 degradation upon CDK4/6 inhibition is proteasome dependent.

(A)(B) T24 and RT112 were treated with a combination of proteasome inhibitors

(MG-132 or epoxomicin) and 1uM PD-0332991 for 24 hours. The level of RB1 and its
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phosphorylation were analyzed by immunoblot. (C) T24 cells were treated with a
combination of 5 nM Epoxomicin and 1uM PD-0332991 for 24 hours. Transcriptional
level of RB1 was analyzed by RT-qPCR. (D) Cells were transfected respectively with
pcDNA3.1 (ctrl), pRK5-HA-Ubiquitin-WT (Ubi-WT) and pRK5-HA-Ubiquitin-K48R
(Ubi-K48R). After 24 hours the expression of HA tagged recombinant ubiquitin was
detected by immunoblotting. (E) The above transfected cells were treated with 1uM
PD-0332991 for 24 hours. The level of RB1 was analyzed by immunoblotting. The

graphs show the values +/- S.E. from three different experiments.
p<0.05, two-tailed Student's T test.

indicating

4.1.5 The role of MDM2 in RB1 degradation upon CDK4/6 inhibition

MDM2 is a ubiquitin-protein E3 ligase that could target RB1 for proteasomal
degradation in a ubiquitin independent mechanism (Sdek et al., 2005; Uchida et al.,
2005). Here we evaluated whether MDM2 is involved in RB1 degradation under
CDKA4/6 inhibition. Two different siRNAs were designed for silencing MDM2
expression. After transfection, the protein level of MDM2 protein in T24 and RT112
was efficiently reduced by either of the siRNAs as shown in immunoblots (Fig 9A).
Knockdown of MDM2 partially prevented RB1 down-regulation upon PD-0332991
treatment in a time-dependent manner, with a robust rescue of 70% in T24 and 35%
in RT112 after 8 hours of treatment. However, after 24 hours of treatment RB1 level
were reduced and comparable to the control (Fig 9A). Consistent with the kinetics of
RB1 level, a partial rescue of cell cycle arrest upon PD-0332991 treatment was
observed in a time-dependent manner showing that a relative proportion of cells in S
phase was up to 20% higher in MDM2-knockdown cells than that in control after 8
hours of treatment, while such a difference was not longer observed after 24 hours of
treatment (Fig 9B). These data indicated that MDM2/proteasome-mediated RB1
degradation is another pathway that contributes for RB1 down-regulation upon

CDKA4/6 inhibition, apart from transcriptional repression.

It has been reported that the MDM2-binding site locates in the C-terminus of the RB1
protein (Janicke, Walker, Lin, & Porter, 1996; Sdek et al., 2004). In order to further
confirm the role of MDM2 in RB1 degradation upon CDK4/6 inhibition, three HA-

tagged recombinant RB1 expression plasmids were transfected into T24 and RT112,
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encoding wild type RB1 (RB1- WT), mutant RB1 lacking the C-terminal 42 amino
acids (RB1-C42) and mutant RB1 with all CDKs phosphorylation sites mutated (RB1-
CDK). Upon PD-0332991 treatment on RT112, RB1-WT and RB1-CDK were
degraded to a similar extent (Fig 9C). However, RB1-C42 showed resistance to
degradation (Fig 9C), indicating that MDMZ2-binding, but not the status of
phosphorylation is required for RB1 degradation upon CDK4/6 inhibition. Surprisingly,
the three recombinant RB1 proteins above were degraded to a similar extent in T24
upon treatment (Fig 9C). Thus, MDM2 binding to RB1 seems not the only
mechanism that regulates degradation of RB1 as a therapy response to CDK4/6
inhibition.
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Figure 9: RB1 degradation upon CDK4/6 inhibition is MDM2 dependent

