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Abstract of the Dissertation
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Stony Brook University

2015

The DNA damage response (DDR) is a complex and interconnected signaling network that
dictates whether a cell repairs itself and survives or is damaged beyond repair and eliminated;
therefore the proteins in this network must be tightly regulated in order to ensure genomic
integrity. Conversely, mutational or epigenetic inactivation of DDR components leads to
genomic instability, a hallmark of cancer. Indeed there is a high frequency of DDR defects in
human cancers of which mutations in the DDR effector and tumor suppressor protein p53 are the
best characterized and occur in greater than 50% of all human cancers. Interestingly, a novel
DDR pathway has emerged termed the CHKI1-Suppressed (CS) pathway that is activated by
inhibition or loss of the cell cycle kinase CHK1, leading to an apoptotic response to DNA
damage in the presence of mutant p53 that is mediated by the protease Caspase 2. Although the
functions of the CS-pathway have been probed through pharmacological inhibition and siRNA
knockdown it remains unclear whether and how CHKI inhibition can be regulated
endogenously. Recently, we characterized the first endogenous activation of the CS-pathway,

demonstrating that upon DNA damage wild type p53 acts an endogenous regulator of CHK1
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levels that modulates Caspase 2 activation and ultimately controls cell fate. Moreover, we
demonstrate that CHK1 levels persist in response to DNA damage in mutant p53 cancer cells,
leading to CHKI1-mediated activation of the pro-survival transcription factor NF-kB and
induction of a pro-inflammatory response that is abrogated by loss or inhibition of CHK1. These
data constitute a novel role for CHK1 in response to DNA damage outside of the cell cycle in
regulating inflammation. Lastly we identify the lipid kinase Sphingosine Kinase 1 (SK1), whose
kinase activity produces the pro-survival lipid mediator Sphingosine 1-Phosphate (SIP) as the
first identified effector of the CS-pathway; whereby activation of the CS-pathway leads to SK1
proteolysis and decreases in cellular S1P levels in response to DNA damage. These data have
important clinical applications as many CHKI1 inhibitors are in clinical trials and our data
provide evidence that targeting CHK1 in mutant p53-mediated cancers may abrogate NF-xB and

SK1 signaling both of which are associated with increased cellular survival and chemoresistance.
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Chapter 1

The DNA Damage Response: A Review



Abstract

Even though over half a century has passed since the DNA structure was discovered, our
understanding of the mechanisms responsible for preserving genome integrity and ultimately
ensuring faithful transmission of genetic material across generations is still incomplete. DNA is
constantly exposed to insults from environmental agents such as ultraviolet radiation as well as
endogenous insults that are generated during normal cellular metabolism; and therefore the cell
must have an effective and efficient process of sensing and repairing this damage in order to
preserve genomic integrity. The DNA damage response (DDR) is an intricate and highly
orchestrated signal transduction pathway that has evolved to sense DNA damage and initiate the
appropriate repair pathway in order resolve the damage in coordination with ongoing cellular
physiology. Numerous enzymes that chemically modify DNA to repair the lesion execute the
DDR. These repair tools must be precisely regulated as misuse or incorrect timing or
localization of DDR enzymes may result in genomic instability. Consequently eukaryotic cells
have developed strategies to recruit and activate the appropriate proteins in both space and time
according to the type and severity of the lesion. This chapter will provide an overview of the

DDR including DNA damage sensing, signaling, repair and the biological consequences.



1.1 Introduction

The survival of any organism is contingent upon the ability of that organism to deliver
intact and accurate genetic material to subsequent generations. The accurate transmission of
genetic material from one cell to its daughters is a complex process that must be achieved despite
constant insults of both environmental and endogenous agents on the DNA; therefore this
process requires not only accurate DNA replication and chromosome distribution but also an
ability to survive and repair spontaneous and induced DNA damage to minimize the number of

inheritable mutations, thus preserving the genome [1].

The preservation of genomic integrity is no small task. There are approximately 10"
cells in the human body that are subjected to tens of thousands to millions of DNA lesions per
day [2]. These genomic insults can arise form either endogenous sources such as the generation
of reactive oxygen species (ROS), a by-product of oxidative phosphorylation or exogenous
sources like exposure to chemicals or ultraviolet light (UV) [3]. Consequently, to deal with this
myriad of insults eukaryotes have evolved the DNA damage response (DDR). The DDR is an
intricate signal transduction pathway consisting of numerous proteins that sense DNA damage
and transduce this information to effector proteins which then go on to mediate an appropriate
response to the damage within the cell [1]. Although the proteins involved and the response
elicited differ according to DNA lesions, they usually occur by a common general program

(Scheme 1).

Genomic instability is a hallmark of cancer [4]. Given the importance of the DDR in
genome preservation it is now widely accepted that the DDR acts as an “anti-cancer barrier.”
Breaches of this barrier in the form of mutational or epigenetic inactivation of DDR components
may allow for malignant progression and indeed there is a high frequency of DDR defects in

human cancers [5].

This chapter will provide an overview of DNA damage repair mechanisms and signaling

networks and also provide background on the intimate relationship between the DDR and cancer.

1.2. DNA Damage Repair Mechanisms



There are a variety of DNA damage repair mechanisms that are initiated according to
specific DNA lesions and collectively are capable of protecting cells against most genomic
injuries. In mammals, cells mostly encounter DNA damage in the form of bulky adducts, base
mismatch, insertions or deletions, DNA single strand breaks (SSBs) or double strand breaks
(DSBs). A brief description of the proteins involved in DNA damage sensing and the main
pathways employed to repair SSBs and DSBs is outlined below.

1.2.1. Base Excision Repair

Most subtle changes to DNA such as small base adducts and SSBs that do not strongly
disturb the DNA double-helix are repaired through a series of reactions collectively termed base
excision repair (BER) [6]. BER is initiated by lesion-specific DNA glycosylases, which
specifically recognize and excise damaged or inappropriate bases from the DNA backbone,
resulting in the formation of an abasic (AP) site. The AP site is then cleaved by the action of
AP-endonucleases resulting in a SSB that can then be processed by short-patch BER where a
single nucleotide is replaced or long-patch BER where 2-10 new nucleotides are synthesized [7,

8]
1.2.2. Nucleotide Excision Repair

Nucleotide excision repair (NER) is responsible for the removal of numerous single-
strand lesions including those caused by UV light resulting in bulky adducts that distort the DNA
helical structure [9]. NER is a complex and multi-step process that is characterized by two
different modes of DNA damage detection and is therefore often divided into two subclasses:
transcription-coupled NER (TC-NER) and global genome NER (GG-NER). TC-NER detects
and repairs transcriptional-stalling lesions, allowing for rapid resumption of transcription [10,
11], while GG-NER detects lesions anywhere in the genome not just as part of a blocked
transcription process but because the lesion disrupts base pairing and distorts the DNA helix
[11]. Although these processes detect lesions via distinct mechanisms, they repair the damage
in a similar way, sharing the same process for lesion incision, repair and ligation. In short, upon
recognition of the lesion a bi-directional helicase opens up the damaged DNA segment

encompassing approximately 30 nucleotides [12]. The unwound DNA is stabilized by the DNA-
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binding proteins XPA and RPA (Replication Protein A) [13]. In addition to stabilizing the
unwound DNA, XPA and RPA are also responsible for orienting the two structure-specific
endonucleases XPG and ERCC1-XPF which incise the damaged strand 3 and 5 with respect to
the lesion, leaving the undamaged single-stranded DNA (ssDNA) [13-15]. DNA polymerase and
other DNA replication proteins such as PCNA and RPA bind to and use this undamaged ssDNA
as a template to synthesize a short complimentary sequence [16]. In the final step the gap is

sealed by DNA ligase I or III, depending on the proliferation status of the cell [17].

1.2.3. DNA Double Strand Break Repair (DSBR)

DNA damage caused by ionizing radiation or from replication fork collapse for example
result in DSBs, in which both strands of the DNA double helix are severed. This type of lesion
is especially hazardous to the cell because they are difficult to repair as the cell cannot rely on
copying the genetic information from the undamaged strand and therefore can lead to loss or

rearrangement of genomic sequences.

The cell employs two principal mechanisms for repair of DSBs that are determined by the
phase of the cell cycle: homologous recombination (HR) and non-homologous end joining
(NHEJ). HR is a conservative process that restores the original DNA sequence to the site of
damage and as it name implies requires a homologous sister chromatid. HR acts exclusively in
the S- and G2-phase of the cell cycle and is usually initiated as a result of replication fork
collapse [18]. HR is always initiated by the binding of the MRE11-RAD50-NBS1 (MRN)
complex to a DSB. The function of the MRN complex is to hold the lesion together and provide
the structural bases for the CtIP nuclease [19]. The MRN-CtIP complex in coordination
exonuclease I (EXOI) catalyzes DNA end resection at the 5° end of the DNA break [20, 21].
The newly created single-strand region is coated by RPA and exchanged into a RADS51 nucleo-
protein filament. The 3’ end of this filament then goes on to invade the homologous sister

chromatid which is then used as a template for the synthesis of new DNA at the DSB site [22].

On the other hand NHEJ can occur throughout the cell cycle and in post-mitotic cells and
does not require a homologous template as break ends are directly ligated [23]. During NHEJ

DSBs are recognized by the Ku70/Ku80 hetero-dimer that binds the DNA and subsequently
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activates the protein kinase DNA-PKcs. Activation of DNA-PKcs leads to the recruitment of the
MRN complex that is involved in DNA end-processing followed by ligation of the two ends by
the XRCC4/LigaselV complex [24-26]. NHEJ is inherently mutagenic as DNA end-processing

can cause deletions or mutations of DNA sequences at or around the DSB site.

1.3. DNA Damage Signaling

The detection of DNA damage (outlined above) is linked to a highly orchestrated
signaling cascade that consists of transducers that relay a signal normally via phosphorylation
events to effector proteins that elicit an appropriate biological response according to the type and
severity of the DNA damage detected. To ensure completion of lesion removal before
replication or cell division the cell cycle can be arrested at the G1/S transition, within the S-
phase or at the G2/M transition depending on the nature of the injury and the phase of the cell
cycle in which the lesion was detected [27]. Alternatively, if the DNA damage is too severe or
many lesions are sensed, apoptosis can be triggered in order to rid the body of potentially

harmful cells [28].

1.3.1 Proximal Transducers

The two related serine/threonine protein kinases ATM (ataxia telangiectasia mutated)
and ATR (ataxia telangiectasia mutated and Rad3-related protein) are central components of the
DDR [29]. Both proteins are recruited to and activated by sites of DNA damage and
subsequently phosphorylate several key proteins that then act to initiate DNA damage

checkpoints resulting in cell cycle arrest, DNA repair or apoptosis [30].

ATM, which is normally found within the cell as inactive dimers, is recruited to and
activated by DSBs. More specifically the MRN complex at DSBs directly activates ATM via an
interaction with the NBS1 subunit and subsequently a functional MRN complex is required for
ATM activation [31, 32].  Once activated ATM can then go on to phosphorylate a number of
downstream targets including other transducers of the DDR as well as DDR effectors. ATM-
mediated phosphorylation may enhance or repress the activity of the target protein [33].
Interestingly, ATM deficiency (lost or inactive) leads to the genomic instability disorder ataxia-
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telangiectasia that is characterized by neurodegeneration, radiation sensitivity, and cancer

predisposition [34].

On the other hand, ATR is activated in response to persistent RPA-coated ssDNA that is
common at stalled replication forks and also as an intermediate in NER and HR. ATR works in
concert with a partner protein ATRIP (ATR interacting protein) which also recognizes RPA-
coated ssDNA. Once activated ATR like ATM then phosphorylates downstream targets to
modulate their activity [35]. Interestingly, ATR knockout mice are embryonic lethal and thus far
there are no mutations in ATR associated with any human disease suggesting that ATR has a

constitutive function during the normal cell cycle [36, 37].

1.3.2. Distal Transducers

Although ATM and ATR can directly phosphorylate effectors of the DDR to elicit a
biological response, they also phosphorylate and activate other transducers, allowing for
enhancement or redirection of the ATM-ATR response. Of these distal transducers, the cell
cycle proteins CHK1 (checkpoint kinase 1) and CHK2 (checkpoint kinase 2) are the best
characterized. CHKI1 and CHK2 are serine/threonine kinases that although are unrelated

structurally do have some overlapping substrate specificity [38].

Although CHK1 has a physiological role, monitoring DNA replication during normal cell
cycles, it also becomes activated in response to DNA damage. Upon recognition of ssDNA
breaks, ATR activates and regulates CHK1 via phosphorylation events at conserved residues
Ser-317, Ser-345 and to a lesser extent Ser-366. There is also an auto-phosphorylation site
present at Ser-296 that becomes phosphorylated after ATR phosphorylation [39]. Owing to the
role CHK1 plays in normal cell homeostasis, CHK1 is essential for mammalian development and

viability as CHK 1 knock-out mice are embryonic lethal [40, 41]

Unlike CHK1, under normal conditions CHK2 is present in the nucleus in an inactive
monomeric form. In response to DNA damage (mostly DSBs), CHK2 becomes phosphorylated
by ATM on residue T68 as well as other residues at the N-terminus, a region rich in serine-
glutamine and threonine-glutamine pairs that are known motifs of ATM and ATR [42].
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Interestingly, several mutations have been identified within CHK?2 that result in decreased DNA

repair ability and subsequently predisposition to cancer [43, 44].

Once activated by DNA damage, CHK1 and CHK2 phosphorylate effector proteins that
are responsible for the execution of DDR functions such as cell cycle arrest to allow for DNA
damage repair or apoptosis. Although these two kinases have considerable overlap of substrate
specificities, they do not seem to play redundant roles within the cell as CHK2 cannot
compensate for loss of CHK1 which is embryonic lethal in mice. Also of note, although in the
past ATR was thought to exclusively phosphorylate CHK1 and ATM exclusively CHK2,
recently considerable crosstalk among these kinases has been described exemplified by ATM

phosphorylation and activation of CHK1 in response to ionizing radiation [45, 46].

1.3.3. Effectors

In the final arm of the DDR, upstream signals from transducers converge on downstream
effectors that are responsible for executing an appropriate biological response. Of all the
effectors identified thus far, the tumor suppressor p53 appears to be the central regulator of the
cell’s response to DNA damage. Consequently p53 is commonly referred to as the “guardian of
the genome” [47]. P53 is a transcription factor that directly activates (or sometimes represses)
the expression of a plethora of genes involved in cell cycle arrest, DNA damage repair and
apoptosis through binding of specific p53-binding motifs within the target gene [48]. In fact
over 4,000 genes have been identified that contain at least one p53 consensus binding sequence

within their regulatory region [49].

In unstressed cells p53 is maintained at very low levels as a consequence of its rate of
degradation rather than by translation from mRNA. P53 degradation is mediated by ubiquitin
ligases, of which MDM2 (mouse double minute 2) is the best studied. MDM?2 is an E3 ubiquitin
ligase that directly ubiquitinates p53 and targets it for proteosomal degradation [50]. The
mechanism of p53 stabilization and activation is complex but in all cases involves a series of
post-translational modifications of which phosphorylation dominates. Phosphorylation of p53 by
DDR transducers, ATM, ATR, CHK1 and CHK2 on different residues results in p53

stabilization mainly by disrupting the interaction between p53 and MDM2 [51, 52].
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For the most part, the first effect of p5S3 expression in mammalian cells is on the cell

IWAFUCIPI, an inhibitor of the

cycle. P53 can directly bind and stimulate the expression of p2
cyclin-dependent kinases (CDKs). CDKs are responsible for ensuring smooth progression
through the cell cycle and therefore are tightly regulated. = When activated, CDKs form
complexes with a family of regulator proteins called cyclins [53]. In response to DNA damage
and following induction by p53, p21V*""“™" binds to and inhibits the activity of these complexes
including, cylcin-CDK2, -CDK1 and -CDK4/6 to halt cell cycle progression at the G1-to-S and
G2-to-M transitions [47]. Interestingly, p21-deficient cells have a defect in p53-induced cell
cycle arrest, suggesting that P53 induction of p21 is a critical target and effector of p53-
mediated cell cycle arrest [54, 55]. P53 can also induce the expression of the proteins 14-3-3c

and GADDA4S5, both of which promote G2/M checkpoint arrest via interactions with the Cyclin
B1-CDKI1 complex.

In addition to cell cycle responsibilities, the role of p53 in apoptosis has been intensely
studied both in vitro and in vivo and was firmly established by a group of studies demonstrating
that thymocytes, pre-B cells, mature B and T cells and intestinal stem cells from p53 knockout
mice are resistant to death induced by a number of different DNA damaging agents [56-59].
Importantly, p53 regulates genes in both the extrinsic (death receptor) and intrinsic
(mitochondrial) cell death pathways. Activation of the extrinsic cell death pathway is initiated
by binding of death ligands to death receptors at the cell membrane and is tightly regulated by
both death inhibitors and the compositions and levels of proteins within the cell at the cell
membrane. P53 directly activates two pro-apoptotic members of the tumor necrosis factor
receptor (TNFR) superfamily, Fas/Apol and Killer/DRS that are then involved in the activation
of the extrinsic death pathway that ultimately leads to caspase activation and cell death [60, 61].
Caspases are the main executioners of apoptosis and are a family of highly conserved cysteine-
dependent aspartate-specific proteases that can proteolytically degrade a number of intracellular
proteins to carry out cell death [62]. In addition, the intrinsic cell death pathway, initiated by
mitochondrial dysfunctions appears to be vital for p53-dependent apoptosis. Of the p53-
inducible proteins involved in induction of intrinsic apoptosis, Bax a pro-apoptotic member of
the Bcl-2 family is one of the best characterized. Following p53 induction, Bax binds to the anti-

apoptotic Bcl-2 family members, Bcl-2 and Bel-X), promoting a shift from survival to apoptosis
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[63, 64]. P53 also modulates the levels of other members of the Bcl-2 family including the two
pro-apoptotic proteins PUMA (p53 upregulated modulator of apoptosis) and Noxa. PUMA is a
BH-3-only member of the Bcl-2 family that initiates cell death via interactions with both Bcl-2
and Bcl-X;. Depletion of PUMA by siRNA attenuates p53-mediated apoptotic response; and
therefore PUMA appears to be a major effector of p53-induced apoptosis [65, 66]. Another BH-
3-only member of the pro-apoptotic Bcl-2 family, Noxa is also induced by p53 and interacts with
pro-survival Bcl-2 family members to initiate mitochondrial permeability changes [67].
Similarly, p53-induction of the protein pS3AIP1 (p53-regulated apoptosis-inducing factor) at the

mitochondria initiates mitochondrial membrane dysfunction leading to apoptosis [68].

P53 is also involved in the regulation of the family of proteases, caspases via direct and
indirect mechanisms. For example, p53 regulates the expression of PIDD (p53-induced protein
with a death domain) in response to DNA damage. PIDD can then go on to activate Caspase 2
through formation of the Caspase 2 activation platform, the PIDDosome [69, 70]. Similarly, the
apoptotic protease activating factor 1 (Apaf-1) is a target of p53 and together with cyotochrome ¢
and caspase-9 forms a ternary complex, the apoptosome which acts to process caspase-9 and in
turn activates caspase-3 leading to cell death [71, 72]. P53 can also directly induce the

expression of the executioner caspase, caspase-6 [73].

Although p53 is the main effector of the DDR, there are other important effector proteins.
For instance, CHK1 and CHK2 can phosphorylate the protein phosphatase Cdc25 and protein
kinase Weel. Phosphorylation of Cdc25 promotes its proteosomal degradation, leading to
inhibition of the CDK-cyclin complexes and cell cycle arrest [40]. Similarly, phosphorylation of
Weel inhibits CDK1 activity, resulting in cell cycle arrest at the G2 phase [74].

1.4. Targeting the DDR for Cancer Therapy

As highlighted throughout this chapter, many human cancers harbor defects in DDR
proteins leading to genomic stability. In addition, during tumorigenesis cancer cells frequently
acquire defects in certain DNA damage repair pathways and subsequently rely on a
compensatory mechanism to survive. For instance, cancers cells with mutations in p53 can no

longer rely on p53 to function in promoting cell cycle arrest; therefore these cells become
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dependent on other cell cycle arrest mechanisms such as CHK1 phosphorylation of CDC25 [75].
A cancer cell’s ability to arrest the cell cycle and repair damaged DNA in response to
chemotherapeutics is essential for its survival and results in decreased efficacy of cancer
treatments; therefore targeting the “back-up” mechanism, especially in mutant p53 cancers cells
has the potential to kill the cancer cells but spare their normal counterparts when in combination

with DNA damage.

Indeed many small molecule inhibitors (SMI) have been developed to target several
different DDR proteins. Pharmacological inhibition of the upstream transducers ATM and ATR
has proven therapeutically beneficial. For instance, the ATP-competitive SMI of ATM, KU-
60019 (AstraZeneca) was shown to radio-sensitize glioma cells [76]. Similarly, the ATR
inhibitor VE-821 (Vertex Pharmaceuticals) was demonstrated to chemo- and radio-sensitize

pancreatic cells in preclinical studies [77, 78].

Downstream of ATM and ATR are the two distal DDR transducers CHK1 and CHK2,
that have proven to be viable targets and currently there are many SMIs of these two kinases in
both preclinical and clinical stages as a combination therapy for many different human cancers
[79, 80]. One of the first SMIs, UCN-01 is a staurosporine derivative isolated from a
Streptomyces strain [81]. UCN-01 is a protein kinase antagonist that displays cytotoxic effects
and was only later shown to be a potent inhibitor of CHKI1 through ATP-binding pocket
interactions [82, 83]. Six phase II clinical trials have been completed using UCN-01 either as a
single agent or in combination with other drugs in patients with different types of advanced
cancers. Consequently, a number of novel CHK1 inhibitors have been developed including
GDC-0425 (Genentech), MK-8776 (Merck), LY-2606368 (Eli Lilly) and AZD-7762
(AstraZeneca) that have entered Phase I and II clinical trials either as single agents or in

combination with several different chemotherapeutics [84-87].

Recently, the tyrosine kinase inhibitor, MK-1775, was discovered through a chemical
library screen and was found to inhibit the DDR effector Weel kinase [88]. Currently, MK-1775
is in Phase II clinical trial in combination with carboplatin to treat patients with p53-mutated

epithelial ovarian cancer.
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In summary, pharmacological inhibition of proteins that execute checkpoint activation
shows great promise as a viable therapy that could eventually be used as chemo- or radio-
sensitizers as well as monotherapeutic agents in cancer treatment. Nevertheless, many of the
SMIs developed thus far lack specificity and display off-target effects; therefore the safety,
tolerability and efficacy of these drugs used alone and in combination has to be further

investigated. Also the need for the development of more potent and specific inhibitors is critical.
1.5. An Emerging DDR Pathway: CHK1-Suppressed Pathway

Recently, the use of CHKI1 inhibitors to sensitize mutant p53 cancer cells to DNA
damage has been an intense area of research. Currently many CHK1 inhibitors are being tested in
both the preclinical and clinical stages in combination with several chemotherapeutics to treat
mutant p53 triple negative breast cancers (TNBCs) and mutant p53 ovarian cancers, just to name
a few [75, 89-92]. Defects in p53 function render cells dependent on CHK1 to activate cell cycle
checkpoints in response to DNA damage; therefore inhibition of CHK1 in combination with
DNA damage abrogates checkpoint surveillance leading to “mitotic catastrophe” a form of cell
death effecting p53-deficient cells while sparing pS53-proficient cells that still have intact
checkpoints [75]. Mitotic catastrophe results from a combination of deficient cell cycle
checkpoints and cellular damage. Failure to arrest the cell cycle at or before mitosis results in an
attempt of abnormal chromosome segregation, which in turn leads to the death of the cell via

mitotic catastrophe [93].

Recently, in an attempt to identify p53-independent DDR pathways, p53 mutant zebrafish
lines were used for a whole organism-based modifier genetic screen. The goal of this study was
to identify DDR kinases whose lose could potentiate radio-sensitivity to mutant p53 zebrafish.
Interestingly, it was demonstrated that radiation-induced apoptosis could be restored by depletion
or inhibition of CHKI through a Caspase 2-dependent apoptotic pathway. This novel cell death
pathway was conserved in human cancer cell lines and was subsequently termed the “CHKI-
Suppressed” (CS) pathway [94] and is depicted in Scheme 2. The caspase 2 activation platform
the PIDDosome was found to be required for the CS-pathway. The PIDDosome is comprised of
three proteins, PIDD (p53-induced death domain protein) and RAIDD (RIP associated Ich-

I/CED homologous protein with death domain) that interact through Death Domains (DD)
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existing in both proteins and Caspase 2 which is recruited to RAIDD via the caspase recruitment
domain (CARD) present in both. Briefly, it was found that ATM phosphorylates PIDD on
threonine 78 upon DNA damage only in the absence of CHK1. This phosphorylation is required
for PIDD interaction with RAIDD and subsequent caspase 2 activation. Importantly,
characterization of the CS-pathway provides evidence of a novel apoptotic pathway in addition
to mitotic catastrophe that is activated upon CHKI1 inhibition. Identifying the mechanisms
behind CHKI inhibitor sensitivity is essential for the advancement of CHKI1 inhibitor therapy.
For instance, characterization of effectors of the CS-pathway (ie. Substrates of Caspase 2) could
led to the identification of new therapeutic targets that could restore sensitivity to mutant p53

cancer cells.
1.6. Conclusion

Although much progress has been made towards understanding the DDR, much remains
to be learned about this complex and important signal transduction pathway. A major challenge
is to understand in more detail how DDR proteins are regulated and conversely the biological
implications when these proteins are deregulated, such as in cancer. As the concept of
personalized medicine emerges, tumor-specific defects of DDR proteins constitute a promising

therapeutic avenue to be exploited for the selective elimination of cancer cells.