(A) (B) T24 and RT112 were transfected respectively with 1nM control siRNA (ctrl),
MDM2-1 and MDM2-2 for 48 hours, followed by 1000nM PD-0332991 treatment for
indicated hours. Protein levels of MDM2, RB1 and its phosphorylation were detected
immunoblot. The proportion of cells in S phase was detected by Edu incorporation
assay. (C) T24 and RT112 cells were transfected respectively with pCMV HA hRB-
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WT (RB-WT), pCMV HA hRb delta CDK (RB-CDK) and pCMV HA hRB-C42 (RB-C42)
for 24 hours, followed by an incubation of 1000nM PD-0332991 for 24h. Protein
expression of HA tagged recombinant RB1 was detected by immunoblotting. All
graphs show the values +/- S.E. from three different experiments. “*” indicating
p<0.05, two-tailed Student's T test.

4.2 Partial therapy resistance to prolonged CDK4/6 inhibition
4.2.1 Long-term effects of CDK4/6 inhibition on cell viability and senescence

We are curious whether CDK4/6 inhibition has a continuous cytostatic effect on
bladder cancer cells. So its long-term effect on cell viability was examined. T24 and
RT112 cells were incubated with daily-changed PD-0332991 (1 uM) for up to 13 days
and the relative cell number was counted by SRB staining every three days from Day
1. As expected, the proliferation rate of cells under the treatment was much lower
than that of control, and the control reached a complete confluence at Day 7 (Fig
10A). However, a slow and continuous cell proliferation was still observed under
prolonged treatment (Fig 10A), indicating that cell cycle progression was only
partially blocked.

It has been reported that a chronic CDK4/6 inhibition can induce senescence,
meaning a permanent cell cycle exit among tumor cells, although the ratio is variable
and depends on the type of carcinoma and cell line studied (Acevedo et al., 2016a;
Yoshida et al., 2016). Thus, we wanted to address if this effect could be also induced
in bladder cancer cell lines under prolonged treatment. T24 and RT112 were
incubated for two weeks with daily-changed PD 0332991 (1uM). For detecting cells
that underwent senescence, we applied SA-B-Galactosidase staining that marks cells
in the status of senescence. Since Day 1 of PD-0332991 treatment, morphology of
cells had turned inflated (Fig 10B), which is usually observed on senescent cells.
Senescent cells could showed up after 7 days of treatment, and on Day 14 the
percentages of that were up to 22% among T24 cells and 45.7% among RT112 cells
(Fig 10B). Taken together, senescence could be induced among a small subfraction
of BC cells under prolonged CDK4/6 inhibition. However, its contribution to therapy

response seems not to be substantial in BC.
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Figure 10: Insufficient cytostatic effect and senescence induction under
prolonged CDK4/6 inhibition.

RT112 and T24 were treated with 1 uM daily-changed PD-0332991 for indicated
days. (A) Cell viability was analyzed by SRB staining. (B) The fraction of senescent
cells were detected by SA-B-Galactosidase staining. The images are the

representatives from three independent experiments. The graphs show the values +/-
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S.E. from three different experiments. “*” indicating p<0.05, two-tailed Student's T

test.

4.2.2 Effects of prolonged CDK4/6 inhibition on cell cycle progression

A robust cell cycle arrest was observed in T24 and RT112 upon 24 hours of PD-
0332991 treatment, with a decrease of cells in S stage to less than 5% (Fig 11).
However, we also observed from the last cell viability assay that cell proliferation was
only partially blocked under prolonged CDK4/6 inhibition (Fig 10A). This proned us to
examine the status of cell cycle progression under prolonged treatment. Interestingly,
a partial re-entry into G1/S transition was observed under the prolonged daily-
changed PD-0332991 incubation, with the proportion of cells in S stage increasing
from the initial less than 5% to around 20% at Day 2 and Day 3 (Fig 11).
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Figure 11: Partial recovery of cell cycle progression under prolonged CDK4/6
inhibition.

Edu incorporation assay of T24 and RT112 cells that were treated with 1uM daily-
changed PD-0332991 for indicated days. The graphs show the values +/- S.E. from

three different experiments. “*” indicating p<0.05, two-tailed Student's T test.

4.2.3 Biochemical effects of prolonged CDK4/6 inhibition

Next the downstream molecules involve in CDK4/6-RB1-E2Fs pathway were

analyzed. An early decrease of total and phospho-RB1, expression level of cyclin E2
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and E2F1 was observed upon PD 0332991 treatment for 1 day, followed by a partial
recurrence of these molecules under prolonged treatment (Fig. 12), which correlated
with the dynamic change of entry into S phase (Fig 11). In terms of the other two RB
family members (p107 and p130) expression of p1l07 was down-regulated 2 days
after treatment in T24. RT112 cells were negative for p107 expression. Expression of
p130 was up-regulated in both cell lines after the first day of treatment. Besides E2F1,
the levels of E2F2-5 were differentially regulated upon the treatment. It was observed
in both cell lines that expression of E2F2 remained stable, while that of E2F3
reduced immediately after the first day of treatment. However, the expressions of
E2F4 and E2F5 were down-regulated in T24, but were up-regulated in RT112 (Fig
12). In summary, the observations above showed that a partial recurrence of RB1
phosphorylation, E2F1 and cyclin E2 correlated with a partial recovery of cell cycle

progression upon prolonged CDK4/6 inhibition.
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T24 and RT112 were treated with 1 uM daily-changed PD-0332991 for indicated

days. The protein levels of downstream targets were analyzed by immunoblot.

4.2.4 Combination of CDK2 and CDK4/6 inhibition display a synergistic effect

Both CDK4/6 and CDK2 are kinases that regulate RB1 phosphorylation, cyclin D
activation and cell cycle progression. Whether a compensative CDK2-RB1-E2F1
pathway contributed to cell cycle re-entry under prolonged CDK4/6 inhibition was
further evaluated. The dose response effect for cell viability of RT112 treated for 72
hours with roscovitine, a selective CDK2 inhibitor which mainly targets CDK2 and
other kinases like CDC2 and CDK5, were determined first (Fig 13A). When cells
were treated with a combination of PD-0332991 (1uM) and roscovitine (5uM) for 72
hours, the cell viability decreased by 67% compared to control (Fig 13B). The
combination index (CI) was 0.69, indicating a synergistic effect from this combination
therapy. Treatment with roscovitine (5uM) alone for 24 hours had very limited effect
on S phase entry and RB1 phosphorylation (Fig 13C-D), indicating that
physiologically cell cycle progression mainly relies on activity of CDK4/6 in these
cells. Interestingly, after the treatment with PD-0332991 for 2 days, roscovitine was
combined with PD-0332991 for another 24 hours, and it reduced the proportion of
cells in S phase to less than 5% again (Fig 13B). Consistently, the recurrence of
phosphorylated RB1, cyclin E2 and E2F1 were also suppressed by the combination
with roscovitine in a dose dependent manner (Fig 13C). These data indicated that
additional CDK2 inhibition prevented the re-entry of cell cycle under prolonged

CDKA4/6 inhibition. This might explain the synergistic effect of the two inhibitors.
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Figure 13: Partial re-entry into cell cycle under prolonged CDK4/6 inhibition is

prevented by a combinative CDK2 inhibition.

(A) Dose response assay for cell viability of RT112 treated for 72 hours with
roscovitine. (B) Cell viability assay of RT112 treated alone or combinatively with 1uM
PD-0332991 and 5uM roscovitine for 3 days. (C) Edu incorporation assay and (D)
immunoblot analysis of RT112 cells that were treated with a combination of 1uM PD-

0332991 for 3 days and 5uM roscovitine for the late 24 hours. The graphs show the
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values +/- S.E. from three different experiments. “*” indicating p<0.05, two-tailed
Student's T test.