13



Chapter 2

Sphingolipids and the DNA Damage Response
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Abstract

Recently, sphingolipid metabolizing enzymes have emerged as important targets of many
chemotherapeutics and DNA damaging agents and therefore play significant roles in mediating
the physiological response of the cell to DNA damage. In this chapter we will highlight points of
connection between the DNA damage response (DDR) and sphingolipid metabolism; specifically
how certain sphingolipid enzymes are regulated in response to DNA damage and how the

bioactive lipids produced by these enzymes affect cell fate.
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2.1 Introduction

It is becoming increasingly evident in the literature that sphingolipid metabolizing enzymes
are important targets of many chemotherapeutics and DNA damaging agents and therefore play
significant roles in mediating the physiological response of the cell to DNA damage.
Sphingolipid metabolites, including ceramide, sphingosine, and sphingosine 1-phosphate (S1P),
are established bioactive lipids that play essential roles in cell growth, survival, and death [95,
96]. It is well established that many cancer treatments often result in the generation of ceramide,
which has been implicated in mediating the cell death response [97]; conversely a common
survival strategy employed by cancer cells is the generation of the pro-survival lipid S1P formed
by phosphorylating sphingosine, the product of ceramide hydrolysis [98]. As the sphingolipid
metabolites mentioned above can elicit both pro-survival and pro-apoptotic effects within the cell
in response to DNA damage depending on which metabolite is formed, the regulation of the
enzymes that produce these bioactive lipids is of great importance to cell fate and is the focus of
this review. Here, we provide background about DNA damage response (DDR) and
sphingolipid metabolism and discuss the currently known points of connection between the two,

along with the therapeutic potential of targeting certain key sphingolipid metabolizing enzymes.

2.2 Overview of Sphingolipid Enzymes and Metabolism

As major constituents of cellular membranes, sphingolipids (SLs) were once thought to play
merely structural roles within the cell, but are now well characterized as being bioactive
signaling molecules that are important mediators of numerous biological processes including cell
growth and survival as well as cellular senescence and death [99]. Ceramide (Cer), is considered
the “hub” of SL metabolism and can be generated via three different pathways. De novo
synthesis of Cer begins with condensation of serine and palmitoyl-CoA catalyzed by the enzyme
serine palmitoyl transferase, forming 3-keto-dihydorsphingosine.  Following subsequent
reduction and acylation reactions, dihydroceramide is produced and undergoes a final
desaturation reaction catalyzed by dihydroceramide desaturase to form Cer. Cer can also be
generated as a result of the catabolism of more complex SLs such as sphingomyelin (SM),

through the action of a family of enzymes termed the sphingomyelinases (Smase). This group of
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enzymes catalyzes the hydrolysis of the phosphocholine headgroup of sphingomyelin to form
Cer and free phosphocholine. Lastly, Cer can be generated via the salvage pathway where a
family of enzymes known as the ceramide synthases (CerS) catalyze the N-acylation of fatty
acids of differing chains lengths at the C2 position of the 18-carbon amino alcohol sphingosine
(Sph) resulting in the formation of Cer. Once generated Cer can undergo further catabolism to
produce Sph by a group of enzymes, the ceramidases (Cdases). Following the generation of Sph,
phosphorylation of this molecule by the sphingosine kinases (SKs) can occur to produce
sphingosine-1-phosphate (S1P) [99]. An illustration outlining this set of reactions with inducers
and biological outcome is outlined in Scheme 3. The sphingolipid metabolic network is a
complex and interconnected set of reactions that generates abundant bioactive molecules
therefore the regulation of the enzymes in this complex signaling pathway must be tightly

regulated.

2.3. The Generation of Ceramide

There are two major sources of ceramide generation: sphingomyelin hydrolysis by
sphingomyelinases, and de novo ceramide synthesis by ceramide synthases. The following
section addresses the families of enzymes responsible for these ceramide-generating processes,

and how they relate to the cellular DNA damage response.
Sphingomyelinases

The sphingomyelinases (Smases) are a family of phosphodiesterases that catalyze the
hydrolysis of sphingomyelin to ceramide and phosphorylcholine. The Smases are classified into
three groups dependent on their optimum pH for activity: neutral sphingomyelinases (nSMases),
acid sphingomyelinases (ASMases) and alkaline sphingomyelinases (alk-Smases). Each Smase

occupies a distinct niche in terms of cellular localization and physiological function.
Neutral sphingomyelinase

Neutral Smases are so-called because they exhibit a neutral optimum pH. There are
currently four identified human nSMases: nSMase 1, nSMase 2, nSMase3, and MA-nSMase
(mitochondrial associated-nSMase), encoded by genes SMPD2-5 respectively. nSMase?2 is by far
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the best characterized of the nSMases. nSMase?2 is localized to the inner leaflet of the plasma
membrane, which is thought to be the major site for sphingomyelin hydrolysis [100-102].
nSMase?2 is also localized to a lesser extent to the Golgi, and recycling between the two sites has
been shown to be important for the regulation of its enzymatic activity [101]. nSMase2 activity
and localization are dependent on binding of Mg®" ions and the anionic phospholipid
phosphatidylserine (PS) [103, 104]. nSMase2 has been implicated with a wide variety of
biological functions and pathologies, including bone mineralization and skeletal development,
lung disease, tumorigenesis, and the inflammatory response [105-109]. Of particular interest in
this discussion is the role of nSMase2 activation in driving apoptosis as part of the DDR; this

will be addressed in detail in the following section.
2.3.1.2. Acid sphingomyelinase

ASMase, encoded by gene SMPD], is characterized by its activity at an acidic optimum
pH [110]. It is a soluble, highly disulfide-bonded structure, which is either localized to the
lysosome or secreted [111]. ASMase was identified to be lacking in patients suffering from
Niemann-Pick’s disease (NPD) [112], a lysosomal storage disease in which sphingomyelin
accumulates in the lysosome. Of particular interest with respect to the DDR, cells from NPD
patients are resistant to apoptosis induced by ionizing radiation [113]. Hence the study of cells
and tissues derived from NPD patients has greatly assisted in our current understanding of the
roles and functions of ASMase in the DDR. Endothelial secretion of ASMase and increased
ASMase activity plays a role in the early stages of atherosclerosis, diabetes, and chronic heart
failure [114-116]. ASMase activity has also been linked to depression, dementia, and cancer,

amongst other [117, 118]
2.3.1.3. Alkaline sphingomyelinase

Alk-Smases are the least-studied of all Smases. They are almost exclusively expressed in
intestinal mucosa and liver tissue [119] and appear to function in the digestion of dietary
sphingomyelin [120] . Alk-Smases are structurally unrelated to other Smases; in fact, they are

classified as part of the family of nucleotide pyrophosphate/phosphodiesterases (NPPs) [121]

2.3.2. Ceramide Synthases
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Ceramide synthases (CerS) catalyze the de novo synthesis of ceramide through the
condensation of a sphingoid base and a fatty acyl-coA [122]. There are six human CerS proteins,
CerS1-6, which differ in their defined utilization of acyl-chain lengths, such that each CerS
preferentially generates a specific subset of ceramide chain-lengths [123, 124]. CerS are small,
multi-pass transmembrane proteins located in the ER membrane [125, 126]. CerS6 has been
predicted to possess five transmembrane domains, with a luminal N-terminus and cytosolic C-
terminus [123]. The other CerS proteins are predicted to display similar topology due to their
homology. CerS proteins have repeatedly been proven to play a significant role in the induction

of apoptosis through the DDR (described in detail later in this review).
(AO...... 5RO Ceramide in the DDR

Ceramide was first linked to the cellular apoptotic mechanism in the early 1990s, when
several studies identified ceramide elevation and sphingomyelinase activation as key mediators
in the apoptotic response to TNFa, Fas and ionizing radiation [127-130]. It is becoming
increasingly clear that the mechanism of this ceramide-mediated apoptotic response is, at least in
part, due to the ability of ceramide to trigger or hijack the cellular DNA damage response. In a
similar fashion, ceramide is also able to induce cell cycle arrest through DDR elements. The
following discussion presents our current understanding of the network surrounding ceramide as

a secondary messenger, mediating the DDR to result in apoptosis or cell cycle arrest.
2.4.1. Sphingomyelin catabolism versus ceramide synthesis

Initially there was debate as to the source of ceramide elevation in the DDR: Smase
activity or CerS activity. Membrane preparations devoid of nuclei exhibit ceramide elevation in
response to ionizing radiation, via a rapid activation of nSMases [128]. nSMases were also
implicated in ceramide elevation in leukemia cell lines in response to the chemotherapeutic drug
daunorubicin [131]. In this study, two sphingomyelin hydrolysis cycles were observed, causing
an increase in ceramide production. These cycles were accompanied by nSMase activation and
were unaffected by treatment with CerS inhibitor fumonisin (FB1). ASMase has also been
implicated in the ceramide-mediated apoptotic mechanism. Lymphoblasts from patients suffering

from Nieman-Pick’s disease (NPD) do not experience an elevation in ceramide production in
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response to irradiation, and are subsequently unable to undergo apoptosis [132]. This effect is
surmounted by retroviral insertion of human ASMase cDNA, indicating that ASMase is

responsible for ceramide accumulation leading to apoptosis.

Bose et al., [133] first proposed the alternative CerS-mediated mechanism for induction
of apoptosis. Treatment of human and mouse leukemia cell lines with daunorubicin causes
ceramide elevation due to activation of ceramide synthesis by ceramide synthases. Pre-
incubation of cells with FB1 ablated this ceramide elevation and the apoptotic response,
confirming the role of CerS in this mechanism. CerS was also reported to be activated in

response to irradiation of endothelial cell lines, generating ceramide and inducing apoptosis

[134].

These differences in observations were reconciled when ceramide generation was shown
to be biphasic in nature in human lymphoblasts; ASMase activity causes a peak in ceramide
within minutes following irradiation, whereas CerS activity increases ceramide levels several
hours later [113]. The initial peak in ceramide is modest and transient, occurring with a
corresponding decrease in sphingomyelin and an observed increase in ASMase activity. The later
ceramide elevation is a more substantial increase occurring 8-24 hours post-irradiation. It is
accompanied by an increase in CerS activity and is inhibited by pre-treatment with FBI.
Interestingly, the second phase of ceramide elevation was observed to be dependent on the first,
since it is absent in irradiated NPD lymphoblasts despite a normal increase in CerS activity. This
implies that some product of sphingomyelin hydrolysis by ASMase is required for the second
phase of ceramide generation. This split mode of ceramide generation appears to be
characteristic of ceramide signaling in the DDR, and further study is needed to elucidate and
thoroughly understand the differential activities of Smases and CerS and their downstream

effects in the DDR.

Whilst overall CerS inhibition is known to protect cells from apoptosis, there are
evidently some specific effects mediated by individual CerS proteins in the DDR.
Overexpression of different CerS proteins in HEK-293 cells rendered them susceptible to
different chemotherapeutic agents: CerS1 overexpression sensitizes cells to cisplatin,

carboplatin, doxorubicin and vincristine; CerS5 overexpression sensitizes cells only to

20



doxorubicin and vincristine; whereas overexpression of CerS4 sensitizes cells to none of the
above [135]. Whilst the general role of CerS in apoptosis makes them of interest as targets for
chemotherapeutics or radiation sensitization, the observed differential signaling of different CerS
proteins offers promise for more specific therapeutic targeting. However, there is currently little
understanding about the differential actions of CerS proteins, and this is one area that requires

further work before therapeutic intervention can be pursued.
2.4.2. Ceramide and p53

Dbaibo et al., [136] probed the involvement of p53 in ceramide-mediated induction of
apoptosis, based on similarities in biological functions of p53 and ceramide. Actinomycin D and
irradiation were used to induce apoptosis in Molt4 lymphocyte leukemia cells. Ceramide
accumulation was observed to be p53-dependent, since p53 upregulation precedes ceramide

elevation, and E6-mediated inhibition of p53 prevents accumulation of ceramide.

P53 is characteristically activated by ATM in the DNA damage response. A-T (ataxia-
telangiectasia) cells possessing mutant ATM do not undergo apoptosis in response to irradiation,
consistent with evidence that ceramide accumulation is p53-dependent. The first ASMase-
dependent phase of ceramide elevation is observed as normal in A-T cells, whereas the second
phase is absent and CerS activity is reduced [113]. These results indicate that the ASMase-
mediated ceramide peak is ATM-independent, whereas CerS activation for the second phase is

mediated by ATM and possibly, by extrapolation, p53.

Topoisomerase II inhibitor etoposide causes apoptosis in human glioma cells in a p53-
dependent manner. Activation of p53 and subsequent apoptosis were shown to be accompanied
by an elevation in ceramide and activation of nSMase2, but not ASMase [137]. This is
consistent with previous reports of DNA damaging agents, such as daunorubicin, causing
ceramide-mediated apoptosis through activation of nSMase2 [131]. However, it is now
interesting that evidence is building for a model in which CerS and nSMase2 activation in the
DDR are mediated by p53 and ATM, whereas activation of ASMase is not. There is also

evidence that nSMase3 serves a distinct purpose in the DDR compared to other Smases. DNA
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damaging agent Adriamycin has been shown to down-regulate expression of nSMase3 in human

colon cancer cells, and it appears that this down-regulation is mediated by activated p53 [138].
2.4.3. Ceramide, caspase 3 and PARP

The role of caspase-3 and PARP in ceramide-mediated apoptosis is controversial and
complex. Ceramide has been identified as a necessary mediator required for caspase-3 activation
in response to irradiation. Inhibition of caspase-3 does not affect ceramide levels, indicating that
ceramide elevation is upstream from caspase-3 activation in the DDR. Cleavage of PARP and
activation of capsase-3 is entirely absent in NPD lymphoblasts or wild-type lymphoblasts pre-
treated with FB1, indicating their requirement for ceramide generation[113]. Ceramide elevation
was also observed to precede capsase-3 activation and PARP cleavage in a human lung

adenocarcinoma cell line [139].

Human leukemia cells treated with the inducer of apoptosis sodium nitroprusside (SNP)
demonstrate nSMase2 activation, ceramide generation, and downstream apoptosis. Caspase
inhibition is seen to block nSMase2 activation, preventing apoptosis [140]. Furthermore,
purified, recombinant caspase-3 was observed to increase activity of nSMase2 in a cell-free
system. Studies focusing on late-stage CerS-mediated ceramide accumulation in UV-induced
apoptosis also indicate that there is a pool of ceramide downstream from caspase activation
[141]. In this study, caspase inhibition was seen to block UV-induced apoptosis. Although total
cellular ceramide levels were unaffected by caspase inhibition, medium long-chain ceramide
species were seen to be reduced. Whilst this observation implicates medium long chain ceramide
with a role in UV-induced apoptosis downstream from caspase activation, it also more broadly
implicates specific chain-length ceramide species with particular roles within the DDR. Taken
altogether, the literature indicates a possible feed-forward network between caspase-3 and
ceramide (possibly distinguishing between different chain lengths at different levels of the

DDR), driving towards apoptosis in the DDR.

There is also evidence of a caspase-independent ceramide-mediated apoptotic mechanism
in the DDR. Fas-resistant Hodgkin’s disease-derived cells showed no activation of caspase-3 or

cleavage of PARP in response to increased ceramide. Inhibition of caspase-1 or caspase-3, or
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treatment with a pan-caspase inhibitor did not prevent ceramide-induced apoptosis, indicating an

alternative mechanism in this instance [142].
2.4.4. Ceramide and cell cycle arrest

The role of ceramide in the cell cycle arrest pathways of the DDR is less well characterized
and in need of further study for a thorough grasp on its complexities. It is well-known that DNA
damage results in cell cycle arrest through a number of complex mechanisms [143]. Evidence is
gradually emerging that poses ceramide as a key mediator in this DDR pathway. Ceramide
elevation results in cell cycle arrest at the GO/G1 phase. This effect is abrogated in the absence of
retinoblastoma protein (Rb) in MOLT4 cells, indicating that Rb acts as a mediator in ceramide-
induced cell cycle arrest [144, 145]. Ceramide accumulation has also been shown to cause cell
cycle arrest at the G2 phase, through induction of p21 [146]. ATM and p53 are established as
mediators of cell cycle arrest in the DDR [147]. Since ceramide elevation has been shown to be a
consequence of ATM and p53 activation (see previous section), it may be that ceramide acts a

downstream effector for ATM/p53, at least in some instances.

NPD lymphoblasts experience normal induction of p53 and p21 — changes in which are
important for induction of cell cycle arrest. Hence, irradiation-induced cell cycle arrest is not
dependent on ASMase activity [113], making it likely that this response is mediated either by
CerS or nSMase2. Specific studies are needed to establish explicitly the dependence of DDR-

induced cell cycle arrest on CerS and nSMase2 activity.

The mechanism of ceramide-induced cell cycle arrest is distinct from the apoptotic pathway,
although both occupy branches of the DDR. Whereas ceramide-mediated apoptosis can be
blocked by regulator of cell death bcl-2 [139], cell cycle arrest resulting from ceramide-induced
Rb activation is not bcl-2 dependent [146, 148]. Overall, multiple modes of action within the
DNA damage response have been identified for ceramide, sometimes with interdependent cross
talk between them. The future of ceramide research in DDR will undoubtedly elucidate the
complex network therein, particularly with respect to specificities in target and pathway

switching.

(AO...... 5RO The Catabolism of Ceramide
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The conversion of Cer to Sph serves as an important step in sphingolipid metabolism.
Cer can be acted upon by a group of enzymes called Ceramidases (Cdases) whose action cleaves
the fatty acid from Cer to produce Sph, an 18-carbon amino alcohol. Importantly once produced
Sph then serves as a substrate to produce the pro-survival sphingolipid S1P; therefore the

catabolism of Cer can alter the balance of pro-death to pro-survival sphingolipids.
2.5.1 Ceramidases

Ceramidases (Cdases) comprise a heterogeneous family of enzymes that function to
catalyze the deacylation of ceramide, thereby releasing a free fatty acid of differing chain length
depending on the ceramide species to form the 18-carbon amino alcohol sphingosine. Cdases are
currently classified into three categories (acid, neutral and alkaline) based on their optimal pH
and primary structure. To date, five human Cdases encoded by five distinct genes have been
cloned, including acid ceramidase (AC), alkaline ceramidase (for which there are three alkaline
ceramidase (ACER1), alkaline ceramidase 2 (ACER2), and alkaline ceramidase 3 (ACER3)),
and neutral ceramidase (NC). Below we will discuss acid and neutral ceramidase, how they are
regulated in response to DNA damage, and the role they play in the DDR through mediating

ceramides and sphingosine.
2.5.1.1. Acid Ceramidase

Acid ceramidase (AC), a member of the N-terminal nucleophile (Ntn) hydrolase
superfamily, is a lysosomal enzyme encoded by the ASAHI gene. During maturation, AC
undergoes cysteine-dependent auto-proteolysis of a 50kDa polypeptide forming the mature
heterodimeric enzyme that consists of two subunits, a (13kDa) and B (40kDa). This maturation
process is accelerated at acidic pH, presumably to prevent premature maturation before entering
the lysosomal compartment [149, 150]. In addition to a preference for acidic pH (~5), AC also
shows increased activity towards medium and long chain ceramides (C12 and C14) over short
and very long chain ceramides, and also prefers unsaturated over saturated ceramides as

substrates [151].

The physiological importance of AC is highlighted by the role it plays in the lysosomal
storage disorder Farber’s disease, which is characterized by a mutation in the AC gene leading to
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a deficiency in its activity and subsequent accumulation of lysosomal ceramide [152]. This
disease thus provides a powerful tool to investigate AC and consequently many researchers have
used different cell types from patients with Farber’s Disease in order to elucidate the role AC
plays in a number of biological processes, including the DDR. For example, both lymphocytes
and fibroblasts from Farber’s Disease patients were shown to be equally as sensitive to a number
of stress stimuli and DNA damaging agents, demonstrating similar caspase activation compared

to normal control cells. [153] [154].

In contrast, numerous studies have provided strong evidence that manipulations of AC,
both genetically and pharmacologically, can have significant effects on cell fate in response to
DNA damage. Several studies have demonstrated that AC is upregulated in approximately 60%
of primary prostate cancer tissues [155, 156]. In order to investigate the biological consequence
of this overexpression, Saad et. al. generated human prostate cancer cells stably overexpressing
AC and found that these cells were resistant to cell death induced by doxorubicin, cisplatin,

etoposide, gemcitabine or C6-ceramide. Conversely, these AC-overexpressing cells could be

sensitized to these DNA damaging agents following knock down of AC using siRNA [157]. In
addition, Hara et. al. reported that AC protein expression in human U-87 glioblastoma cells was
increased in a p53-dependent manner in response to y-radiation and that inhibition of AC activity
resulted in significant accumulation of ceramide and increased apoptosis in response to -
radiation [158] . Similarly, an elegant study by Cheng ef. al demonstrated in prostate cancer
cells ceramide production in response to radiation therapy, resulted in c-Jun/activator protein 1
mediated upregulation of AC at the mRNA level with subsequent increases in protein and
enzyme activity level. This study identified a novel feedback system in cancer cells, where DNA
damage-induced ceramide accumulation leads to induction of AC ultimately to reverse the
proapoptotic effects of this ceramide accumulation. They subsequently demonstrated that
interference with AC induction and activity resulted in significant ceramide accumulation and
radiosensitization of cancer cells [159]. These observations, along with several other studies
reviewed more extensively by Mao et. al. [160], suggest that the regulation of AC by DNA

damaging agents can greatly impact cell fate.

2.5.1.2. Neutral Ceramidase
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Neutral ceramidase (NC), encoded by the ASAH?2 gene, is synthesized as a type II integral
membrane protein via the secretory pathway. The N-terminal cleavage of NC produces a soluble
protein that can peripherally associate with the outer leaflet of the plasma membrane. NC also
contains mucin box domains, allowing for a high level of O-glycosylation that is necessary for its
association with the plasma membrane [161]. NC is most active at neutral pH, as its name would

suggest, and prefers long chain ceramides to medium chain as substrates [162].

NC is expressed in diverse cellular locations. In particular the enzyme has been shown at
very high levels in the intestinal epithelium and consequently its role in the digestion of dietary
sphingolipids has been intensely studied. In vivo studies in the ASAH2-/- mice revealed that
these mice were deficient in the ability to degrade dietary ceramides, although no other obvious
abnormalities or major alterations in total ceramide levels in tissues were observed. As ceramide
is a constituent in the diet of animals including humans, the enzymatic activity of NC in the
intestines represents a homeostatic mechanism for maintaining cellular integrity and
physiological function by preventing the inadvertent initiation of apoptosis by dietary ceramides
[163, 164].

Although a role of NC in intestinal tissues and digestion, is emerging, how this enzyme is
regulated by the DDR is still under investigation. To this end, Wu et. al. demonstrated that
treatment of polyoma middle T transformed murine endothelial cells with the chemotherapeutic
agent Gemcitabine (GMZ) resulted in a selective reduction in NC protein level and enzyme
activity, concomitant with increased levels of very long chain ceramides. The authors went on
to show that GMZ treatment resulted in cell cycle arrest at the GO/G1 phase accompanied by
dephosphorylation of the retinoblastoma protein (Rb) and that these effects of GMZ on cell cycle
arrest and ceramide accumulation could be recapitulated by siRNA knockdown of NC [165].
Another study by Huwiler et. al. established a role for NC in apoptosis of rat renal mesangial
cells in response to nitric oxide (NO). In this study the authors demonstrate that chronic
exposure of renal mesangial cells to compounds releasing NO resulted in a decrease in
ceramidase activity concomitant with increased sphingomyelinase activity, and significant

increases in ceramide [166]. This group went on to demonstrate that NO induces NC
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degradation through the ubiquitin/proteasome complex, and that this proteasomal degradation is

inhibited by direct phosphorylation of NC by protein kinase C (PKC) [167, 168].

Many more studies are needed in order to fully elucidate the role of NC in the DDR, as is the
case with the alkaline ceramidases as there are currently no studies published on this topic. As
the activity of these enzymes is responsible for the catabolism of ceramide, a key mediator of
cell death, understanding how these enzymes are regulated in response to DNA damage is of
great importance and could have significant implications in the identification of novel

therapeutic targets.
2.6. The Generation and breakdown of Sphingosine 1-Phosphate

The generation of S1P has many consequences for the cell. First, S1P is considered a pro-
survival lipid that can increase cell proliferation, angiogenesis and inflammation among other
things. Second, the breakdown of S1P by the action of the enzyme S1P lyase constitutes the

only exit point of sphingolipid metabolism within the cell.
2.6.1. Sphingosine 1-Phosphate and the DDR

S1P is a potent bioactive lipid that plays roles in cell proliferation, angiogenesis and
inflammation in addition to other functions [99] [169] [170]. SI1P provokes these responses in
cells by either acting directly on intracellular targets or through activation of a family of S1P-
specific G-protein coupled receptors, S1P receptors 1-5 [171]. There are several enzymes
responsible for the synthesis and breakdown of S1P and many studies have shown that in
response to DNA damage these enzymes are differentially regulated in order to control SIP

levels. The regulation of these enzymes by the DDR will be discussed in detail below.
2.6.2. Sphingosine Kinases

The Sphingosine kinases, consisting of Sphingosine kinase 1 (SK1) and 2 (SK2) are a
group of lipid kinases that utilize ATP to catalyze the phosphorylation of the C-1 hydroxy group
of free sphingosine, producing the bioactive lipid product Sphingosine 1-Phosphate (S1P). The
action of these two enzymes constitutes the only means for the production of SIP in the cell and
therefore SK’s hold a crucial position in sphingolipid metabolism: regulating the balance of pro-
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survival and pro-apoptotic signaling lipids [172, 173]. Subsequently, alterations in these
enzymes’ activity in response to different stimuli, specifically in the context of DNA damage,

could have major implications on cell fate.

2.6.2.1. Sphingosine Kinase 1

SK1, the best characterized of the two SK isoforms, is predominantly a cytosolic enzyme
that is known to translocate to the plasma membrane in response to activation of protein kinase C
(PKC) and/or phospholipase D (PLD) or upon phosphorylation by ERK, move into the nucleus
and even get secreted from endothelial cells [174-178]. Many studies have shown that
overexpression of SKI1 occurs in many cancers and this overexpression correlates with
advancement of disease progression, resistance to chemotherapeutic drugs and an overall poor

prognosis [179-182].

Over the past decade, the regulation of SK1 in response to DNA damage has been
intensely studied, and the mechanisms of its regulation downstream of the DDR are now being
elucidated. Work by Taha et. al. established a connection between the tumor suppressor p53 and
SK1, whereby treatment of Molt-4 leukemia cells with a number of chemotherapeutics,
including actinomycin D (act D), doxorubicin, etoposide, and y-radiation resulted in a reduction
in SK1 protein levels while mRNA levels remain unchanged, and that this reduction of SK1
protein was concomitant with p53 accumulation. This work also established that p53 was
required for SK1 degradation through the use of a Molt-4 cell system expressing either the
retroviral empty vector LXSN or the vector into which the E6 gene of human papilloma virus
was inserted [183]. The E6 protein has been shown to target p53 to ubiquitination and
subsequent proteasomal degradation [136, 184]. Treatment of the vector control cells with act D
resulted in a significant decrease in SK1 protein level and an approximately 50% decrease in
enzymatic activity; in contrast, cells overexpressing E6 failed to show loss of SK1 protein or
activity in response to act D. To define further the mechanism behind p53-mediated SK1
degradation in response to act D a number of protease inhibitors were employed. Inhibition of

caspases 3, 6, 7, and 9 only partially reversed Act D-induced SK1 loss, whilst inhibition of
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cathepsin B, a lysosomal protease, produced a significant reversal of SKI1 decline by Act D

[183].

Similarly, work by Heffernan-Stroud ef. al. demonstrated that ultraviolet radiation
treatment of mouse embryonic fibroblasts (MEFs) wild type for p53 resulted in significant
decreases in SK1 protein and enzymatic activity, and that this decrease was abrogated in MEFs
null for p53. Moreover they showed that p53-mediated SK1 degradation could be rescued by
pretreating wild type MEFs with a caspase -2 inhibitor, suggesting that p53, through its
activation of caspase-2, negatively regulates SK1 in response to genotoxic stress [185]. To
further define SK1 as key downstream target of p53 tumor suppressor activity, in vivo studies
using p53 null mice were performed. These mice spontaneously develop thymic lymphoma and
showed elevated SK1 levels and activity as well as increased S1P levels and decreased ceramide
levels compared to wild type mice. Interestingly, deletion of SK1 in p53 null mice completely
abrogated the formation of thymic lymphomas and increased the life span of these mice by
approximately 30%. The double knockout mice also displayed significant increases in ceramide

and sphingosine concomitant with reduction in S1P levels [185].

These studies provide strong evidence that SK1 is a key downstream target of p53 in
response to DNA damage and the resulting loss of SK1 may be essential for p53-mediated
initiation of apoptosis or cell senescence [183, 185]. As p53 is most commonly mutated, not
completely lost in human cancers, with more than 50% of all human cancers harboring a
mutation in p53 [47, 186-188], it will be of great interest to investigate the regulation of SK1 in
response to DNA damage in the presence of mutant p53. To this end, our lab has begun to
investigate how SK1 is regulated in response to DNA damage in mutant p53 breast cancer cells.
These studies have revealed that MDA-MB-231 mutant p53 breast cancer cells do not activate
Caspase 2 and SKI1 proteolysis does not occur in response to doxorubicin treatment.
Interestingly, we found that inhibition of the cell cycle protein, Checkpoint Kinase 1 (CHK1) a
known inhibitor of Caspase 2 activation [94, 189], results in loss of SK1 protein that bypasses
p53 (unpublished). This work could have important clinical application as CHK1 inhibitors are

currently in clinical trial [87].
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It is worth noting at this point that p53 mediates ceramide levels through
activation/expression of Smases and CerS, as described previously in this review. In addition,
both in vitro and in vivo studies have demonstrated that loss of SK1 leads to decreases in cell and
tissue S1P levels and increases in ceramide levels, therefore loss of SK1 downstream of the DDR
is another mechanism to regulate ceramide levels in addition to regulation of CerS and Smase
[185]. Given the universally-acknowledged importance of p53 as a tumor suppressor protein, it
would be interesting to pursue and dissect the mechanisms by which p53 apparently connects the

DDR and sphingolipid pathways at multiple points.

2.6.2.2. Sphingosine Kinase 2

Although they are members of the same lipid kinase family, SK2 differs from SK1 in
many respects including sub-cellular localization, substrate specificity and biological function.
Unlike SK1, SK2 is found predominantly in the nucleus or perinuclear region of the cell and
displays broader substrate specificity with the ability to phosphorylate sphingosine as well as
phytosphingosine and dihydrosphingosine [190, 191]. Most surprisingly, SK2 and SK1 seem to
elicit opposing roles within the cell; while SK1 activity is well established to enhance survival
and prevent apoptosis in response to DNA damage [179-182], SK2 has been shown to augment

the apoptotic response and even induce apoptosis through its overexpression [192, 193].

To this effect, Sankala et. al. demonstrated that endogenous SK2 is important for p53-
independent induction of p21 expression in response to doxorubicin in MCF7 human breast
cancer cells. The authors showed that down-regulation of SK2 with siRNA resulted in decreased
basal and doxorubicin-induced p21 expression as well as decreased G,/M cell cycle arrest in
pS3-inactivated MCF7 cells [192]. Also of interest, increased SK2 localization to the
endoplasmic reticulum in response to serum starvation was shown to promote apoptosis
concomitant with increased cytosolic free calcium and transfer of calcium to the mitochondria in

NIH 3T3 fibroblasts [193].
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These studies are just beginning to unravel the function of SK2 in mediating cell fate in
response to stress and DNA damage and therefore more studies are needed to fully clarify the

role of SK2 in the DDR.
2.6.3. Sphingosine 1-Phosphate Phosphatases and Lyase

A cell has several modes of regulating S1P levels via the action of a number of enzymes.
First SIP can be dephosphorylated at the cell surface by a family of broad specificity lipid
phosphate phosphatases [194] or more specifically at the ER by a family of S1P specific
phosphatases, SPP1 and SPP2 [195-197]. The action of both of these families of phosphatases
on SIP generates its substrate sphingosine that can then serve as the backbone to produce
complex sphingolipids, ceramides or phosphorylated to reform S1P. Secondly, SIP can be
irreversibly broken down into hexadecenal and phosphoethanolamine by S1P lyase (S1PL) at the

ER and therefore this enzyme serves as the terminal enzyme of sphingolipid catabolism [198].

2.6.3.1. Sphingosine 1-Phosphate Phosphatases

As mentioned above, SPP1 and SPP2 are S1P and ER specific phosphatases that have
been shown to play a role in regulating the reintroduction of sphingoid bases into ceramide
species at the ER [199, 200]; more specifically overexpression of SPP1 has been shown to result
in an increase in ceramide accumulation suggesting that dephosphorylation of S1P is a rate
limiting step in the salvage pathway [195, 196, 200]. Interestingly, Johnson et al. found that
siRNA knockdown of SPP1 protects MCF7 breast cancer cells from daunorubicin-induced DNA
damage and cell death [201]. Also of interest, Oskouian et al. found by quantitative real-time
PCR that both SPP1 and SPP2 were significantly down-regulated in human colorectal cancer
tissue samples compared to normal adjacent tissue [202].

Although these studies do not elucidate how the enzymatic activity of SPPases are
regulated in response to DNA damage, one could imagine (as these enzymes can greatly effect
the levels of SIP and ceramide within the cell) that they are tightly regulated and more studies

are needed to reveal the mechanism of this regulation.
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2.6.3.2. Sphingosine 1-Phosphate Lyase

SPL holds a pivotal position in sphingolipid metabolism, as it is the terminal enzyme.
Due to the location of SPL at the ER membrane, with its catalytic site facing the cytosolic
surface of the ER, it has access to cytosolically produced S1P and all sphingoid phosphate bases
must reach the ER for their final degradation by SPL [198].

An interesting study by Oskouian and colleagues, found that increased SPL expression
and activity in response to the topoisomerase II inhibitor etoposide or by overexpression of the
enzyme promotes apoptosis, as shown by increased caspase-3 activity, annexin-V binding, poly-
ADP-ribose (PARP) cleavage and nuclear condensation in several human cell lines. The authors
then went on to determine that SPL promotes apoptosis in response to DNA damage through a
pathway involving p53 and the protease Caspase 2, as chemical inhibition of p53 transcription
activity and caspase 2 activity by pifithrin- a and Z-VDVAD-FMK respectively resulted in
abrogation of SPL-mediated apoptosis [202]. This study begins to characterize SPL as a

mediator in the physiological response to DNA damage.

2.7. Conclusion

To date, there have been identified a number of points at which sphingolipid
metabolizing enzymes affect and are affected by the DNA damage response pathway
(summarized in Table 1). These findings position sphingolipids with a potentially prominent role
in the overall mechanism by which cells elicit the appropriate response to DNA damaging
agents. Further study within this field will undoubtedly shed more light on the complexities of
connections between sphingolipid metabolism and the DNA damage response, thus opening up

new avenues for therapeutic manipulation and clinical intervention.
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Chapter 3

Role for the CHKI-Suppressed Pathway in Regulating Inflammatory

Responses in p53-Defecient Cells
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Abstract

The DNA damage response (DDR) is a complex and interconnected signaling network
that dictates whether a cell repairs itself and survives or is damaged beyond repair and
eliminated; therefore the proteins in this network must be tightly regulated in order to ensure
genomic integrity. Conversely, mutational or epigenetic inactivation of DDR components leads
to genomic instability, a hallmark of cancer. Indeed there is a high frequency of DDR defects in
human cancers of which mutations in the DDR effector and tumor suppressor protein p53 are the
best characterized and occur in greater than 50% of all human cancers. Interestingly, a novel
DDR pathway has emerged termed the CHKI1-Suppressed (CS) pathway that is activated by
inhibition or loss of the cell cycle kinase CHK1, leading to an apoptotic response to DNA
damage in the presence of mutant p53 that is mediated by the protease Caspase 2. Although the
functions of the CS-pathway have been probed through pharmacological inhibition and siRNA
knockdown it is unclear whether and how CHK1 inhibition can be regulated endogenously. Our
data characterize the first endogenous activation of the CS —pathway; whereby upon DNA
damage wild type p53 acts an endogenous regulator of CHK1 levels that modulates Caspase 2
activation and ultimately controls cell fate. Moreover, my data demonstrate that CHK1 levels
persist in response to DNA damage in mutant p53 cancer cells, leading to CHK1-mediated
activation of the pro-survival transcription factor NF-kB and induction of a pro-inflammatory
response that is abrogated by loss or inhibition of CHK1. These data constitute a novel role for
CHKI1 in response to DNA damage outside of the cell cycle in regulating inflammation.
Moreover these data have important clinical applications as many CHK inhibitors are in clinical
trials and my data provide evidence that targeting CHK1 in mutant p5S3-mediated cancers may

abrogate NF-«kB signaling that is associated with increased cellular survival and chemoresistance.
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3.1. Introduction

P53 in its wild type form plays a role in preserving genomic integrity upon cellular stress
through regulating cell cycle progression, DNA damage repair, and apoptosis [47]. Given the
high frequency of p53 alterations in human cancers and the ability of these cells to evade
apoptosis that can lead to therapeutic resistance, elucidating p53-independent DNA damage
response (DDR) pathways that could overcome this resistance has been an intense area of
research [94, 203-205]. Recently a novel apoptotic pathway has emerged termed the “CHKI-
Suppressed” (CS) pathway [94, 189]. CHKI is a serine/threonine kinase and an effector of the
DDR that, once activated, acts to halt progression through the cell cycle by phosphorylating
downstream targets [206]. Importantly, during the CS-pathway, loss or inhibition of CHK1 in the
context of mutant p53 circumvents p53 status to promote a Caspase 2 apoptotic response to DNA
damage [94, 189].

Caspase 2 is a poorly defined but evolutionarily conserved member of the caspase family.
It is activated by proximity-induced oligomerization via recruitment to a high molecular weight
platform termed the PIDDosome. The PIDDosome is comprised of three proteins, PIDD (p53-
induced death domain protein) and RAIDD (RIP associated Ich-1/CED homologous protein with
death domain) that interact through Death Domains (DD) existing in both proteins and Caspase 2
which is recruited to RAIDD via the caspase recruitment domain (CARD) present in both. Once
assembled, Caspase 2 then undergoes trans-cleavage producing the fully active enzyme [70].
Interestingly, in addition to activating Caspase 2, PIDD can also activate NF-«xB in response to
DNA damage forming a separate PIDDosome complex that lacks RAIDD and Caspase 2 but
contains RIPK1 and NEMO (NF-«B essential modulator)/IKKy [207]. Unlike Caspase 2, NF-xB
is a transcription factor whose activity is known to induce pro-survival genes in addition to a
number of chemokines and cytokines [208]; therefore, PIDD can elicit either pro-survival or pro-

death signals according to its protein interactions [209].

The DDR is a complex and interconnected signaling network that dictates whether a cell
repairs itself and survives or is damaged beyond repair and eliminated; therefore the proteins in

this network must be tightly regulated. Consequently, the relationship between CHK1 and p53,
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both important proteins in the DDR, is complex. CHKI1 can phosphorylate p53, which is
important for p53 stabilization in response to DNA damage [210] while, on the other hand, p53
has been shown to induce CHK1 down regulation although the functional significance has not
been determined [211, 212]. Elevated CHKI1 levels have been shown in numerous cancers
including p53 mutant cancers [74]. Moreover, high CHK1 expression positively correlates with
tumor grade and disease recurrence and has been associated with therapeutic resistance [74, 75,
213, 214]. The presence of two different PIDDosome complexes whose assembly may be
differentially regulated by CHK1 levels and potentially p53 only adds to the complexity and
importance of deciphering this signaling pathway as CHK1 has been identified as an inhibitor of
Caspase 2 PIDDosome formation, but its effect on NF-xB activation is unknown and could be of
great clinical significance. Given the importance of these pathways on cell fate and the
intricacies and interconnectivity of the signaling network, this study aims to investigate the role
p53 plays in the CS-pathway and identify the effects of perturbations of this pathway on Caspase
2 and NF-«B signaling that may ultimately decide cell fate and response to chemotherapy.

3.2. Material and Methods

3.2.1. Materials

Lipofectamine® RNAiMAX, Annexin-V and Propidium lodide were purchased from
Life Technologies (Grand Island, NY). X-tremeGENE 9 DNA Transfection Reagent was
purchased from Roche Diagnostics (Indianapolis, IN). iTAQ and SYBR® Green master mix
master mix was purchased from Bio-Rad (Hercules, CA). CHKI1/2 inhibitor AZD7762
purchased from Selleckchem (Houston, TX). pcDNA3.1-WTp53 plasmids kindly provided by
Dr. Ute Moll (Stony Brook University). pcDNA3.1-R280Kp53 generated by Janet Allopenna
(Stony Brook University).

3.2.2. Cell Culture

MCEF7 cells were purchased from ATCC and cultured in RPMI 1640 medium with 10%
fetal bovine serum (FBS) both from Life Technologies (Grand Island, NY). MDA-MB-231 and
HCT116 p53+/+ and HCT116 p53-/- were purchased from ATCC and cultured in Dulbecco’s

modified Eagle’s medium (DMEM) with 10% FBS both both from Life Technologies (Grand
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Island, NY). Humanized mutant p53 knock-in (HUPKI) mouse embryonic fibroblasts (MEFs)
harboring either the R248Q or G245S hotspot mutations and wild type MEFs were a kind gift
from Dr. Ute Moll (Stony Brook University) and cultured in DMEM with 10% FBS.

3.2.3. RNA isolation, quantitative RT-PCR and RT? Profiler™ PCR Array

RNA extraction and cDNA synthesis were performed using PureLink® RNA Mini Kit
and SuperScript III First-Strand Synthesis kit (Life technologies) respectively and according to
the manufacturer’s. The cDNA was then diluted (1:15) in RNAse-free water, and 5 pl was used
in a total reaction volume of 20 pl. Each 20-pl real-time PCR contained a ratio of 10:1:4 (iTaq:
Tagman probe (20X): nuclease-free water). PCR was carried out using the Applied Biosystems
7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The following
Tagman probes (life technologies) were used: human BMP4 (ID: Hs03676628 sl), human
CHKI (ID: Hs00967506 ml), human /L6 (ID: Hs00985639 ml), human /L8 (ID:
Hs00174103 m1), human CXCL! (ID: Hs00236937 ml), CXCLI0 (ID: Hs01124251 gl), TGF-
B (ID: Hs00820148 gl), VEFGA (ID: Hs00900055 ml) and human pS-actin (ID:
Hs99999903 ml) that was used as a housekeeping gene. Cycle threshold (Ct) values were
obtained for each gene of interest and S-actin. ACt values were calculated and the relative gene
expression normalized to control samples was calculated from AA Ct values. RT? Profiler™
PCR human Cytokines & Chemokines array from Qiagen (Valencia, CA) was performed
according to the manufacturer’s. Data was then analyzed using the Excel-based data analysis
template provided by Qiagen. Data analysis is based on the AACt method with normalization of

the raw data to either housekeeping genes.

3.2.4. Western Blot Analysis

Cultured or transfected cells were washed with ice cold PBS and then directly lysed in
cold RIPA buffer containing 1 mM sodium orthovanadate, 2 mM PMSF, and protease inhibitor
cocktail (Santa Cruz Biotechnology). Cellular lysates were then clarified by centrifugation at
14,000 rpm for 10 min at 4°C; protein concentration was quantitated by BCA Protein Assay kit
from Thermo Scientific (Suwanee, GA). Equal amounts of protein (25 pg) were boiled in
Laemmli buffer (Boston Bio Product), and separated on SDS-PAGE (4-15%, Tris-HCI) using the

Bio-Rad Criterion system. Separated proteins were then transferred onto nitrocellulose
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membranes (Bio-rad) and blocked with 5% non-fat milk in PBS-0.1% Tween-20 (PBS-T) for at
1 hour at RT. Primary antibodies diluted 1:1000 or 1:20000 for B-actin were then added to
membranes and incubated at 4 °C overnight. Membranes were washed 3 times with PBS-T then
incubated with diluted 1:5000 HRP-conjugated secondary antibodies for 1 hour at room
temperature. Membranes were then incubated with Pierce ECL Western Blotting Substrate
(Pierce) and exposed to X-ray films that were then processed and scanned. Anti-total CHKI,
anti-Phospho(296)-CHK1, anti-Phospho(317)-CHK1, anti-Phospho(345)-CHK1, anti-p53, anti-
Caspase 2, anti-Phospho-ATM, anti-IKB-alpha, anti-B-actin, anti-GAPDH and anti-p21 were
from Cell Signaling Technology (Danvers, MA). RIPA lysis buffer system, HRP-labeled
secondary antibodies, anti-PIDD, anti-Arf6 and anti-PARP were from Santa Cruz Biotechnology
(Santa Cruz, CA).

3.2.5. Cell Cycle Analysis

3.2.6. Bimolecular Fluorescence Complementation

As described previously [215, 216]. The plasmids pBIFC-C2-CARD VC and pBIFC-C2-
CARD VN were kindly provided by Dr. Douglas Green (St. Jude’s Children Hospital). pDsRed-
Mito purchased from Clonetech (Mountain View, CA).

3.2.7. Measurement of Cytokine Levels in Media

The ELISA kit for human BMP4 and IL6 were obtained from R&D Systems
(Minneapolis, MN). Measurement of secreted cytokine in DMEM was done according to the
manufacturer’s protocol. Secreted protein levels were normalized to the total amount of cellular

protein determined by BCA assay.

3.2.8. Luciferase Assay
Transcriptional activity of NF-kB was measured using an NF-kB consensus sequence

upstream of the luciferase reporter gene (Stratagene). Briefly, cells were plated in 60-mm dishes
and co-transfected with NF-kB luciferase (1.5 pg) and constitutively expressing galactosidase
(0.5 pg) (Invitrogen) using Xtremegene 9 (Roche Applied Science) according to the
manufacturer’s protocol. After 8 hours of transfection, media was replaced for 1 h prior to
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incubation with inhibitors and stimulation with doxorubicin for 24 hours. For siRNA
experiments, cells were treated with AllStar or CHK1 siRNA for 48 h prior to transfection with
reporter constructs. Following stimulation, luciferase activity was assessed using the Luciferase
reporter kit (Stratagene) according to the manufacturer’s protocol. Galactosidase activity was
assayed using the High Sensitive B-galactosidase kit (Stratagene) according to the
manufacturer’s protocol. Measured luciferase activity (NF-kB-dependent) was normalized to

measured galactosidase activity (constitutive).

3.2.9. Microvesicle visualization and isolation

Live cell imaging analysis was performed on a Leica Laser-scanning confocal
microscopy. Briefly, MDA-MB-231 cells were grown on poly-D-lysine-coated 35-mm confocal
dishes (MatTek Corporation). The following day, meida was changed and the cells were treated
with 0.8uM Doxorubicin for 24hours. Thirty minutes prior to imaging, Annexin-V and
Propidium lodide were added to the media to label the membrane and nucleic acids of the

microvesicles, respectively.
3.2.10. Statistical Analysis

The data are represented as the means + S.E. Unpaired Student’s 7 test and two-way
ANOVA with Bonferroni post-test statistical analyses were performed using Prism/GraphPad

software.

3.3. Results
3.3.1. Wild type p53 is an endogenous regulator of the CS-Pathway.

Although the functions of the CS-pathway have been probed through pharmacological
inhibition and siRNA knockdown [94, 189], it is unclear whether and how CHK1 inhibition can
be regulated endogenously. Therefore we set out to determine whether wild type p53 plays a
role in the CS-pathway through regulation of CHK1. To this end, levels of p53 and CHK1 were
assessed as well as Caspase 2 processing in a time and dose dependent manner in response to
doxorubicin in MCF7 breast cancer cells that are wild type for p53. As shown in Figure 1A,

doxorubicin dose-dependently resulted in p53 accumulation, and this was accompanied by
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CHKI1 down regulation at the protein (Figure 1A) and message level (Figure 1B). This was
also accompanied by Caspase 2 processing. Next to determine the kinetics of p53 accumulation,
CHKI1 down regulation, and Caspase 2 activation, a time course assay was performed using
0.8uM doxorubicin, a dose in which CHKI1 levels were approximately 80% reduced at the
protein level and there was a significant reduction in pro-Caspase 2 (Figure 1A). Consistent
with the dose response, p5S3 accumulation was concomitant with a significant down regulation of
CHKI1 followed by Caspase 2 processing (Figure 1C). Caspase 2 activation was also observed
in approximately 60% of total cells at 24 hours, as measured by Bimolecular Fluorescence
Complementation (BIFC) (Figure 1D). Representative BIFC confocal images are shown in

Figure 1E.

Next, to determine whether the observed CHK1 down regulation was p53-mediated
siRNA was used to deplete p53 in order to access the effects on CHKI levels and Caspase 2
processing 24 hours after doxorubicin treatment. Indeed p53 knockdown not only rescued
CHKI1 down regulation but also restored levels of pro Caspase 2 (Figure 1F). To corroborate
these data, the p53 isogeneic colon cancer cell lines HCT-116 either wild type (+/+) or null (-/-)
for p53 were investigated. The HCT-116 p53+/+ cells showed down regulation of CHK1 and
Caspase 2 processing upon doxorubicin treatment that was abrogated in the HCT-116 p53-/-
cells, similar to p53 knockdown in MCF7 cells (Figure 1G).

Collectively, these data provide evidence that p53 is a regulator of the CS-pathway and
Caspase 2 activation at the level of CHKI.

3.3.2. The CS-Pathway can be activated in wild type p53 cells

Next to investigate whether abrogation of CHK1 signaling results in Caspase 2 activation
in wild type (WT) p53 cells, two different methods were employed: depletion of CHK1 by
siRNA (Figure 2A) and inhibition of CHK1/2 activity through the use of the ATP competitive
inhibitor AZD-7762 (Figure S1A) in combination with 0.4uM doxorubicin, a low dose where
CHKI1 levels remain detectable and Caspase 2 processing is minimal (Figure 1A). The results
showed that in the absence of CHK1 there was an approximately 50% reduction in pro-Caspase

2 upon doxorubicin treatment at 0.4uM concentration compared to doxorubicin alone (Figure
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2A). Similarly under the same conditions, inhibition of CHK1 activity resulted in a decrease in
pro-Caspase 2 (Figure S1A) as well as a 2-fold increase in the number of Venus-positive cells
with CHK1 inhibition in combination with 0.4uM doxorubicin compared to doxorubicin alone as
measured by BIFC microscopy (Figure S1B). Also of note, CHK1 knockdown resulted in the
abrogation of doxorubicin-induced G2/M arrest and a significant increase in the amount of
apoptotic cells (Figures 2B and C), suggesting that apoptosis can be achieved at a lower dose of

doxorubicin in combination with inhibition/loss of CHK1 in WT p53 cells.

Altogether these data suggest that the CS-pathway can be activated in wild type p53 cells

at low dos of doxorubicin to initiate cell death as opposed to cell cycle arrest.
3.3.3. P53 deficiency triggers deregulation of the CHK1-Caspase 2 pathway

It was recently demonstrated that targeting CHK1 is therapeutically beneficial in p53
deficient cells as well as in triple negative breast cancers (TNBC), which harbor alterations in
pS3 at a frequency of approximately 40% of cases [75, 92, 217]. Given the clinical relevance of
targeting CHK1 in p53-mediated cancers and my data that demonstrate that wild type p53
regulates CHK1 and the CS pathway, we set out to investigate whether p53 deficiency promotes
deregulation of the CHK 1-Caspase 2 pathway.