4.2.5 The role of E2F1 in therapy response

Based on the above finding, the level of E2F1 highly correlates with the response to
CDK4/6 inhibitors. Thus, we aimed to evaluate the role of E2F1 during CDK4/6
inhibition. T24 and RT112 cells were transfected with pooled siRNA to knock down
endogenous E2F1, followed by a treatment with PD-0332991 for 1 and 2 days.
Surprisingly, knockdown of E2F1 did not arrest the cell cycle (Fig 14A-B). Neither did
it influence the initial therapy response. Furthermore, even though the recurrence of
E2F1 upon 2 days of PD-0332991 treatment was prevented by knockdown of E2F1,
the cell cycle re-entry was not reversed (Fig 14A-B). Taken together, cell cycle
progression and therapy response to CDK4/6 inhibition are independent of E2F1 in

our model.
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Figure 14: Cell cycle progression and therapy response to CDK4/6 inhibition

are independent of E2F1.

(A) Immunoblot analysis and (B) Edu incorporation assay of T24 and RT112 cells
that were transfected with 1nM control (ctrl) or E2F1 siRNA for 24 hours, followed by
a treatment withluM PD-0332991 for indicated days. The graphs show the values +/-
S.E. from three independent experiments. “NS” indicating p>0.05, two-tailed

Student's T test.
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5. Discussion

Our previous preclinical study has demonstrated that CDK4/6 is a potential therapy
target in RB1 positive BC cells. In this project, we studied molecular mechanisms
underlying therapy response to CDK4/6 inhibition by PD-0332991, especially
focusing on the down-regulation of RB1 and its implication for therapy response.
Results in this work have demonstrated that the expression of RB1 is required for
therapy response. However, both transcriptional repression and MDM2-dependent
proteasomal degradation are involved in this down-regulation of RB1, which is also
an indicator of therapy response. In addition, analysis on the functional and
biochemical effects of prolonged CDK4/6 inhibition revealed that a partial recovery of

cell cycle progression and re-phosphorylation of RB1 under prolonged treatment.
5.1 Down-regulation of RB1 upon CDK4/6 inhibition

According to the classical model of the CDK4/6-RB1 pathway, RB1 is a key
downstream target for CDK4/6 inhibition, since its phosphorylation from kinases
CDK4/6 is suppressed. In this project and in our previous work (Sathe et al., 2015)
we have demonstrated that treatment of the BC cell lines T24 and RT112 with a
selective CDK4/6 inhibitor, PD-0332991, caused a decrease in expression level of
total and phosphorylated RB1 as well as transcription of E2F target genes correlated
with a GO/G1 arrest and cytostatic effect (Sathe et al., 2015). The correlation of
therapy response and down-regulation of RB protein level has also been shown in a
variety of tumors pre-clinically by other groups (Barton et al., 2013; Dean et al., 2010;
Franco et al., 2014; Konecny et al., 2011; F. Liu & Korc, 2012; Miller et al., 2011;
Sathe et al., 2015; von Witzleben et al., 2015; Witkiewicz et al., 2015). On the other
hand, presence of RB1 is a pre-requisite for therapy response and RB1 negative
cells are non-responsive to treatment (Comstock et al., 2013; Fry et al.,, 2004;
Konecny et al., 2011; Michaud et al., 2010; Sathe et al., 2015; von Witzleben et al.,
2015; Young et al., 2014). This observation seemingly is a contradiction between the
reduction of RB1 upon CDK4/6 inhibition and the requirement of its expression for
therapy response. A better understanding of mechanisms responsible for RB1 down-
regulation upon CDK4/6 inhibition might be useful for understanding response

mechanisms and might reveal predictive marker.
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5.2 Expression of RB1 is necessary for therapy response

Pre-clinical studies have demonstrated that only tumor cell lines with expression of
functional RB1 displayed sensitivity to CDK4/6 inhibition (Comstock et al., 2013; Fry
et al., 2004; Konecny et al., 2011; Michaud et al., 2010; Sathe et al., 2015; von
Witzleben et al., 2015; Young et al., 2014). In addition, original responsive cells,
under the selection of prolonged treatment with CDK4/6 inhibitors, finally acquired a
loss of RB1 and developed into resistant cells (Herrera-Abreu et al., 2016; Witkiewicz
et al., 2015).