Therefore, it became important to investigate whether the CHK1-Caspase 2 pathway is
deregulated in the TNBC cell line MDA-MB-231 that also harbors a missense mutation R280K
in p53. In contrast to MCF7 cells, doxorubicin treatment did not result in down regulation of
CHK1 (Figure 3A). Next to determine whether Caspase 2 was activated in MDA-MB-231 cells
in response to doxorubicin BIFC microscopy was utilized. MDA-MB-231 cells showed no
significant increase in Caspase 2 dimerization after doxorubicin treatment from vehicle treated
cells (Figure 3B). Representative images are shown in Figure 3C. Similarly, a doxorubicin
dose response was also performed. Down regulation of CHK1 was not observed at any dose
tested at the protein (Figure 3D) or message (Figure 3E) level nor was there a decrease in pro-

Caspase 2 (Figure 3D).

Moreover, to determine whether deregulation of the CHK1-Caspase 2 pathway occurred
in other cell lines with p53 deficiency, humanized mutant p53 knock-in (HUPKI) mouse
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embryonic fibroblasts (MEFs) harboring the G245S hotspot mutation were treated with
doxorubicin. Similar to MCF7 cells, WT MEFs showed significant down regulation of CHK1
and processing of pro- Caspase 2 in response to doxorubicin that was abrogated in G245S MEFS
(Figure S2A).

Collectively these data establish that p53 deficiency results in sustained cellular CHK1
levels in response to genotoxic stress which acts to inhibit Caspase 2 activation whereas p53

sufficiency can launch the CS-caspase2 pathway at least upon induction of the DDR.

3.3.4. CHK1 levels regulate NF-kB signaling in pS53 deficient cells in response to

doxorubicin

As mentioned previously, two distinct PIDDosome signaling complexes have been
identified that exert opposing effects within the cell; one resulting in Caspase 2 activation and a
second that activates prosurvival NF-kB signaling. In light of the results from Figure 2,
demonstrating that p53 deficient cells display high levels of CHK1, which acts to inhibit Caspase
2 activation, we set out to determine whether NF-kB activity is induced in response to
doxorubicin via the alternate PIDDosome. To this end, experiments were performed to determine
whether doxorubicin induced degradation of IKB-a, an inhibitor of NF-kB translocation to the
nucleus and subsequently NF-kB activity in MDA-MB-231 cells. Indeed, upon doxorubicin
treatment of MDA-MB-231 cells, IKB-0 became almost undetectable, reduced at the protein
level by approximately 95%, while in MCF7 cells there was no significant reduction in IKB-a
levels (Figure 4A). Interestingly, PIDD auto-processing also differed between these two cells
lines. PIDD-C, the fragment associated with NF-kB activation was the predominant fragment in
MDA-MB-231 cells upon doxorubicin treatment, while the fragment associated with Caspase 2
activation, PIDD-CC, was the most abundant fragment in MCF7 cells after treatment with
doxorubicin (Figure 4A). Given the prosurvival signaling associated with NF-kB activity it was
important to determine whether CHK1 knockdown could abrogate IKB-a degradation and
therefore inhibit NF-kB activity. As shown in Figure 4B, loss of CHKI1 abolished IKB-a
degradation and induced Caspase 2 processing in MDA-MB-231 cells. To corroborate these data
in a functional manner, NF-kB promoter activity was measured. As shown in Figure 4C an

approximate 1.8-fold increase in NF-kB promoter activity was observed upon doxorubicin
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treatment that was brought back to baseline upon CHK1 knockdown in MDA-MB-231 cells.
Similar results were also observed in the HUPKI G245S MEFs using the CHK1/2 inhibitor
AZD7762. (Figure S3A). In accordance with the data from Figure 4A, no induction in NF-«xB
promoter activity was observed in MCF7 upon doxorubicin treatment (Figure S3B). Therefore,
these results suggest that loss or inhibition of CHK1 could abrogate doxorubicin-induced NF-xB

signaling in mutant p53 cells.

To determine the biological significance of doxorubicin-induced NF-«B signaling and the
effect of CHK1 knockdown, levels of chemokines and cytokines of which many are known
targets of NF-xB were evaluated by utilizing a quantitative PCR array. Of the 84 genes
examined, 81% of the genes were down regulated with 20% of these genes showing significant
down-regulation greater than 2-fold upon doxorubicin treatment of MDA-MB-231 cells in
combination with CHK1 knockdown compared to doxorubicin alone (Table 2). Moreover, real
time PCR analysis using independent primers of several genes found to be significantly down
regulated in the PCR array confirmed the array results. Loss of CHKI1 significantly reduced the
doxorubicin-mediated induction of the chemokines CXCL1, CXCL10, IL8 and the cytokines IL-
6 and BMP4 (a member of the TGF-B family) at the mRNA level (Figure 4D). Figure 4E
shows significant knock down of CHK1 at the message level. In order to confirm the changes in
mRNA after doxorubicin treatment was also reflected in secreted protein levels, an ELISA for
both BMP4 and IL6 was performed. Significant increases in secreted BMP4 protein was
observed at 36 hours after doxorubicin, increasing over time to an approximately 4-fold increase
at 48 hours (Figure 4F). Similarly, a 3-fold increase in secreted IL6 protein was observed at 24
hours post-doxorubicin treatment (Figure S3C). Next, to confirm CHK1 knockdown resulted in
a reduction in the amount of secreted BMP4 protein, a subsequent ELISA was performed.
Indeed, CHK1 knockdown in combination with doxorubicin treatment resulted in a significant
reduction in the amount of secreted BMP4 compared to doxorubicin treatment alone at 36 hours

(Figure 4G).

Taken together these results, define a novel role for CHK1 outside of its role in the cell
cycle in regulating the inflammatory response of p53-deficient cells to the chemotherapeutic
doxorubicin.
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3.3.5. Doxorubicin induces the shedding of tumor-derived microvesicles containing

inflammatory mediators

Communication between cells mainly involves the secretion of soluble proteins, such as
BMP4 and IL6 from Figure 3, that interact and elicit signaling responses through binding of
receptors on neighboring cells [218] but over the past decade, another form of cellular
communication via the release of membrane microvesicles has emerged [219, 220]. Research has
shown that tumor-derived microvesicles (TMVs) are shed from very invasive and aggressive
cancer cells such as MDA-MB-231 cells and these membrane-bound vesicles contain genetic
information that can be transferred to recipient cells and can therefore greatly effect the tumor
microenvironment [221, 222]. Interestingly during confocal experiments a number vesicles were
observed that increased in number upon doxorubicin treatment; therefore it became important to
determine whether MDA-MB-231 cells shed TMVs and whether these TMVs contain

inflammatory mediators in response to doxorubicin.

To this end confocal microscopy was used to investigate whether MDA-MB-231 shed
TMVs in response to doxorubicin treatment. Annexin-V was used to detect TMVs since the
membranes of these vesicles have been established to contain phosphatidylserine, and propidium
iodide was used to label nucleic acids within the TMVs. As shown in Figure SA, approximately
20% of vehicle treated cells were observed to shed TMVs while doxorubicin induced the
shedding of microvesicles in approximately 80% of the total number of cells counted. Figure
5B shows a confocal image of a cell treated with doxorubicin and the significant amount of shed
TMVs containing nucleic acids. A time-lapse video showing recruitment of TMVs to
surrounding cells is shown in Figure S4A. Next to examine the mRNA cargo inside these
vesicles, differential centrifugation was used to isolate TMVs found within the 50,000xg pellet
followed by RNA extraction and real-time PCR. Interestingly, the mRNA of a number of
chemokines and cytokines IL6 (Figure 5C), BMP4 (Figure 5D) and VEGF (Figure 5E) were
found to be significantly elevated in the TMVs from the doxorubicin treated cells compared to
vehicle. To ensure the population of microvesicles isolated was pure, a marker of tumor

microvesicles, Arf6 was utilized. Western blot analysis showed the presence of Arf6 exclusively
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in the 50,000xg pellet and enriched in the doxorubicin sample while it was absent in the

100,000xg pellet that should contain exosomes (Figure S4B).

All together these data establish that TMV shedding in MDA-MB-231 cells is
significantly increased in response to doxorubicin. Also, the TMVs similar to the cells contain
elevated levels of chemokines and cytokines that can not only affect the tumor
microenvironment, but also travel long distances to affect cells in distant sites, such as sites of

metastasis.

3.3.6. Loss of CHK1 alters the cargo of TMVs

Next the role of CHKI in regulating TMVs and/or their cargo was investigated. Initial
studies showed that CHK1 knockdown did not affect the number of microvesicles secreted (data
not shown). Next, real time PCR was performed on the 50,000xg pellet, and the results showed
that loss of CHK1 significantly reduced the doxorubicin-mediated induction of the chemokines
and cytokines IL6 (Figure 6A), VEGF (Figure 6B) and BMP4 (Figure 6C) in the isolated

TMVs compared to doxorubicin alone.

All in all these data establish that CHK1 can modulate the cargo of TMVs by regulating

the levels of inflammatory mediators within the cell.

3.4. Discussion

In conclusion, my data provide new insight into why wild type p53 has evolved to down
regulate CHK1 and also insight into the deleterious effects on this regulatory network when p53
is altered. This work identified the first physiological example of the CS-pathway and
established that WT p53 acts as an endogenous inhibitor of CHK1 upon DNA damage to activate
the CS-pathway. In p53-deficient cells, we demonstrate a novel role for CHKI1 in regulating
NF-kB activity and the production inflammatory chemokines and cytokines within the cell and
also within TMVs in response to genotoxic stress. The significance of these findings is
underscored by the fact that CHK1 has already been identified as an important pharmacological

target. Importantly thus far two possible mechanisms have been proposed to explain CHKI
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inhibitor sensitivity: increased oncogenic replicative stress and reduced DNA repair capabilities,
both of which are associated with CHK1’s role in the cell cycle. My work identifies a potential
novel mechanism for CHK1 inhibitor sensitivity, through regulation of the NF-kB pathway.

P53 mediates effects through the activation of many genes that regulate cell cycle
checkpoints, DNA damage and repair and apoptosis [223], although transcriptional independent
roles of p53 are emerging [224]. Interestingly, several reports have demonstrated p53-mediated
down-regulation of the cell cycle protein CHK1 [211, 212]. Although these studies only
speculate as to why p53 has evolved to down regulate CHK1, Lezina and collegues correlate
disruption of this regulatory pathway with poor prognosis and decreased survival of breast
cancer patients [212]. This study identifies a novel role of p53-mediated down regulation of

CHKI1 in activating the CS-pathway leading to Caspase 2 activation.

As p53 is mutated or deleted in over half of all human cancers [225], we set out to
determine whether alterations of p53 promote deregulation of the CHK1-Caspase 2 pathway.
We demonstrate that p53-deficiency promotes sustained CHKI1 levels in the presence of
genotoxic stress. In accordance, with previous studies [94, 189] we show that high CHK1 levels
inhibit the CS-pathway and Caspase 2 activation but in addition we also establish a novel
function for CHK1 in regulating NF-«xB activity and the production of inflammatory mediators in
pS3-deficient cells in response to doxorubicin. The role of CHKI1 in regulating cell cycle
progression is well established [226, 227] and the development of specific pharmacological
inhibitors of CHKI is an intense area of research as CHK1 inhibition has been shown to promote
death via “mitotic catastrophe” specifically in p53-deficient cells [75, 92]. The data reveal a
novel role of CHK1 outside of its cell cycle responsibilities, providing evidence that CHK1 is a
mediator of pro-survival NF-kB signaling and ultimately the production of inflammatory
mediators such as IL6, VEGF and BMP4 that can augment tumor progression and that have been
associated with angiogenesis and metastasis in breast cancer cells. Of note several recent studies
have shown that p53-deficiency promotes NF-kB signaling [228, 229]. Specifically, it was
demonstrated that mutant p53 via gain-of-function activity prolongs NF-kB activation and
promotes chronic inflammation and inflammation-associated colorectal cancer in vivo [228].
Moreover, Dalmases et al. established that p53 deficiency is necessary for doxorubicin induced
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transcriptional activation of NF-kB target genes associated with invasion in human breast cancer
and this was correlated with reduced disease free-survival of breast cancer patients [229]. In
light of these data, the authors hypothesize that targeting NF-kB in p53-deficient cancers that
respond to chemotherapeutics by activating NF-kB could be therapeutically beneficial. My work
in unraveling the mechanism that drives p53-deficient cells to activate NF-kB in response to
doxorubicin, provide evidence that inhibiting CHK1 in these cancers maybe a better alternative,

as targeting transcription factors has proven challenging [230].

Interestingly, we also found that doxorubicin treatment of MDA-MB-231 cells resulted in
a significant increase in the amount of shed TMVs and the enrichment of a number of
chemokines and cytokines inside these vesicles. TMVs are carriers of molecular information
that act as signaling platforms, diffusing into the extracellular space to target cells in the
microenvironment, modulate the interactions of tumor cells and also prime the formation of the
metastatic niche [219, 222]. The packaging of chemokines and cytokines inside TMVs provides
another means of cell-to-cell communication outside of conical secretory pathways that can
greatly influence the tumor microenvironment. = We found that although loss of CHK1 does not
affect the amount of vesicles shed, it does modulate the cargo within the vesicles, significantly
reducing the levels of a number of chemokines and cytokines compared to doxorubicin treatment

alone.

TMVs have recently gained attention as potential biomarkers as tumor cells release these
vesicles into body fluids such as urine, blood and saliva where they can then be isolated and
analyzed [219, 231]. Interestingly, the data 47phingolipi that TMVs become enriched with
chemokines and cytokines in response to doxorubicin in p53-deficient cells, mirroring what
occurs inside the cell. This is important because as mentioned previously, several studies have
shown poor therapeutic outcome in cancers that activate NF-kB in response to
chemotherapeutics [229, 232]. These data provide evidence that isolating TMVs from body
fluids may provide a rapid, noninvasive and economical way to monitor therapeutic efficacy
specifically in cancers where repeated biopsies are not feasible and allow for early modulation of

therapeutic regime.
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In conclusion, the results establish a novel benefit of CHKI1 inhibition, outside of
promoting “mitotic catastropohe,” in the inhibition of NF-kB signaling in response to genetoxic
stress in p53 deficient cells; thus providing more evidence in support of discovering new more
specific CHKI1 inhibitors. Although this work begins to establish CHKI1 as a critical
downstream target of p53 tumor suppressor activity and to unravel the multiple signaling
contexts outside of the cell cycle that are effected by CHK1 inhibition further studies are needed
to fully elucidate this signaling network and are essential for successful therapeutic development

of CHK1 inhibitors.
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Chapter 4

Caspase 2 is Required for Sphingosine Kinase 1 Proteolysis
in Response to Doxorubicin in Breast Cancer Cells:

Implications to the CHK1-Suppressed Pathway
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Abstract

Sphingosine Kinase 1 (SK1) is a lipid kinase whose activity produces the potent bioactive
lipid sphingosine 1-phosphate. Sphingosine 1-phosphate is a pro-survival lipid associated with
proliferation, angiogenesis and invasion; subsequently SK1 overexpression has been observed in
numerous cancers. Recent studies have demonstrated SK1 proteolysis downstream of the tumor
suppressor p53 in response to several DNA damaging agents. Moreover, loss of SK1 in p53
knockout mice resulted in complete protection from thymic lymphoma providing evidence that
regulation of SK1 constitutes a major tumor suppresser function of p53. Given this profound
phenotype, this study aims to investigate the mechanism by which wild type p53 regulates
proteolysis of SK1 by doxorubicin in breast cancer cells. We find that pS3-mediated activation
of Caspase 2 was required for SK1 proteolysis and that Caspase 2 activity significantly alters the
levels of endogenous sphingolipids. As p53 is mutated in 50% of all cancers, we extended the
studies to investigate whether SK1 is deregulated in the context of triple negative breast cancer
cells (TNBC) harboring a mutation in p53. Indeed Caspase 2 was not activated in these cells and
SK1 was not degraded. Moreover, Caspase 2 activation was recently shown to be downstream
of the CHK1-Suppressed pathway in mutant p53 cells, whereby inhibition of the cell cycle
kinase CHK1 leads to Caspase 2 activation and apoptosis. Indeed knock-down and inhibition of
CHKI1 led to loss of SK1 in p53 mutant TNBC cells, providing evidence that SK1 maybe the
first identified effector of the CHK1-Suppressed pathway.
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4.1. Introduction

Bioactive sphingolipids are recognized as important signaling molecules that play
significant roles in a diverse array of biological processes from cell death and senescence to cell
survival and proliferation [99, 233]. Sphingolipid metabolism is a multifaceted and
interconnected network consisting of many enzymes that are responsible for coordinating the
production of bioactive lipids that at times may elicit very opposing effects within the cell;

therefore the activity of the enzymes in this network must be tightly regulated.

Sphingosine Kinase 1 (SK1) is an important sphingolipid enzyme that is involved in
maintaining the balance between the pro-survival lipid and product of its kinase activity,
sphingosine 1-phosphate (S1P), and the upstream pro-apoptotic sphingolipid metabolites,
ceramide and sphingosine; therefore alterations in SK1 activity could have critical impact on cell
fate. In line with this, previous work from our laboratory showed that SK1 mRNA and protein
levels are significantly increased in numerous types of human cancers [179, 234]. Subsequent
complimentary work from several other labs has demonstrated that deregulation of the SK1/S1P
pathway plays a role in carcinogenesis and promoting cancer cell viability as well as
chemotherapeutic resistance [235-239]. In addition there is an emerging body of literature
implicating SK1 as a critical downstream target of the tumor suppressor p53 in response to DNA
damage. Previous work from our laboratory showed that actinomycin D (Act-D) induces SK1
degradation in Molt-4 T-Cell leukemia cells, and this degradation is rescued in Molt-4 cells
overexpressing the papilloma virus E6 protein, which targets p53 to degradation, suggesting SK1
proteolysis is p53-mediated. This work also showed that pretreatment of Molt-4 cells with the
pan-caspase inhibitor Z-VAD rescued SK1 degradation in response to Act-D suggesting that
SK1 proteolysis is Caspase mediated [183]. Building on this work, Heffernan-Stroud et al.
showed that UVC-induced SK1 proteolysis in WT mouse embryonic fibroblast (MEFs) is
abrogated in p53 null MEFs (p53-/-) [185]. This led to the hypothesis that SK1 could be
deregulated (i.e does not get proteolyzed) in p53 null tissues. Indeed in that study it was also
demonstrated that SK1 was overexpressed and more active in the thymus of p53 null mice.
Moreover, deletion of SK1 in p53 null mice completely abrogated thymic lymphomas in the
double knockout mice and prolonged life span by approximately 30% compared to p53-/- mice

with SK1 [185].
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The above data provide strong evidence, identifying SK1 as an important downstream
target of the tumor promoting activity in null p53 mice, although many questions still remain as
to the exact mechanism of SK1 proteolysis in cancer cells in response to DNA damage, and
whether this pathway is perturbed in mutant p53 cells. As a corollary, what are the biologic

implications to loss of SK1 in mutant p53 cancers?

Although there are hints in the literature that SK1 proteolysis in response to DNA
damage maybe caspase-mediated [183, 185], these studies utilized caspase inhibitors that lack
the specificity to monitor the activity of a specific caspase as the common peptide sequences
used have been demonstrated to inhibit many members of the Caspase family [240]. Moreover,
p53 activity is well documented to be involved in the activation of a number of caspases [241,
242]; nevertheless, a strong connection between p53 and the poorly studied Caspase 2 is
emerging via its activation platform, the PIDDosome [70]. The PIDDosome consists of three
proteins, PIDD (p53-induced death domain protein) that interacts with RAIDD (RIP associated
Ich-1/CED homologous protein with death domain) via their Death Domains (DD) and Caspase
2 which is recruited to RAIDD via the caspase recruitment domain (CARD) present in both
proteins. Once assembled, full-length Caspase 2 can then undergo auto-proteolytic cleavage

producing the fully active enzyme [70].

To date only sixteen substrates of Caspase 2 have been identified [243], whose
physiological functions range from vesicular trafficking and translation initiation to cell cycle
regulation and apoptosis. In addition Caspase 2-/- mice are viable, fertile and show now overt
phenotype further confounding efforts to define a physiological function for Caspase 2 [244,
245].  Interestingly, a novel Caspase 2 dependent apoptotic pathway termed the CHKI-
Suppressed pathway was recently identified such that loss or inhibition of the cell cycle
checkpoint kinase CHKI1 in the presence of mutant p53 promotes a Caspase 2-mediated
apoptotic response to DNA damage. However, critical downstream targets and components of

this pathway are yet to be identified [94, 189].

In light of the above data, we hypothesized that Caspase 2 may mediate p53-dependent
SK1 proteolysis in response to DNA damage. To test this hypothesis we evaluated whether SK1

proteolysis is downstream of Caspase 2 activation using a variety of methods in WT p53 human
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breast cancer cells and also whether Caspase 2 is required for SK1 proteolysis using both
biochemical and genetic models. Given that p53 mutations occur in 50% of all human cancers
[246-248] and in a high proportion of Triple Negative Breast Cancers (TNBC) cells [217] we
next wanted to extend these studies to investigate whether Caspase 2 activation and SKI
proteolysis is deregulated in these situations and if so, whether SK1 proteolysis can be restored

by activation of the CHK1-Suppressed pathway in mutant p53 TNBC cells.

4.2. Experimental Procedure
4.2.1. Chemicals and Reagents

Lipofectamine® RNAiIMAX and Annexin-V and Propidium lodide were purchased from
Life Technologies (Grand Island, NY). X-tremeGENE 9 DNA Transfection Reagent was
purchased from Roche Diagnostics (Indianapolis, IN). iTAQ and SYBR® Green master mix
master mix was purchased from Bio-Rad (Hercules, CA). CHKI1/2 inhibitor AZD7762
purchased from Selleckchem (Houston, TX). Doxorubicin hydrochloride and cyclohexamide
purchased from Sigma Aldrich (St. Louis, MO). D-erythro-sphingosine (C17 base) purchased
from Avanti Polar Lipids (Alabaster, AL).  Thiazoyl Blue Tetrazolium Bromide —MTT
purchased from Amresco (Solon, OH). Ski-II (4-[4-(4-chloro-phenyl)-thiazol-2-ylamino]-phenol
was purchased from Cayman Chemical (Ann Arbor, MI).

4.2.2. Cell Culture and siRNA

MCF7 and MDA-MB-231 cells were purchased from ATCC and cultured in RPMI 1640
medium and Dulbecco’s modified Eagle’s medium (DMEM), respectively with 10% fetal bovine
serum (FBS) both from Life Technologies (Grand Island, NY). WT and Cas2-/- MEFs were a
kind gift from Dr. Douglas Green (St. Jude’s Children Hospital) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) both from Life
Technologies (Grand Island, NY). Before all doxorubicin treatments, the media was changed on
cells to fresh new media. Gene silencing was then carried out using siRNA directed against

human SK1 (target sequence 5'-AAGGGCAAGGCCTTGCAGCTC-3) and all-star siRNA as a
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negative control purchased from Qiagen. The siRNA directed against CHK1 and p53 were
validated predesigned sequences from Invitrogen. Transfections were carried out using
Lipofectamine® RNAIMAX from Life Technologies (according to the manufacturer’s protocol).

For siRNA experiments, cells were seeded into 60-mm plates at ~75,000 cells/dish and treated

with 20 nM siRNA for 48 h prior to stimulation.

4.2.3. RNA isolation and quantitative RT-PCR

RNA extraction and cDNA synthesis were carried out using PureLink® RNA Mini Kit
(Life technologies) and Quanta qScript cDNA SuperMix (Quanta Biosciences) respectively and
according to the manufacturer’s. The cDNA was then diluted (1:15) in RNAse-free water, and 5
ul was used in a total reaction volume of 20 pl. For each 20-pl real-time PCR, a ratio of 10:1:4
(iTaq: Tagman probe (20X): nuclease-free water) was used. PCR was performed using the
Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).
The following Tagman probes (life technologies) were used: mouse SK1 (Mm00448841 gl),
mouse SK2 (Mm00445021 m1). Cycle threshold (Ct) values were obtained for each gene of
interest and S-actin. ACt values were calculated and the relative gene expression normalized to

control samples was calculated from AA Ct values.

4.2.4. Western Blot Analysis

Cultured or transfected cells were washed with ice cold PBS and then directly lysed in
cold RIPA buffer containing 1 mM sodium orthovanadate, 2 mM PMSF, and protease inhibitor
cocktail (Santa Cruz Biotechnology). Cellular lysates were then clarified by centrifugation at
14,000 rpm for 10 min at 4°C; protein concentration was quantitated by BCA Protein Assay kit
from Thermo Scientific (Suwanee, GA). Equal amounts of protein (25 pg) were boiled in
Laemmli buffer (Boston Bio Product), and separated on SDS-PAGE (4-15%, Tris-HCI) using the
Bio-Rad Criterion system. Separated proteins were then transferred onto nitrocellulose
membranes (Bio-rad) and blocked with 5% non-fat milk in PBS-0.1% Tween-20 (PBS-T) for at
1 hour at RT. Primary antibodies diluted 1:1000 or 1:20000 for B-actin and GADPH were then
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added to membranes and incubated at 4 °C overnight. Membranes were washed 3 times with
PBS-T then incubated with diluted 1:5000 HRP-conjugated secondary antibodies for 1 hour at
room temperature. Membranes were then washed for 1 hour, incubated with Pierce ECL Western
Blotting Substrate (Pierce) and exposed to X-ray films that were then processed and scanned.
Anti-SK1, anti-total CHKI, anti-Phospho (296)-CHK1, anti-p53, anti-Caspase 2 and anti-
GAPDH were from Cell Signaling Technology (Danvers, MA). RIPA lysis buffer system, HRP-
labeled secondary antibodies and anti-PARP were from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-CERT was from Bethyl Laboratories (Montgomery, TX). Anti-Caspase 2 (clone
11B4) was from Millipore (Billerica, MA).

4.2.5. Sphingolipidomic Analysis

Following the indicated treatment, cells were directly lysed with 2mL of 2:3 ratio of 70%
isopropanol/ethyl acetate, followed by gentle scraping of the cell from the culture plate. Lysate
was then transferred to 15 ml falcon tubes. Upon addition of internal standards to the tubes,
samples were then briefly centrifuged at 2000 x g and the upper phase was transferred to a new
glass tube. An additional round of extraction was performed on the remaining volume. After
combining the two extracts, sphingolipids and inorganic phosphates were measured by the
Lipidomics Core Facility at the Stony Brook University of New York using HPLC/MS

determination of sphingolipid mass levels as described previously [249].

4.2.6. C17-Sph labeling

Cells were plated at ~150,000 cells/60-mm dish. Fifteen minutes prior to the end of
treatment time cells were incubated with 1 uM C17 sphingosine for the remaining fifteen
minutes. The cells were then washed with PBS and 2mL of cell extraction mixture (2:3 70%
isopropanol/ethyl acetate) was then directly added to the cells. The cells were then gently
scraped and extracts were sent for analysis at the Lipidomics Core Facility of Stony Brook

University Medical Center as described above and previously [249].
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4.2.7. Bimolecular Fluorescence Complementation

As described previously [215, 216]. Briefly, ~75,000 cells were grown on poly-D-lysine-
coated 35-mm confocal dishes (MatTek Corporation) overnight. The following day cells were
transiently transfected with C2-CARD VN (500ng) and C2-CARD VC (500ng) along with
pshooter.dsRed-mito (250ng) as a reporter for transfection. Twenty-four hours after transfection,
cells were treated with doxorubicin for 24h and then the percentage of pshooter.ds.Red-mito-
positive (red) cells that were Venus positive (green) was determined from a minimum of 100
cells per plate. Live cell imaging was conducted using a Leica TCS SP8 scanning-laser confocal
microscope in a chamber at 37 °C and 5% CO,. The plasmids pBIFC-C2-CARD VC and
pBIFC-C2-CARD VN were kindly provided by Dr. Douglas Green (St. Jude’s Children
Hospital). pDsRed-Mito purchased from Clonetech (Mountain View, CA).

4.2.8. Flow Cytometric Analysis of Apoptosis

Apoptotic cells were detected by Annexin-V/Propidium lodide (PI) staining using Alexa
Fluor® 488 Annexin V and PI detection kit (Life Technologies, Grand Island, NY) according to
the manufacturer’s protocol. Briefly, after the indicated treatment cells were trypsinized,
collected by brief centrifugation and washed with ice-cold PBS. Cells were then re-suspended in
buffer containing Alexa Fluor® 488 Annexin-V and PI (at concentrations indicated in
manufacture’s protocol) for 15 min at room temperature and in the darkness. After incubation
cells were immediately analyzed using a Becton Dickinson FACSCalibur. Ten thousand events
were acquired on the FACSCalibur (Becton Dickinson Biosciences, San Jose, CA, USA) and

followed by analysis with CellQuest (Becton Dickinson) software.

4.2.9. MTT Assay

Cells were plated at ~150,000 cells/well in a 6-well plate. After indicated treatment,
media was replaced with ImL of fresh media with ImL of 12mM MTT (Amresco) solution and
incubated at 37 °C in the dark for thirty minutes. The media/MTT mixture was then replaced

with 2mL of DMSO and incubated with gently rocking for ten minutes. Following incubation,
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200uL from each well in triplicate was then assayed in 96-well plate using a spectrophotometer

at 570nm.

4.2.10. Caspase Activity Assay

Caspase 3 activity was measured using BioVision (Milpitas, CA) Caspase-Family
Fluorometric Substrate Set according to the manufacturer’s protocol. Briefly, ~150,000
cells/well were plated in a 6-well plate. The following day cells were treated accordingly in
addition to control cells. Cells were lysed with 50ul of cell lysis buffer and protein
concentration determined by BCA Protein Assay kit from Thermo Scientific (Suwanee, GA). In
a 96-well plate, a total of 50ug of cell lysate in a volume of 50ulL was added to 50uL of 2X
reaction buffer containing 10mM DTT and SuL of the AFC-conjugated Caspase 3 substrate, AC-
DEVD-AFC. Samples were incubated at 37 °C in the dark for one hour and then read by a

fluorometer equipped with a 400-nm excitation filter and 505-nm emission filter.

4.2.11. Statistical Analysis

The data are represented as the means + S.E. Unpaired Student’s 7 test and two-way
ANOVA with Bonferroni post-test statistical analyses were performed using Prism/GraphPad

software.

4.3. Results
4.3.1. P53-mediated SK1 proteolysis is downstream of Caspase 2 activation

Doxorubicin is an anthracycline frequently used in the treatment of breast cancer. It is a
well-known inducer of p53 [250], has been shown to initiate p53-dependent SK1 proteolysis
[183], and to induce apoptosis in a number of cell lines via Caspase activation [246, 250].
Several studies have demonstrated Caspase 2 activation upon doxorubicin treatment in a number
of cell systems including leukemia cells, mouse embryonic fibroblasts (MEFs) and mouse

oocytes. These studies also showed that loss of Caspase 2 in these cells results in significantly
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reduced sensitivity to doxorubicin compared to control cells [244, 251]; albeit effects in breast
cancer cells have not been studied. We therefore first set out to determine whether doxorubicin
activates Caspase 2 in wild type p53 MCF7 breast cancer cells and also whether SK1 proteolysis

is downstream of Caspase 2 activation.

A dose response of doxorubicin revealed that with increasing dose from 0.2uM to 1uM,
p53 accumulation was followed by a significant reduction in pro-Caspase 2 that was concomitant
with loss of SKI1 at the protein level (Figure 7A). These data are consistent with previous
studies showing that loss of SK1 by genotoxic stress is a post-translational event [183, 185].
Similarly, a time course using 0.8uM doxorubicin showed substantial accumulation of p53 at
eighteen hours, corresponding with significant processing of full-length Caspase 2 followed by
almost complete loss of SKI1 protein by twenty-four hours (Figure 7B). To further validate
activation of Caspase 2, 0.8uM doxorubicin was used at twenty-four hours to monitor cleavage
of full-length Caspase 2 into its active fragments by western blot as well as dimerization of
Caspase 2 as measured by Bimolecular Fluorescence Complementation (BIFC) [216]. As shown
in Figure 7C, there was significant accumulation of the cleaved form of Caspase 2 concurrent
with an approximate 80% reduction in SK1 at the protein level, as quantified in Figure 7D. In
accordance with the western blot data, Caspase 2 activation was observed in approximately 60%
of transfected cells counted at 24 hours after doxorubicin treatment as measured by BIFC
(Figure 7E). Representative images from the BIFC experiment are shown in Figure 7F. Taken
together, these results show activation of caspase 2 in response to doxorubicin in a time frame

corresponding to the loss of SK1.

4.3.2. Doxorubicin significantly alters sphingolipid metabolism

Next to investigate whether doxorubicin-induced SK1 proteolysis results in a decrease in
SK activity, the incorporation of C;7-Sphingosine into C;7-S1P was measured. As shown in
Figure 8A, upon doxorubicin treatment there was approximately a 50% reduction in the
incorporation of C,;7-Sphingosine into C;7-S1P, demonstrating attenuation of ongoing SK
activity. In agreement with this reduction in SK activity, a significant increase in SK’s

endogenous substrate sphingosine was observed (Figure 8B) as well as a 1.5-fold increase in
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total ceramide (Figure 8C). Moreover, although SK activity was significantly decreased
(Figure 8A) we observed an increase in endogenous S1P at 0.8uM upon doxorubicin treatment.
To further investigate S1P levels upon doxorubicin treatment, we performed a dose response
from 0.6uM to 1uM. Interestingly although S1P levels are increased at 0.8uM doxorubicin they
are decreased from 0.6uM doxorubicin, a dose where SK1 is not proteolyzed and S1P levels
decreased further at a higher dose of 1uM doxorubicin (Figure 8D). S1P levels are maintained
in the cell via the action of a number of enzymes, SK1 and SK2, which are responsible for its
production and also a SIP lyase and phosphatases which are responsible for its breakdown;
therefore these results can be explained for instance through action of SK2 or delayed breakdown
of S1P by the lyase or phosphatase. These results demonstrate a biochemical and functional role

for the effects of doxorubicin on SK1 activity and the levels of key bioactive sphingolipids.

4.3.3. Caspase 2 activation and SK1 proteolysis are pS3-mediated

To consolidate that Caspase 2 activation and subsequent SK1 proteolysis are p53-
mediated, we depleted pS3 in MCF7 cells by siRNA. Indeed, loss of p53 abrogated both
processing of full-length Caspase 2 and proteolysis of SK1 (Figure 9).

These data indicate for the first time and using a variety of different methods that the
chemotherapeutic doxorubicin as an inducer of Caspase 2 activation in MCF7 breast cancer cells.
These data also provide strong evidence that SK1 proteolysis is accompanied by Caspase 2
activation in response to doxorubicin in a time and dose dependent manner both of which are

abrogated in the absence of p53.

4.3.4. Caspase 2 is required for SK1 proteolysis in response to DNA damage

Next in order to build on the findings of a mechanistic connection between genotoxic
stress, p53, Caspase 2 activation, and SK1 proteolysis, we set out to investigate whether Caspase
2 is required for SK1 degradation. To this end we employed two methods, a siRNA approach in
MCEF7 cells and a genetic model using mouse embryonic fibroblasts (MEFs) expressing wild

type Caspase 2 (WT) or with Caspase 2 knocked out (Cas2-/-). As shown in Figure 10A
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depletion of Caspase 2 by siRNA significantly abrogated doxorubicin-induced SK1 proteolysis
compared to All-Star siRNA transfected cells. Next, to ensure the effect on SK1 proteolysis we
observed with Caspase 2 knockdown was not due to off-target effects of Caspase 2 siRNA we
investigated SK1 proteolysis in WT and Cas2-/- MEFs. In accordance with the Caspase 2
siRNA data, doxorubicin treatment resulted in a significant reduction in SK1 protein that was
reversed by genetic deletion of Caspase 2 (Figure 10B and C). Analysis of SK1 mRNA levels
showed no significant changes in WT or Cas2-/- MEFs after doxorubicin (Figure S5A) while
there was a slight reduction in SK2 mRNA levels in both the WT and Cas2-/- MEFs (Figure
S5B), providing further evidence that the reduction in SK1 protein is a post-translational event.
To further investigate the regulation of SK1 in WT and Cas2-/- MEFs, we analyzed protein
stability of SK1 in the MEFs using cyclohexamide. Interestingly, in the WT MEFS within
twelve hours after treatment with cyclohexamide, SK1 protein was reduced by approximately
30% compared to vehicle treated MEFs, whereas there was no significant change in SK1 levels
in the Cas2-/- MEFs (Figure S5C). Only after thirty hours of cyclohexamide treatment was a
reduction of SK1 protein level of approximately 40% observed in the Cas2-/- MEFs compared to
vehicle treated MEFs (Figure S5C), indicating that SK1 protein is likely somewhat more stable
in the Cas2-/- MEFs compared to WT MEFs.

Accordingly, we sought to investigate the effects loss of Caspase 2 has on sphingolipid
metabolism. To accomplish this, we first measured SK activity in WT and Cas2-/- MEFs.
Consistent with the observations at the protein level, the significant reduction in SK activity
observed in the WT MEFs after doxorubicin treatment, as measured by the reduction in the
incorporation of C17-Sphingosine into C17-S1P, was not observed in the Cas2-/- MEFs (Figure
10D). A similar reduction in SK activity in WT MEFs that was abrogated in Cas2-/- MEFs was
also observed after UV-irradiation (Figure S5D). Of note, the levels of S1P, the endogenous
product of SK activity, were significantly reduced after doxorubicin treatment in WT MEFs
(Figure 10E) concomitant with a significant increase in pro-apoptotic total long chain ceramide
species [252] (Figure 4F). Both the decrease in S1P and increase in long chain ceramide species

were abrogated in the Cas2-/- MEFs (Figure 10E and 10F).

Collectively these data provide strong evidence that Caspase 2 is required for SK1

proteolysis and that lose of Caspase 2 significantly affects endogenous sphingolipid levels in
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response to genotoxic stress. Importantly, these data support a novel and important role for

Caspase 2 in regulating sphingolipid metabolism in response to cellular stress.

4.3.5. SK1 is deregulated in p53 mutant TNBC cells

Next in order to investigate whether p53 mutations affect SK1 proteolysis and
endogenous sphingolipid levels in response to genotoxic stress, we utilized the TNBC cell line,
MDA-MB-231 that harbors a missense mutation, R280K, in the DNA-binding motif of p53.
Interestingly, in contrast to MCF7 cells, doxorubicin treatment did not result in Caspase 2
activation as measured by cleavage of the pro-form of Caspase 2 (Figure 11A and D) and by
BIFC, with less than 20% of the total number of transfected cells counted positive for activated
Caspase 2 (Figure 11B and C). In accordance with Caspase 2-mediated proteolysis of SK1 as
described in Figure 4, no significant reduction in SK1 protein level was observed in response to
doxorubicin at any dose tested in MDA-MB-231 cells (Figure 11A and D); conversely an
increase in SK1 protein level was observed with increasing doses of doxorubicin (Figure 11D).
Interestingly, the ceramide transport protein CERT was recently characterized as a Caspase 2
substrate in response to tumor necrosis factor a [253]. Given that CERT is involved in
sphingolipid homeostasis, we hypothesized it would also be deregulated in this system. Indeed,
in MCF7 cells when Caspase 2 is activated, cleavage of CERT was observed; importantly
Caspase 2 processing and cleavage of CERT were not detectable in UV-irradiated MDA-MB-
231 (Figure S6).

We next wanted to investigate the levels of endogenous sphingolipids after genotoxic
stress in MDA-MB-231 cells. There was no significant change in the substrate or product of SK
activity, sphingosine and S1P, respectively (Figure 11E and F). Furthermore, there was no
significant increase in pro-apoptotic ceramide after doxorubicin treatment (Figure 11G). Taken
together, these results demonstrate that Caspase 2 activation is not achieved in mutant p53 cells,
and likewise, SK1 is not reduced, further cementing the relationship between p53, caspase 2, and
SK1. We also extend these findings to a previously identified Caspase 2 substrate and
sphingolipid protein CERT.
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4.3.6. Loss of SK1 sensitizes mutant pS3 TNBC cells to doxorubicin

We next sought to determine the functional consequence of deregulation of SK1. We
hypothesized that SK1 deregulation in mutant p5S3 TNBC cells may contribute to enhanced
survival in response to doxorubicin. To test this hypothesis, SK1 was depleted by siRNA to
evaluate whether loss of SK1 in combination with doxorubicin could sensitize MDA-MB-231
cells to DNA damage. Indeed, knockdown of SK1 in combination with doxorubicin resulted in
significant PARP and Caspase 3 cleavage (Figure 12A) and an approximately 2-fold increase in
Caspase 3 activity (Figure 12B) compared to doxorubicin alone. On the other hand, knockdown
of SK1 in MCF7 breast cancer cells had no effect on the doxorubicin response (Figure S7). This
is expected as SK1 protein levels are already significantly reduced in response to genotoxic

stress in MCF7 cells therefore knock down provided no further sensitization.

All together these data identify deregulation of SK1 proteolysis in the context of mutant
pS3 TNBC cells as a possible mechanism of resistance to DNA damage in response to

doxorubicin and consequently loss of SK1 sensitized these cells to doxorubicin.

4.3.7. SK1 is downstream of the CHK1 Suppressed-pathway in mutant pS3 TNBC cells in

response to doxorubicin

As mentioned previously, there is an emerging apoptotic pathway, the CHKI-
Suppressed pathway that identifies loss or inhibition of CHKI1 as being essential for Caspase 2
activation in mutant p53 cells [94, 189]; therefore we reasoned that activation of the CHKI-
Suppressed pathway in MDA-MB-231 cells would result in Caspase 2 activation and subsequent
SK1 proteolysis in response to doxorubicin. Indeed inhibition of CHKI1, with the CHK1/2
inhibitor AZD7762, led to a reduction in full-length Caspase 2 concomitant with a significant
loss of SK1 at the protein level (Figure 13A and 13B). As AZD7762 is also known to inhibit
other kinases in addition to CHK1 including CHK2, we next depleted CHK1 by siRNA to
evaluate the specific role of CHKI1. As shown in Figure 13C, knockdown of CHKI in
combination with doxorubicin resulted in a decrease in SK1 protein, in accordance with the data

obtained with CHK1 inhibition.
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Next, the functional effects of CHKI1 loss and activation of the CHKI1-Suppressed
pathway on endogenous sphingolipid levels were evaluated in combination with doxorubicin
treatment. As demonstrated in Figure 13D there was a significant increase in SK1’s substrate
sphingosine in response to loss of CHKI1 and doxorubicin compared to doxorubicin alone.
Moreover there was a decrease in SK1’s product and pro-survival sphingolipid, S1P, upon
CHKI1 loss (Figure 13E); although this decrease was not statistically significant, even small
changes in this potent bioactive lipid can significantly affect cell fate. Also of note, under the
same conditions no significant increase in the upstream metabolite ceramide was detected
(Figure S8). Taken together, these results demonstrate a role for CHK1 upstream of caspase2

leading to loss of SK1 and significant changes in bioactive sphingolipids.

4.3.8. SK1 as an effector of the CHK1-suppressed Pathway of Apoptosis

Currently there are numerous CHK1 inhibitors in clinical trial as a combination therapy
to treat cancers such as breast and ovarian [87, 254]. Intriguingly several studies and reports
have indicated CHK inhibition as being very effective as a combination therapy to treat TNBC
cells [75, 92]. As we identified SK1 as being a target of the CHKI-Suppressed pathway, we
wanted to investigate whether loss of SK1 in MDA-MB-231 TNBC cells could have similar
effects in promoting apoptosis. Remarkably, doxorubicin combined with loss of SK1 resulted in
roughly 60% of cells undergoing apoptosis as measured by Annexin-V staining (Figure 14A).
This compares with only approximately 30% apoptotic cells when CHK1 was depleted (Figure
14B).

In light of these results indicating that SK1 may be an effector of the Caspase 2 apoptotic
response, we next wanted to determine if inhibition of SK1 with the non-lipid SK inhibitor Ski-II
could also sensitize Cas2-/- MEFs to doxorubicin. Indeed, WT MEFs were very sensitive to
doxorubicin, and as expected inhibition of SK had no additive effects when combined with
doxorubicin. In contrast, Cas2-/- MEFs displayed less sensitivity to doxorubicin than WT MEFs
but when combined with SK1 inhibition the Cas2-/- MEFs become as sensitive as WT (Figure
14C).
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Altogether, these data indicate SK1 as a novel downstream target of the CHKI-
Suppressed pathway and provide evidence that loss of SK1 may be a crucial step in the CHK1-
Suppressed pathway and Caspase 2-mediated apoptosis. The data also provide evidence that loss
of SK1 can specifically sensitize p5S3 mutant TNBCs to a greater extent than CHKI1 loss in

addition to cells deficient in Caspase 2 to the cytotoxic effects of doxorubicin.

4.4. Discussion

The aim of this study was to elucidate the mechanism of p53-mediated SK1 proteolysis.
Consolidating previous studies using non-specific Caspase inhibitors that hint at a role of this
family of proteases in SK1 proteolysis, we demonstrate that Caspase 2 is required for SK1
degradation in human breast cancer cells and that loss of Caspase 2 significantly affects
sphingolipid metabolism in response to DNA damage. Interestingly, in unraveling the
mechanism of SK1 proteolysis in WT p53 cells we then could identify perturbations of this
pathway in mutant TNBC cells where persistent SK1 levels and deregulation of sphingolipid
metabolites in response to DNA damage were observed. We found a defect in Caspase 2
activation in mutant p53 cells that could be overcome by CHKI1 inhibition and activation of the

CHK1-Suppressed pathway leading to SK1 proteolysis.

As much research is currently focused on unraveling the role Caspase 2 plays within the
cell, this study adds to an emerging literature implicating Caspase 2 activity with the regulation
of both lipid and sphingolipid metabolism [253, 255, 256]. As stated above, the data indicate that
Caspase 2 activity is required for SK1 proteolysis. This is important as SK1 holds a crucial
position in sphingolipid metabolism, acting to maintain homeostasis between pro-apoptotic
sphingolipids such as ceramide and pro-survival sphingolipid S1P; therefore deregulation of SK1
could greatly effect cell survival. In line with this, we show that inhibition of SK1 can sensitize
Cas2-/- MEFs to similar levels as WT MEFs to doxorubicin.  Interestingly, a recent study
revealed that the microRNA mir-708 directly down-regulates Caspase 2 and this down-
regulation is necessary to induce carcinogenicity of bladder cancer [257]. Moreover, SK1 levels
are documented as increased in bladder cancer, and elevated SK1 levels are associated with poor

prognosis in bladder cancer [258]. As more studies begin to elucidate the role of Caspase 2 in
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cancer, it will be interesting to investigate how levels of sphingolipid proteins that are regulated
by Caspase 2 such as SK1 and CERT and subsequent sphingolipid levels are altered in these
cancers and whether these alterations play an important role in tumorigenesis or response to

therapy.

Although the current results indicate that Caspase 2 is required for SK1 proteolysis after
DNA damage, we could not find evidence that SK1 is a direct substrate of Caspase 2. One
plausible explanation for this comes from research describing the Caspase-2-PIDDosome as an
important factor in maintaining p53 levels and regulating p53 dynamics after DNA damage
[259]. Oliver et al. eloquently demonstrated that DNA damage and PIDD-induced activation of
Caspase-2 result in Mdm2 cleavage, bolstering p53 stability and activity in a positive feedback
loop and alternatively loss of Caspase 2 results in decreased p53 levels [259]. We know from
our research [183, 185] that SK1 proteolysis is dependent on p53; therefore one could imagine
that a threshold of p53 needs to be achieved in order to initiate SK1 proteolysis. Our data in fact
show decreased levels of p53 with both Caspase 2 knockdown and in the Cas2-/- MEFs
compared to control cells, providing evidence that this decreased level of p53 could

hypothetically be insufficient to drive SK1 proteolysis.

Finally in this report we identify SK1 as a novel target of the CHK1-Suppressed pathway.
To our knowledge this is the first potential effector of the CHK1- Suppressed pathway to be
identified. CHK1 plays significant roles in maintaining cellular homeostasis and is indispensible
for normal development as CHK1 knockout mouse are embryonic lethal; therefore repeated or
high dose use of CHKI inhibitors could have undesired side-effects in patients [40, 41]. As the
CHK1-Suppressed pathway is an emerging apoptotic pathway whose activation by CHKI1
inhibitors can sensitize p5S3 mutant cells, it is of great clinical significance to identify targets that
are effectors of this pathway that could also be potential targets for therapeutic intervention. In
this study we provide evidence that targeting SK1 offers an exciting potential therapeutic avenue
for patients with altered p53 status, which has proven a challenging obstacle in cancer therapy

for many years.
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Chapter 5

Discussion and Future Directions
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5.1. Introduction

The work presented in this dissertation makes significant progress in advancing the
understanding of the CS-pathway and its regulation of sphingolipid metabolism in response to
DNA damage (Scheme 4). We provide evidence of the first endogenous example of the CS-
pathway and also identify SK1 as a novel potential downstream effector of the CS-pathway.
Although much progress has been made, many questions and interesting possibilities remain to

be elucidated and are outlined below.

5.2. Determine the biological consequences of CHK1 regulation of NF-kB signaling upon

doxorubicin treatment in mutant p53 breast cancer cells

Activation of NF-kB by chemotherapeutics has been observed in many human cancers
including breast cancer and is associated with resistance to chemotherapy and enhanced survival
[229, 260]. Interestingly it was recently shown that p53 deficiency is necessary for doxorubicin-
induced NF-kB activation that limits doxorubicin cytotoxicity, leads to induction of a number of
genes associated with invasion, metastasis and chemoresistance and is linked to an aggressive
clinical behavior [229]. Thus far the exact mechanism of NF-«kB activation by doxorubicin in
mutant p53 cancer cells has not been elucidated and therefore inhibition of the NF-kB pathway
has been proposed although the development of drugs that target NF-kB has proven difficult and
are associated with severe side effects [261]. As targeting NF-kB directly has proven
insurmountable, identifying key druggable upstream regulators and/or downstream effectors is of
great importance. For instance, it was recently shown that inhibiting the downstream effector of
the NF-xB pathway GADD458/MKK?7 could selectively kill multiple myeloma cancer cells by

interfering with NF-«xB pro-survival functions [262].

Importantly, my data provide evidence that CHK1 is an upstream regulator of NF-«xB
activity in response to doxorubicin in mutant p53 cancer cells and subsequently targeting CHK1
in these cells abrogates NF-kB signaling and could therefore be therapeutically beneficial as a
combination therapy. This is an exciting possibility as there are many CHK1 inhibitors already
in clinical trials.  Although these studies begin to investigate the potential of this in vitro further

studies are needed and are outlined below.
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5.2.1. Investigate the effect of CHKI1 inhibition on invasion in response to doxorubicin

It was recently shown that doxorubicin induces NF-kB-mediated expression of
metastasis-associated genes in p53-defeicient breast tumors. Along these same lines, the data
demonstrated doxorubicin-induced expression of a number of genes associated with metastasis
including BMP4 and IL6 that were dependent on NF-«xB activity and that could be inhibited by
loss or inhibition of CHKI. Therefore we hypothesized that doxorubicin would induce the
invasiveness of the mutant p53 breast cancer cells, MDA-MB-231 via increased NF-kB signaling

that could be inhibited by CHK1 inhibition.