However, very few studies have evaluated the dependence on RB1 for therapy
response in tumor cells with knockdown of RB1 expression and have shown
contradictory findings. In this work, we show that RB1 positive cells gained resistance
to CDK4/6 inhibition after siRNA-mediated silencing of RB1 expression (Bollard et al.,
2016; Michaud et al.,, 2010; Zhang et al., 2014) as expected. However, such
resistance was not clearly observed in breast cancer and hepatoma cells after
knockdown of RB1 (Dean et al., 2010; Rivadeneira et al., 2010), which raised the
option that the presence of RB1 is not universally required for therapy response
under all circumstances. The observation that upon CDKA4/6 inhibition a robust
reduction of RB1 protein occurs might question its role in mediating therapy response.
However, in our experiments T24 cells with knockdown of RB1 expression were no
longer sensitive to CDK4/6 inhibitors. So our result further confirms the general view

that the expression of RB1 is a prerequisite for therapy response to CDK4/6 inhibition.

5.3 Proteasomal degradation on RB1

Transcriptional repression and proteasome dependent protein degradation are
potential mechanisms of how RB1 is down-regulated upon CDK4/6 inhibition.
Generally, proteins with a poly-ubiquitination formed on lysine 48 (K48) are
recognized and degraded by the 26S proteasome, consisting of one 20S core
particle and two 19S regulatory particles. This huge protein complex has a size of
more than 2000 kDa and exists throughout the nucleus and cytoplasm of all
eukaryotic cells (Adams, 2003; Lub et al., 2015).
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We evaluated in detail the role of proteasome dependent degradation in RB1 down-
regulation upon CDK4/6 inhibition. Several methods were applied for the
manipulation of the proteasome dependent pathway. Apart from MG-132 which is a
non specific proteasome inhibitor, another highly selective inhibitor, epoxomicin, was
tested in combination with PD-0332991 and was observed to partially rescue the
reduction of RB1, indicating a proteasome-mediated degradation. However, a
deficiency of poly-ubiquitination on K48 that was achieved by overexpressing
ubiquitin with K48 mutated (Uchida et al., 2005; Y. Wang et al., 2015), had no much
effect on protecting RB1 from degradation upon CDK4/6 inhibition, which could be
explained by either that this degradation is ubiquitin independent but proteasome
dependent or that the amount of recombinant defective ubiquitin was insufficient to
competitively inhibit activity of wild type ubiquitin. This has also been examined by
one group which revealed a coordinate negative regulation of transcription and
protein stability upon PD-0332991 treatment. However, the underlying mechanisms

still remained elusive (Yoshida et al., 2016).

Several viral oncoproteins, such as Human Papillomavirus (HPV) E7 (Boyer, Wazer,
& Band, 1996) and human cytomegalovirus (CMV) pp71 (Kalejta, Bechtel, & Shenk,
2003), and three cellular oncoproteins, including MDM2 (Sdek et al., 2005; Uchida et
al., 2005; Ying & Xiao, 2006), gankyrin (Higashitsuji et al., 2000) and NRBE3 (Y.
Wang et al., 2015), have been reported to associate with specific domains of RB1
and promote its degradation via the ubiquitin-proteasome pathway. Among them,
MDM2 is the most widely studied, with an identification of its binding in the C-
terminus of RB1 (Xiao et al., 1995; Ying & Xiao, 2006), and is able to destabilize RB1
in either ubiquitin dependent or ubiquitin independent proteasome pathways. In our
present study, we repressed the expression of MDM2 which is required for
proteasomal degradation of RB1 upon CDK4/6 inhibition. Then the physical
connection of MDM2 to RB1 was manipulated by cloning a recombinant C-terminus-
deleted RB1 (RB1-C42) in order to examine the dependence of RB1 degradation on
MDM2 upon CDK4/6 inhibition. On the other hand, another recombinant RB1 with all
phosphorylation sites mutated (RB1-CDK) was used to examine whether
dephosphorylation on RB1 contributes to its degradation in response to CDK4/6
inhibition. Several unique aspects of RB1 degradation in response to CDK4/6