In order to test this hypothesis we plan to use a trans-well matrigel cell invasion assay,
using invasion as a read-out of metastatic behavior. Briefly, MDA-MB-231 cells either treated
with doxorubicin alone or in combination with CHK1 inhibitor in addition to proper controls will
be assessed for their ability to invade through matrigel. This is an intriguing scenario as there are
many studies documenting the effects of CHKI inhibition in combination with many

chemotherapeutics on cell killing but no studies on the combination of drugs on cell invasion.
5.2.2. Determine the role of CHK1 inhibition on NF-kB signaling in vivo

The data presented in Chapter 3, identify a novel role for CHK1 outside of its cell cycle
responsibilities in regulating NF-kB signaling and subsequently the production of chemokines
and cytokines in response to doxorubicin treatment. To build on the in vitro results, we are
currently performing xenograft studies in nude mice. In these studies, six to eight week old
female nude mice will be injected subcutaneously through 25-gauge needle into the right flank
with 5.10° MDA-MB-231 resuspended in 50 uL of DMEM containing 10% FBS and 50 pL of
Matrigel. Once the tumor reaches 150 mm® (about 4 weeks later) mice will be randomized into
four groups, vehicle control, CHK1 inhibitor control, doxorubicin only and doxorubicin with
CHK1 inhibitor. The control groups will receive PBS containing the same percentage of DMSO
(with or without CHK1 inhibitor) as inhibitor and doxorubicin treated mice. All the solutions
will be given intraperitoneally every week for one or two weeks. Body weight will be measured
before injection. 72h after doxorubicin or control treatment, mice will be euthanized using

isoflurane inhalation and cervical dislocation and then tumor removed. RNA and protein will be
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extracted from the tumor for analysis. Real-time PCR will be used to investigate the mRNA
levels of chemokine and cytokines among the four groups. Similarly, western blot analysis will
be conducted to determine NF-kB activation in addition to the levels of other proteins such as
SK1. Next in order to evaluate the levels of circulating chemokines and cytokines at the protein

level, ELISA will be performed on the plasma.

The goal is to confirm that the signaling observed in vitro also occurs in an animal model,
providing more evidence in support of the use of CHKI inhibitors in combination with

doxorubicin to abrogate NF-«xB signaling in p53-defeicient tumors.

5.3. Investigate doxorubicin-induced TMVs: mechanism of induction and biology

TMVs are extra-cellular vesicles that are ubiquitously shed from tumors cells, although it
has been demonstrated that the amount of vesicles shed is increased with cell invasiveness and
disease progression [221]. TMVs contain genetic cargo such as proteins, oncogenes, mRNAs and
microRNAs that can transferred to recipient cells to modulate the recipient cell’s activity and the
overall tumor micro-environment [263-265]. These data establish that doxorubicin induces the
shedding of TMVs from MDA-MB-231 cells that contain a number of chemokines and
cytokines. Moreover, it was demonstrated that loss of CHK1 could modulate the cargo within
the TMVs in response to doxorubicin. In light of these results, the following experiments are
proposed in order to gain mechanistic insight into how doxorubicin induces TMV shedding and

the biological consequence of TMVs on recipient cells.

5.3.1. Investigate the mechanism of doxorubicin-induced TMV shedding

An exact mechanism defining how TMVs are shed from cancer cells has yet to be
defined although research over the past several years has made significant progress elucidating
the proteins and processes that are involved in TMV release. For instance it is now known that
TMV shedding appears to occur at areas of the plasma membrane that are enriched in certain
lipids such as cholesterol which may promote shape changes in the plasma membrane that are
conducive to membrane curvature, allowing for TMV formation [266]. It was also recently
discovered that “shedding” is facilitated by actin-myosin-based contraction via ARF6-mediated
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ERK activation [267]. Interestingly several reports have also demonstrated that both increased

intracellular and extracellular calcium induces TMV shedding [268-270].

My data demonstrate that doxorubicin induces the shedding of TMVs from MDA-
MB-231 cells. Interestingly, although MCF7 cells do shed a small number of TMVs basally, this
is not increased by doxorubicin treatment. To begin to investigate the mechanism behind
doxorubicin-induced TMV shedding we first chose to look at changes in intracellular calcium
levels upon doxorubicin treatment between these two cell lines. Preliminary data using a
commercially available kit to measure intracellular calcium (Fluo-8 No Wash Calcium Assay Kit
(ab112129)) show that calcium levels are increased in MDA-MB-231 cells and decreased in
MCF7 cells after 24 hours of doxorubicin treatment (Figure 15). These data corroborate what is
known in the literature that increased intracellular calcium levels are associated with increased
TMV shedding. Next in order to establish that the observed increase in calcium levels in MDA-
MB-231 cells is required for induction of TMV shedding in response to doxorubicin treatment,
the intracellular calcium chelator, BAPTA will be utilized in combination with doxorubicin
followed by confocal live cell imaging to monitor TMV shedding. Also TMVs will be isolated
and subjected to Nanoparticle Tracking Anaylsis (NTA). NTA utilizes the properties of both
light scattering and Brownian motion to obtain particle size and concentration. This analysis will
provide a quantitative measurement of how many TMVs are shed in response to different

treatments.

5.3.2. Determine TMV-mediated biologies on recipient cells

Tumor progression involves the ability of cancer cells to communicate with each other
and with neighboring normal cells in their microenvironment. It is now well-established that
TMVs can serve as a form of cell-to-cell communication via the horizontal transfer of genetic
material to recipient cell, providing a “path of less resistance” for tumor progression and
metastasis [271-273]. In light of this we aim to determine what effect doxorubicin-induced
vesicles from MDA-MB-231 have on recipient cells and also the consequence of manipulating

the cargo within the vesicles via CHK1 inhibition in this system.

5.3.2.1. Co-Culture Experiments
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As many proteins that are associated with invasion and metastasis were observed inside
doxorubicin-induced TMVs we hypothesized that TMVs isolated from doxorubicin treated
MDA-MB-231 cells would induce invasion when co-cultured with the less invasive MCF7 breast
cancer cells compared to TMVs isolated from vehicle treated cells. Indeed preliminary reults
show that MCF7 cells co-cultured with TMVs from doxorubicin treated MDA-MB-231 cells for
48 hours are more invasive than cells co-cultured with TMVs from vehicle treated MDA-MB-
231 cells (Figure 16). Next in order to investigate whether CHK1 inhibition which alters the
cargo within the TMVs can abrogate the invasive phenotype observed in Figure 16, the same co-
culture experiment will be performed as above with the addition of TMVs isolated from MDA-
MB-231 cells treated with CHK1 inhibitor alone and CHK1 inhibitor plus doxorubicin. If the
proteins such as IL6 and BMP4 that are present in doxorubicin-induced TMVs are mediating the
observed invasion of recipient cells, we would expect this to be abrogated in MCF7 cells co-

cultured with CHK1 inhibitor plus doxorubicin treated TMVs.

5.3.3. Investigate the role of SK1 in doxorubicin-induced TMVs

Interestingly, in investigating the cargo of TMVs we found that SKI1 is present
exclusively in TMVs and not in exosomes; moreover we found that SK1 was enriched in TM Vs
from doxorubicin treated MDA-MB-231 cells compared to TMVs from vehicle treated cells
(Figure 17). To build on this observation and establish a role for SK1 in TMVs the following

experiments are proposed:

5.3.3.1. Live cell imaging to monitor SK1 inside TMVs

For these studies we first overexpressed GFP-tagged SK1 in MDA-MB-231 cells to
monitor SK1 presence in TMVs in live cells. As shown in Figure 18 GFP-tagged SK1 can be
imaged inside TMVs shed from MDA-MB-231 in response to doxorubicin. To build on these
studies we plan to once again overexpress GFP-SK1 followed by doxorubicin treatment, isolate
these vesicles and label the vesicles with PKH26, a yellow-orange fluorescent dye with long
aliphatic tails that stably incorporates into lipid regions of membranes. The labeled TMVs will
then be co-cultured with MCF7 cells plated in confocal dishes for live cell imaging. These

experiments will allow for visualization of the uptake of TMVs containing SK1.
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5.3.3.2. Lipidomic analysis of TMVs

In light of the observation that SK1 is packaged within TMVs, we next sought to
determine the sphingolipid profile in TMVs, i.e. is SIP or ceramide inside these vesicles?
Briefly TMVs will be isolated from either vehicle or doxorubicin treated MDA-MB-231
followed by lipidomic analysis. These results could have several important implications: 1) S1P
within TMVs could provide increased survival, angiogenesis, proliferation of recipient cells. 2)
Packaging of ceramide in TMVs could provide a means to eliminate pro-apoptotic ceramide

from the cell.

5.4. Establish the mechanism of SK1 proteolysis

Although we establish that caspase 2 is required for loss of SK1, we could not prove SK1
is a direct target of caspase 2. This leads to a couple of interesting possibilities: 1) Caspase 2 is
activating another protease that is then directly cleaving SK1. 2) Caspase 2 is upstream of
mitochondrial outer membrane permeabilization (MOMP), leading to the release of a number of
proteases that could then lead to SK1 proteolysis. 3) SK1 is bound to a protein that can be

cleaved by caspase 2, allowing for SK1 proteolysis by another protease.

5.4.1. Determine whether SK1 proteolysis is downstream of MOMP

Although caspase 2 is characterized as an initiator caspase, thus far there is no evidence
to suggest it directly cleaves and activates any other members of the caspase family.
Interestingly, caspase 2 has been shown to be upstream of MOMP via the cleavage of BID, a
member of the Bcl-2 family of proteins. Cleavage of BID by caspase 2 produces an active
fragment of BID which promotes the oligomerization of the proteins BAX and BAK that then
insert themselves into the mitochondrial outer membrane, a critical step for MOMP. MOMP is
characterized by the release of apoptogenic factors and proteins that are normally sequestered in
the mitochondrial intermembrane space into the cytosol, constituting a “point of no return” in the
initiation of cell death [274]. Among the proteins released is cytochrome ¢, which serves as a co-
factor for APAf-1. APAf-1 can then promote the formation of the apoptosome, leading to
activation of the initiator caspases, caspase 9 and subsequently the executioner caspase 3 [275,
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276]. Given these data the following experiments are proposed to investigate whether SK1 is

downstream of the BID-BAK/BAX-MOMP pathway.

5.4.1.1. siRNA knockdown of BID

We first propose to deplete BID using siRNA and evaluate the effect on SK1 proteolysis
after doxorubicin treatment. If caspase 2 activation of BID (via cleavage) is required for SK1
proteolysis, knockdown of BID should abrogate SK1 proteolysis. A pitfall of this approach is
that BAK could compensate for the loss of BID to initiate MOMP.

5.4.1.2. siRNA knockdown of Caspase 9

As activation of caspase 9 occurs downstream of MOMP we propose to investigate first
whether caspase 9 is required SK1 proteolysis. Caspase inhibitors are notoriously non-specific
therefore we propose to knock down caspase 9 by siRNA and evaluate SK1 proteolysis in

response to doxorubicin.

5.4.2. SK1 Binding partners as potential substrates

In this approach we will immunoprecipitate SK1 in MCF7 cells with magnetic beads, that
are in turn cross-linked with SK1 antibody and submit for analysis by mass spectrometry. These
results will allow us to identify SK1 binding partners. We will then try to identify any binding

partners that are known substrates of caspase 2.

5.5. Conclusion

In conclusion this work provides new insight into how the CS-pathway is regulated and
identifies a potential critical downstream target, SK1. The therapeutic potential of targeting
CHKI1 in mutant p53 cancers in combination with DNA damaging agents has shown by many
groups [75, 79, 80, 84-87] and is an intense and exciting area of research. The data outlined in
this dissertation demonstrating that CHK1 inhibition abrogates DNA damage-induced NF-«xB
signaling, a major contributor to chemotherapeutic resistance, provides additional evidence in
support of CHK1 as a promising therapeutic target. Although, the data thus far is promising,
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many questions and obstacles remain before CHK1 inhibitors are used in the clinic. The need for
more specific CHK1 inhibitors that display fewer off-target effects is crucial. Also studies
investigating the effects of CHK1 inhibitors on normal cells are needed. Are patients now more
susceptible to secondary tumors because of aberrant cell cycle checkpoints? These obstacles
highlight the need to identify other druggable targets within this pathway that also sensitize cells
to chemotherapeutics. We identify SK1 as an exciting potential therapeutic target in mutant p53
cancers downstream of CHK1. As new more specific SK1 inhibitors become available it will be
very exciting to investigate these inhibitors as a combination therapy in mutant p53 cancers both

in vitro and in vivo.
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Figure 1: Wild type p53 is an endogenous regulator of the CS-Pathway

MCEF7 cells were treated with the indicated dose of doxorubicin for 24h. Cells were then (A)
harvested in RIPA buffer and total cell lysate was analyzed by western blot for the proteins
indicated or (B) harvested in RLT buffer, prepared for quantitative reverse transcriptase-PCR,
with enzyme expression normalized to b-actin expression for each reaction in triplicate. Data are
presented as mean + SEM of 3 independent experiments. (C) MCF7 cells were treated with
0.8uM doxorubicin for the indicated times, harvested and total cell lysate was analyzed by
western blot for the proteins indicated.
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Figure 1 (Continued): Wild type p53 is an endogenous regulator of the CS-Pathway

(D) MCF7 cells were transiently transfected with C2-CARD VN (500ng) and C2-CARD VC
(500ng) along with pshooter.dsRed-mito (250ng) as a reporter for transfection. Twenty-four
hours after transfection, cells were treated with 0.8uM doxorubicin for 24h and then the
percentage of pshooter.ds.Red-mito-positive (red) cells that were Venus positive (green) was
determined from a minimum of 100 cells per plate. Data are presented as mean + SEM of 3
independent experiments. (E) Representative confocal images of cells from (D) are shown. (F)
MCF7 were transfected with p53 siRNA (20nM). Forty-eight hours after transfection, cells were
treated with 0.8uM doxorubicin for 24 hours, harvested and total cell lysate was analyzed by
western blot for the proteins indicated. (G) HCT-116 cells either wild type or null for p53 were
treated with 0.8uM doxorubicin for 24 hours, harvested in RIPA buffer and total cell lysate was
analyzed by western blot for the proteins indicated.
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Figure 2: The CS-Pathway can be activated in wild type p53 cells

MCF7 were transfected with CHK1 siRNA (20nM). Forty-eight hours after transfection, cells
were treated with 0.4uM doxorubicin for 24 hours and either harvested in RIPA and total cell
lysate analyzed by western blot for the proteins indicated (A) or harvested, fixed and labeled
with propidium iodide for cell cycle analysis (B). Data are presented as mean = SEM of 3
independent experiments. (C) Images of cell cycle analyzed by ModFit LT software.
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Figure 3: P53 deficiency triggers deregulation of the CHK1-Caspase 2 pathway

(A) MCF7 and MDA-MB-231 cells were treated 0.8uM doxorubicin for 24 hours, harvested
and total cell lysate was analyzed by western blot for the proteins indicated. (B) MDA-
MB-231 cells were transiently transfected with C2-CARD VN (500ng) and C2-CARD
VC (500ng) along with pshooter.dsRed-mito (250ng) as a reporter for transfection.
Twenty-four hours after transfection, cells were treated with 0.8uM doxorubicin for 24
hours and then the percentage of pshooter.ds.Red-mito-positive (red) cells that were
Venus positive (green) was determined from a minimum of 100 cells per plate with
representative confocal images of cells from (B) shown (C). Data are presented as mean
+ SEM of 3 independent experiments.
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Figure 3 (continued): P53 deficiency triggers deregulation of the CHK1-Caspase 2 pathway

MDA-MB-231 cells were treated with the indicated dose of doxorubicin for 24 hours. Cells
were then harvested in RIPA buffer and total cell lysate was analyzed by western blot for the
proteins indicated (D) or harvested in RLT buffer, prepared for quantitative reverse transcriptase-
PCR, with enzyme expression normalized to b-actin expression for each reaction in triplicate (E).
Data are presented as mean = SEM of 3 independent experiments.
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Figure 4: CHK1 levels regulate NFKB signaling in p53 deficient cells

(A) MCF7 and MDA-MB-231 cells were treated 0.8uM doxorubicin for 24 hours, harvested
and total cell lysate was analyzed by western blot for the proteins indicated. (B) MDA-
MB-231 cells were transfected with CHK1 siRNA (20nM). Forty-eight hours after
transfection, cells were treated with 0.8uM doxorubicin for 24 hours, harvested and total
cell lysate was analyzed by western blot for the proteins indicated. (C) MDA-MB-231
cells were co-transfected with lug of NFKB promoter-luciferase construct and V5
luciferase construct for 18 hours followed by treatment with 0.8uM doxorubicin for 24
hours. Luciferase and galactosidase activities were extracted and assayed as described in
“Material and Methods” and measured luciferase activity was normalized to measured
galactosidase activity. Data are presented as mean = SEM of 3 independent experiments.
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Figure 4 (continued): CHKI1 levels regulate NFKB signaling in p53 deficient cells

(D and E) MDA-MB-231 cells were transfected with CHK1 siRNA (20nM). Forty-eight hours
after transfection, cells were treated with 0.8uM doxorubicin for 24 hours, harvested in RLT
buffer and prepared for quantitative reverse transcriptase-PCR, with enzyme expression
normalized to b-actin expression for each reaction in triplicate. Data are presented as mean +

SEM of 3 independent experiments.
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Figure 4 (continued): CHKI1 levels regulate NFKB signaling in p53 deficient cells

(F) MDA-MB-231 cells were treated with 0.8uM doxorubicin for the indicated times, media was
then collected and ELISA was performed to assess levels of protein in the media. (G) The media
from (D) was then used for ELISA. Data are presented as mean + SEM of 3 independent
experiments.
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Figure 5: Doxorubicin induces the shedding of tumor-derived microvesicles containing
inflammatory in MDA-MB-231 cells

(A) MDA-MB-231 cells were treated 0.8uM doxorubicin for 68 hours. After 68 hours cells
were stained with DRAQS to label all cells followed by labeling with Annexin-V and
Propidium to specifically label TMVs and live cell imaging was performed. The number
of cells secreting TMVs out of the total number of cells in the field was counted and
quantified, blindly. Data are presented as mean + SEM of 3 independent experiments.
(B) MDA-MB-231 cells were treated 0.8uM doxorubicin for 68 hours. After 68 hours
Annexin-V and Propidium were added to the media to label TMVs. Live cell imaging
was then performed on the samples (B) is a representative image.
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Figure 5 (continued): Doxorubicin induces the shedding of tumor-derived microvesicles
containing inflammatory in MDA-MB-231 cells

(C-E) MDA-MB-231 cells were treated with 0.8uM doxorubicin for 68 hours. Cells were
harvested in RIPA buffer. The media was collected and subjected to differential centrifugation
(outlined in “material and methods”). RNA was then extracted from the 50,000xG pellet and the
cells and prepared for quantitative reverse transcriptase-PCR, with enzyme expression
normalized to b-actin expression for each reaction in triplicate. Data are presented as mean +
SEM of 3 independent experiments.

85



IL6 VEGF
8:10-94 2.0x104+ - o
° ke * O AS - 11 O AS
N 64004 4] B CHK1 8 _ 4540+ W CHK1
® O T 9
E® £ @
59 44104 S8 1.0:0
Z5 <s
c x g a -5
8"" 21094 P 5.0>10-54 Ili
2 =
X \a R\ o
2 L N
’ BMP4
0.010- i g
3 I 0 AS
& . 0.0084 =210 B CHK1
TS
E @ 0.006-
@
2 S 0.004-
c X
o W
< 0.002
0.000 - piERn
e N\
&£ &L

Figure 6: Loss of CHKI1 alters the cargo of TMVs

(A-C) MDA-MB-231 cells were transfected with CHK1 siRNA (20nM). Eighteen hours after
transfection, cells were treated with 0.8uM doxorubicin for 68 hours. Cells were harvested in
RIPA buffer. The media was collected and subjected to differential centrifugation (outlined in
“material and methods”). RNA was then extracted from the 50,000xG pellet and the cells and
prepared for quantitative reverse transcriptase-PCR, with enzyme expression normalized to b-
actin expression for each reaction in triplicate. Data are presented as mean + SEM of 3
independent experiments.
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Figure 7: SK1 proteolysis is downstream of Caspase 2 upon doxorubicin treatment in
MCFT7 breast cancer cells.

(A) MCF7 cells were treated with the indicated dose of doxorubicin for 24h. Cells were then
harvested in RIPA buffer and total cell lysate was analyzed by western blot for the
proteins indicated. (B) MCF7 cells were treated with 0.8uM doxorubicin for the
indicated times, harvested, and total cell lysate analyzed by western blot for the proteins
indicated. (C) MCF7 cells were treated with 0.8uM doxorubicin for 24h, harvested in
RIPA buffer, and total cell lysate was analyzed by western blot for the proteins
indicated. (D) Image] was used to quantify SK1 protein levels normalized to actin from
(C) and all replicates (n=6 ****p<0.005 by Student’s T-test).
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Figure 7 (continued): SK1 proteolysis is downstream of Caspase 2 upon doxorubicin
treatment in MCF7 breast cancer cells.

E) MCF7 cells were transiently transfected with C2-CARD VN (500ng) and C2-CARD VC (500ng)
along with pshooter.dsRed-mito (250ng) as a reporter for transfection. Twenty-four hours after
transfection, cells were treated with 0.8uM doxorubicin for 24h and then the percentage of
pshooter.ds.Red-mito-positive (red) cells that were Venus positive (green) was determined from a
minimum of 100 cells per plate. Data are presented as mean + SEM of 3 independent experiments (n=3
*Ex%p<0.001 by Student’s T-test). Representative confocal images of cells from (F) are shown.
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Figure 8: Effects of doxorubicin on SK activity and endogenous sphingolipids

(A) MCF7 cells were treated with 0.8uM doxorubicin for 24h and then incubated with C,-
sphingosine for 15 minutes. Following incubation, cells were harvested for
89phingolipidomic analysis by liquid chromatography mass spectrometry (LC/MS) and
the C;7-containing S1P was normalized to the amount of lipid phosphate for each sample
(n=3 **p<0.01 by Student’s T-test). MCF7 cells were treated with 0.8uM doxorubicin
for 24 hours and then harvested for 89phingolipidomic analysis as in (A) to measure
sphingosine (B) and total ceramides (C) (n=3 **p<0.01 by Student’s T-test). (D) MCF7
cells were treated with the indicated dose of doxorubicin for 24 hours, harvested as in
(A) to measure S1P (n=3 *p<0.05 by Student’s T-test).
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Figure 9: P53-mediated SK1 proteolysis and activation of Caspase 2

MCEF7 cells were transfected with p53 siRNA (20nM). Forty-eight hours after transfection, cells

were treated with 0.8uM doxorubicin for 24 hours, harvested and total cell lysate was analyzed
by western blot for the proteins indicated.
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Figure 10: Caspase 2 is required for SK1 proteolysis in response to DNA damage

(A) MCF7 cells were transfected with Caspase 2 siRNA (20nM) or control siRNA (AS).
Forty-eight hours after transfection, cells were treated with 0.8uM doxorubicin or vehicle
for 24 hours, harvested, and total cell lysate then analyzed by western blot for the
proteins indicated. (B) Mouse embryonic fibroblasts (MEFs) expressing wild type
Caspase 2 or with Caspase 2 knocked out were treated with 0.2uM doxorubicin for 24h,
harvested, and total cell lysate analyzed by western blot for the proteins indicated. (C)
ImageJ was used to quantify SK1 protein levels normalized to GAPDH from (B) and all
replicates (n=4 **p<0.01 by Two-Way ANOVA).
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Figure 10 (continued): Caspase 2 is required for SK1 proteolysis in response to DNA

damage

(D) MEFS were treated with 0.2uM doxorubicin for 24h and then incubated with C,;-labeled sphingosine
for 15 minutes. Following incubation, MEFS were harvested for 92phingolipidomic analysis by liquid
chromatography mass spectrometry (LC/MS) and the C,;-containing S1P was normalized to the amount
of lipid phosphate for each sample (n=3 *p<0.05 by Two-Way ANOVA). MEFs were treated with 0.2uM
doxorubicin and then harvested for 92phingolipidomic analysis as in (D) to measure S1P (n=3 ** p<0.01
by Two-way ANOVA) (E) and ceramide (n=3 * p<0.05 by Two-way ANOVA) (F).
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Figure 11: SK1 is deregulated in p53 mutant TNBC cells in response to doxorubicin

(A) MDA-MB-231 cells were treated with 0.8uM doxorubicin for 24h, harvested in RIPA
buffer, and total cell lysate analyzed by western blot for the proteins indicated. (B)
MDA-MB-231 cells were transiently transfected with C2-CARD VN (500ng) and C2-
CARD VC (500ng) along with pshooter.dsRed-mito (250ng) as a reporter for
transfection. Twenty-four hours after transfection, cells were treated with 0.8uM
doxorubicin for 24h, and then the percentage of pshooter.ds.Red-mito-positive (red) cells
that were Venus positive (green) was determined from a minimum of 100 cells per plate.
Data are presented as mean £ SEM of 3 independent experiments. Representative
confocal images of cells from (C) are shown. (D) MDA-MB-231 cells were treated with
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the indicated dose of doxorubicin for 24h. Cells were then harvested in RIPA buffer and
total cell lysate was analyzed by western blot for the proteins indicated.
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Figure 11 (continued): SK1 is deregulated in p53 mutant TNBC cells in response to
doxorubicin

(E) MDA-MB-231 cells were treated with 0.8uM doxorubicin for 24h, harvested for
94phingolipidomic analysis by liquid chromatography mass spectrometry (LC/MS) and the
sphingosine (E), S1P (F) and ceramide (G) was normalized to the amount of lipid phosphate for
each sample (n=3).
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Figure 12: Effects of loss of SK1 on mutant pS3 TNBC cells in response to doxorubicin

(A) MDA-MB-231 cells were transfected with SK1 siRNA (20nM). Sixty hours after
transfection, cells were treated with 0.8uM doxorubicin for 24 hours and then harvested,
and total cell lysate was analyzed by western blot for the proteins indicated. (E) MDA-
MB-231 cells were transfected with SK1 siRNA (20nM). Sixty hours after transfection,
cells were treated with 0.8uM doxorubicin for 24 hours, harvested, and Caspase 3
activity measured (n=3 ***p<0.005 by Two-way ANOVA)
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Figure 13: SK1 is downstream of the CS-pathway in mutant pS3 TNBC cells in response to
doxorubicin

(A) MDA-MB-231 cells were pretreated with 0.3uM CHKI1 inhibitor (AZD7762) for 2 hours
and then treated with 0.8uM doxorubicin for 24h hours, harvested, and total cell lysate
analyzed by western blot for the proteins indicated. (B) Image] was used to quantify
SK1 protein levels normalized to GAPDH from (A) and all replicates (n=3 *p<0.05 by
Two-way ANOVA). (C) MDA-MB-231 cells were transfected with CHK1 siRNA
(20nM). Forty-eight hours after transfection, cells were treated with 0.8uM doxorubicin
for 24 hours, harvested and total cell lysate was analyzed by western blot for the proteins
indicated.
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Figure 13 (continued): SK1 is downstream of the CS-pathway in mutant p53 TNBC cells in
response to doxorubicin

MDA-MB-231 cells were transfected with CHK1 siRNA (20nM). Forty-eight hours after
transfection, cells were treated with 0.8uM doxorubicin for 24 hours then harvested for
97phingolipidomic analysis by liquid chromatography mass spectrometry (LC/MS) to measure
sphingosine (D) or S1P (E) (n=3 *p<0.05 by Two-way ANOVA).
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Figure 14: Loss of SK1 sensitizes mutant pS3 TNBC cells to a greater extent than loss of
CHK1

(A) MDA-MB-231 cells were transfected with SK1 siRNA (20nM). Sixty hours after
transfection, cells were treated with 0.8uM doxorubicin for 24 hours, labeled with
Annexin-V and analyzed by flow cytometry to detect apoptotic cells as described in
“Materials and Methods” (n=3 ****p<0.001 by Two-way ANOVA). (B) MDA-MB-
231 cells were transfected with CHK1 siRNA (20nM). Forty-eight hours after
transfection, cells were treated with 0.8uM doxorubicin for 24 hours, labeled with
Annexin-V and analyzed by flow cytometry to detect apoptotic cells as described in
“Materials and Methods” (n=3 ****p<(0.001 by Two-way ANOVA). (C) MEFs were
pretreated with 10uM Ski-II for one hour followed by 0.2uM doxorubicin for 24h. MTT
assay was then performed as described in “Materials and Methods” to assess cell
viability.
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Figure 15: Doxorubicin treatment increases intracellular calcium levels in MDA-MB-231
cells

Cells were plated in a 96-well plate in triplicate followed by doxorubicin (0.8uM) for 24 hours.
Following treatment Fluo-8 dye was added to the media and allowed to incubate for 1 hour.
Fluorescence intensity at Ex/Em = 490/525 was measured. Results were normalized to
respective vehicle controls.

99



2000- Invasion Assay

®
D
© 1500

(o))
£

® 1000-

>

£ e
'S 500- =

) e

=z P

0 L e—— Faatapae T
& ¢ 2 32
60@ 60&" SN
. x & g+
x Xo

Figure 16: Doxorubicn-induced TMVs increase invasion of MCF7 cells

TMVs isolated from either vehicle or 100phingolipi treated MDA-MB-231 were co-cultured
with MCF7 cells in serum-free medium for 4 hours, plated in the apical chamber of Matrigel-
coated transwell inserts, and allowed to invade for 48 hours toward serum. For the negative
control MCF7 cells with no TMVS were allowed to invade toward serum free media and the
positive control MCF7 cells with no TMVs were allowed to invade toward serum. Invading
cells were stained with fluorescent dye and counted.
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Figure 17: SK1 is enriched in doxorubicin-induced TMVs

The media from MDA-MB-231 treated with vehicle or doxorubicin for 68 hours was subjected
to differential centrifugation. Pellets from the 50,000 x g and 100,000 x g spins, containing
TMVs and exosomes respectively were analyzed by western blot for SK1 protein levels.
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Figure 18: GFP-SK1 is found in TMVs shed from MDA-MB-231 breast cancer cells.

GFP-SK1 was overexpressed in MDA-MB-231 cells followed by doxorubicin treatment for 68
hours. Cells were then incubated with Draq5 a cell permeable dye that labels DNA for
visualization (blue) and visualized by confocal microscopy.
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Figure 19. VHL-defective 786-0 cells showed higher expression of HIF-2a and SK1 with
higher S1P levels.

(A) Proteins were extracted from VHL-defective (786-0) cells and those stably expressing
VHL (WT-8) and subjected to Western blot analysis using VHL, HIF-2a, and HIF-la
antibodies; b-actin served as a protein loading control. B) Total RNA was extracted
from 786-0 and WT-8 cells, and then it was reverse transcribed and used for quantitative
PCR assay using SKI- and SK2-specific TagMan probes. C) Protein samples from 786-0
and WT-8 cells were used for Western blot analysis using SK1 antibody and b-actin as a
loading control. Lipids were extracted from unlabeled (D) or C17-sphingosine-labeled
(E) 786-0 and WT-8 cells; SIP and C-17 S1P (C-17 S1P) were determined by mass
spectrometry. Data are means of triplicate measurements and are expressed as picomole
of lipid per nanomoles Pi. *P <0.05; ***P<0.001.
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Figure 20. Knocking down of HIF-2a in 786-0 cells is associated with less SK1 expression.
786-0 cells were transfected with either AllStars negative control or HIF-2a siRNA for 48
hours, followed by RNA and protein extraction. Analyses of HIF-2a and SKI message by
quantitative PCR (A) and protein levels by Western blotting (B) were performed. *P<0.05,
***%pP<(.001; n=3.
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Figure 21. SK1 is highly expressed in primary tumors and associated with less survival
rate in ccRCC patients.
(A)A box blot was generated from TCGA RNA seq datasets of paired normal and ccRCC
tumor samples (72 samples) for SK1 gene expression, P = 0.00000457. B) Kaplan-
Meier survival curve of ccRCC patients from TCGA database. Based on SK1 mRNA
levels in their tumors, patients were equally divided into 2 groups (top and bottom
50% of SK1 expression); log-rank test, P=0.000000235.
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Figure 22. Down-regulation of SK1 expression does not affect proliferation but
decreases the invasion of ccRCC. SK1 knockdown was achieved by introducing specific
shRNA in 786-0 cells.

Knockdown was validated by quantitative PCR (A) and Western blotting (B). Silencing of
SK1 was associated with a significant decrease in intracellular (C), extracellular (D), and C-
17 S1P (E) levels. F) Cell proliferation was assessed by MTT assay; assay was performed
in triplicate for each time point (0, 24, 48, and 72 hours). G) 786-0 cells stably expression
scrambled (Scr) or SK1 shRNA were serum starved in serum-free medium for 4 hours,
plated in the apical chamber of Matrigel-coated transwell inserts, and allowed to invade for
48 hours toward serum. Invading cells were stained with fluorescent dye and counted.
*¥*P<0.01, ***P<(.001; n=3.
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Figure 23. SK1 regulates phosphorylation of FAK in 786-0 cells through S1P-S1PR2.

(A)Protein lysates from scrambled (Scr) and SK1 shRNA stable cells were subjected to
Western blot analysis for p-FAK, t-FAK, and b-actin as a loading control. B) 786-0 cells were
transfected with either empty vector or SK1-expressing plasmid, followed by Western blot
analysis of FAK phosphorylation. C) 786-0 cells were treated with vehicle (V), FAKi (5
and 10 mM), or sphingosine kinase inhibitor, Ski-Il (5 and 10 mM final concentrations)
for 24 hours followed by protein extraction and Western blotting analysis. Representative
blots are shown from 3 independent experiments. D) SK1 shRNA stable cells were serum
starved for 6 hours and treated with vehicle or 100 nM S1P for 10 minutes following 1-
hour pretreatment with 10 mM from each SI1PR2-specific antagonist, JTE-013; S1PR1/3
antagonist, VPC 23019; or S1PR4-specific antagonist, CYM 50358. pFAK, tFAK, and b-
actin levels were analyzed by Western blotting. E) SK1 shRNA stable cells were transfected
with AllStars negative control or SIPR2 siRNA. Cells were then serum starved and treated
with vehicle or S1P for 10 minutes, and FAK phosphorylation was assessed by Western
blotting
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Figure 24. S1P receptor 2 antagonist (JTE013), pharmacologic inhibitors of
sphingosine kinase (Ski-II) and FAK (FAKi) decreased the invasion of ccRCC cells.
(A)786-0 cells stably expressing scrambled shRNA were serum starved in serum- free
medium for 4 hours, plated in the apical chamber of Matrigel-coated transwell inserts,
treated with 10 mM JTEO13, 10 mM Ski-II, or 5 mM FAKi and allowed to invade for 48
hours toward serum. B) 786-0 cells stably expressing SK1 shRNA were serum starved
in serum-free medium for 4 hours, plated in the apical chamber of Matrigel-coated
transwell inserts with or without 10 mM JTEO13, and allowed to invade for 48 hours
toward serum-free medium or serum-free with S1P. Invading cells were stained with
fluorescent dye and counted. *P< 0.05, **P<0.01, ***P<0.001; n=3.
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Figure 25. Down-regulation of SK1 expression is associated with less angiogenesis that is
also blocked by the SIPR1/3 antagonist and Ski-II.

786-0 cells stably expressing SK1shRNA were incubated with CAM. The same was
performed for cells expressing scrambled shRNA with or without 10 mM S1PR1/3 antagonist
VPC23019 or inhibitor of sphingosine kinase, Ski- II, for 4 days. The membranes then
were photographed, and blood vessels were counted. ***P<0.001; n = 3.
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Supplemental Figures
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Figure S1: The CS-Pathway can be activated in wild type p53 breast cancer cells

(A) MCF7 cells were pretreated for 1 hour with 0.3uM CHKI1 inhibitor (AZD7762) or
DMSO followed by treatment with 0.4uM Dox or vehicle for 24 hours. Cells were then
harvested in RIPA buffer and total cell lysate was analyzed by western blot for the
proteins indicated. (B) MCF7 cells were transiently transfected with C2-CARD VN
(500ng) and C2-CARD VC (500ng) along with pshooter.dsRed-mito (250ng) as a
reporter for transfection. Twenty-four hours after transfection, cells were pretreated for
1 hour with 0.3uM CHKI1 inhibitor (AZD7762) or DMSO followed by treatment with
0.4uM Dox or vehicle for 24 hours. Then the percentage of pshooter.ds.Red-mito-

positive (red) cells that were Venus positive (green) was determined from a minimum of
100 cells per plate.
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Figure S2: P53 deficiency triggers deregulation of the CHK1-Caspase 2 pathway

(A) WT or HUPK1 G245S MEFs were treated with 0.2uM Dox for 24h, harvested in RIPA
buffer and total cell lysate was analyzed by western blot for the proteins indicated.
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Figure S3: CHKI1 levels regulate NFKB signaling in p53 deficient cells

(A) WT and HUPK1 G245S MEFs were co-transfected with lug of NFKB promoter-
luciferase construct and V5 luciferase construct for 18 hours. MEFs were then
pretreated for 1 hour with 0.3uM CHKI inhibitor (AZD7762) or DMSO followed by
treatment with 0.2uM doxorubicin for 24 hours. Luciferase and galactosidase activities
were extracted and assayed as described in “Material and Methods” and measured
luciferase activity was normalized to measured galactosidase activity. (B) MCF7 cells
were co-transfected with lug of NFKB promoter-luciferase construct and V5 luciferase
construct for 18 hours, followed by treatment with 0.8uM doxorubicin for 24 hours.
Luciferase and galactosidase activities were extracted and assayed as described in
“Material and Methods” and measured luciferase activity was normalized to measured
galactosidase activity. (D) MDA-MB-231 cells were treated with 0.8uM doxorubicin for
24 hours, media was then collected and ELISA was performed to assess levels of IL6
protein in the media. Data are presented as mean + SEM of 2 independent experiments.
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Figure S4: Doxorubicin induces the shedding of tumor-derived microvesicles containing
inflammatory mediators

(A) MDA-MB-231 cells were treated 0.8uM doxorubicin for 24 hours. After 24 hours cells
were stained with DRAQS to label all cells followed by treatment with Annexin-V and
Propidium to specifically label. Images were then taken every 10 minutes for 12 hours.
(B) MDA-MB-231 cells were treated 0.8uM doxorubicin for 60 hours. Cells were then
harvested in RIPA buffer and media was then collected and subjected to differential
centrifugation (outlined in “material and methods”). Protein was then extracted from the

50,000xg, 100,000xg pellet and cells. Lysate was analyzed by western blot for the
protein indicated.

114



A. B.
2,010 i) 4010+ SK2
s O Veh 3 [ Veh
S e 1510 B Dox % § 3040 Il Dox
© g E -a
E & 1.0410- 2 g 2.0:10°+
2 o
é W 50104+ % lﬁ 1.0:10"*
0 g g
$ X £ o
0’) 0‘;’
C. D. C-17 S1P
1001 =
Cas2-- WT Cas2-- WT Cas2-~ WT o _ o * — ‘Lubv
[roapp——————— P Tl NG| 2 _: . '_I
—— e ———— — — ————— ]| E g 40
-+ -+ - + - + - + - + C R
X BE,,
12h 24h 30h = :
N
& &

Figure S5: Caspase 2 is required for SK1 proteolysis

(A) MEFS were treated with 0.2uM doxorubicin for 24h and then harvested in RLT buffer,
prepared for quantitative reverse transcriptase-PCR, with enzyme expression normalized
to B-actin expression for each reaction in triplicate. (B) MEFS were treated with 0.2uM
doxorubicin for 24h and then harvested in RLT buffer, prepared for quantitative reverse
transcriptase-PCR, with enzyme expression normalized to B-actin expression for each
reaction in triplicate. (C) MEFS were treated with 10uM cyclohexamide for the
indicated times, harvested in RIPA buffer, and total cell lysate analyzed by western blot
for the proteins indicated. (D) MEFS were treated with 0 or 20 J/m? for 24h and then
incubated with C;7-sphingosine for 15 minutes. Following incubation, MEFS were
harvested for 115phingolipidomic analysis by liquid chromatography mass spectrometry
(LC/MS) and the C;7-containing S1P was normalized to the amount of lipid phosphate
for each sample (n=3 *p<0.05 by Two-Way ANOVA).
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Figure S6: Caspase-2 mediated CERT proteolysis is deregulated in mutant pS3 MDA-MB-
231 TNBC cells

MCF7 and MDA-MB-231 cells were treated with 0 or 20J/m? for 24h harvested in RIPA buffer,
and total cell lysate was analyzed by western blot for the proteins indicated.
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Figure S7: SK1 siRNA has no effect on doxorubicin sensitivity in MCF7 breast cancer cells

MCEFT7 cells were transfected with SK1 siRNA (20nM). Sixty hours after transfection, cells were
treated with 0.8uM doxorubicin for 24 hours, and MTT assay was performed as in “Materials
and Methods” to assess cell viability.
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Figure S8: Activation of the CS-Pathway in mutant p53 TNBC cells does not effect
ceramide levels

MDA-MB-231 cells were transfected with CHK1 siRNA (20nM). Forty-eight hours after
transfection, cells were treated with 0.8uM doxorubicin and then harvested for
117phingolipidomic analysis by liquid chromatography mass spectrometry (LC/MS) to measure
total ceramide (n=3).
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Scheme 1. The DNA damage Response

Exogenous and endogenous DNA damaging agents generate various types of lesions including
DNA single- and double-strand breaks. These lesions are detected by a group proteins known
collectively as sensors. Once recruited to sites of damage, sensors then recruit transducers,
which act to transduce the signal via phosphorylation events of effectors. Effectors then relay
these signals to initiate a myriad of biological responses including apoptosis, cell cycle arrest,
DNA damage repair and altered transcription.
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Scheme 2. The CHK1-Suppressed Pathway

The PIDDosome is required for CHKI-Suppressed (CS) cell death.

CHK1 low/inhibited

CHK1

inhibits

phosphorylation of PIDD by ATM on T788. Phosphorylation of PIDD by ATM recruits RAIDD
and Caspase 2 leading to Caspase 2 activation and cell death.
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Scheme 3. Overview of Sphingolipid metabolism

Ceramide, the hub of sphingolipid metabolism can be generated several ways. De novo from
the condensation of palmitate and serine or via the breakdown of sphingomyelin. Once
generated, ceramide can then be converted to many other bioactive sphingolipid species. All of
these reactions are carried out be a series of reactions orchestrated by the actions of highly
regulated enzymes. The actions of these enzymes can be induced by a number of stimuli

resulting in a myriad of biological responses.
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Scheme 4. pS3 regulation of the CS-pathway: Implications to NF-KB signaling and
sphingolipid metabolism

A. In response to DNA damage, wild type p53 acts as an endogenous inhibitor of CHKI1 to
initiate the CS-pathway and activate Caspase 2, leading to SK1 proteolysis. B. Mutant p53
cells, are deficient in the ability to down regulate CHK1 and initiate the CS-pathway, leading to
SK1 persistence and NFKB activation in response to DNA damage. C. Inhibition or loss of
CHK1 in mutant p53 cells, by-passes p53 to initiate the CS-pathway, leading to both activation
of Caspase 2 and SK1 proteolysis and abrogation of NFKB signaling.
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Sphingolipid signaling

Effect of DNA damage
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Table 1: Summary of current knowledge of the interactions between components of the
sphingolipid pathway and the DNA damage response.




Fold Fold Fold Fold Fold Fold
Gene | Regulation | Gene | Regulation| Gene | Regulation | Gene | Regulation | Gene |Regulation| Gene |Regulation
ADIPOQ| -1.9373 | CCL24 | -1.9381 | CXCL16 | -1.9373 IL17F -3.86 L8 -1.9427 |TNFSF11| -1.9589
BMP2 | -1.9942 | CCL3 | -1.9621 | CXCL2 | -1.9942 | 138 | -1.9427 | IL9 | -1.9641 |TnNFsF13s] -1.9595
BMP4 | -7.9218 | ccls | -4.0086 | cxcls | -7.9218 | 1A | -19641 | e | -3.8498 | veGeEa | -3.877
BMP6 | -3.8613 | CCL7 | 10194 | CXCL9 | -3.8613 | y18 | 38498 | LTA | -1.934 | XCL1 | -1.9328

8MP7 | -2.0126 | ccl8 | -1.952 | FASIG | -2.0126 | wirn | -1934 | utB8 | 1.0365 | AcTB 1
C5 -1.5802 |CD40LG| -1.9593 GPI -1.9802 L2 1.0365 MIE 1.0062 | B2M | -1.9466
CCL1 | 10246 | CNTF | -1.9461 | IFNA2 | 10246 | 121 | 1.0062 | MSTN | 1.0494 | GAPDH | -3.9306
ccl11 | -1.9665 | CSF1 | -3.9428 | IENG | -1.9665 | 122 | 1.0494 |nopad| -1.9856 | HPRT1 | -3.8914
CCL13 | 10511 | CSF2 | -1.9795 | IL10 1.0511 | JL23A | -1.9856 | osM | -1.9564 | RPLPO | -1.9516
CCL17 | -1.9712 CSF3 | -1.0096 IL11 -1.9712 IL24 -1.9564 | ppBP | -1.9493 | HGDC | 1.0426
ccL18 | -1.9603 | CX3CL1| -1.9901 | IL12A | -1.9603 | 127 | -1.9493 | spp1 | 1.0331 | RTc | 1.0439
CCL19 | 1.0282 | CXCL1 | -1.9599 | IL12B | 1.0282 L3 1.0331 | TGFB2 | -1.9256 | RTC | -1.9261
CCL2 -1.945 | CXCL10| -3.8706 1L13 -1.945 L4 -1.9256 | THPO | -1.9564 RTC -1.9539
ccl20 | -1.9324 |cxcii1| -2.0054 | was | -1.9324 | nus | -1.9564 | tne | -3.9446 | pPc | -1.9616
cci21 | -19648 |cxcu1a| 19572 | wae | 19648 | we | 394a6 [y | 19503 | ppc | -1048
CCL22 | -1.9616 |CXCL13| 1.0198 IL17A | -1.9616 IL7 -1.9593 |TNFSF10| -1.9657 PPC -1.9539

Table 2: Chemokine and cytokine mRNA array

MDA-MB-231 cells were transfected with CHK1 siRNA (20nM). Forty-
eight hours after transfection, cells were treated with 0.8uM doxorubicin for 24 hours. RNA was
then extracted, cDNA generated and a RT? Profiler™ PCR human Cytokines & Chemokines
Data was then analyzed using the Excel-based data
analysis template provided by Qiagen. Data analysis is based on the AACt method with
normalization of the raw data to either housekeeping genes.

array was used to assess mRNA levels.
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Abstract

Sphingosine kinase 1 (SK1), the enzyme responsible for sphingosine 1-phosphate (S1P)
production, is overexpressed in many human solid tumors. However, its role in clear cell renal
cell carcinoma (ccRCC) has not been described previously. ccRCC cases are usually associated
with mutations in von Hippel-Lindau (VHL) and subsequent normoxic stabilization of hypoxia-
inducible factor (HIF). We previously showed that HIF-2a up-regulates SK1 expression during
hypoxia in glioma cells. Therefore, we hypothesized that the stabilized HIF in ccRCC cells
will be associated with increased SK1 expression. Here, we demonstrate that SKI1 is
overexpressed in 786-0 renal carcinoma cells lacking functional VHL, with concomitant high
S1P levels that appear to be HIF-2a mediated. Moreover, examining the TCGA RNA seq
database shows that SK1 expression was 2.7-fold higher in solid tumor tissue from ccRCC
patients, and this was associated with less survival. Knockdown of SK1 in 786-0 ccRCC cells had
no effect on cell proliferation. On the other hand, this knockdown resulted in an 3.5-fold
decrease in invasion, less phosphorylation of focal adhesion kinase (FAK), and an 2-fold
decrease in angiogenesis. Moreover, SI1P treatment of SK1 knockdown cells resulted in
phosphorylation of FAK and invasion, and this was mediated by SI1P receptor 2. These results
suggest that higher SK1 and S1P levels in VHL-defective ccRCC could induce invasion in an
autocrine manner and angiogenesis in a paracrine manner. Accordingly, targeting SK1 could
reduce both the invasion and angiogenesis of ccRCC and therefore improve the survival rate of
patients.
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A.l. Introduction

Clear Cell Renal Cell carcinoma (ccRCC) is the most prevalent type of kidney cancer
that accounts for 70-80% of cases [277]. It is usually characterized by inactivation of the von
Hippel-Lindau (VHL) protein that is caused by deletion on chromosome 3p [278], gene
mutations [279], or hypermethylation of the promoter [280]. The VHL gene product,
pVHL, has several functions; however, its main role is to regulate hypoxia-inducible factor
(HIF). VHL serves as a recognition element for a ubiquitin ligase that induces proteasomal
degradation of the a subunits of HIF following the hydroxylation of one or both prolyl residues
of these subunits [281, 282]. Therefore, the lack of functional pVHL is associated with
normoxic stabilization of HIFs [283]. HIF-2a is believed to play a key role in VHL-defective
renal carcinogenesis as some renal carcinomas produce HIF-2a alone or both HIF-1 and 2a
[281]. Moreover, in VHL- defective tumors, ablation of HIF-2a has been shown to be sufficient
for tumor growth suppression in vivo [284]. Interestingly, the tumor growth suppressive effect
associated with restoration of pVHL was overridden by HIF-2a over-expression [285].
Although both HIF-1a and HIF-2a share some of their biological effects, each of them has a
unique ability to regulate particular genes [286]. HIF-la is mainly involved in regulating
enzymes of the glycolytic pathway [287, 288]; conversely, HIF-2a, through its interaction with
c- Myc, is mainly involved in tumor cell progression [289]. In addition, we previously showed
that HIF-2a transcription- ally up-regulates sphingosine kinase 1 (SK1) expression during
hypoxia in glioma cells [290].

SK1 and SK2 are the 2 isoforms of sphingosine kinases that have been identified and
cloned in mammals [190, 291]. Although they catalyze the conversion of sphingosine into
sphingosine 1-phosphate (S1P), these 2 isoforms have been shown to have different cellular
localization and biologic functions [292, 293]. SK1 has pro-survival function and is mainly
localized in the cytosol [99, 294]. Conversely, SK2 is important for cellular proliferation, and its
inhibition sensitizes cells to apoptotic stimuli [295, 296]. SK2 is localized in nucleus, endoplasmic
reticulum, and mitochondria [173]. Overexpression of SK1 has been documented in different
cancer types, including breast [297], lung [179], gastric [298, 299], thyroid [299], head and neck
[300] and colon cancers [180]. Moreover, SK1 expression and SIP levels could be used as
biomarkers of tumor malignancies as both have been shown to be correlated with survival and
cancer grade in clinical studies [297, 298]. It is clear now that SK1 plays a role in different cancers;
however, such a role has not previously been addressed in ccRCC. There- fore, we aimed to
study the potential role of SK1 in ccRCC.

A.2. Experimental Procedures
A.2.1. Materials

RPMI 1640 medium, DMEM, fetal bovine serum (FBS), penicillin- streptomycin, PBS,
Lipofectamine 2000, Lipofectamine RNAi- MAX, PureLink RNA Mini Kit, Superscript III first
strand synthesis kit, and calcein AM fluorescent dye were purchased from Life Technologies
(Grand Island, NY, USA). Monoclonal anti-b-actin antibody and 3-(4, 5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were from Sigma-Aldrich (St. Louis, MO, USA),
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puromycin dihydrochloride, focal adhesion kinase (FAK) inhibitor 14, RIPA lysis buffer
system, and horseradish peroxidase- labeled secondary antibodies were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-phospho-FAK (Tyr397), anti-FAK, anti-VHL, and anti-
SK1 were from Cell Signaling Technology (Danvers, MA, USA). Anti-HIF-2a was from Novus
Biologicals (Littleton, CO, USA). Anti-HIF-1a was from BD Bio- sciences (San Jose, CA, USA).
Corning Biocoat Tumor Invasion Systems (EF8976D) was from Corning (Tewksbury, MA,
USA). The chemiluminescence kit and BCA kit were from Thermo Scientific (Suwanee,
GA, USA). iTAQ master mix was purchased from Bio-Rad (Hercules, CA, USA). S1P and
D-erythro-17-carbon sphingosine (C17-Sph) were from Avanti Polar Lipids (Alabaster, AL,
USA). SKi-II (4-[4-(4-chloro-phenyl)- thiazol-2-ylamino]-phenol, VPC23019, and JTE-013
were purchased from Cayman Chemical (Ann Arbor, MI, USA). CYM50358 was from
Millipore (Billerica, MA, USA). All plas- mids used for production of lentiviral particles
(psPAX2, PLKO.1, and pMD2G) were kindly provided by Dr. Leah Siskind (University of
Louisville School of Medicine, Louisville, KY, USA).