inhibition have been shown. First, MDM2 binding to the C-terminus of RB1 are
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required for proteasomal degradation of RB1 upon CDK4/6 inhibition. Second, de-
phosphorylation on RB1 from CDK4/6 inhibition is not a prerequisite for MDM2-
dependent RB1 degradation. This is not consistent with the known mechanism that
MDM2 selectively binds to hypophosphorylated RB1 and promotes further
degradation (Sdek et al., 2004). So, instead of suppression on RB1 phosphorylation,
other unknown downstream targets of CDK4/6 that might be responsible for
regulating proteolytic activity of MDM2 on RB1 could be potential promoters for the
degradation of RB1 upon CDK4/6 inhibition. . . However, the resistance of RB1-C42
to degradation was only observed in RT112 cells, but not in T24. This inconsistency
could be explained by variation of molecular landscape among different cell lines. For
example, in T24, the MDM2 binding site might not locate in the C-terminus of RB1.
Or MDM2 mediated the degradation of RB1 through an indirect interaction. A last
explanation might be also an MDM2 independent targeting of RB1 for degradation.
The experiments have to be extended among other BC cell lines to comfirm whether

this observation is exclusive or universal.

Our observation that synchronous reduction of total RB1 and phosphorylated RB1
was correlated with cell cycle arrest upon CDK4/6 inhibition has also been reported
by other groups (Dean et al., 2010; Konecny et al., 2011; Rader et al., 2013). They
attributed the cell cycle arrest to suppression of RB1 phosphorylation, while the
implication of RB1 down-regualtion in therapy response is poorly discussed. We
evaluated how therapy response could be influenced via down-regulation of total
RB1. And we observed that the stabilization of RB1 via knockdown of MDM2
interfered with the initial therapy response in a time-dependent manner. However,
this interference with therapy response was unable to be observed under prolonged
CDKA4/6 inhibition at 24 hour, which can be explained by that the therapy response to
CDK4/6 inhibition is only partially via MDM2-mediated degradation on RB1. And
other biochemical effects in response to the treatment, such as a suppression on
RB1 transcription, might also contribute to the therapy response. Our current data at
least demonstrate that the down-regulation of not only RB1 phosphorylation but also
its total protein level are indicators of therapy response during the treatment with
CDK4/6 inhibitors.
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5.3 Partial recovery of cell cycle progression under prolonged CDK4/6

inhibition

Though a robust cell cycle arrest was induced upon acute CDK4/6 inhibition for 24
hours, a proportion of quiescent cells were restored to cell cycle progression under
prolonged treatment for over 48 hours, accompanied by a partial recurrence of RB1
phosphorylation and downstreams of E2Fs, like cyclin E2 and E2F1. This
observation was consistent with our results from cell viability assay that
cytoproliferation under prolonged treatment was merely restricted at a lower speed,
but was never completely terminated. Similar adaptive therapy resistance developed
under prolonged CDK4/6 inhibition was also reported and attributed to compensative
activation of CDK2-RB1 pathway probably via its decreased interaction with p27 (L.
Wang et al., 2007) or increased interaction with cyclin D1 (Herrera-Abreu et al.,
2016). This mechanism might be also functional in our model in which the additional
CDK2 inhibition by roscovitine prevented the reentry into cell cycle under the
prolonged single CDK4/6 inhibition, accompanied by a repression of RB1 and
phosphorylated RB1, cyclin D1, E2 and E2F1. In absence of CDK4/6 inhibition,
regular cell cycle progression predominantly relies on activation of CDK4/6 instead of
that of CDK2. This has been supported by the observation that either treating with
CDK2 inhibitors in our BC models or knocking down CDK2 expression in breast
cancer (Herrera-Abreu et al., 2016) had minimal effect on cell cycle and
phosphorylation of RB1. These observations indicate that CDK4/6-activated
phosphorylation on RB1 is sufficient to promote G1/S transition, and the subsequent
CDK2-activated phosphorylation on RB1 is not indispensable. However, under the
circumstances that cell cycle regulation no longer depends on CDK4/6 due to loss of
CDK4/6 (Malumbres et al., 2004) or that CDK4/6 activity is inhibited artificially by
specific inhibitors, the functional CDK2 might replace the role of CDK4/6 in
phosphorylating RB1 and mediates G1/S transition, while CDK2 inhibition is able to
prevent recurrent phosphorylation on RB1. Also, single-cell analysis of CDK2 activity
showed a higher level of CDK2 activity in PD-0332991 resistant breast cancer cells
compared to PD-0332991 sensitive ones (U. S. Asghar et al., 2017). As far as the
current recommended course of CDK4/6 inhibitors is concerned (Cristofanilli et al.,
2016; Hortobagyi et al., 2016), RB1 positive tumor cells would have high

opportunities to escape absolute cell cycle arrest during the 21 days of therapy.
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Therefore, it is rational to apply potential combinative therapies to completely inhibit

the activation of pathways involved in cell cycle progression.
5.4 The role of E2Fs in CDK4/6-RB1 pathway and therapy response

In our model of BC, we provided an overview on the kinetics of E2F1-5 upon CDK4/6
inhibition and found that the expression of E2F1-5 were differentially modulated.
Interestingly, the expression of E2F1 is down-regulated immediately followed by a
partial recovery during 3 days of CDK4/6 inhibition, which highly correlates with the
observed cell cycle reentry and re-phosphorylation on RB1. As far as the correlation
was concerned, we supposed that a thorough and stable suppression of the activity
and expression of E2F1 was required for therapy response and overcoming adaptive
therapy resistance under prolonged treatment. However, whether in absence or
presence of CDK4/6 inhibitors, the depletion of E2F1by siRNA had no effect on cell
cycle progression, indicating that E2F1 alone is not required for cell cycle
progression in our model. Our observation that E2F2 and -3 are rather up-regulated
24 hours after treatment does not support a redundant function that could substitute
loss of E2F1. The underlying function of E2F family in cell cycle progression and its

role in therapy response to CDK4/6 inhibition remains further study.

E2F1-3, apart from some overlapping functions, have their individual functions and
regulations on their unique target genes. It has been reported that induction of
apoptosis is an exclusive function of E2F1 via its specifically binding to and
repressing the Mcl-1 promoter (Croxton, Ma, Song, Haura, & Cress, 2002; Hallstrom
& Nevins, 2003). In contrast, Schlisio et al has demonstrated that not E2F1 but E2F2
and E2F3, with association to YY1 and RYBP, bound to the Cdc6 promoter and
activated its transcription, which is necessary for an intact G1/S transition (Schlisio,
Halperin, Vidal, & Nevins, 2002). Preclinical studies in vitro have shown that
overexpression of E2F2 in PD-0332991 sensitive breast cancer and hepatoma cells
caused therapy resistance (Dean et al.,, 2010; Rivadeneira et al., 2010). Other
connections between E2Fs and therapy response to CDK4/6 inhibition are poorly
evaluated. So the differential implications of these E2Fs for therapy response remain
further study in our model of BC.