A.2.2. Cell culture and small interference RNA

VHL-defective clear cell renal cell carcinoma cells, 786-0, and those expressing wild-
type VHL protein, WT-8 cells, were provided by Dr. Harry A. Drabkin (Medical University
of South Carolina, Charleston, SC, USA). Cells were cultured in RPMI 1640 medium
supplemented with 1% penicillin-streptomycin and 10% FBS. WT-8 cells were grown in the
same media supplemented with 1 mg/ml G418 (Invitrogen). HEK-239T cells were purchased
originally from American Type Culture Collection (Manassas, VA, USA) and were grown in
DMEM supplemented with 1% penicillin-streptomycin and 10% FBS. All cell lines were
incubated in standard culture conditions: 37°C and 5% CO2. Gene silencing was carried out
using siRNA directed against human HIF-2a (Silencer Pre-Designed  siRNA, siRNA
ID:106447; Life Technologies), S1PR2, Hs EDG5 6 FlexiTube siRNA SI102663227
(FlexiTube siRNA, experimentally verified; Qiagen, Valencia, CA, USA), and with AllStar
negative control siRNA (Qiagen). Transfections were carried out using Lipofectamine
RNAIMAX according to the manufacturer’s protocol. For siRNA experiments, 786-0 cells
were seeded into 6-well plates at 100,000 cells per well and transfected with 20 nM siRNA for
48 hours, followed by RNA and protein extraction to validate target gene knockdown.
S1PR2 siRNA transfections were con- ducted as described previously [301], and cells were
serum starved 48 hours after transfection and then treated with S1P.

A.2.3. Immunoblot analysis

Cells were washed with ice-cold PBS and then directly lysed in cold RIPA buffer
containing 1 mM sodium orthovanadate, 2 mM PMSF, and protease inhibitor cocktail (Santa
Cruz Biotechnology). Equal amounts of protein (10 mg) were boiled in Laemmli buffer (Bio-
Rad), and separated by SDS-PAGE (4-15%, Tris-HCIl) using the Bio-Rad Criterion system.
Separated proteins were then transferred onto nitrocellulose membranes (Bio-Rad) and blocked
with 5% nonfat milk in PBS-0.1% Tween-20 for at 1 hour at room temperature. Primary
antibodies diluted 1:1000 or 1:20,000 for b-actin were then added to membranes and incubated
at 4°C overnight. Membranes were washed 3 times with PBS-0.1% Tween 20 and then incubated
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with diluted 1:5000 horseradish peroxidase- conjugated secondary antibodies for 1 hour at room
temperature. Membranes were then incubated with Pierce ECL Western Blotting Substrate
(ThermoScientific, Suwanee, GA, USA) and exposed to X-ray films that were then processed
and scanned.

A.2.4. Short-hairpin RNA constructs and lentiviral infections

Lentivirus particles were produced in HEK-293T cells transfected with 500 ng psPAX2,
50 ng PMD2G, and 500 ng lentiviral plasmid (pLKO.1) containing either SK1 or a nontargeted
sequence using Lipofectamine 2000. 786-0 cells were then infected with the lentiviral particles
with polybrene (8 mg/ml) and selected for puro- mycin resistance (5 mg/ml) for 1 week,
followed by RNA and protein extraction to validate gene silencing by quantitative PCR and
Western blotting, respectively.

A.2.5. Cell proliferation assay

Cell proliferation was determined by colorimetric assay using MTT (Sigma-Aldrich).
In brief, cells were seeded in 6-well plates at 50,000 cells per well. The next morning, for the
zero time point, the medium was replaced with 1 ml fresh medium plus 1 ml MTT solution (5
mg/ml), and cells were incubated for 3 hours. The solution was then carefully removed,
followed by addition of 2 ml DMSO (Invitrogen) to each well to solubilize crystals. The
absorbance of each sample was measured at 550 nm. The same was performed after 24, 48,
and 72 hours. Triplicate measurements were performed for each time point.

A.2.6. Plasmid constructs and transient transfections

Human SK1 (GenBank accession no. AF200328) cDNA was subcloned into Nhel
and Notl sites of pcDNA3.1-mCherry.Zeo [302]. 786-0 cells were seeded in 6-well plates at
100,000 cells per well in antibiotic-free RPMI 1640 medium 1 day before transfection. On the
next day, the cells were transfected with 1 mg pcDNA3.1-mCherry.SK1 or empty vector using
Lipofectamine 2000 transfection reagent according to the manufacturer’s instructions. Cells
were incubated for 48 hours followed by protein extraction and Western blot analysis.

A.2.7. C17-Sph labeling

786-0, WT-8, or short-hairpin RNA (shRNA) stably expressing cells were plated at
150,000 cells per 60 mm dish. Once 90% confluent, cells were incubated with 1 mM C17
sphingosine for 20 minutes. The cells were washed with PBS; 2 ml cell extraction mixture (2:3
70% isopropanol/ethyl acetate) then was directly added to the cells. The cells were then gently
scraped, and extracts were sent for analysis at the Lipidomics Core Facility of Stony Brook
University Medical Center.

A.2.8. Mass spectrometry to measure sphingolipid levels
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For extracellular S1P levels, media were aspirated and transferred to glass tubes, and an
equal volume of medium extraction mixture (15:85 isopropanol/ethyl acetate) was added.
For lipid extraction, cells were washed with PBS, the cells were then directly lysed with 2 ml cell
extraction mixture (2:3 70% isopropanol/ethyl acetate) followed by gentle scraping of the
cell from the culture plate, and the lysate then was transferred to 15 ml Falcon tubes. The lipid
extracts were then sent for analysis at the Lipidomics Core Facility at Stony Brook University
Medical Center. Data were normalized by total inorganic phosphate (Pi) present in the
sample [303] after a Bligh and Dyer extraction [304]. Cellular sphingolipid levels were
expressed as picomoles per nmoles Pi.

A.2.9. Cellular invasion assays

Cell invasion experiments were performed using Corning Bio- coat Tumor Invasion
Systems according to the manufacturer’s protocol with slight modifications as previously
described (30). In brief, after 4 h of serum starvation, cells were trypsinized and resuspended
at 150,000 cells/ml. These cells were then placed in the apical chamber of the transwell insert
at a volume of 500 ml. Inhibitors such as JTE-013, VPC 23019, SKi-II, or the FAK inhibitor were
mixed with the cells at this stage. Media containing serum or SI1P were added to the bottom well
of the insert at a volume of 750 ml. Cells were allowed to invade for 48 hours under normal cell
culture conditions. Cells were washed twice with PBS and then stained with 4mg/ml calcein AM
(Invitrogen) for 1 hour. Invading cells were then quantified by measuring their fluorescence
using a Spectra- Max M5 plate reader (Molecular Devices, Sunnyvale, CA, USA).

A.2.10. Survival analysis

The patient survival data were obtained from the TCGA ccRCC project. On the basis of
the expression levels of SK1 in TCGA RNA-seq data, patients were ranked into upper half
(SK1 expression median) and lower half (SK1 expression median) groups. Kaplan-Meier
survival analysis was performed on 2 patient groups, followed by a log-rank test for statistical
significance.

A.2.11. Chorioallantoic membrane assay

Specific ~ pathogen-free  chicken eggs were purchased from Charles River
Laboratories (North Franklin, CT, USA). In brief, eggs were incubated at 37°C and 65%
relative humidity with rocking for 3 days. After the initial incubation, eggs were cracked, and
chicken embryos were placed into sterile Petri dishes and allowed to develop further for
maturation of the chorioallantoic membrane (CAM) for another 7 days. For each sponge,
500,000 cells were resuspended in 20 ml PBS, supplemented with 0.5 mM both Calcium and
Magnesium. The resuspended cells were treated with the indicated inhibitors and incubated
with sterile gelatin sponges for 30 minutes at 37°C. Next, 2-3 sponges were placed on each
chicken, which were then allowed to incubate for 4 days at 37°C and 65% relative humidity. The
sponges were imaged on the fourth day of incubation with the sponges. Angiogenesis was
assessed by counting the number of vessels that grew toward the sponge.
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A.2.12. Statistical analysis

The data are represented as means SE. Two-tailed unpaired Student t test and 1-way
ANOVA with Bonferroni posttest statistical analyses were performed using GraphPad Prism
software (GraphPad Software, Incorporated, La Jolla, CA, USA).

A.3. Results

A.3.1. VHL-defective ccRCC 786-0 cells showed higher SK1 expression and higher S1P
levels

To examine the effect of stabilized HIF in VHL-defective renal carcinoma cells on SK1
expression, protein extracts and cDNA from VHL-defective, 786-0, and those stably expressing
VHL, WT-§, cells were subjected to Western blot and quantitative PCR analysis. As shown in
Fig. 19A, 786-0 cells showed higher levels of HIF-2a compared with WT-8 cells, with
undetectable HIF-1a protein in both cell lines, consistent with results showing that this cell type
expresses HIF-2a and not HIF-1a [282]. SK1 mRNA and protein expressions were significantly
higher in 786-0 cells, with no difference in SK2 message level (Fig. 19B, C). To determine
whether the observed increase in SK1 protein expression in VHL-defective cells results in
increased output of the enzyme, we measured cellular levels of its lipid product S1P, which
were found to be elevated in the 786-0 cells (Fig. 19D). In further evaluation of cellular SK1
activity, C17-sphingosine labeling was performed (1 mM C17-Sph for 20 min), followed by
measurement of acute conversion of C17-Sph to C17-S1P. As shown in Fig. 19E, 786-0 cells
showed higher levels of C17-S1P than WT-8 cells, indicating ongoing higher activity of the
enzyme.

A.3.2. Effect of HIF-2a down-regulation on SK1 expression in 786-0 cells

We previously showed that HIF-2a regulates SK1 transcriptionally in response to
hypoxia in glioma cells [290]. To examine whether stabilized HIF-2a protein in VHL-
defective 786-0 cells is responsible for higher SK1 expression, HIF-2a was down-regulated using
siRNA technology. Cells were transfected with AllStars negative control or HIF-2a siRNA for 48
hours. As shown in Fig. 20A, B, HIF-2a was efficiently down-regulated by siRNA at message and
protein levels. It is noteworthy that SK1 message and protein levels were decreased with HIF-
2a siRNA treatment. These data suggest that stabilized HIF-2a is involved in SK1 up-regulation
in VHL-defective renal carcinoma cells.

A.3.3. SK1 is up-regulated in ccRCC patients and correlates with clinical outcome

To assess expression of SK1 in ccRCC patients, TCGA RNA seq datasets were analyzed
from 72 paired normal and ccRCC tumor samples. As shown in Fig. 21A, SK1 mRNA
expression is 2.7-fold higher in the primary tumor than in normal tissue. Moreover, the survival
rates of patients with the top 50% SKI1 expression were significantly lower than those with the
bottom 50% SKI1 expression (Fig. 21B). These data demonstrate a clear correlation between
high SK1 expression in ccRCC and poor clinical outcome.
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A.3.4. SK1 down-regulation is associated with less invasive phenotype in ¢ccRCC 786-0
cells

To explore the role of the high SKI1 expression in ccRCC biology, SK1 was down-
regulated using shRNA technology. Cells stably expressing scrambled (scr) or SK1 shRNA were
selected using puromycin followed by validation of gene knockdown using quantitative PCR and
Western blot analysis. As shown in Fig. 22A, B, SK1 was efficiently down-regulated in SKI
shRNA-expressing compared with scr shRNA- expressing cells at protein and message
levels, with no difference in SK2 message level. Moreover, cellular and extracellular S1P levels
were decreased with SK1 knockdown (Fig. 22C, D). SK1 activity, assessed by C17-sphingosine
labeling, was also decreased with SK1 down-regulation (Fig. 22E). SK1 has previously been
shown to be involved in different biologic processes, including cell proliferation, survival,
progression, and metastasis [305, 306]. To examine the biological consequences of SK1 down-
regulation, cell proliferation was assessed by MTT assay in cells stably expressing scr or SKI
shRNA. As shown in Fig. 22F, no differences were observed in proliferation between the 2 cell
lines. The invasiveness of shRNA expressing cells was then determined by cell invasion assays
using transwell chambers. Both cells were allowed to invade toward complete growth medium
for 48 hours (Fig. 22G). Knocking down SKI resulted in 3-fold reduction in the invasion of
786-0 cells, suggesting that SK1 plays an important role in cellular invasion.

A.3.5. SK1 induces FAK phosphorylation in an S1P-S1PR2-dependent manner

To further explore the mechanism of SKl-induced cell invasion, the levels of FAK
phosphorylation, which has been reported to be an important modulator of cellular invasion
[307], were assessed in cells expressing scr and SK1 shRNA. As shown in Fig. 23A, SK1 down-
regulation was associated with reduced phosphorylation of FAK. In addition, to solidify the
role of SK1 in FAK phosphorylation, we next assessed the impact of transfection-mediated
up-regulation of the SK1 gene on FAK phosphorylation in 786-0 cells. As shown in Fig. 23B,
SK1 up-regulation was associated with increased FAK phosphorylation, with no difference
in total FAK protein levels. Next, to further confirm the role of SKI in FAK
phosphorylation, a pharmacological approach was applied by using a nonlipid SK inhibitor,
SKi-II [308], as well as an inhibitor for FAK phosphorylation (FAKi) [309] as a positive
control. 786-0 cells were treated with DMSO vehicle, FAKi 14 (5 and 10 mM), or SKi-II (5
and 10 mM) for 24 hours. FAK phosphorylation then was examined (Fig. 23C) and found to
be decreased in response to inhibition of FAK or SKI. It is worth mentioning that SKi-II has
recently been reported to have an off-target effect on ceramide desaturase [310]; however,
by use of that inhibitor, we observed a similar effect on biology and FAK phosphorylation as
shown by knocking down SK1 in ccRCC 786-0 cells. These findings further support the role of
SK1, probably through the production of S1P, in inducing FAK phosphorylation.

Next, to further define the mechanism of SK1 regulation of FAK phosphorylation,
pFAK levels were examined in response to S1P treatment. As shown in Fig. 23D, treatment of
SK1 shRNA-expressing cells with 100 nM SIP for 10 minutes was sufficient to induce
phosphorylation of FAK. We were interested to understand the mechanism by which S1P
induces FAK phosphorylation. As SIP can signal either extracellularly through G protein-
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coupled receptors or intracellularly [311], we evaluated the possible role of SIP receptors in
FAK phosphorylation by using pharmacologic antagonists for S1P receptors. Cells were treated
with the SIPR1/3 antagonist VPC 23019; the S1PR2-specific antagonist JTE-013; or the S1PR4-
specific antagonist CYM50358. Cells were pretreated for 1 hour with vehicle or 10 mM from each
S1PR antagonist followed by 10 minutes of SIP treatment. S1P maintained its ability to
induce FAK phosphorylation in the presence of the S1PR1/3 and S1PR4 antagonists,
indicating that S1PR1, S1PR3, and SIPR4 are not involved in SIP-mediated FAK
phosphorylation (Fig. 23D). On the other hand, JTE-013, a specific SIPR2 antagonist,
inhibited S1P-stimulated FAK phosphorylation, indicating that SIPR2 plays an important role
in FAK phosphorylation in response to S1P. JTE-013 also inhibited S1P-induced FAK
phosphorylation in scr shRNA stable cells (Supplemental Fig S9). In addition, a similar effect
on S1P-induced FAK phosphorylation was observed following SIPR2 knockdown using siRNA
(Fig. 23E).

A.3.6. SK1-mediated cell invasion occurs via SIPR2- dependent FAK phosphorylation
and a FAK- independent mechanism through S1PR1/3

We showed that FAK phosphorylation in ccRCC cells is dependent on the
S1P/S1PR2 axis. Next, we wanted to assess the role of this pathway on cellular invasion. To
this end, we used pharmacologic inhibitors against SK1 and S1PR2 to check their effect on
cellular invasion. As shown in Fig. 24A, treatment with SK inhibitor and S1PR2 antagonist
significantly reduced the cellular invasion toward complete medium (+serum). In addition,
treatment of cells with SIP reversed the inhibitory effect of SKi-Il on cell invasion
(Supplemental Fig. S10). These results demonstrate that SK1/SI1PR2 axis is essential for the
invasion of ccRCC cells. Furthermore, we wanted to examine whether S1P/S1PR2-mediated
cellular invasion is FAK dependent. To this end, we used a pharmacologic inhibitor of FAK
phosphorylation and assessed its role in cellular invasion. As shown in Fig. 24A, inhibition of
FAK phosphorylation markedly reduced cellular invasion. Therefore, these results suggest
that FAK-mediated invasion of ccRCC cells is dependent on the S1P/S1PR2 axis. To further
support the role of SIP/S1PR2 axis in invasion of ccRCC cells, SK1 shRNA-expressing cells
were allowed to invade toward serum-free medium or serum-free media containing 500 nM S1P
in the presence or absence of JTE-013. As shown in Fig. 24B, cells invaded toward serum-free
media containing S1P, and this was significantly inhibited by JTE-013, suggesting that S1P
activation of FAK could play a role in cellular invasion that is mediated by SIPR2. Moreover,
treating cells with the S1PRI1/3 antagonist VPC 23019 also decreased the cellular invasion
(Supplemental Fig. S11); however, this effect is not mediated via FAK activation (as shown in
Fig. 24D). These data together with the previously presented data provide insight into the
mechanism by which SK1/SIP could play an important role in cellular invasion of ccRCC cells
through a S1PR2/FAK-dependent mechanism and a FAK-independent mechanism through
S1PR1/3.

A.3.7. SK1 down-regulation is associated with less angiogenesis in ccRCC 786-0 cells

ccRCC is well known to be an angiogenic tumor [312]; moreover, SK1 and SIP have
been shown previously to be involved in tumor angiogenesis [313-315]. Therefore, we aimed
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to examine whether SK1 is also involved in the increased angiogenesis of ccRCC using an in
vivo CAM assay. CAMs were incubated for 4 days with cells stably expressing scr or SK1 shRNA.
To determine whether the effect on angiogenesis by SK1 is due to S1P, we used the S1PR1/3-
specific antagonist VPC23019 and the S1PR2 antagonist JTE-013. In addition, a pharmacologic
inhibitor of SK, SKi-II, was also used to confirm the role of SK1 in angiogenesis. As shown in Fig.
25 and Supplemental Fig. S12 cells expressing scr shRNA were more angiogenic, as assessed by
the number of vessels that grew toward the sponge, than those expressing SKI1 shRNA, and
their angiogenesis was inhibited by VPC23019 and SKi-II but not by JTE-013. These results
suggest that SK1 plays an important role in angiogenesis in VHL- deficient ccRCC cells that is
mediated by SIP/S1PR1/3.

A.4. DISCUSSION

In the present study, a novel role of SK1/S1P-induced invasion and angiogenesis of
786-0 ccRCC cells has been identified. First, the data showed that lack of functional VHL in
786-0 ccRCC cells results in higher SK1 expression at both the protein and message level, as
well as higher S1P levels, which seem to be HIF-2a dependent. Moreover, SIP treatment of
SK1 knockdown cells, which exhibited a less invasive phenotype, resulted in S1IPR2-mediated
phosphorylation of FAK and invasion. Moreover, down regulation of SK1 was also associated
with less angiogenesis in vivo that appears to be mediated by SIPR1/3. These findings suggest
that higher SIP levels in VHL-defective ccRCC could induce invasion and angiogenesis.
Together, these results have important implications for the role of the SK1/SIP pathway in
the invasion and angiogenesis of ccRCC, which has not been addressed previously.

SK1 has been suggested as a potential therapeutic target as its expression is increased in
many cancer types. Previous studies suggested that it plays important roles in proliferation,
angiogenesis, survival, and invasion of tumor cells [99, 316]. However, its role in ccRCC has
not been addressed previously. Therefore, we aimed to study the potential role of SK1 in
renal carcinoma. We showed that VHL-defective ccRCC cells showed higher SK1 and S1P
levels that seem to be HIF-2a dependent. These results support the previously reported
findings by our group that HIF-2a binds to the SK1 promoter, inducing its over-expression
during hypoxia in glioma cells [290]. We also demonstrated that SK1 is required for
activation of FAK through S1P/SIPR2. FAK is a nonreceptor tyrosine kinase that has been
reported to modulate cell migration and invasion [307]. Several previous reports have
shown that FAK is overexpressed in different tumors such as gastrointestinal and breast cancer
and correlated with tumor progression and malignancy [317, 318]. Increased FAK activity has
been shown previously to be associated with malignancy in different types of cancer cells,
suggesting that FAK could play an important role in cancer progression and metastasis [319].
Likewise, high pFAK abundance was recently reported to be associated with distant and
lymph node metastases in serous ovarian cancer [320]. In the mouse model of pancreatic
cancer, inhibition of FAK phosphorylation reduced tumor growth, invasion, and metastasis
[321]. Moreover, suppression of FAK signaling prevented the metastasis of human colon
cancer cells [322]. Recently, FAK inhibition has been reported to abrogate the invasion of
aggressive pediatric renal tumor [323], suggesting that FAK could play a role in invasion of
kidney cancer. By studying S1P activation of FAK, we were able to implicate the S1P/S1PR2
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pathway in an SKl-mediated invasive biology in ccRCC cells. We showed that SKI1 is
important for phosphorylation of FAK through a mechanism involving S1P and S1PR2.
Previous studies have shown that SIP is able to induce FAK phosphorylation and motility of
human endothelial cells [324, 325]. However, here we describe the mechanism by which such
induction occurs and its implication in invasion biology. Targeting FAK phosphorylation
directly by FAK-specific inhibitor or indirectly by SK inhibitor and SI1PR2 antagonist
significantly reduced the invasion of ccRCC cells, suggesting that SKl-induced FAK
activation is important for promoting cellular invasion. Moreover, targeting SIPR1/3 by a
specific antagonist also reduced the cellular invasion; however, that effect occurs through a
FAK-independent mechanism. It was recently shown that SIPR1 and S1PR2 coordinately
mediate S1P-induced migration through activation of different kinase pathways [326]. A link
between SKI1, FAK, and invasion has been described recently in colon cancer [327]. The
authors showed that SK1 is involved in the regulation of FAK expression and invasion in
colon cancer cells. However, our results clearly demonstrate that SK1 is only required for
phosphorylation of FAK and has no effect on the expression of FAK.S1P has previously been
shown to induce the invasion of MCF10A breast cancer cells [328]. Moreover, SK/S1P has
been implicated in invasive behavior of glioma cells via SIPR2 and up-regulation of urokinase-
type plasminogen activator [329]. S1PR2 has also recently been shown by our group to
mediate epidermal growth factor-induced cellular invasion of Hela cervical cancer cells
[301]

There are multiple lines of evidence that highlight the role of S1P and SI1PRs in the
induction of cancer cell invasion and migration. However, many of the cancer-promoting
roles of the SK/SI1P pathway are mediated by S1P receptors other than S1PR2. SKI has
recently been shown to mediate the invasion of head and neck squamous cell carcinoma [330]
and metastasis of hepatocellular carcinoma cells through S1PR1 [331]. Furthermore, SIPR3
has been reported to mediate invasion of MCFI10A breast cancer cells [328]. In contrast,
S1PR2 has been shown to prevent migration of hematopoietic stem cells [332] and invasion
of cervical cancer cells [333]. However, other studies have provided evidence that SIPR2 has a
cancer- promoting effect. SIPR2 has been shown to induce the invasion of glioma cells [334,
335] and to mediate EGF-induced invasion of cervical cancer cells (30). The findings
presented in the current study provide additional evidence supporting the role of SIPRs in
cancer cell invasion through SIP/SIPR2-mediated ac- tivation of FAK and a FAK-
independent role of SIPR1/3. Angiogenesis is one of the hallmarks of ccRCC [312], and there
is much evidence suggesting that both SKI and S1P are involved in tumor angiogenesis [313-
315]. Here we clearly demonstrated that angiogenesis observed in ccRCC is mediated by
S1PR1/3. The role of SIP and S1PR in angiogenesis has been shown previously by other
reports. S1P has been shown to promote angiogenesis in vivo using Matrigel plug assay [336]
and to induce angiogenesis and lymphangiogenesis in mouse model of breast cancer
metastasis [316]. The effect of SIP has been shown to be mediated by S1PRI in vivo [315]and
in vitro [290, 314]. A previous study by our group reported that the modulation of SKI1
expression in glioma and breast cancer cells affected exogenous S1P levels that induce
angiogenesis and lymphangiogenesis in vitro [314].
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From our results presented herein, we propose that SK1-generated S1P could have
autocrine and paracrine effects in ccRCC. The autocrine effect involves invasion that is
mediated by 2 mechanisms: the first involves SIPR2- dependent FAK activation and the other
one is SIPRI1/3-mediated. Conversely, the paracrine effect involves SIP/ S1PR1/3-
mediated angiogenesis.

In summary, our data indicate for the first time that SK1 is overexpressed and essential
for cellular invasion and angiogenesis of ccCRCC cells. Therefore, targeting SK1 could hinder
the invasiveness and angiogenesis of ccRCC, thus resulting in improved survival rate of
patients.

156