Drosophila genome encodes only a unique activating E2F gene, dE2F1, and its

activity and expression determines the fate of cell cycle progression. Overexpression
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of dE2F1 induced an increased S phase entry (Du, Xie, & Dyson, 1996), while
dysfunctional mutation (Frolov et al., 2001) or depletion by siRNA of dE2F1 (Frolov et
al., 2003) resulted in a G1 phase arrest, which indicated that, in this case, E2F1
played an indispensable role in G1/S transition. However, mammalian genome
encodes three different activating E2Fs, which makes this regulation more
complicated and adaptive. Upon loss of only one activating E2F, its function might be
compensated and substituted by other E2Fs, as observed in mouse embryonic
fibroblasts. Also, only a combined loss of E2F1-3 factors can thoroughly repressed
expression of E2F target genes and impeded G1/S transition (Wu et al., 2001).
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6. Summary

Cisplatin-based chemotherapy has been deployed as the first-line therapy for
advanced bladder cancer for over 30 years. However, even after the chemotherapy,
the disease specific survival of patients with regional lymph node invasion or distant
metastasis is still quite poor. Target therapy, which is designed to selectively inhibit
the cellular molecular pathways necessary for cancer viability and progression, has
been deployed as a novel therapeutic strategy in a wide range of cancer since 1990s.
Unfortunately, though targeting the immune checkpoint could be a promising therapy
in a small ratio of advanced BCs, so far no other target therapy has been approved
by FDA or evaluated in phase Il clinical trial for BC therapy.

The CDK4/6-RB1-E2F pathway, which regulates the transition of cell cycle from G1
phase to S phase, is frequently disrupted in 93% of advanced bladder cancer. Our
previous work has characterized the CDK4/6-RB1 pathway as a potential therapy
target in BC testing the effects of CDK4/6 inhibitors in vitro and in vivo. In this project,
we further studied molecular mechanisms induced by CDK4/6 inhibitor PD-0332991

and analyzed the roles of these molecules in therapy response.

A prerequisite for response to CDK4/6 inhibitors was the expression of RB1, since
RB1-negative cells, which were either RB1 mutant or established via RB1
knockdown, were resistant to CDK4/6 inhibition. We also observed that the therapy
response of RB1-positive cell lines, T24 and RT112, to PD-0332991 correlated with a
synchronous robust reduction in protein level of both total and phosphorylated RB1.
The mechanism underlying the down-regulation on RB1 upon CDK4/6 inhibition was
characterized next. First, we revealed a transcriptional repression on RB1 upon the
treatment by RT-gPCR. Second, we observed that proteasome inhibition partially
rescue the down-regulation of RB1, indicating a proteasomal degradation of RB1
upon the treatment. MDM2 was identified as a mediator that promoted the
proteasomal degradation of RB1 upon CDK4/6 inhibition. Silencing of MDM2 by
siRNA interfered with the degradation on RB1 and the therapy response in a time-
dependent manner. Furthermore, recombinant HA-tagged wild type RB1 (RB1-WT),
mutant RB1 lacking the C-terminal 42 amino acids (RB1-C42) and mutant RB1 with
all CDKs phosphorylation sites mutated (RB1-CDK) were introduced into BC cells to

compare their stability in response to PD-0332991. We observed that the de-
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phosphorylation of RB1 is not a prerequisite for its further degradation. But the
MDM2-binding to RB1 is required for its degradation upon CDKA4/6 inhibition. Besides,
analysis on the functional and biochemical effects of prolonged CDK4/6 inhibition
revealed a partial recovery of cell cycle progression and re-phosphorylation of
RB1.The effects were also accompanied by a precise differential regulation on

protein levels of E2F family.

Overall, this work on molecular mechanisms induced by CDK4/6 inhibition raised a
contradiction between two opposite observations. Therapy response correlated with
a decrease of RB1, while the expression of RB1 is required for therapy response,
indicating that the role of RB1 in CDK4/6 inhibition is complicated and still not
thoroughly interpreted. This complexity is also consistent with the fact that RB1 is not
a reliable biomarker to predict therapy response in clinical trials. Both transcriptional
repression and MDM2-dependent proteasomal degradation are involved in this
down-regulation of RB1 upon CDK4/6 inhibition. In addition, a partial adaptive
resistance to prolonged treatment with mono-CDK4/6 inhibition is another challenge

for therapy.
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